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Abstract. We propose two algorithms for simulating continuous time Markov chains in the
presence of metastability. We show that the algorithms correctly estimate, under the ergodicity
assumption, stationary averages of the process. Both algorithms, based on the idea of the parallel
replica method, use parallel computing in order to explore metastable sets more efficiently. The
algorithms require no assumptions on the Markov chains beyond ergodicity and the presence of iden-
tifiable metastability. In particular, there is no assumption on reversibility. For simpler illustration
of the algorithms, we assume that a synchronous architecture is used throughout the paper. We
present error analyses, as well as numerical simulations on multiscale stochastic reaction network
models in order to demonstrate consistency of the method and its efficiency.
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1. Introduction. We focus on computing stationary averages of continuous time
Markov chains in a synchronous architecture. More precisely, if 7 is the stationary
distribution of a continuous time Markov chain (CTMC) and f is a function on
the state space, we aim at estimating the average w(f) = E.[f] by taking a time
average on a long trajectory of the CTMC. There are many methods for computing
stationary averages of stochastic processes. However, the vast majority of them rely on
reversibility of the process, e.g., as in Markov chain Monte Carlo [19]. Computational
cost of the ergodic (trajectory) averaging becomes prohibitive when the convergence to
the stationary distribution is slow due to metastability of the dynamics, for example,
in the presence of rare events or large time scale disparities (multiscale dynamics)
[20]. A possible remedy for these issues is to use parallel computing in order to
accelerate sampling of the state space. For instance, the parallel tempering method
(also known as the replica exchange) [12, 10, 9, 17] has been successfully applied to
many problems by simulating multiple replicas of the original systems, each replica
at a different temperature. However, the method requires the time reversibility of the
underlying processes, which is typically not true for processes that model chemical
reaction networks or systems with nonequilibrium steady states. In fact, there are
not many methods that parallelize Monte Carlo simulation for irreversible processes
with metastability, in particular if long-time sampling, such as ergodic averaging,
is required. We present a parallel computing approach for CTMCs without time
reversibility. One advantage of the proposed algorithms is that they may be used,
in principle, on arbitrary CTMCs. The same idea applies to the continuous state
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space Markov processes. However, gains in efficiency can occur only if the process is
metastable.

In this contribution we consider only models described by CTMCs. As a mo-
tivating example we study a multiscale chemical reaction network model in which
molecules of different types react with different rates depending on their concentra-
tions and reaction rate constants. In this model metastability emerges due to the
infrequent occurrence of reactions with small rates which makes the relaxation to the
steady state dynamics extremely slow. In the transient regime the finite time distri-
bution can be approximated using the stochastic averaging technique [24, 14], or the
tau-leap method [18]. However, the former does not apply for stationary distribu-
tion estimation and that the error they introduce on the stationary state is generally
difficult to evaluate; the latter can still be computationally expensive for long-time
simulations. It is thus desirable to have an efficient algorithm for computing the
stationary averages. Thus the proposed algorithm will provide a new multiscale sim-
ulation method (in particular for stationary averaging estimation) for the stochastic
reaction networks community.

The presented approach builds on the parallel replica (ParRep) dynamics intro-
duced in the context of molecular simulations in [22]. The ParRep method used in the
context of stochastic differential equations, e.g., Langevin dynamics, was rigorously
analyzed in [15, 16]. The algorithm we present and analyze builds on the recent work
of [1, 2] where the ParRep process was studied for discrete-time Markov chains. In
our algorithms, each time the simulation reaches a local equilibrium in a metastable
set W, R independent replicas of the CTMC are launched inside the set allowing for
parallel simulations of the dynamics at this stage. The main contribution of this work
is a procedure for using the replicas in order to efficiently and consistently estimate
the exit time and exit state from W, along with the contribution to the stationary
time average of f from the time spent in W. We emphasize that we are able to handle
arbitrary functions (or observables) on the state space, not only those that are piece-
wise constant, i.e., assuming a single value in each W. In the best case, if there are R
replicas, then the simulation leaves a metastable set about R times faster compared
to a direct serial simulation. The consistency of our algorithms relies on certain prop-
erties of the quasi-stationary distribution (QSD) which are essentially local equilibria
associated with the metastable sets.

We propose two algorithms for computing = (f), called CTMC ParRep and em-
bedded ParRep. The former uses parallel simulation of the CTMC, while the latter
employs parallel simulation of its embedded chain, which is a discrete time Markov
chain (DTMC). CTMC ParRep (resp., embedded ParRep) relies on the fact that,
starting at the QSD in a metastable set, the first time to leave the set is an ex-
ponential (resp., geometric) random variable and independent of the exit state; see
Theorem 2.5 below. The algorithms require some methods for identifying metastable
sets, though this need not be done a priori—it is sufficient to identify when the CTMC
is currently in a metastable set, and when it exits such set. While both algorithms can
be useful for efficient simulation of 7(f) in the presence of metastability, we expect
the embedded ParRep can be significantly more efficient, especially when combined
with a certain type of QSD sampling, called Fleming—Viot [3, 4]. Though we focus
here on the computation of 7(f), we note that one of our algorithms, CTMC Par-
Rep, can be used to compute the dynamics of the CTMC on a coarse space in which
each metastable set is considered a single (meta-)state. See the discussion below
Algorithm 1.

The advantages of the proposed algorithms include: (a) no requirement of time
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reversibility for the underlying dynamics; (b) they are suitable for long-time sam-
pling; (c) they may be used, in principle, on arbitrary CTMCs in the presence of
metastability.

In section 2, we briefly review CTMCs before defining QSDs and detailing relevant
properties thereof. In section 3, we present CTMC ParRep, and study how the error
in the algorithm depends on the quality of QSD sampling. In section 4, we present
embedded ParRep and provide an analogous error analysis. We detail some numerical
experiments on multiscale chemical reaction network model in section 5 in order to
demonstrate the consistency and accuracy of the algorithms.

2. Background and problem formulation.

2.1. Continuous time Markov chains. Throughout this paper, X(¢) is an
irreducible and positive recurrent CTMC with values in a countable set E and
denotes the stationary distribution of X (¢). We are interested in computing stationary
averages 7(f) for a bounded function f: E — R by using the ergodic theorem

(1) lim 1

t—oo ¢

/0 F(X(5))ds = (/).

which holds almost surely for any initial distribution of X (¢). The jump times 7,, and
holding times Ar,, for X (t) are defined recursively by

70 =0, Tn =1nf{t > 71 : X(¢) # X(1n-1)},

and
A7_77,—1 =Tn — Tpn—-1

for n > 1. We assume that X (t) is nonexplosive, that is, lim,, 7,, = oo almost surely
for every initial distribution of X (t). This precludes the possibility of infinitely many
jumps in finite time. We denote X,, = X(7,,) the embedded chain of X (¢). It is easy
to see that X,, is a DTMC.

Recall that X (¢) is completely determined by its infinitesimal generator matrix
Q = {q¢(x,y)}syer. Recall that by convention q(x,x) is chosen such that Zu q(z,y) =
0 and we write ¢(z) := —q(z, z). Note that irreducibility implies ¢(x) > 0 for all z €
E. Tt is easy to check that X, has the transition probability matrix P = {p(z,y)}s yer
satisfying

q(z,y)
p(z,y) = { a0 LT
0, T =y.

We state the following well-known fact for the later reference.

