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Abstract

We explore formal approximation techniques for Markov chains based on state-
space reduction that aim at improving the scalability of the analysis, while
providing formal bounds on the approximation error. We first present a com-
prehensive survey of existing state-reduction techniques based on clustering or
truncation. Then, we extend existing frameworks for aggregation-based analysis
of Markov chains by allowing them to handle chains with an arbitrary structure
of the underlying state space — including continuous-time models — and improve
upon existing bounds on the approximation error. Finally, we introduce a new
hybrid scheme that utilises both aggregation and truncation of the state space
and provides the best available approach for approximating continuous-time
models. We conclude with a broad and detailed comparative evaluation of ex-
isting and new approximation techniques and investigate how different methods
handle various Markov models. The results also show that the introduced hybrid
scheme significantly outperforms existing approaches and provides a speedup of
the analysis up to a factor of 30 with a corresponding approximation error
bounded within 0.1%.

Keywords: Markov models, probabilistic model checking, approximation
techniques, adaptive aggregation

1. Introduction

Probability plays a prominent role in the design and modelling of systems
with unpredictable or unreliable behaviour. Markov chains are a class of such
probabilistic models that have been extensively used in many areas of Science
and Engineering, including the analysis of performance of computer networks
and of reliability of communication and security protocols [I} 2], in the study of
various quantitative attributes of biochemical reaction networks [3, 4] or genet-
ics [B]. A Markov chain can be thought of as a collection of states accompanied
by a function that describes the probabilistic nature of transitions between any
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pair of states. Depending on the type of model, these transitions can occur
in discrete or continuous time. The study of such chains is carried out either
analytically, or through exhaustive exploration of its execution paths, or by
employing numerical schemes (usually by solving a system of equations that ap-
proximate their solution). For the analysis of continuous-time models, a typical
method employed is uniformisation, which is based on a time-discretisation of
the chain of interest [6]. Prominent tools allowing to analyse and verify Markov
models include PRISM [7], STORM [8], or MODEST [9J].

Unfortunately, efficient analysis of Markov models is difficult to achieve in
practice, due to the state explosion problem. In order to enable the handling
of larger state spaces, several model approximation techniques have been intro-
duced. These techniques typically solve a smaller chain — one with a reduced
state space — and then interpret results in terms of the original model. State-
aggregation methods [I0] construct this smaller chain by clustering (or lumping,
namely aggregating) the state space. State-space truncation methods [6], on the
other hand, work by dynamically neglecting states with insignificant transient
probability (later we will define transient probability as the probability mass
at any given time). In both cases an approximation error must be quantified.
In practice, highly accurate probability approximations are crucial, for example
in reliability analysis of safety-critical systems or when checking satisfiability of
temporal logic formulae.

1.1. Key contributions

In this work, we present a comprehensive survey of existing state-reduction
techniques for Markov chains and focus on the enhancement of a framework [10]
(by the same authors) for aggregation-based analysis. In particular, the new im-
provements presented in this article include (1) the development of an accurate
and efficient clustering (aggregation) method applicable to chains with an arbi-
trary structure of the underlying state space; (2) the design of more accurate
bounds on the approximation error; and (3) the integration of aggregation with
uniformisation (i.e. time discretisation) to enable the analysis of continuous-time
models. Finally, we introduce a new hybrid scheme that utilises both aggrega-
tion and truncation of the state space and provides the best available approach
for approximating continuous-time models.

In order to perform a fair experimental evaluation of the presented approxi-
mation techniques, a total of eight methods for Markov chain analysis (5 existing
and 3 new ones) are implemented in the probabilistic model checker PRISM [7].
First, we showcase the developed framework for the aggregation-based analysis,
highlight its improvement in both precision and speedup as compared to [10],
and confirm that the resulting aggregating method can provide a valid model
approximation along with precise error bounds, both in discrete and continuous
time. Further, we perform the first in-depth performance evaluation of all avail-
able reduction techniques using a broad range of case studies and investigate
how different methods handle various classes of models. Finally, we demon-
strate that a new hybrid method significantly outperforms existing approaches
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and provides speedup of the analysis up to a factor of 30 with a corresponding
approximation error bounded within 0.1%.

1.2. Related work

A widely studied numerical method to deal with large- or even infinite-state
spaces is truncation, which works by dynamically neglecting insignificant states
with a transient probability below a given threshold. This method provides
under-approximation of the true probability distribution, where the probability
loss serves as an error bound. In the context of continuous-time chains, a combi-
nation of truncation with adaptive uniformisation [I1] is a widely used technique
known as fast adaptive uniformisation (FAU) [6], where the adaptivity allows
to dynamically change the uniformisation rate: this significantly decreases the
number of performed uniformisations on the chain. A reduction of the state
space is achieved since usually a significant percentage of the transient proba-
bility is concentrated in a small subset of states and a large fraction of the state
space can be thus truncated. However, when transient probability is spread over
a large number of states, these methods can result in small reduction — or poor
precision if a larger probability threshold is used.

An alternative approach to achieve state-space reduction is aggregation,
which typically involves clustering the state space of the model and then treat-
ing resulting clusters as abstract states of an obtained abstract chain. Analysis
of this model with a reduced state space can then reveal information about the
original chain. Aggregating methods include clustering based on (bi-)simulation
equivalence [12], which exploits symmetries of the concrete model and performs
exact numerical computation but, unfortunately, can only be applied to specific
Markov processes. To enable handling of more general models, advanced notions
of approximate equivalence have been introduced [13], which have led to new ab-
straction techniques for the numerical analysis of Markov chains with finite [14]
as well as with uncountably infinite state spaces [I5], [16]. The work in [I7]
presents an algorithm to approximate probability distributions of a Markov
model forward in time, which inspired the adaptive scheme proposed in [10],
where a formal error analysis steers the adaptation. This use of derived error
bounds allows far greater accuracy and flexibility, as it accounts also for the
history of the transient probability within specific clusters.

Biochemical systems, in particular, have given rise to a number of specialised
methods for analysis. Such systems are described using the language of Chemical
Reaction Networks (CRNs), the time-evolution of which is governed by the
Chemical Master Equation (CME) [I8]. To enable the analysis of networks
with large populations of species or those exhibiting complex dynamics, various
approximation techniques have been proposed. These include, for example,
the Linear Noise Approximation [I4], where a Gaussian process approximates
a CME and describes the time evolution of expectation and variance of the
species in terms of a set of ordinary differential equations (ODEs). Recently, an
aggregation scheme over ODEs that aims at understanding the dynamics of large
CRN s has been proposed in [I9]. These deterministic approximations, however,
cannot adequately capture the stochasticity of CRNs caused by low population



100

105

110

115

120

125

130

135

species. In order to cope with such systems, various hybrid models have been
proposed [20, 21], where the dynamics of low population species are encompassed
by a discrete stochastic process and the dynamics of large population species is
approximated by a continuous one. These methods, however, do not provide any
formal guarantees on the approximation error. In [22], a novel semi-quantitative
framework for the analysis of CRNs has been introduced which offers greater
performance and scalability compared to existing techniques, although a formal
guarantee is missing.

Simulation-based methods qualitatively analyse the behaviour of a Markov
chain by generating its trajectories: collecting the statistics from multiple reali-
sations then allows to estimate the transient probability distribution. Simulation-
based techniques include e.g. Gillespie’s Stochastic Simulation Algorithm [23] as
well as its various modifications [24 25] 26], 27]. These methods do not provide
formal bounds on the error and instead can give weak precision guarantees in
the form of confidence intervals. Furthermore, a large number of simulations is
required to provide precise results, which can be very time consuming. Nonethe-
less, these practical approaches are suitable for situations where highly accurate
estimates of the transient probability distribution are not necessary.

1.8. Structure of the article

In Section [2] we present an overview of existing approximate techniques for
the analysis of Markov chains, namely, state-space aggregation and truncation,
and review the uniformisation technique, including its fast adaptive version. In
Section [3] we redefine a notion of a state-space aggregation of a discrete-time
Markov chain, introduce algorithms that allow us to approximate chains with
arbitrary structure of the state space, explore various aggregation strategies
and design a more precise approximation error bound. Then, in Section [4]
we combine these results with uniformisation techniques to enable handling
continuous-time models and introduce a new hybrid scheme that utilises both
aggregation and truncation of the state space. Finally, in Section |[5| we discuss
experimental results.

2. Preliminaries

In this section, we review the necessary theory and introduce notation that
will be used throughout the paper. First, we discuss discrete-time Markov
chains, describe state-space truncation and summarise an aggregation approach
presented in [I0]. Then we consider continuous-time models and describe the
uniformisation technique used for their analysis.

2.1. Discrete-time Markov chains

Definition 1. A discrete-time Markov chain (DTMC) is a pair D = (S, P),
where

e S is the state space, and
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e P: Sx S —[0,1],Vr e S: > g P(r,s) =1, is the transition probability
matriz.

Unless stated otherwise, we assume that the state space S is finite. The
model is initialised via the probability distribution po: S — [0,1], > . gpo(s) =
1, and its transient probability distribution at time step k > 0 is

pr(s) = > pr-1(r)P(r,s), (1)

res

or, using matrix notation, pr = pr_1 - P. The act of performing one such
multiplication is called an iteration, a probability propagation, or a discrete-
time step. The problem of finding transient probability distribution pg at an
arbitrary time horizon k£ > 0 is referred to as the transient analysis of the
chain. Computing this vector directly using suffers from the state explosion
problem, and we are therefore interested in providing an efficient and accurate
approximation.

2.2. State-space aggregation of DTMC

In this subsection, we briefly describe the state-space aggregation method,
as it was presented in [I0]. We omit some technical details and discuss them
later in Section [3] where the generalised framework for state-space aggregation
is developed.

Let D = (S, P) be a DTMC initialised via the probability distribution py,
and assume that we are interested in approximating its transient probability
distribution pg, k& > 0. Let ® be a partition of the state space S. We treat
clusters in @ as abstract states of a new aggregated chain A = (®,1I), where II
represents a suitable abstract transition probability matrix II: ® x & — Rx.
The DTMC A is initialised using the probability distribution mo: & — Rxg,
computed as

mo(o) =Y _ po(s), (2)

seo

i.e. the probability of residing in cluster ¢ is the sum of transient probabilities
for the concrete states in 0. We can now recursively compute the transient
probability distribution 7, of A using vector-matrix multiplications, similar

to , as:
7Tk=7Tk_1'H. (3)
Having obtained g, i.e. the probability of residing in individual clusters at time

k, the approximation py: S — R>¢ of the transient probability distribution py,
is defined as

Pls) = ”lf’) co, (4)
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where |o| denotes the size of cluster o (namely the number of concrete states
comprising it). That is, the probability of residing in cluster o is distributed
uniformly among its concrete states.

If we select a partition ® such that |®| < |S|, working with the abstract
chain (®,II) and performing vector-matrix multiplications allows to approx-
imate py, using 7y, and to reduce the computational demands when compared to
performing the discrete steps in with the concrete model. Let e = pr — pg
denote an error vector associated with this approximation. We cannot compute
this vector directly since we do not know the exact probabilities pr. However,
we can formally bound the Li-norm of this vector: this norm is often used with
stochastic vectors and is efficiently computable from the structure of (®,II).
Introduce the quantity

€(p,o) = I?GaUX H(p,0) — m ZP(Tv s) (5)

and further denote €(p) == > .4 €(p,0). Then for the Li-norm of the error
vector at time £ > 0 it holds that

lexlly < llex—1lly + D mr1(p) - €(p), (6)
peP

where

leoll, = Ipo(s) — Bo(s)]- (7)

ses

The term ||egl|, is called aggregation error and describes the inaccuracy intro-
duced when the exact pg is replaced with py. Additionally, during each discrete
step, a propagation error, associated with the use of the abstraction II instead
of P, is produced and is captured by €(+,-): this quantity accounts for the max-
imum difference, for a given pair of clusters, between the abstract transition
probability and (rescaled) incoming probability. The product m,_1(p) - €(p) pro-
vides an upper bound on the error generated from p; the sum over all abstract
states in @ then yields the overall error. The reason for computing the bound
on the Li-norm of e, is that, as was already mentioned, we want to reduce the
computational complexity of the error estimation: Equation @ suggests that
one step of this estimation is equivalent to performing a scalar product of two
vectors in the aggregated (i.e. with the reduced state space) setting.

So far, we have ignored how the partition ® of S and how the abstract
transition probability matrix II are computed. In [I0], where this approach
is used to analyse biochemical processes, the aggregation is constructed based
on the known structure of the model and on the underlying physics. Later, in
Section [3] we will develop a generalized approach and describe how to aggregate
chains with an arbitrary structure of their state space — until then, assume that
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a specific clustering is given. Eventually we will see that, as we perform discrete
steps in the abstract setting, the probability distribution shifts, so adapting
the clustering of the state space can reduce the error: an adaptive state-space
aggregation is therefore a method of using different clusterings sequentially in
time, where the quality of each clustering is quantified by @

Remark. On a final note, observe that we do not require the normalisation
condition Vp € ®: » 4 II(p,0) = 1 to hold: in other words, IT might not be a
stochastic matrix, see Figure [1l In this case, elements of vectors m; might not
sum to one and therefore such vectors cannot be called ‘probability vectors’.
Thus, given II, abstraction (®,II) might not be viewed as an actual DTMC
according to the Definition [I] However, we still want to associate elements of
IT with transition probabilities and elements of 7 with transient probabilities
of the aggregated model. To avoid any confusion, we will reserve the term
‘stochastic’ for matrices and vectors that satisfy the normalisation property.
Lack of stochasticity should not discourage us from using such abstractions:
function IT (respectively, 7;) simply serves as a higher-level representative of
function P (respectively, px) on a new state space and provides us with an

approximation of its concrete counterpart. O
(o) o(s) 22
“Gs oo
R
(52)

() (b)

Figure 1: In (a) we consider a simple DTMC with three states; in (b) we construct its aggre-
gation based on the partition ® = {{so, s1}, {s2}}, where the abstract transition matrix II is
computed using (18 — notice that in this case II is not stochastic.

2.8. State-space truncation of DTMC

State-space truncation [6] is yet another approximation technique that can
be applied to any Markov chain. Its transient probability distribution is com-
puted similarly to , however before each iteration, states with insignificant
transient probability, i.e. those with probability below some specified truncation
threshold 6§y, are discarded. The effect of this truncation is twofold. First of
all, we are now able to propagate probability mass only from significant (also
called active) states, which leads to a speedup of the analysis. On the other
hand, each truncated state with a non-zero transient probability contributes to
the probability loss and the resulting transient probability distribution py is ac-
tually an under-approximation of the true distribution pg: the probability mass
that was truncated could have remained in a given state or might have been
transported to other ones. The total probability loss 13 .o pr(s) serves as an
exact upper bound on the Li-norm of the error vector. The truncation threshold
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O+ Specifies a trade-off between performance and accuracy: large values of 4.,
will discard a considerable number of states for the price of reduced precision,
and vice versa. Note that this approach can also be useful for chains with an
infinite state space, because at each iteration we can deal only with the (finite)
set of active states. This technique fails, however, for chains with slow dynamics
of the transient probability: inactive states that slowly receive small accruals
of the probability mass never become active if the truncation threshold is not
small enough, which can yield an enormous error. In general, this does not hap-
pen with the state-space aggregation: working with clusters preserves — at least
to some extent — information about where the residual transient probability is
located. On the other hand, e-terms might result in rather conservative error
bounds, when compared to the actual probability lost from the transitions.