LEMMA 2.1. For a CTMC X(t) with the corresponding embedded Markov chain
X, the holding time between successive jumps A1y, A1, ..., AT;, ... are independent
conditioned on the embedded chain X,. Moreover, Ar;|{X,} is exponentially dis-
tributed with the rate q(X;) and hence E [A7;|{X,}] = q(X;)~L.

For details on the above facts, see, for instance, [5].

2.2. The quasi-stationary distribution and metastability. Below, we write
P, E for various probabilities and expectations, the precise meaning of which will be
clear from context. We use a superscript P¢, E¢ to indicate that the initial distribution
is £&. When the initial distribution is J,, we write P*, E*. The symbol ~ will indicate
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equality in probability law. Re(:) and |- | denote the real part and modulus of a
complex number.

Our ParRep algorithms rely on certain properties of quasi-stationary distribu-
tions, which we now briefly review. Let W C E be fixed and consider the first exit
time of X (¢) from W, that is,

T =inf{t > 0; X(t) ¢ W}.
We consider also the first exit time of X, from W,
N =inf{n > 0;X,, ¢ W}.
A QSD of X(t) in W (or X,, in W) is defined as follows.
DEFINITION 2.2. A probability distribution v with support in W is a QSD for
X(t) in W if for eachy € W and t > 0,
(2) v(y) =P (X () =y [T >1).

Similarly, a probability distribution p with support in W is a QSD for X,, in W if for
eachy € W and n > 0,

(3) w(y) =PHX, =y|N >n).

Throughout, we write v for a QSD of the CTMC X (t) and u for a QSD of the
embedded chain X,,. The associated set W will be implicit since no ambiguities should
arise. We will write

(4) n(A)=P*(X(t) € A|T >1t)
for the distribution of X (¢) conditioned on T' > ¢, and
(5) n(A) =P*(X, € A|N >n)

for the distribution of X, conditioned on N > n. Notice we do not make explicit the
dependence on the starting point x.

We summarize existence, uniqueness, and convergence properties of the QSD in
Theorem 2.3 below (see [6, 21]). In Theorem 2.3 below, for simpler presentation, we
assume W is finite. That allows us to characterize convergence to the QSD of X ()
and X,, in terms of spectral properties of their generator and transition matrices. We
emphasize, however, there exists more general results to guarantee the convergence
to the QSD and hence the finiteness of W is not necessary for consistency of the
algorithms proposed in this paper.

Recall that @ is the infinitesimal generator matrix of X (¢) and P is the transition
probability matrix of the DTMC X,,. We denote Qw = {quy}z,yew and Py =
{Pay}o,yew the restrictions of P and Q to W.

THEOREM 2.3. Let W be finite and nonabsorbing for X(t), and assume Py is
irreducible.
(a) The eigenvalues A1, Aa, ... of Qw can be ordered so that

0>X >Re(Ny) > ...,

where \1 has the left eigenvector v which is a probability distribution on W.
Moreover, v is the unique QSD of X (t) in W, and for all x,y € W,

6)  lwly) —vy) = B(X(t) = y|T > t) — v(y)| < Clx)e” M=,
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with C(x) a constant depending on x, and (8 any real number satisfying
Re()\g) < 6 < A1.
(b) Suppose Py is also aperiodic. Then the eigenvalues 01,02, ... of Py can be
ordered so that
1>01 > |O’2‘ >,

where o1 has the left eigenvector p which is a probability distribution on W.
Moreover, u is the unique QSD of X,, in W and for all x,y € W,

. 7\
D) linlt) = ()] = [B* (6, =3IV > ) = o) < D) ()
with D(x) a constant depending on x, and v any real number satisfying |oa| <
Y <o01.

Proof. We first justify the expression for the eigenvalues. Observe that for x #
y € W, we have ¢(x,y) > 0 if and only if p(x,y) > 0. It follows that Q is irreducible
if and only if Py is irreducible; see Definition 2.1 in [21]. Now let I be the all ones
column vector, I(z) = 1 for x € W. Recall that g(z,y) > 0 for every x # y € E
and Zy g(z,y) = 0 for every x € E. This implies that QwI < 0 componentwise.
Since W is nonabsorbing, for some z € W and y ¢ W we have ¢(z,y) > 0, and it
follows that ) .y, q(z,2) < 0. This shows that at least one component of Qw I is
strictly negative. The expression for the eigenvalues, and the fact that v is signed
(hence a probability distribution, after normalization) now follows from Theorem 2.6
of Seneta [21].

To see v is the QSD for X (t) in W, we define the stopped process X7 (t) = X (tAT)
such that X(t) is absorbed outside W. For any z,z € E, let I, be the column
vector I,(z) = 1if x = z and I, (z) = 0 otherwise. Finiteness of W ensures that
P*(XT(t) = y) = I,e®W'],. Thus, for each y € W,

PY(X(t) =y, T >t)= ]P’”(XT(t) =y) = VeQWtIy = e’\ltz/(y)
and
PY(T > t) =P (XT(t) e W) = eMi?,

which leads to v(y) = P¥(X (t) = y|T > t).
Now we turn to the convergence to v. It follows from Theorem 2.7 in [21] that
there is a constant C'(z) depending on x such that for any real § with Re(A\2) < 3,

(8) P(X(t) =y, T >t) =P*(X"(t) = y) = Clx)eM'v(y) + O(e™)
and
(9) P*(T > t) = C(z)eM! 4+ O(P).

It follows that
(1) = v(y)l = [PY(X () =y | T > t) — v(y)| < Cla)e M=, 0
where C(z) is now a (possibly different) constant depending on x.

The arguments in (b) are similar, using the Perron-Frobenius theorem (Seneta [21,
Theorem 1.1)).

For analogous results on the QSD in more general settings, see [6, Theorem 4.5]
for CTMCs and [8, Theorem 1] for DTMCs. We are now ready to define metastability.
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DEFINITION 2.4. Let W and \;,0; be as in Theorem 2.3.
1. W is metastable for X (t) if \1 =0 and

(10) |)\1‘ < |)\1 — Re()\g)|.

X (t) is metastable if it has at least one metastable set W.
2. W is metastable for X,, if o1 =1 and

loz]

(11) o1 >
01

X, is metastable if it has at least one metastable set W.

In light of Theorem 2.3, conditions 1-2 in Definition 2.4 essentially say that the
time to leave W is large in an absolute sense, and the time to leave W is large
relative to the time to converge to the QSD in W. Metastability of the CTMC is not
necessarily equivalent to the metastability of its underlying embedded chain, as we
now show. Consider X (¢) with the infinitesimal generator

1 1/2 12 0
|12 -1 12 0
@= 0 €2 —e ¢€/2]’

0 0 1 -1

where € & 0 is positive. Then W = {1,2,3} is metastable for X(¢) but not for X,
since

o1 ~ 0.81, |(72| ~ 1/2, A~ —6/27 Re()\g) ~ —1/2.

Now consider X (t) with the infinitesimal generator

—e ! et/2 et/2 0
el—1 —¢t 1 0

Q= 0 el—1 —¢t 1
0 0 1 -1

Then W = {1, 2,3} is metastable for X,, but not for X(¢), since
o1~ 1—€/5, oo =V2/2, A~ —1/5, Re(\2) = —3¢1/2.