2.4. Continuous-time Markov chains

Definition 2. A continuous-time Markov chain (CTMC) is a pair C = (S, R),
where

e S is the set of states, and

e R: Sx 85— Rxp,Vse€S: R(s,s) =0, is the transition rate matriz.

Similar to DTMCs, we will implicitly assume that the set .S is finite. R is a
function that for each pair of different states assigns a rate used as a parameter of
an exponential distribution when deriving a probability of transitioning between
these states within a continuous time window. The time spent in state r, before
any such transition occurs, is exponentially distributed with parameter F(r) =
> scs R(r,s), which is called the exit rate of state r. An infinitesimal generator
matriz associated with C' is a matrix Q: S x S — R defined as Q(s, s) = —FE(s)
and Q(r,s) = R(r,s) for r # s.

Definition 3. Let C' = (S, R) be a CTMC and @ be its infinitesimal generator
matrix. Let ¢ > maxgses E(s) be a uniformisation rate. A uniformised DTMC
of C given uniformisation rate ¢ is a DTMC (S, unif%) having its transition
probability matrix unif?, defined as

1 Q(r,s) if —
uniff (r,s) = { Q?:,s) @ B0
q b

otherwise.

A uniformised DTMC serves as a time-discretisation of a CTMC with respect
to the fastest event that can occur with rate q. Usually, we select g to be the
maximum exit rate from states in S, which corresponds to the shortest mean
residence time of the model, although any value larger or equal to this rate is
also usable.

A CTMC is initialised via the probability distribution pg: S — [0,1]. The
transient probability distribution p, at an arbitrary time horizon ¢ € Rx>g can
be obtained by employing a uniformisation technique. The main idea of this
method is to split a CTMC C = (S, R) into two independent stochastic processes
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D¢ and Be: D¢ is a DTMC over the same state space S; B¢ is a CTMC (called
a birth process of C') having an infinite state space Ny, such that

=3 wls) - Bulh), (®)
k=0

where uj, denotes the transient probability distribution of D¢ at time k and £;(+)
denotes the transient probability distribution of B¢e at time ¢. Intuitively, Equa-
tion invokes the total probability theorem on the number of discrete ‘jumps’
of C taking place up to time ¢: the quantity wug(s) represents the probability of
residing in state s after exactly k discrete jumps, whereas [3;(k) expresses the
probability of actually performing these k& jumps within a continuous window
of length t. Under this interpretation, D¢ keeps track of the current state of C'
and B¢ keeps track — in a probabilistic sense — of whether time ¢ has elapsed.

2.5. Standard uniformisation of CTMC

The choice of D¢ and B is key for the uniformisation procedure. A standard
uniformisation (SU) works by selecting a uniformisation rate ¢ > maxgecg F(s),
and then choosing D¢ to be a uniformised DTMC (S, unif},) with rate ¢, and
B¢ to be a pure birth process with constant rate ¢ (i.e. Poisson with rate ¢),

for which the analytical solution is known to be B:(k) = e~ % qt) =Yg (k),
k € Ny. Finally, for a given precision (i.e., maximum error) sfg, the iterative
scheme of Fox and Glynn [28] can provide parameters L, R such that

L—¢pg < Z Yt (k). (9)

k=L

We can then truncate the infinite sum in (8)) to obtain an under-approximation p;
of the true probability distribution p;, as:

Z uk(s) - Y (k) < pe(s). (10)

Combining (E[) and 7 we arrive at

(AR :Zﬁt(s) :Zzuk( ) - Yq(k Zzuk x2as:

seSs seS k=L k=L se€S
R R
= > (k) un(s) = Y (k) = 1—epy,
k=L ses k=L

and therefore

ledlly = e = Delly = lpelly = 12elly =1 = [1Delly < &g,
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as desired. In other words, we have a guarantee that the total probability loss
resulting from the truncation of the infinite sum in (8) will not exceed €¢4. Note
that this proposition holds since the transient probabilities ug(s) sum to one.
The main drawback of SU is that for large uniformisation rates ¢ the mean of
the Poisson distribution tg4/(-) is large and so is the upper truncation point R.
This implies that, in order to obtain p;, one must perform plenty of iterations
for the uniformised DTMC D¢.

2.6. Adaptive uniformisation of CTMC

As an alternative to SU, adaptive uniformisation (AU) [11] allows the rates
of the birth process to change at each step, according to the following rules:

e let ¢g, q1, ... be an infinite sequence of uniformisation rates satisfying

q; > max{FE(s) | s € S,u;(s) > 0}; (11)

e let B = (Ng, Rp.) be a CTMC starting at state 0 and Rp, be defined
as
o fan =it
Rpe (i) = { 0, otherwise;
e let Do = (S,unif%) be a DTMC with transition probability matrix at
step 7 to be a uniformisation of R with rate g;, and where u; denotes its
transient probability distribution at time step 1.

The analysis of a CTMC C' via adaptive uniformisation proceeds as follows.
We start at a discrete time 0 with a subset of states in .S that have non-zero initial
transient probability wug(-) — such states are called significant or active. The
largest exit rate among the states within this subset is the (local) uniformisation
rate gop. We then compute unif}y to be the transition probability matrix for the
process D¢ at (discrete) time 0, perform probability propagation and obtain
u1(-). We then repeat the procedure of defining the subset of active states,
finding a (local) uniformisation rate, uniformizing the rate matrix according
to this rate and propagating the probability. This way we obtain a sequence
U, U1, . - ., that will be used to compute p; according to (g]), where S;(-) is a
solution to the birth process Bo with rates qg,q1,.... In order to solve this
CTMC, we apply SU using a (global) uniformisation rate ¢ > maxscsE(s),
since Vi € Ny, ¢; < ¢. Together with the Fox-Glynn method for a given precision
€tg, We can compute an under-approximation Bt of the transient probabilities
B¢ at time t of the birth process Bo. The resulting under-approximation of the
transient probability distribution p; is then computed as

Pi(s) = unls) - Bulh),
k=0

10
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where R’ is a time step for which Ziio Bi(k) > 1— evp for a given precision
€vp < €fg. Both truncations — for uniformising C' and uniformising the inner
birth process B¢c — lead to an under-approximation p; of the true probability
distribution p;, and the total error is given by the probability loss 1 — ||p¢||, with
a bound &3, specified a-priori.

The main advantage of AU is that uniformisation rates ¢; are ‘discovered’
as the probability propagates. As there is a chance that at any given time ¢, ¢;
will be substantially lower than g, this allows the birth process to jump at lower
rates, and therefore that R’ is substantially lower than the corresponding upper
Fox-Glynn limit R in the case of SU. Also note that, due to its extremely simple
structure, solving for the birth process during each iteration is a trivial task.
Numerically, this allows to perform much fewer vector-matrix multiplications to
solve for D¢ and to obtain the same result with the same precision as SU.

2.7. Beyond uniformisations of CTMC: combined approximations

State-space truncation can be used with both SU or AU to solve for D¢,
although it is particularly favorable with AU since truncating the state space
using threshold &y, > 0 leads to smaller subsets of active states and the birth
process B¢ can jump at even slower rates ¢;. In the sequel, we will refer to the
combination of SU with state-space truncation as fast SU (FSU), and to the
combination of AU with truncation as fast AU (FAU) [6]. In both of these cases,
however, the probability loss is the only way to compute the approximation
error, since an a-priori specified error bound cannot be guaranteed.

Finally, SU can be integrated with the state-space aggregation approach
while solving for uniformised DTMC. This idea was first outlined in [I0], al-
though a rigorous formalisation is still missing and will be the focus of Sec-
tion [l There we shall also explore combinations of aggregation and truncation
approaches (FFAU+ hybrid scheme).

3. State-Space Aggregation of DTMCs

In this section, we develop ideas presented in [I0] and formalise a notion of a
general state-space aggregation for discrete-time Markov chains. This will allow
to explore various aggregation schemes as well as to obtain more precise bounds
on the approximation errors. Finally, we describe an aggregation procedure that
is capable of handling arbitrary DTMCs. In Section [4] we will then apply these
ideas to enable the analysis of continuous-time models.

3.1. Approzimate DTMC's

We wish to explore how altering the transition probability matrix of a DTMC
affects its transient behaviour. We will do so by introducing the concept of an
approximate DTMC.

Definition 4. Let D = (S, P) be a DTMC. Let P: S xS — R be an ap-
proximation of P with the same dimensions. A pair (S, P) is referred to as an
approzimation of the DTMC D.

11
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Assume py and po are initial transient probability distributions of (.S, P)
and (S, f’), respectively. Here we interpet py as an approximation of py. We
can now compute the transient probability distribution pj of the approximate
DTMC (S, P) at any time k > 0 similarly to propagation Equation :

B = P - P. (12)

The transient probability distribution px, k > 0, serves as an approximation
of the distribution p;. We are interested in computing an approximation er-
ror e = pr — pr. First, observe that ey captures the error associated with
approximating pg by pg. For k > 0, it holds that

pk"_ek:ﬁk:ﬁkfl’P:ﬁkﬂ'(p—P-i-P):]51@71'P+]5k71'<15—P)
= (pg—1 +ex—1) - P+ Pr—1 - (15 — P)
:pkrfl'P‘f'ek—l'P-i-ﬁk,l'(P—P)

Zpk+6k71'P+]5k71‘<P—P>a

which implies
er =ep—1- P+ pr_1- <15—P) .

This recursion provides insight into how an error is generated when we approx-
imate a DTMC. The first summand represents propagation of an existing error
as if we were using exact transitions P for probability propagation. On the

other hand, the term py_1 - (]5 — P) captures an error that is generated at each

step between each pair of states while using the approximation py—1 for pg—1
and P for P. Recall that we are interested in the Li-norm of the error vector
ek, namely:

S P |

S T

One can easily argue that ||v- Al|; < ||v||; for any vector v and any stochastic
matrix A, and therefore expression above becomes

lewly < llew-1ll, + [per - (P =P - (13)

12
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8.2. State-space aggregation of DTMC's

Let us now introduce a specific class of approximate DTMCs: we will re-
interpret the above derivation accordingly.

Definition 5. Let D = (S, P) be a DTMC with initial probability distribution
po and let @ be a clustering of S. Recall that for a cluster o € @, |o| denotes
the cardinality of set o, i.e. number of concrete states that comprise this cluster.
Let II: & x ® — R be any real-valued matrix relating pairs of clusters and let
mp: ® — R be arow vector s.t. mo(0) == > ., po(s). An approximation (S, P) of
the DTMC D, where P(r,s) = Il(p,0)/|o|,r € p, s € o, with initial distribution
Po(s) =mo(0)/|ol,s € o, will be referred to as a state-space aggregation of D
given an abstract state space ® and an abstract transition probability function I1.

Notice that Vs, s’ € o, it holds that po(s) =
(r,7" € p) and (s, s’ € o) we have that P(r,s) = H(l’;‘ )
the update Equation yields, for all s,s" € o,

8) =D Be-r(r) - Plr,s) =Y pa-a(r) - Plr,s) = pi(s).

resS res

= po(s’). Similarly, for
( !

'), and therefore

The three equalities above illustrate an important property of the aggregation:
any two states from two given clusters have the same approximate transition
probability }5(7 -) and any two states in a given cluster at any time step k > 0
share the same approximate transient probability py(-). Introduce the quantity
Tk(0) = Y sco Pr(5), 0 € @, k> 0. From the argument above it follows that
pr(s) = mx(0)/|o| for any s € o. Intuitively, the quantity 7i(o) describes
probability of residing in one of the states in cluster o at time step k, whereas
II(p, o) captures the probability of transitioning into one of the states in cluster o
given that the chain resides in one of the states in cluster p.
Finally, for £ > 0, it holds that:

= prls) = ZZﬁk—l(?‘) P(rs) =) ) Zﬁk—l(r) - P(r,s)

s€o s€ores s€o ped rep
7Tk 1 7Tk 1 II(p, o)
=2 mea(p) Tpyo) - o M > D 1= Zm 1(p) - 11(p. ).
ped sEo TEP pED
or in matrix notation:
T = T—1 - 1L (14)

Hence, instead of computing approximate transient probabilities for each of the

13



states, we can first aggregate the initial probability distribution pg into 7y ac-
cording to the definition of the latter, compute 7 using and then find pg(s)
as mx(0)/|o| for any state s. A pair (®,II) might be interpreted as a DTMC
(where the transition matrix IT is not necessarily stochastic) representing the
aggregation of (S, P) and providing the approximation of its probability distri-
bution. As to an error associated with this approximation, we use properties of

aggregation to rewrite into : the second term in reads:

)=

Running both summations over clusters and then applying the observation above
concerning states within the same cluster yields

425

>

seS

Zﬁkfl(r)

res

Hﬁkﬂ : (15 - . (15(7“,8) - P(ns))‘ :

430

> 2|2 S b () (Ps) — POrs)

c€ED s€o |ped rEP

=22

oed seo

=22

oed seo

=22

oed seo

>y - P0.)

' ( <;;,|a>

ped rep

M(p,o) 1
%”’“*M 2 <|p| o)
Zﬂkfl([)) ZP (r,s) ).
e |Cf| =

The following are algebraic manipulations with summations and absolute values:

(5 re)

ZZ Zﬁk—l(ﬂ) |p|zp7"5

ced sco |ped |U| TEP
11
< Z Z Z Tr—1(p) (|':| ) _ ﬁ ZP(T, B)
oced se€o ped TEP
B3N ML LI S
peEP oced sco reEP
II
=S ST - R
peD® oced s€o rEP
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Based on the obtained formulation, let us now define

(o) =3 |20 L pi ) (15)

| ol ||

and 7(p) == ce T(p,0). Then for the Li-norm of the error vector ey it holds
that

lexlly < llew—1lly + > mi—1(p) - 7(p). (16)
peEP

Note the similarity of the equation above with @ Furthermore, observe that

< |o| - max

T(p70'):Z |o'| ZP?"S e, )—LZP(ns)

s€o TEp s€o |U| |,0| rep
=max |II(p, o ZP r,s)| = e(p,0),
s€o
rEp

and therefore the 7-terms in provide a better error bound than that in @
based on e-terms.

8.8. Specific forms of state-space aggregation

So far we have assumed nothing about the form of II: error bound allows
arbitrary abstract transition probability matrices. Recall that the matrix II
determines the structure of the approximate transition matrix P. Therefore,
we wish to construct II based on the knowledge of P so that the resulting
approximation P is as precise as possible. Let us now be more specific and
describe three possible ways to define II.