Algorithm 1 below requires a collection of metastable sets for X (¢), and Algo-
rithm 2 requires a collection of metastable sets for X,,. The only assumption we make
on these sets is that they are pairwise disjoint. (The sets may be different for the two
algorithms, as noted above.) Throughout we write W to denote a generic metastable
set. We emphasize that we do not assume the metastable sets form a partition of E:
the union of the metastable sets may be a proper subset of E. Here and below, we
assume that each W has a unique QSD and that v; (and p;) converge to the QSD
in total variation norm, for any starting point x. Recall that this is true under the
assumptions of Theorem 2.3.

We conclude this section by mentioning properties of the QSD which are essential
for the consistency of our algorithms in sections 3 and 4 below.
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THEOREM 2.5.
1. Suppose X(0) ~ v. Then T is exponentially distributed with the parameter
—)\1.'
PY(T > t) = eM?, t>0,

and T and X(T) are independent.
2. Suppose Xog ~ . Then N is geometrically distributed with the parameter
1— g1/
P¥(N >n) =07, n=12,...,

and N and Xy are independent.

Proof. The first part of 1 and 2 was shown in Theorem 2.3. For the rest of the
proof, see [6]. d

3. The CTMC ParRep method.

3.1. Formulation of the CTMC algorithm. In this section, we introduce a
method for accelerating the computation of 7 (f), where we recall f : E — R is any
bounded function and 7 is the stationary distribution. We call this algorithm, CTMC
ParRep, for reasons that will be outlined below. Before we describe CTMC ParRep,
we introduce some notation. Throughout, X!(t),..., X#(¢) will be independent pro-
cesses with the same law as X (¢) and with initial distributions supported in W. Recall
that the first exit time of X (t) from W is

T=inf{t>0:X(t) ¢ W}

Similarly, for » = 1,..., R, we define the first exit time of X" (¢) from W by
T =inf{t >0: X"(¢t) ¢ W}

and the smallest one among them by

T =minT".
N

We denote the index of the replica with the first exit time T by M, i.e.,

M = argminT".
T
T, T, T*, and M depend on W, but we do not make this explicit.

We are in the position to present the CTMC ParRep in Algorithm 1. In this
algorithm, we will need user-chosen parameters t. associated with each metastable set
W. Roughly speaking, these parameters correspond to the time for X (¢) to converge to
the QSD in W. The accumulated value F'(f)sim serves as a quantity that approximates
the integral foTe“d f(X(s)) ds when the algorithm terminates. Note that at the end of
the algorithm we often have T, > Teng since the ParRep process could reach Tepngq
during the parallel stage. However, this is not an issue as long as Ty, is large enough
at the end of the algorithm so that the time average is well approximated.

If XP2'(¢) remains in W for a sufficiently long time (i.e., decorrelation threshold
t.), it is distributed nearly according to the QSD v of X (¢) in W by Theorem 2.3.
This means that at the end of the decorrelation stage, XP*' (T4, ) can be considered
a sample of v.

The aim of the dephasing stage is to prepare a sequence of independent initial
states with distribution v. There are several ways to achieve this. Perhaps the
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Algorithm 1 CTMC ParRep

1: Set a decorrelation threshold ¢, for each metastable set W. Initialize the simula-
tion time clock Ty, = 0 and the accumulated value F(f)sim = 0. We will write
XPar(t) for a simulation process that obeys the law of X (¢). A complete ParRep
cycle consists of three stages.

2: Decorrelation stage: Starting at ¢ = Ty, evolve XP2'(¢) until it spends an
interval of the time length ¢. inside the same metastable set W. That is, evolve
XP2I(t) from time ¢ = Ty, until time

Teorr = Inf{t > Ty + te : XP¥(s) € W for all s € [t — ¢, t] for some W}.

Then update

Teorr

F(F)sim = F (s + / FXP (1)) dt,

Tsim

set Tsim = Teorr, and proceed to the dephasing stage.

3: Dephasing stage: Let W be such that XP(Ty,,) € W, that is, W is the
metastable set from the end of the last decorrelation stage. Generate R indepen-
dent samples z1,...,zg from v, the QSD of X (¢) in W.

Then proceed to the parallel stage.

4: Parallel stage: Start R parallel processes X!(¢),..., X%(t) at z1,...,7g, and
evolve them simultaneously from time ¢ = 0 until time 7% = min,. T". Here all R
processes are simulated in parallel. Then update

R *
F(f)sim = F(f)sim + ZA f(XT(S))dS,

ﬂim = lsim + RT*a

(12)

set XP (T, ) = XM(T*), and return to the decorrelation stage.
5: The algorithm is stopped when Ti;,, reaches a user-chosen terminal time T, 4.
The stationary average 7(f) is estimated as

ﬂ—(f) ~ F(f)sim/Tsim~

simplest is the rejection method. In this procedure, each of the R replicas evolve
independently. A parameter ¢, similar to the decorrelation threshold t. is selected.
If a replica leaves W before spending a time interval of length ¢, in W, it restarts
in W from the original initial state. Once all the replicas remain in W for time t,,
we stop and take x1,...,rg as the final states of all the replicas in the dephasing
stage and use them for the subsequent parallel stage. Besides rejection sampling,
another method is a Fleming-Viot based particle sampler; see the discussion after
Algorithm 2 below. Finally, we comment that we can reduce the overhead related to
the dephasing stage by starting the dephasing stage immediately (instead of waiting
for decorrelation stage to finish) when the XT3 (¢) enters into a new metastable set
[3].

The acceleration of CTMC ParRep comes from the parallel stage. Recall that,
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foreach r =1,..., R, if z1,..., 2z are independent, identically distributed (iid) with
the common distribution v, then T%,...,Tr are independent exponential random
variables with common parameter A\;. Using 7% = min, 7", it is then easy to check
that RT* has the same distribution as T'. See Lemma 3.1 below. This means
one need only wait for T* instead of T' to observe an exit from W. Note that
this is true whether or not W is metastable, so efficiency of the parallel stage does
not require metastability. However, the dephasing stage is not efficient if W is not
metastable. That is because, in practice, the samples x1,...,xr are obtained by
simulating trajectories which remain in W for a sufficiently long time ¢,. Such samples
are hard to obtain when the typical time ¢, for z;,...,zr to reach the QSD in W is
not much smaller than the typical time to leave W.

To see that each parallel stage has a consistent contribution to the stationary
average, we make the following two observations. Suppose that zi,...,xgr are iid
samples from v.

1. The joint law of (RT*, X™(T*)) is the same as that of (T, X(T)). That is,
the joint distribution of the first exit time and the exit state in the parallel
stage is independent of the number of replicas.

2. The expected value of Zf’:l fOT* f(X7"(s))ds in (12) is the same as that of

fOTl f(X'(s))ds. That is, the expected contribution to F(f)sm from each

parallel stage is independent of the number of replicas.
The first observation is a consequence of Theorem 2.5, and the second will be proved in
Theorem 3.2 below. Counsistency of stationary averages follows from points 1-2 above
and the law of large numbers. Since there are indefinitely many parallel stages in a
given W, consistency is ensured as long as the expected contribution to F'(f)sim from
the parallel stage has the correct expected value. See [1] for details and discussion in
a related discrete time version of the algorithm under some idealized assumptions.

The CTMC ParRep algorithm suffers some serious drawbacks. Even if the parallel
processors are synchronous, M and T may not be known at the wall clock time when
the first replica leaves W. The reason is that the holding times for a CTMC are
random, while the wall clock time for simulating each jump of the CTMC is always
roughly the same. We illustrate this problem in Figure 1. In the worst possible
case, in order to determine M and T, we must wait for all the replicas to leave
W. However, one can set a variable T,;, to record the current minimum first exit
time over all replicas which have left W, and terminate any replicas which reach time
Thin but have not left W, since no replica contributes to the accumulated value past
time Tinin. Since the expected first exit times E[T"],r = 1,..., R, are roughly the
same, if the variance in the number of jumps of X" (¢) before time T™* is small for all
r=1,..., R, then we can expect that the parallel stage stops after only a few replicas
leave W.