3.8.1. State-space aggregation based on average incoming transition probabilities
The approximate transition matrix for this aggregation is defined as follows:

I (p,0) = |ZZP7‘S (17)

TEP SET

The intuition behind this equation is that it encompasses the average incoming
probability to cluster o from cluster p. This shape of the transition matrix II
was previously introduced in [I0] and the error bound @ based on e-terms was
derived accordingly.
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8.8.2. State-space aggregation based on average outgoing transition probabilities
This scheme is similar to the previous one, except that now we utilise average
outgoing transition probabilities:

Mo (p, o) = ﬁ Z ZP(T, s). (18)

rEpP S€Eo

Here we demonstrate that outgoing averaging is a natural approach to
define transitions between clusters of states. Let Si, € S be a random variable
describing the current state of the DTMC at time k > 0. Likewise, let Cy € ®
be a random variable describing in which of the clusters the DTMC resides at
time k. Note that, by definition, P(r,s) = P(Sk+1 = s | Sp = r) and that
II(p,0) = P(Crt1 = 0 | Cr, = p). Also, recall that, given that the chain resides
in cluster o, the probability of residing in any of the state s € ¢ is uniformly
distributed between the states. We obtain

M(p,0) =P(Cry1 =0 | Cr=p) = ZP(Ck+1 =0,S,=r|Cr=p)

rep

ZZP(Ck_H:O'|Ck=p,Sk=T‘)'P(Sk=T‘Ck=p)

rep

1 1

ZZP(Ck_HZO'|Sk=7‘)'ﬂZH-ZP(C]C+1=0|S]€=T’)

rep p P rep

1
:*'ZZP(CI@H=U7Sk+1:3|5k=7’)

ol =

1 1
L YRS = Si =) = - TS Ps)

p reEp se€o p TEpP S€E0

which is Iyt (p, o). As a consequence, the transition probability function
I, has another property, namely that, for each cluster p,

> Moalpo) = 3 SO S POr) = 2 3 3030 Plns)

ol

oed ced rEP SET rep oced sco
1 1
s PR RESE
ol = = ol &=

i.e. matrix Il,,; is stochastic, unlike general abstract matrices II. Since pg is
always a stochastic vector, then so is 7y, by definition. This implies that all
vectors 7, and therefore all p; are stochastic as well. So, the abstract chain
(®,1,u¢) is actually a DTMC, as per Definition [1} This subtle difference has
two benefits. First, from the technical standpoint, this leads to a slightly better
approximation compared to the incoming-based scheme 7 as will be shown
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later. Second, preserving stochasticity of p, will be the key to integrating ag-
gregation technique with the uniformisation method (see Section , in order to
enable the aggregating analysis of CTMCs.

3.3.3. Median-based state-space aggregation
This scheme is defined as follows:

Iea(p,0) = —med {ZP T, S } (19)

The median-based scheme was derived using the following argument. As-
sume a specific state-space clustering is given. We can arbitrarily define the
abstract transition probabilities II(-,-) and the approximation error accrual in
each iteration is captured by . In order to minimize this accrual, it is suffi-
cient to minimize each of the terms

(o) =3 |2

seo

ZPTS

|a\ Tl

by selecting a suitable II(p, ). We can pull |o| at the denominator out of the
absolute value and equivalently minimize

Z PO ZPrs

SEoT rEp

We recognize this as a problem of minimizing the sum of the absolute deviations,
for which solution is known [29] to be

%lgg{ 7] > P, } w?gﬁ{ZP T, s } = mea(p, o).

rep reEP

As will be shown in the experimental evaluation, the median-based scheme
results in the most accurate error bound. Note that in this case II,,.q might
not be stochastic.

8.4. Adaptive state-space aggregation procedure

Algorithm (1] demonstrates how the theoretical framework developed in the
previous subsection is applied to the aggregating analysis of a DTMC. First,
we construct a clustering ® of the state space S with the use of the partition
procedure (line 2), which will be described later in more detail. Then, we directly
apply the corresponding definitions to compute abstract transient probabilities
mo (see (2])), abstract transition probabilities II (using either , or ),
error factors 7 (see (I5))) and the aggregation error |legll,. We proceed by
carrying out vector-matrix multiplications in the abstract setting and updating
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Algorithm 1 Adaptive state-space aggregation of DTMC

Input: DTMC (S, P), initial probability distribution pg, time horizon k.
Output: Approximate probability distribution py, error bound ||ex||;
: Do < Do
. @ < partition(S, P, pp)
(7o, I, 7, aggregation Error) + aggregate(®, P, Po)
errorg < aggregationError
: for i < 1to k do
error; <= errori—1 + 3 o mi—1(p) - 7(p)
T < Ti—1 ° 1I
if checkPartition(®, ;) then
p; + deaggregate(m;, D)
® « partition(S, P, p;)
(3, I, 7, aggregation Error) < aggregate(®, P, p;)
error; < error; + aggregationError

© X NPT R W

_ = = e
w22

. P < deaggregate(my, D)
. return pg, errory

—
~

the error bound according to Equation . After several discrete steps, the
probability distribution 7; might start to generate a large amount of error, which
is signalised by the checkPartition procedure (line 8, also described later), and
the re-partitioning of the state space takes place.

From the computational standpoint, lines[6]and [7]represent the critical parts
of Algorithm [I| and are equivalent to computing a scalar product and a vector-
matrix multiplication in the abstract setting, i.e. with the reduced state space.
In the case where |®| < |S|, we can achieve a considerable speedup over the
computation on the concrete chain, provided that reaggregations are performed
not too often (yet not too rarely in order to keep the accrued error relatively low).
The remainder of this subsection describes the partitioning of arbitrary Markov
chains (the partition procedure) as well as how often should reaggregations
occur (the checkPartition procedure).

Assume that we have a DTMC D = (S, P) having initial probability distri-
bution pg. We wish to construct a partition ® of S that, for a current probability
distribution, would provide an accurate and efficient approximation of D. We
can view the DTMC D as a directed weighted graph, where nodes correspond to
states and edges correspond to (non-zero) transition probabilities, and construct
a partition @ of S by clustering together adjacent nodes, i.e. states connected by
a transition. Furthermore, inspect update Equation for the error bound:
the product of 7(-) and 7(-) represents an error contributed by a cluster, and
we should minimize 7(-) for clusters that bear a significant probability mass.
While experimenting with various partitions, we have often noticed that clus-
ters of large size are typically associated with large values of 7(-). This makes
sense: having (a large amount of) smaller and more refined clusters allows to
track the probability mass more accurately than using few large clusters. Fig-
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ure 2] illustrates the behaviour of both aggregation and propagation errors, with
the latter being attributed to a phenomenon we call ‘probability forwarding’:
when propagating probability from cluster p to cluster o, we are effectively push-
ing the probability mass (in one step) to those states in o that were previously
unreachable (in one step) from any of the states in p; conversely, we are pushing
the probability to cluster ¢ from those states in p that do not have any of the
states in o as their direct successor. By doing so, we effectively accelerate the
model and incur in an error. Therefore, we can safely use clusters of big size for
groups of states possessing a small probability mass: an insignificant 7 (-) will
cancel large 7(-); conversely, we should group states with significant probability
into small clusters, possibly leaving such states as singletons.

06@0

..................

Figure 2: In (a) we consider a simple DTMC that deterministically starts in the leftmost
state (numbers inside nodes denote current transient probabilities); in (b) we construct its
aggregation (here we use outgoing averaging to compute abstract transitions), notice how
the first (second) state has effectively lost (gained) some probability mass, resulting in an
aggregation error; in (c¢) we perform one iteration in the abstract model, observe that the
right-most state has effectively gained — due to ‘probability forwarding’ — some probability
mass, resulting in a propagation error: in the concrete model this state is unreachable until
the third iteration.

The partition with properties described above can be easily constructed in
the process of hierarchical bottom-up clustering of the transition graph that
represents the state space of the model. We make use of the nearest-neighbor
approach, where we sequentially merge pairs of clusters corresponding to pairs
of states having the closest ‘distance’ in the sense of mutual transition probabil-
ities. During this process we prevent the creation of clusters with size exceeding
a given parameter mazClusterSize. In the end, we obtain a prototype partition
®, which we then use to derive — based on the current probability distribution —
individual clusters ®; used for probability propagation. These partitions are
obtained by splitting into singletons those clusters whose total probability ex-
ceeds a given aggregation threshold d,q4. The resulting partition contains either
singletons or composite clusters drawn from the prototype clustering ®. This
approach is the result of experiments (cf. relevant section), where we have tried
to minimize the cost of reaggregation (in order to be able to reaggregate the
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model more frequently and provide a better approximation): the presented ap-
proach achieves this by pre-computing information in advance, primarily state-
to-cluster and cluster-to-cluster data, which is used during the computation of
the abstract transition probability matrix IT as well as of 7-factors.