For the same reason, there is another major drawback of QTMC ParRep. If f
takes multiple values in W, then the computation of Zle fOT f(X7(s))ds in (12)
requires storing the entire history of the value of f on each replica in that parallel
stage. We illustrate this drawback by considering the case of two replicas r; and 79
with first exit time 7' and T2, respectively. Suppose 7! < T? and hence T* = T*.
Let us assume that in terms of wall clock time, ro exits W before 1 does. At the end
of the parallel stage (i.e., after both of T and T? are sampled) we have the running

2
sum fOT f(X?(s))ds from 73. However, by the CTMC ParRep algorithm, we only

need fOT* f(X?(s))ds indeed. If we only keep track of the running sum, we are unable
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0 1 2 25 4 5 6 7
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Fi1G. 1. The parallel stage of the CTMC ParRep algorithm with two replicas. R1 escapes from
W at t =7 with seven transitions while R2 escapes at t = 8 but with only four transitions. In the
parallel stage of the CTMC ParRep algorithm, R2 escaped from W before R1 does but T? > T1.
There is no acceleration in this case since the parallel stage does not terminate when R2 escapes.

to recover fOT* f(X?(s))ds from T?. Hence, the implementation of the CTMC ParRep
might be memory demanding unless one is interested in the equilibrium average of a
metastable-set invariant function f, i.e., if f(z) has only one value in each metastable
set W. In section 4 we present another algorithm, called embedded ParRep, which
addresses these drawbacks.

3.2. Error analysis of CTMC ParRep. Here and below we will write Ev"
for the expectation of (X1(¢),..., X% (t)) starting at v, where for

R
I/R(:cl,...,xR):Hu(:cr), Z1,...,2r € W.
r=1

We begin with a simple well-known lemma.

LEMMA 3.1. Suppose T',..., TT are iid exponential random variables with the
parameter Ay. Then T* = min;<,<r T" is exponentially distributed with the parameter
RM. In particular, RT* has the same distribution as T'.

We now show that if the dephasing sampling is exact, then the expected con-
tribution to the accumulated value F'(f)sm from the parallel step of Algorithm 1 is
exact.

THEOREM 3.2. Suppose in the dephasing step (x1,...,xg) ~ v®. Then the ex-
pected contribution to F(f)sim from the parallel stage of Algorithm 1 is independent
of the number of replicas,

R *
3 / F(X7(s))ds

Proof. First we consider the case with a single replica. We condition on the exit
time T! and write

EVR — EV

/0 f<X<s>>ds] — u(f)E[T).

EV

OTI f(Xl(S))dS] - [T [ / F(X ()

T = t} PY(T" € dt).
Interchanging the two integrals of the right-hand side leads to

/Oo /OO EY [f(X'(s)|T" =] P(T" € dt)ds.
0 s

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/19/24 to 129.82.28.144 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

PARALLEL REPLICA METHODS FOR CTMC 11

Note that the inner integral can be written as E [ f(X'(s))1715,] and hence

Tl

B | [ pxi(s)ds

_ /Oo E” [£(X}(s)|T! > s] PY(T* > s)ds.
0 0

Owing to the definition of QSD and the fact that E*[T1] = [[°P¥(T" > s)ds,
Tl
E” l f(Xl(S))dS] = v(f)E"[T"].
0
In the case of multiple replicas, similar steps can be used to show that
R
R
>_E
r=1

Recall that T* > s if and only if 7" > s for all r = 1,..., R. Using this, the fact that
T',...,T" are independent, and the definition of the QSD, we get

* R 0o
/0 f(XT(s))dsl =Y /0 EY" [f(X7(s))|T* > s|P*" (T* > s)ds.

B [f(X7(s)|T* > 8] = BY [F(X"(s))|T" > s] = v(f).

Thus
R R i . R o0 R R
;E l/o f(x (3))ds] :u(f);/o PV (T* > s)ds = v(f)RE"" [T*].

Finally, the result follows from Lemma 3.1. ]

The purpose of CTMC ParRep is to efficiently simulate very long trajectories of
a metastable CTMC and estimate the equilibrium average m(f). CTMC ParRep can
produce accelerated dynamics of the CTMC on a coarse state space where each coarse
set corresponds to some W; see the discussion below Algorithm 2 below. Our numer-
ical experiments suggest that CTMC ParRep (and also embedded ParRep described
below) are consistent for estimating the stationary distribution.

For CTMC ParRep, we justify this claim in Theorem 3.3 below, which shows that,
starting in some W and waiting until the simulation leaves W, the error for a complete
ParRep cycle in CTMC ParRep compared to direct (serial) simulation vanishes as ¢,
increases. See Theorem 4.4 below for the analogous result on embedded ParRep. We
note that each ParRep cycle produce an error in the estimation of stationary averages
that does not disappear as Ty, — oo. However, we expect that the error vanishes
as the thresholds t, = ¢, — co. Study of this error is more involved and will be the
focus of another work.

Recall we have assumed convergence of ||vy, — v||rv — 0 as t. — oo, for every
starting point « € E, where ||-||rv denotes total variation norm; see, for instance, The-
orem 2.3 for conditions guaranteeing this convergence.

THEOREM 3.3. Consider CTMC ParRep starting at x € W in the decorrelation
stage. Assume the dephasing stage sampling is exact, that is, (x1,...,2gr) ~ vE.
Consider the expected contribution to F(f)sim until the first time the simulation leaves
W (either in the decorrelation or in the parallel stage),

R R :
+E® llb“;/o f(x (s))ds] ,

teNT
AF(f)sim 2 B l / F(X(s)) ds

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.
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where E*V" denotes expectation for (X(t), X1(t),..., XB(t) with X(t) starting at
x and the replicas (X'(t),..., X®(t)) starting at initial distribution v*. The error

compared to direct (serial) simulation satisfies the bound

E“‘l/on(Xs ds

Proof. We estimate

T
E /Of(Xs ds

< [[fllee sup B [T |1z, = vy
zeW

- AF(f)sim

R R ’
=|E® " f(X(s))ds| —E>"" l1T>tCZ/O f(X"(s))ds]
R T_R .
= f( (s)ds| T >t.| —E"" [Z/O F(X"(s))ds| T > t.||P*(T > t.)
R *
<|E / f(X T>t, : Z/O f(X”(s))ds] :

where we used the fact that X (¢) and the replicas (X1(¢),..., X®(¢)) are independent.

By the Markov property,

T
f(X(s))ds = E"e

te

T>1.

A%w@mm

By Theorem 3.2,

R * T
>/ ﬂwwm:mﬂ/fw@m%
r=1"0 0
Combining the above estimates and equalities,
T
E® l/ f(X(s))ds| — AF(f)sim
0

T T
<ww/fM@m—w”Afa@m%

=Y E / f(x ds] v, (z)— Y E° V ))ds] v(z)

zeW zeW
<[ fllsc sup E* [T] ||ve, — v|lTv.
zeW

We note that E*[T] is uniformly bounded in € W if, for instance, Py is irre-
ducible and W is finite and nonabsorbing for X (¢), as in Theorem 2.3. This uniform

boundedness guarantees that the right-hand side of (13) vanishes as t, — oco.
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4. The embedded ParRep method.

4.1. Formulation of the embedded ParRep algorithm. In this section, we
introduce another algorithm for accelerating the computation of 7(f). The algorithm,
called embedded ParRep, circumvents the disadvantages of CTMC ParRep discussed
above. As mentioned in the previous section, CTMC ParRep can be slow due to
the randomness of the holding times. In the worst case, one has to wait until all
replicas leave W in order to determine the first exit time 7%. To circumvent this issue
we propose an algorithm based on the embedded chain in which the parallel stage
terminates as soon as one of the replicas leaves W.

Before we describe embedded ParRep, we introduce some notation. Throughout,
X} ..., XF will be independent processes with the same law as X,, and with initial
distributions supported in W. Moreover, we consider X!, ..., X[* as the embedded
chains of X(t),..., X"(¢) defined above, and let A7}, ... AT be the corresponding
holding times. Recall that the first exit time of X,, from W is

N=inf{n>0:X, ¢ W}

For r=1,..., R, we define the first exit time of X from W by
N" =min{n e N; X ¢ W}

and the smallest among them by
N* =min{N";r=1,...,R}.

Note that it is possible that more than one replica leave W for the first time after N*
transitions. We denote by K the smallest index among these escaped replicas. That
is,

K=min{r=1,...,R; Xy- ¢ W}
It is clear from the above definition that N¥ = N*. Of course N, N", N*, and K
depend on W, but we do not make this explicit.

Here and below we write E*" for expectation of (X},..., X[) starting at u’,
where
R
MR($1,-.-,$R)=HM(JCT), Z1,...,LR € W.
r=1

We begin by reproducing from [2] Theorems 4.1 and 4.2 below, with proofs for com-
pleteness.

THEOREM 4.1. Suppose (X}, ... XF) has initial distribution u®. Then R(N¥ —
1) + K has the same distribution as N*.

Proof. Note that for any n > 0 and k = 1,..., R, the event {N¥ = n, K = k}
is equivalent to the event {N! > n, .. LGN > NE=p Nt > p -1, . NE>
n —1}. Since X} ..., XF are iid and N'! is geometrically distributed with rate
p=Pr" (N! > 1) (see Theorem 2.5),

PH(NK = n, K = k) = (1-p)" =D (1-p)"Ip(1—p) "~ DE=D = (1-p)R=D+h—1y,

That is, R(N¥ — 1) + K has geometric distribution with rate p. d

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/19/24 to 129.82.28.144 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy
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THEOREM 4.2. Suppose (X}, ..., XE) has the initial distribution p'*. Then X
is independent of R(IN® — 1)+ K and the distribution of (X{x, RIN® —1) + K) is
the same as that of (X 3., N*').

Proof. We first prove that XﬁK is independent of K. Since XF, ... X are iid
and N* is independent of X]’f[k, for each k, then X]’i,k is independent of N1,..., NE,
Note that K € o(N%, ..., N), hence XII%,C is independent of K for each k. Now
observe that for any A C F,

P (XK, € A K =)

I
M=

P (XK € A)

r=1

Pt (XL, € AP (K =71)

3
I

I
'M:"

F

P* (X € A),

that is, X ]I\f x and X ]1\,1 are equally distributed. This implies that X Jl\f x 1s independent
of K. To see the independence between XX, and R(N* — 1) + K, note that

P (XK € ANK =n, K =r) =P (Xi. € AN =n,K =)

=P (X% € A, K = r|N" = n)P" (N" = n)
=P (X%, € AIN" = )P (N" =n, K =)
=P (X5 € AP (N =n, K =7)

=P (XK e AP (NK =n, K =)

for any measurable A C E, n € ZT and » = 1,..., R. Finally, Theorem 4.1 and
the above analysis imply that (XX, R(NX — 1) 4+ K) and (X}, N') are equally
distributed. 0

Now we present the embedded ParRep algorithm in Algorithm 2. In this algo-
rithm we will need user-chosen parameters n. associated with each metastable set .
Roughly, these parameters correspond to the time for X,, to converge to the QSD in
w.

The DTMC X,, and holding times Ar,, are simulated by the stochastic simulation
algorithm (SSA); see, for instance, [13], just as in the CTMC ParRep. If XP?" remains
in W for a sufficiently long time (i.e., time t.), it is distributed nearly according to the
QSD p of X,, in W. See Theorem 2.3. This means that at the end of the decorrelation
stage, XP?" can be considered a sample of p.

The aim of the dephasing stage is to prepare a sequence of iid initial states
with distribution p. Like the CTMC ParRep, rejection sampling can be used for
the embedded ParRep as well. However, a more natural and efficient option for the
embedded ParRep is a Fleming—Viot based sampling procedure [3, 11]. The procedure
can be summarized as follows.

The R replicas X}, ..., XE starting in W, evolve until one or more of them leaves
W. Then each replica that left W is restarted from the current state of another replica
that is currently in W (usually chosen uniformly at random). The procedure stops
after the replicas have evolved for n = n, time steps, where n,, is a parameter similar
to n.. (If all the replicas leave W at the same time, the procedure restarts from the
beginning.) With this type of sampling, the number of time steps simulated for each
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Algorithm 2 Embedded ParRep

1: Set a decorrelation threshold n. for each metastable set W. Initialize the sim-
ulation time clock Ng, = 0 and the accumulated value F(f)sm = 0. We will
write XP* and AP? for a DTMC and holding time process following the law of
the embedded chain and holding times of X (), respectively. A complete ParRep
cycle consists of three stages.

2: Decorrelation stage: Starting at n = N, evolve XP? and A7P?" until X2
spends n. consecutive time steps inside of the same metastable set W. That is,
evolve XP* and A7P?" from time n = Ny, until time

Neorr = inf{n > Ngm+n.—1: XP*¥* € W form € {n—n.+1,...,n} for some W}.

Then update

Neorr—1

F(f)sim = F(f)sim + Z f(XEar)ATEarv

n=Nsim

set Ngim = Ncorr, and proceed to the dephasing stage.

3: Dephasing stage: Let W be such that X3 € W, that is, W is the metastable
set from the end of the decorrelation stage. Generate R independent samples
Z1,...,xR from p, the QSD of X,, in W. Then proceed to the parallel stage.

4: Parallel stage: Start R parallel processes X}, ..., X® at x1,...,zr, and evolve
them and the corresponding holding times A7}, ... A7/ from time n = 0 until
time N*. Then update

R N*-2

F(fsim=F(Plsim+ > > F(X}) ATk+ZfXN* DATN- 1,

r=1 k=0
Nsim:Nsim+R( *1)+K7

(14)

set XN = Xf., and return to the decorrelation stage.
5: The algorithm is stopped when Ng;, reaches some user-chosen time Ng,q. The
stationary average 7(f) is estimated as

ﬂ-(f) ~ F(f)sim/F(l)sim~

replica in the dephasing step is the same. In particular, if the R parallel processors
are synchronous (i.e., if each processor takes the same wall clock time to simulate
one time step), then each processor finishes the dephasing step at the same wall clock
time. We comment that the Fleming—Viot technique can be used to estimate the
decorrelation and dephasing thresholds as well when they are difficult to choose a
priori [3].