Finally, as the model evolves and the probability distribution shifts, at some
point large clusters may accumulate a significant portion of the probability mass
and start producing a considerable amount of error. The checkPartition pro-
cedure detects this by testing whether partition ®; contains a composite cluster
with a probability mass exceeding a predefined reaggregation threshold dreqqq-
After that, a new clustering ®;1 respecting current probability distribution is
established.

The choice of parameters mazClusterSize, dqgg and dreqqq offers flexibility
and affects the trade-off between efficiency and accuracy. In particular, small
values of mazClusterSize will lead to a more refined prototype clustering, al-
though the resulting aggregated state space can be large. Large values of ag-
gregation threshold d,4, will preserve a lot of clusters and lead to a greater
state-space reduction at a price of decreased precision. Finally, a small value of
reaggregation threshold d,.cq4 usually implies frequent reaggregations and offers
greater precision; it is recommended to set this parameter a couple of orders of
magnitude larger than the aggregation threshold dg44.

4. State-Space Aggregation of CTMCs

Having established an aggregation method for DTMCs, let us now combine
it with a uniformisation technique, in order to analyse continuous-time chains.
We begin with SU, where the uniformisation rate is fixed and the application of
aggregation described in the previous section is straightforward: the approach
was already outlined in [10], although a rigorous formalisation is missing and is
offered in this section. We then proceed by combining aggregation with AU, and,
finally, we present a new hybrid method that combines the principles of both
state-space aggregation and truncation, and offers an unprecedented flexibility
for analysing continuous-time chains.

4.1. State-space aggregation with standard uniformisation (SU)

Recall that SU works by constructing a uniformised DTMC from the rate
matrix using a single uniformisation rate g; it proceeds by computing transient
probabilities for the DTMC and then weighs them using a Poisson distribution
Yqt(+). The Fox-Glynn algorithm provides bounds L, R that allow to truncate
the infinite sum and compute the overall result, as in . The error associated
with this truncation is the probability loss ||p¢||; — [|p¢ll; = 1 — ||Dell;-

Now assume we use state-space aggregation to approximate transient prob-
abilities uy of the uniformised DTMC with the u and obtain an approximation
p; of p; as:

R
Bi(s) = 3 wgr(k) - iins). (20)
k=L
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Each 4, has an associated uncertainty ||e||; and each @y, is weighted with 14 (k),

so the overall error is ZkR: 1 llexll; - ¥qi (k). We also lose some probability mass
by truncating the infinite summation using bounds L and R, and to quantify
this loss we use the following lemma.

Lemma 1. Let {vj }ren, be an infinite series of vectors and let v := Y7 ) wy v,
. . oo

where wj, are non-negative scalars for which )"~ jws = 1. If norms of vy, are

bounded by some v*, i.e. Jv* Vk € Ng: |vg|; < v*, then |v]|; < v*.

Proof.

||”||1 =

oo
E Wi - U
k=0

o0 o0 oo
< Zwk Nugll; < Zwk N :v*Zwk ="
k=0 k=0 k=0

1
O

Corollary 1. Let ¢ := sz: 1, Wk - U be a truncation of v for arbitrary bounds
L, R, where {wy,} and {v;} are consistent with Lemma [I] Then,

[olly = flolly < o* =19, - (21)

This corollary asserts that for bounded vectors w; used in (or for
bounded approximations g of uj used in ), we are able to compute the
probability loss resulting from the truncation of the infinite sum. For SU, AU,
FSU or FAU, each of the ||ux||; is bounded by 1 and so probability loss in
takes the usual form 1 — ||p;||;. However, for general state-space aggregations,
there is no guarantee on the approximations g, because we do not require the
transition matrices Il to be stochastic. Therefore, in order to safely use ag-
gregation techniques in combination with the Fox-Glynn scheme, it is crucial
to appeal to those abstractions for which {y} is consistent with Lemma
An ideal candidate is the outgoing averaging approach that preserves the
stochasticity of vectors @y, i.e. ||tx|; = 1, and so the probability loss can be
computed analogously to SU/AU. As will be demonstrated on various case stud-
ies, outgoing averaging is the most efficient aggregating scheme for the analysis
of discrete-time chains.

The rest of the algorithm remains conceptually the same: we work with the
abstraction of the uniformised DTMC, where the notions of state adjacency,
partition checking, etc. are analogous to those developed in the previous sub-
section. We compute approximate transient probability distributions of this
DTMC that are weighted by Poisson probabilities. The overall error is the sum
of the probability loss and an approximation error for the uniformised DTMC,
namely:

lecll, <1~

R
e+ D= Newly - wan (k- (22)
k=L
The combination of the state-space aggregation with SU is denoted SU+.

21



635

640

645

650

655

660

4.2. State-space aggregation with adaptive uniformisation (AU)

As mentioned earlier, introducing adaptivity to the uniformisation procedure
can greatly reduce the required number of discrete steps without any penalty
in precision. We wish to incorporate this principle to the aggregating method
described above. We cannot apply adaptive uniformisation directly since we
have developed the aggregation scheme for (uniformised) DTMCs: we would
have to continuously recompute its transition probability matrix each time a
uniformisation rate g; changes, which is impractical. Instead, this matrix can
be defined as a function of the uniformisation rate (¢), as shown next.

Let (S,R) be a CTMC and @ be the infinitesimal generator associated
with R. Assume a specific state-space aggregation ® of S is given. Using
outgoing averaging , we have

p.0) = o 30 S unifh(rs), (23)

TEP SET

where ¢ is the uniformisation rate. In the case where p # o, we have Vr € p

Vs € o:r# s, sothat unifi(r,s) = @ and therefore Equation becomes

o) = S L LS S 00ns)
lpl rép s€o q q |p| TEP s€T

On the other hand, if p = o, we obtain:

H(P’P):ﬁz 14 Q) > Q(r,9) :iz

1+Z Q(gvs)]

TEP q SEP,r#£sS q ‘ﬂ‘ sEp
1 Q(r,s 1 1
D YD D S R D B Sl
P rep rEpP SEP q q p TEP SEP

We arrive at the following definition:

Definition 6. Let (S, R) be a CTMC with infinitesimal generator @ and let ®
be the partition of S. An abstract infinitesimal generator ©: ® x & — R is the
matrix defined as

Op.0) = -3 Qrs).
|p| TEP SEP

Furthermore, the exit rate of the abstract state o is the maximum exit rate of
states within this cluster: F(o) := maxse, F($).

Observe the similarity between this definition and Equation defining the
abstract transition probability matrix based on outgoing probability averaging.
Given this definition, we tailor the derivation above to the following results, of
which only the Corollary requires details of proof.
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Proposition 1. Let (S, R) be a CTMC, ® be the partition of S, © be the
corresponding abstract infinitesimal generator and ¢ > max,ce F(0) be the
uniformisation rate. Then for the abstract transition probability function II
based on outgoing averaging of its uniformised DTMC it holds:

1+_£KB£), if/)::U
H(p,0) = { O(p,o) ! otherwise
q 7’ .