The acceleration of the embedded ParRep comes from the parallel stage. Figure
2 shows the diagram for the parallel stage with R replicas. Roughly, we only have
to wait N* time steps instead of N to observe an exit from W. The theoretical
wall clock time speedup can be approximately a factor of R. See Theorem 4.1 below.
Similar to CTMC ParRep, the parallel step does not require metastability for this time
speedup, but if W is not metastable, then the dephasing step will not be efficient. See
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F1a. 2. The diagram for one parallel stage of the embedded ParRep algorithm with R replicas.
Each blue dot represents an exit event along the time line. Both replica 2 and 3 leave W after
N* = 6 transitions (the blue dot with the red “c”), in which case K = 2. (Figure is in color online.)

the remarks below Algorithm 1.

Similar to the CTMC ParRep, each parallel stage of the embedded ParRep has a
consistent averaged contribution to the stationary average. Suppose that x1,...,zg
are iid samples from pu.

1. The joint law of (XX, R(N® — 1) + K) is the same as that of (X, N?).
That is, the joint distribution of the first exit time and the exit state for each
parallel stage is independent of the number of replicas.

2. The expected value of

R N*-2 K
SN rEATE S (X )ATR
k=0

r=1 r=1

is the same as that of

> F(X))AT,.

n=0

Hence the expected contribution to F(f)sim from each parallel stage is inde-
pendent of the number of replicas. See Theorem 4.3 below.
See Theorems 4.2 and 4.3 for proofs of these statements.

We expect that embedded ParRep is superior to the CTMC ParRep for the fol-
lowing two reasons. First, consider the parallel stages of both algorithms. In the
CTMC ParRep, observing the first exit event in the parallel stage is not sufficient to
determine T*. But in embedded ParRep, once any replica leaves W, we know N*.
Thus the embedded ParRep parallel step terminates once any of the replicas leaves
W. For this reason we expect the parallel stage of the embedded ParRep to be signif-
icantly faster than that of the CTMC ParRep. Second, consider the dephasing stage.
For the embedded ParRep, Fleming—Viot sampling is a natural technique because if
the processors are synchronous, then they all finish the dephasing stage at the same
wall clock time, and only the current states of each processor are needed at each time
step to decide where to restart replicas which left W. For asynchronous processors,
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one can simply implement a polling time. This is not true, however, for Fleming—Viot
sampling with the CTMC ParRep. Indeed, to implement Fleming-Viot sampling
with the CTMC ParRep, one would have to store the histories of every replica, and
the replicas would finish at potentially very different wall clock times. The rejection
method can be slow for both algorithms, particularly when the metastability is weak
or when the number of replicas is large.

4.2. Error analysis of the embedded ParRep. Now we are able to show
that if the dephasing sampling is exact, then the expected contribution to F(f)sim
from the parallel stage is exact.

THEOREM 4.3. Suppose in the dephasing step (x1,...,2g) ~ u®. Then the ex-
pected contribution to F(f)sim from the parallel stage of Algorithm 2 is the same for
every number of replicas.

R N*-2

Z Z F(XE) ATk+ZfXN*—1 AT

r=1 k=0

= [E#*

Z f(Xn)AT,

= ﬂ(fq’l)E“ [NT,

where q is the function as defined in section 2.1.
Proof. We first rewrite

R N*-2

Z Z (XAt +Zf Xne_1)ATN- 4

r=1 k=0
R N*-1

=3 > fXDAT - Z F( XN DATR .

r=1 =0 r=K+1

(15)

For the first part, we condition N* and obtain

R N*-1

HDIDBEIEAIN:

r=1 =0

R oo n—1

ZZZE“ FIXD) AT TN —n] .

r=1n=1 i=0

Interchanging the iterated summations leads to

R oo n—1

ZZ ZE“ F(XNAT Tne—y] = ZZE“ X)) nesi AT

r=1n=1 =0 r=1 =0

Notice N* > i is equivalent to N' >i,..., N > i and A7/ is independent of N* for
s # r. Thus

EF" [f(XDATT|IN® > i PH(N* > i)

[M]=

EX" [F(XD)ATTINT > i P (N* > 4).

i
M 10

Il
o

M-

I
-

T (3

Now by Lemma 2.1 and the definition of the QSD,
BE[f(XD)AT]INT > 0] = B* [EX [f(X])AT [{ X =0, JINT > 1]
= B* [f(XDE* [AT[{X] b0, JIN" > 1]
=E* [f(X])a(X]) T N" > i] = u(fa™").
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Combining the last four equations gives

R N*-1

oD FXDAY

r=1 =0

(16) E*" = u(fq ") RE*"[N].

A similar argument can be applied to the second term on the right-hand side of
(15). First we condition N* and K simultaneously such that

Er"

R
Z f(X]Z*—l)ATIQ*—ll

r=K+1

oo R R
=3O3N B A )AT G INY =0 K = k] PYU(NT =0, K = k).
n=1

r=1r=k+1
Interchanging the second and third summations the right-hand side equals

co R r—1

SONTOS BT A )AT G INY =0 K = k] PFU(NT =0, K = k).

n=1r=2k=1

Recall that

N*=n,K=k<=N'>n,... N° "' >n Nf=p, NF*l > n—-1,... NE>n—1.
Thus, using independence of X}, ..., X2 and the definition of the QSD,

oo R r—-1

SONTOS B (A )AT G INY =0, K = k] PN = n, K = k)
n=1r=2 k=1
co R r—1

=SONOS B [F(XL_)ATL L INT > 0 - 1] PN =0, K = k)

c© R r—
—u(fa) DD D PNt =n K = k)

_ R
=u(fq~")(R —E" [K]).
Combining the last three equations leads to

R

Z f(X}ﬂV*—l)ATJ(f*—l‘| = p(fa )R- " [K]).

r=K+1

(17) E#

Subtracting (17) from (16), we have

R N*-—1 R
BN Y fxpan - Y f(Xfwnmfw} = u(fg B (RN — 1) + K]
r=1 =0 r=K+1

Now the result follows since
_ R X _
p(fa HEF [R(N* —1) + K] = u(fq~")E"[N]
by Theorem 4.2. In particular, when R = 1 we have N* = N and K = 1, and thus

EH*

N-1
) f(Xn)ATn] = p(fa~")E*[N].
n=0
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We now prove an analog of Theorem 3.3 for the embedded ParRep. Recall we
have assumed convergence of ||, — pl|Tv — 0 as n. — oo, for every starting point
x € E. See, for instance, Theorem 2.3 for conditions guaranteeing this convergence.

THEOREM 4.4. Consider the embedded ParRep starting at x € W in the decorrela-
tion stage. Assume the dephasing stage sampling is exact, that is, (x1,...,ZRr) ~ k.
Consider the expected contribution to F(f)sim up until the first time the simulation
leaves W (either in the decorrelation stage or in the parallel stage):

R N*-2

]]-N>ncz Z Xk: ATk

neAN—1

Zf n)AT,

+ Insn, Z f(XJQf*l)ATJTV*11 )

AF(f)sim 2 E + R

r=1
where E=1" denotes expectation for (X, X}, ..., XE) with X,, starting at  and the
replicas (X1, ..., XE) starting at the initial distribution uf. The error compared to

a direct (serz'al) simulation satisfies the bound

lz f(Xn)Ar,

Proof. The proof is similar to that for the CTMC ParRep,

lz Fx Am] — AF(f)sim

(18) — AF(f)sim| < [|flloo SQVI;EI (T lppn, — pllTv-

R N*-2
[ Z FX)AT | B2 | 1nsn, S 3T F(XD)AT
n=n.AN r=1 k=0
K
+ 1non, Zf(xx*_umx*_l]
r=1
lz F(X)AT| N > n,
' nrR N*—2
lz > F(xpAT +Zf X _1)ATR_ 11
r=1 k=0

By the Markov property

lz f(Xn)AT,

n=nc

N > n.