Corollary 2. For the error factors 7(-) associated with partition ® and abstract
transition function II based on average outgoing probabilities, the following
holds (notice how this expression mirrors Equation derived for the error
factors in the discrete-time case):

rpo) = -3 | &

qsea

|o¢ |p|§5:¢9 ")

rep

Proof. Consider the case p # o. Starting from Equation , we have:

T(p,o—):z |0| ——Zumers
s€o rep
Q(r 1
= =7 - Q(r, s)
SGZU IUI q Iplé qsezg IU\ \p\;p
If instead p = o, we have:
7(p, ):Z |U| Zumers
sEo rEp
1 O(p, o 1 Qr,r T, S)
S )}‘u e X 5
s€o P SEo,r#s
-y 1L LM_L_izQ
2ol Tl a Tl e
1
== Q(r, s)
q & \0| |p|;

O

The algebraic manipulations above have expressed II(-,-) and 7(-) in terms
of the uniformisation rate g. When this rate varies at each iteration, we are able
to construct II(-, -) for the probability propagation, as well as 7(-) for computing
the error bound, on the fly. We will no longer work with P and its abstraction
I1, but with @ and its abstraction ©: the structure (®,0) is an abstract CTMC.
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Using the definition of uniformisation rate along with the Definition |§| for
the exit rate of a cluster, we can compute the current uniformisation rate ¢; as

¢; 2 max{E(s) | :(s) > 0} = max{E(0) | mi(o) > 0}.

The resulting method, denoted as AU+, integrates state-space aggregation
with adaptive uniformisation and its procedure can be summarised as follows.
First, we construct a prototype partition ¢ of S in the same way as for discrete-
time chains. Then we construct a concrete clustering ®( by splitting into sin-
gletons abstract states with probability higher than the specified aggregation
threshold §44,. Afterwards, we establish abstract infinitesimal generator ©q
corresponding to partition ®q, compute for each cluster o the exit rate accord-
ing to Definition [] and the value of 7:

O(p,o 1
ST Y ).

oced se€o |P| rep

which, according to Corollary 2} when divided by the current (local) uniformi-
sation rate g;, will yield the value of 7(p). We have obtained an aggregated
abstract CTMC, which is a normal CTMC (albeit with special exit rates) and
can be passed as an input to the adaptive uniformisation procedure. AU unfolds
the model while the partition checker ensures the correctness of the given parti-
tion and triggers reclusterings when necessary. The final transition probability
as well as the approximation error are computed similarly to and in
the case of SU, but using the solution of the birth process as a weighting factor.

4.3. Combination of state-space aggregation with truncation

Finally, we can combine the method above with the state-space truncation
where in each iteration we truncate insignificant clusters, i.e. those with tran-
sient probability smaller than the truncation threshold d¢,,, in order to obtain
even smaller uniformisation rates. The resulting technique, denoted FAU+,
incorporates both state-space aggregation and state-space truncation. The ag-
gregation threshold .4, that defines how much of the probability mass can
constitute a cluster, along with the truncation threshold &4, defining which
abstract states are to be considered insignificant, drive the overall behaviour of
the method and offer a great flexibility for handling various types of models,
as will be shown later. On a final note, notice that, when setting aggregation
and truncation thresholds, we can categorise the approximation techniques as

in Table [l
5. Experimental Evaluation

The goal of this section is to present an exhaustive experimental evaluation
of approximate methods for the analysis of DTMCs and CTMCs. We will
start in a discrete-time setting, examine the behaviour of various aggregation
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dagg Otru Resulting method

=0 =0 AU
=0 >0 FAU
>0 =0 AU+
>0 >0 FAU+

Table 1: Categorisation of the approximation techniques.

schemes, evaluate the quality of the theoretical bounds, and finally compare the
best aggregating strategy against a method based on state-space truncation.
Finally, we will explore how these methods — including the novel hybrid approach
(FAU+) — compare in the continuous-time setting.

5.1. Ezperimental setup

All methods are implemented in PRISM [7], a state-of-the-art probabilistic
model-checker. We employ its explicit engine, which provides the best perfor-
mance for models of moderate size (up to ~ 107 states) that do not exhibit
regular or symmetric structures [7]. All the experiments are run on a Debian
server with 8x Intel Core i7-3770K CPUs (4 cores at 3.5 GHz) and 32 GB RAM,
with all the algorithms being executed sequentially (1 thread).

The benchmark comprises four models (originally all in continuous time)
from different application areas: the Lotka-Volterra model [23], a prokaryotic
gene expression [30] model, the model of a workstation cluster [31], and the
model of a two-component signalling pathway [32]. For the sake of general-
ity and fairness, these models have been chosen to cover the broad range of
possible behaviours that a stochastic process can exhibit. For instance, the sig-
nalling pathway is characterized by its wide spread of probability distribution,
which limits the reduction capabilities of approximate methods. On the other
hand, the workstation cluster model exhibits complex dynamics for the transient
probability propagation. The Lotka-Volterra model, despite being simple and
predictable, has fast dynamics. We will discuss how these differences impact
the behaviour of individual approximate techniques, where aggregation-based
methods handle such models differently than those based on state-space trun-
cation.

5.2. Aggregation of DTMC's
5.2.1. Precision of different aggregation strategies

In our first set of experiments, we will inspect the behaviour of individual
aggregation schemes in various scenarios for a DTMC. We are interested in the
obtained precision (or accuracy), both empirical (actual distance from the exact
DTMC solution) and theoretical (derived upper bounds on the L;-norm of the
error vector). To eliminate any model bias, we perform experiments on two
different models with different sizes and exhibiting distinctive behaviours (see
Tables 2| and . We perform three different experiments, having the following
separate goals:

25



745

750

755

760

765

770

e Experiment 1 (with outcomes E1(e), E1(t)): The goal of this experiment

is to compare a one-step behaviour of various abstract transition functions.
We evolve the model for 100 (concrete) steps, then perform the first par-
titioning and compute abstract transition matrices using three different
approaches: median-based (Med), based on average incoming (In and In’)
or outgoing (Out) transition probabilities. Then we perform a single step
in the abstract model. In all cases we use the same value of aggregation
threshold and therefore each scheme will be working with exactly the same
state space partition. We report empirical error (E1(e)) and theoretical
error bound on the propagation error (E1(t)), i.e. ||e101]|; — |le1oo]l; (that
is, we do not take aggregation error ||ei1go||; into account, as it would be
same in all cases since each technique uses the same state-space partition).
The differences in the obtained values arise only from using different ab-
stract transition matrices. For the case of average incoming probabilities,
we also compute theoretical bound using the e-factors, as in @ (In’), and
the new bound based on 7-factors (In).

Experiment 2 (E2(e), E2(t)): The goal of this experiment is to demon-
strate the long-term behaviour of different aggregation approaches. It is
the same as E1(e) and E1(t), but after the initial aggregation we per-
form 100 consecutive steps without reclusterings. The value reported in
E2(t) is ||e2o0ll; — |l€100]l;, i-e. the bound on the propagation error 100
steps after the first aggregation.

Experiment 3 (E3(e), E3(t)): The goal of this experiment is to investigate
the behaviour of various approximations under regular re-aggregations. It
is the same as E2(e) and E2(t), but in the course of 100 steps after
the first aggregation we perform 10 additional reclusterings at fixed times
(after iteration 105, 115, 125 etc.). Since for each of the schemes the
probability distributions during the corresponding times will be approxi-
mately the same and the aggregation error is negligible compared to the
propagation one, in E3(t) we report only the bound on the propagation
error.