N—-1
= ¥ lz f(Xn)AT,

n=0

Owing to Theorem 4.3,

N*—2 K

R
Z JF(Xp)ATE +Zf XN+ 1)ATN

r=1 k=0 r=1

R

N-1
= E* [Z f(X,)AT,

n=0
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Therefore,

Z f(Xn)AT,
Etne lz f(Xn)AT,
Z E* Z f(Xn)AT,

- AF(f)sim

IN

E"[Zf ATn‘|
o)~ S B [ 3 s Afn] ()

xeW n=0 zeW n=0
< flloe sup E*[T]|ptn, — pllzv
zeW
with the last equation coming from the fact that E* [ijz_ol Ar,] = E*[T). d

5. Numerical experiments. We present two numerical examples from the
stochastic reaction networks in order to demonstrate the consistency and efficiency of
the ParRep algorithms.

5.1. Reaction networks with linear propensity. We consider the following
stochastic reaction network:

(19) g—A=B—C—0o

taken from [7], where A, B, and C represent reacting species. The time evolution of
the population (the number of species) in the reaction network is commonly modeled
as a CTMC X (t) = (X1 (t), X2(t), X3(t)) with state space E C Z%. The jump rate
of each reaction is governed by the propensity function (intensity) \;(z),j =1,...,5,
such that for all £ > 0,

o) = im P(X(t+h) = o mlX(0) =)

where 7; is the state change vector associated with the jth reaction. We list the
reactions and their corresponding propensity functions and state change vectors in
Table 1.

TABLE 1
Reactions, propensity functions, and state change vectors.

Reaction [ Propensity function [ State change vector
g— A /\1(33):61 100)
A— B >\2(ZE) = C2T1 772 17 1,0
B— A )\3($) = Cc3x2 ?73
B —C )\4(113) = C4T2
C — o )\5(33) = Cc5T3

)
1,-1,0)
0,—1,1)
0,0,—1)

(s

(
(=
(
(
(

FE

In this numerical experiment, we take the initial state zo = (5,10,10) and the
rate constants
(Cl, C2,C3,Cyq, C5) = (01, 100, 100, 001, 001)

With this choice of parameters the timescale separation is about € = 10™* and hence
the process X (t) demonstrates metastability. The reactions A — B and B — A occur
with a much higher probability than the other reactions and hence we call A — B and
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B — A fast reactions and the other reactions slow reactions. The occurrence of slow
reactions is a rare event. We define the observables fi(x) = x1 + z2 and fa(x) = x5,
the collection of sets {Wi, » tmnez, with

Wm,n = {l‘ EE: fl(x) = m,fg(.lﬁ) = n}

form a full decomposition of the state space E. Note that both the total population
of species A and B (i.e., f1(X(t))) and the population of species C (i.e., f2(X(t)))
remain constant until one of the slow reactions occurs. Hence the typical sojourn
time for X (¢) in each W,, , is very long comparing to the transition time between
any two states that are in W,, ,. In this case, we say X (¢) is metastable in W, .
For example, with the initial population zg = (1,1,0), the states (1, 1,0),(2,0,0),
and (0,2,0) form a metastable set since the fast reactions A — B and B — A occur
with a significantly higher probability than slow reactions and only the occurrence of
the slow reactions can allow the process to move from the metastable set to another
metastable set. Note that both observables fi; and f5 defined above are invariant in
each metastable set, we call them slow observables. In general, an observable f is
called a slow observable if it is invariant in each metastable set W, ,, i.e., there is
a constant C'(m,n) such that f(z) = C(m,n) for each x € W,,,,. An observable is
called a fast observable if it is not slow (e.g., f(z) = z1).

This kind of two-scale problem arises in many fields other than the stochastic
reaction networks, such as the queuing theory and population dynamics. Estimation
of the distributions of two-scale processes can be computationally prohibitive due to
the insufficient sampling of the rare events. Therefore, it is desirable to apply the two
ParRep algorithms proposed in this paper to accelerate the long time simulation and
estimate the stationary distribution.

We apply both the CTMC ParRep and the embedded ParRep to estimate the
stationary averages of the slow observables f; and f;. The stationary distribution of
the fast observable f5(x) = z; is also computed using the embedded ParRep. On the
other hand, for the reaction network (19) under consideration, one can calculate the
stationary distribution analytically since it only involves mono-molecular reactions.
In fact, it can be shown that the stationary distribution is a multivariate Poisson
distribution [7], that is,

MAPAT Rt hada
(20) w1, Lo, 23) = 2 e~ (A1tAa+ 3)7
€T1:L92:T3:
where
- c1 (03 + 64) - c1 - C1
Al=———", do=—, A3=—.
C2Cy Cy Cs

Hence the exact stationary averages of the slow observables f; and fy are w(f) =
20.001 and 7(f2) = 10 and the exact stationary averages of the fast observable f3(x) =
r1 is 10.001. We use this exact result to compare with our result from numerical
simulation.

Our simulations compare the CTMC ParRep and the embedded ParRep with the
SSA [13]. In Figure 3, we demonstrate the estimation of 7 (f1) using the CTMC Par-
Rep and the embedded ParRep with various numbers of replicas (R = 10, 20, ..., 100)
and with SSA (R = 1). Similarly, Figure 4 shows the estimation of 7(f2). Note that
only the embedded ParRep is used to compute the stationary average of the fast
variable f(x) = x; since the CTMC ParRep is not efficient for fast observables as we
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CTMC ParRep Embedded ParRep

22 22
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Fia. 3. The stationary average of the slow observable fi(x) = x1+xz2 computed with the CTMC
ParRep (left) and with the embedded ParRep (right). The user-specified terminal time is Tonq = 10%
in the simulation.

CTMC ParRep Embedded ParRep

11 11

108 O CTMC ParRep| | 108} O Embedded ParRep
Exact Exact
106 | b 10.6 +
10.4 + E 104
10.2 1 10.2
= 1l @ . 1
= 10 r T I T i = 10 b .
— T — [P iy iy
INEEEEEEEE N EE:
9.8 %‘ @ T @ 1 9.8 @ ql
96 E 9.6
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Fi1G. 4. The stationary average of the slow observable fa(x) = x3 computed with the CTMC
ParRep (left) and with the embedded ParRep (right). The user-specified terminal time is Tonq = 10%
in the simulation.

commented at the end of section 3.1. Currently, the rejection sampling is used for de-
phasing and the decorrelation and dephasing thresholds are taken to be t, = ¢, = 0.01
for the CTMC ParRep and n. = n, = 15 steps for the embedded ParRep. In Figure 5,
the estimation for the fast observable and speedup are shown. It can be seen that
with ten replicas, the speedup factor is about 4.5 for the CTMC ParRep and 5.5 for
the embedded ParRep. When the number of replicas increases, the embedded ParRep
becomes much more efficient than the CTMC ParRep. However, even the embedded
ParRep is far away from the linear speedup (with 100 replicas, about 27 times faster
than SSA). This sublinear speedup comes from the fact that when the number of
replicas is large, the acceleration is offset by the inefficient rejection sampling based
dephasing procedure. We expect that the embedded ParRep would be more efficient
if the Fleming—Viot particle processes are used for dephasing.
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Fi1G. 5. The stationary average of the fast observable f3(x) = x1 computed with the embedded
ParRep (left) and the speedup comparison between the CTMC ParRep and the embedded ParRep
(right). The user-specified terminal time is Tonq = 10* in the simulation.

5.2. Reaction networks with nonlinear propensity. In the second example,
we focus on the following network from [24]:

(21) S1 =295y, S =053 25 +53=239,.

The propensity function and state change vector associated with each reaction is
shown in Table 2. Note that by the law of mass action, the reactions 255 + S3 = 3.5,
have nonlinear propensity functions.

TABLE 2
Reactions, propensity functions, and state change vectors.

Reaction [ Propensity function [ State change vector
Sl — SQ )\1(56) =cC1T1 m = (—1, 1,0,0)

SQ — 51 )\2(56) = Cc2T2 N2 = (1, —1,0,0)

51 — 53 )\3(1‘) = Cc3T1 n3 = (71,07 1,0)

Sg — 51 )\4(1) = C4T3 n4 = (1,0, 71,0)
2S5 + S3 — 354 )\5(2) = C5x2(.’172 — l)xg ns = (0, —2,—1, 3)
354 — 252 + S3 )\6(.’17) = 0613(13 — 1)($3 — 2) Ne = (0, 2,1, —3)

Throughout this example, we choose the initial state 2o = (3,30, 30,30) and the
reaction rate constants

(Cl, Co,C3,C4,Cs, CG) = (01, 0.1, 0.1, 0.1, 2, 2)

for simulation. In this reaction network, 2S5 + S3 = 35, are fast reactions due to
the cubic form of the propensity functions. The rest of the reactions are considered
as slow reactions. We plot time evolution of the total propensity of reactions 5 and 6
versus the total propensity of reactions 1 to 4 in Figure 6. The timescale separation is
more than € = 10~ as shown in the plot. The slow observables f; () =z + 23+ 24
and fo(x) = 21 remain unchanged until any of the slow reactions occur. Therefore,
the state space E can be partitioned as a disjoint union of metastable sets in terms
of slow observables fi and fo. That is, E = UW,, ,, where W,,, , = {z € E: fi(z) =
m, f2 (’JJ) = 77,}
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FiGc. 6. The timescale separation between fast reactions and slow reactions. The blue curve
above and the red curve below show the time evolution of A5+ Ae¢ and A1+ A2 + A3 + A4, respectively.
It can be seen that the total propensity (reaction rate) of the last two reactions are more than 10
larger than that of the first four reactions. (Figure is in color online.)

In the numerical simulation of (21), we apply the embedded ParRep with rejection
sampling and with Fleming—Viot sampling, respectively. We are interested in the
stationary average of the fast variable m(z4). The user-specified terminal time is
chosen to be T.nq = 103, which is large enough for the system to be well into the
stationary dynamics. Figure 7 shows the estimated result (with confidence interval)
for 7w(x4) with the rejection sampling based embedded ParRep (left) and the Fleming—
Viot sampling based embedded ParRep (right), each with different decorrelation and
dephasing thresholds. The corresponding speedup factor is shown in Figure 8, where
the left plot shows the speedup for n. = n, = 20 and the right plot shows the
speedup for n. = n, = 60. It can be seen that when the decorrelation and dephasing
thresholds are small (i.e., 20), there is no performance enhancement (as shown in the
left plot) when the rejection sampling is replaced by the Fleming—Viot sampling. This
is consistent with our expectation that most of the replicas finish the dephasing stage
after 20 transitions (that is, no replicas escape the metastable set in 20 transitions) and
hence the Fleming—Viot sampling is not needed to improve the performance. However,
when the thresholds are increased to 60, the Fleming—Viot sampling based embedded
ParRep outperforms the rejection sampling based embedded ParRep especially when
the number of replica is large, as shown in the right plot. We expect that the Fleming—
Viot sampling based ParRep would be more advantageous than the rejection sampling
based ParRep when large n. and n, are needed, e.g., when the time scale separation
is very large (say e = 10710).

Finally, we comment that in many cases of stochastic reaction network models
the timescales of the dynamics could change over time. For instance, the last two
reactions are slow if we choose (100, 3, 3, 3) as the initial state in this numerical exam-
ple. However, when the counts of So and S3 increase, the last two reactions become
fast. If we still define the last two reactions as the slow reactions, then the parallel
stage will not be activated in which case the ParRep becomes equivalent to SSA. A
possible remedy for this issue is to use dynamic partition of slow and fast reactions.
See [24] for a detailed discussion. We will deal with this issue in a separate work [23].
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Fi1G. 7. Stationary average (with confidence interval) of the fast observable x4 computed with
20 decorrelation and dephasing steps and 60 decorrelation and dephasing steps, respectively. Both
the rejection sampling and the Fleming—Viot sampling are used for the dephasing stage.
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Fic. 8. Speedup of the ParRep with the rejection sampling based dephasing and the ParRep
with Fleming—Viot sampling based dephasing.

6. Conclusions. This paper proposes a new method for simulating metastable
CTMCs and estimating its stationary distribution with an application to stochastic
reaction network models. The method is based on the parallel replica dynamics
which first appeared in [22]. The ParRep method proposed here does not require the
reversibility (detailed balance) of the simulated Markov chain, which is the necessary
assumption for most accelerated algorithms for metastable dynamics simulation. This
makes the ParRep particularly well suited for a stochastic reaction network model
where the reversibility is not satisfied in general.

To accelerate the estimation of stationary distribution of a metastable CTMC,
our method introduces a source of error: we sample an approximation of the QSD
of the metastable set in each decorrelation and dephasing stage. However, our error
analysis shows that on average the error from each ParRep cycle decays exponentially
assuming the dephasing stage sampling is exact. Moreover, our numerical examples
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also suggest the consistency of the ParRep method. The global error analysis for
ParRep (i.e., the error accumulated over the entire simulation) is much more involved
and will be the focus of our future work.

The mathematical theory underlying the ParRep method predicts that we could
achieve approximately linear speedup in terms of the number of replicas. However,
due to the computation in the decorrelation and dephasing stages, the acceleration
achieved in practical implementations is sublinear. Nevertheless, we observe a con-
siderable performance enhancement in presented numerical examples. We believe
further speedup is possible with a better parallel implementation of the algorithm on
massively parallel clusters.

In the numerical examples considered in this paper, we define the metastable sets
in terms of the slow observable and assume that the partition of fast and slow reactions
are fixed with time. However, it is quite common that the timescales of the dynamics
can change over time in many cases, especially in stochastic reaction model. In many
models the separation of time scales can change the timescales over the course of
system’s evolution. For example, such a situation also occurs in stochastic reaction
networks with a multimodal stationary distribution. In such a case the partition of
the fast and slow reactions changes when the process leaves from the neighborhood
of a current stable stationary point and move to the neighborhood of another stable
stationary point. In this case, a different strategy (rather than fast/slow reactions)
can be used to define the metastable sets. The ParRep method for dynamics with
bistability is discussed in [23].

The algorithms developed in this paper assume that the underlying processors
are synchronous. However, we believe both the CTMC ParRep and the embedded
ParRep can be implemented in asynchronous architectures as well. In particular,
the idea for handling asynchronous processors discussed in [15] (section 3) can, in
principle, be applied to the embedded ParRep as well. We will focus on formalizing
these synchronization ideas in our future work.
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