Med In’ In Out
El(e) 1.93E-23 2.07E-23 2.07E-23 2.51E-23
Ei(t) 9.77E-24 1.31E-20 1.28E-23 1.65E-23
E2(e) 3.59E-4 3.58E-4 3.58E-4 6.40E-4
E2(t) 3.71E-4 1.33E-1 3.86E-4 8.95E-4
E3(e) 3.50E-4 2.01E-17  2.01E-17 2.85E-20
E3(t) 3.50E-4 7.17E-14 2.81E-17 2.04E-19

Table 2: Precision of different aggregation schemes. Model: Lotka-Volterra, dimension of the
state space: 160k, aggregation threshold: 1E-25.
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Med In’ In Out
El(e) 1.24E-9 1.26E-9 1.26E-9 1.29E-9
E1(t) 8.09E-11 4.39E-6 1.07E-10 1.27E-10
E2(e) 1.25E-7 1.21E-7 1.21E-7 1.94E-7
E2(t) 1.40E-7 1.06E-2 1.52E-7 2.80E-7
E3(e) 1.27E-7 1.02E-7 1.02E-7 1.68E-8
E3(t) 1.27E-7 2.10E-4 1.11E-7 3.17E-8

Table 3: Precision of different aggregation schemes. Model: Prokaryotic Gene Expression,
dimension of the state space: 700k, aggregation threshold: 1E-10.

The results for two different models (with diferrent state-space sizes) are
shown in Tables [2| and [3| First, from all experiments we confirm that In < In’,
i.e. the newly derived error bound that utilises 7-terms provides several
orders of magnitude better bounds than that based on e-terms @ Second,
Experiment 1 shows us that median-based aggregation exhibits the best one-
step behaviour, followed by that based on incoming probability, and finally that
based on outgoing probability. Third, in Experiment 2 we see a clear decrease
in precision over all the methods: the probability distribution has changed and
in the absence of reclusterings we obtain a significant error. Fourth, although
median-based aggregation performs slightly worse than incoming averaging, its
theoretical bound E2(t) on the actual error is still the best. Finally, in Ex-
periment 3 we see that reclusterings can drastically improve the speedup of the
approaches based on incoming and outgoing probability, with the latter improv-
ing of a couple of orders of magnitude.

Remark. The difference in the obtained values arises from how individual schemes
handle the problem of probability forwarding into big clusters. Median-based
aggregation is very likely to select the median transition probability between
clusters to be equal to zero, because a majority of states in a big target cluster
would be inaccessible in one step. Hence, no probability forwarding occurs at
all, and the error is generated by the opposite effect: states that are accessible
in one step will not get any probability at all. In the long run, it seems to be
ineffective because zero abstract transitions decelerate the model and reaggrega-
tions cannot improve this; median-based aggregation, as expected, produces the
best error bound, yet this empirical error is poor. In fact, during the evaluation
of large models (e.g. in experiments presented later), the median-based strat-
egy has failed to produce any reasonable results. On the other hand, strategies
based on averaging always propagate at least some probability mass, and the
incoming version seems to be advantageous because a large size of a successor
can alleviate abstract transition probability and probability forwarding is less
apparent as compared to outgoing. The latter, however, seems to yield more
precise resuls under regular reclusterings.
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5.2.2. Speedup of approximate methods

In the next set of experiments we investigate the speedup of individual ap-
proximation methods. The choice of the model is arbitrary, in the sence that,
in principle, none of the methods are more advantageous than others. We select
a Lotka-Volterra model of 0.5M states, and compute an approximation of its
transient probability distribution at time 10000. For a given precision (Prec),
ranging from le-1 to le-5, each method is tasked with computing as fast as
possible while guaranteeing this precision; the precision of each method is com-
puted using 7-factors for outgoing (Out) and incoming (In) averaging, using
e-factors (6]) for incoming (In’) averaging, and the using probability loss for the
state-space truncation (Tru). To ensure a fair comparison, parameters for each
of the methods are tuned individually in each of the experiments in order to
obtain the best computation time. Results of this experiment are presented in
Table ] where we report the speedup with respect to a reference computation
(10000 usual multiplications of matrices of size 0.5M).

Precision Tru In’ In Out

1E-5 4.541 2.650 3.181 4.715
1E-4 4.541 2.785 3.201 4.789
1E-3 4.720 2.785 3.201 5.206
1E-2 4.944 2.935 4.059 5.712
1E-1 5.142 3.380 4.059 6.029

Table 4: Speedup (acceleration w.r.t. concrete computation for guaranteeing a given precision)
of various approximate techniques. Model: Lotka-Volterra, dimension of the state space: 0.5M
states, discrete time horizon: 10000 steps.

From Table [ it is clear that Out > In > In’. The second inequality is due
to the usage of better theoretical bounds, which means that incoming averaging
that utilised 7 instead of € can allow for a larger empirical error (by clustering
more or reclustering less) to guarantee a certain precision. The first inequality
can be explained by the fact that, as we have seen previously, outgoing averaging
is more susceptible to reaggregations, and therefore fewer of those are required
to guarantee a certain precision. We thus confirm the results from the first set
of experiments. Also, we know that outgoing averaging is the only strategy
that can be safely used for the analysis of CTMCs, so, from now on, under
adaptive aggregation we will mean the aggregation based on outgoing averaging
that utilises 7-terms to quantify the theoretical error - we have now repeatedly
seen that this approach that preserves the properties of DTMCs indeed exhibits
the best behaviour.

What is new here is an illustration of a behaviour of the state space trun-
cation Tru, which seems to be inferior to outgoing averaging. To eliminate any
bias, let us further investigate this relationship by repeating the experiment
with different models of larger size and with different dynamics. As previously,
we investigate the speedup (acceleration w.r.t. the exact computation) for ag-
gregation (Agg) and truncation (Tru), with both guaranteeing a given precision
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(Prec). Tables |§| and m present the results for the workstation cluster model,
the uniformised prokaryotic gene expression model and the uniformised two-
component signalling pathway, respectively. Also, in the third case, instead of
transient analysis, both techniques are applied for a model checking problem
over the Markov chain model.

Precision Tru Agg
1E-7 6.66 9.10
1E-6 7.55 10.56
1E-5 8.28 11.21
1E-4 8.86 16.55
1E-3 9.78 17.96

Table 5: Speedup (acceleration w.r.t. concrete computation for guaranteeing a given precision)
comparison. Model: workstation cluster, dimension of the state space: 1M, time horizon:
10804.

Precision Tru Agg
1E-7 7.02 21.71
1E-6 9.16 28.40
1E-5 9.86 35.78
1E-4 10.97 40.16
1E-3 11.81 51.00

Table 6: Speedup (acceleration w.r.t. concrete computation for guaranteeing a given precision)
comparison. Model: uniformised prokaryotic gene expression; dimension of the state space:
1.2M, time horizon: 10000.

Prec Tru Agg

1E-7 4.81 11.54
1E-6 5.76 14.97
1E-5 6.54 16.75
1E-4 7.37 18.74
1E-3 8.46 24.13

Table 7: Speedup (acceleration w.r.t. concrete computation for guaranteeing a given preci-
sion) comparison. Model: uniformised two-component signalling pathway, population bounds
[14,46]; property of interest is P((0<10000p0p Ry < 27); number of states after PCTL driven
transformation: 949376.

In all cases the state-space aggregation has performed considerably better
than truncation, demonstrating a two- to five-fold acceleration. In order to fur-
ther investigate why this is the case, let us run a similar experiment as the one
presented in Table [2| where we investigate the precision of the methods. We
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select the same Lotka-Volterra model of size 160k and evaluate it using aggre-
gation (Agg) and truncation (Tru). The experiment goes as follows. First, we
perform 100 exact steps, then we start approximating using the same aggre-
gation/truncation threshold: with aggregation, states with probability below
this threshold are aggregated; with truncation, such states are truncated. This
way we perform 1, 100, 300, 500, 700 or 900 discrete steps more (in the case
of aggregation, we also perform regular reclusterings, again at fixed times af-
ter 10 steps) and in each case we report empirical error (e) and theoretical (t)
bound for both methods (for state-space truncation both errors are equal to the
probability loss). The results are presented in Table |8 Recall that, contrary to
experiments from Tables and [6] both aggregation and truncation use the
same threshold.

Steps | Tru  Agg(e) Agg(t)
101 | 1.0E-8 1.2E-8 1.4E-8
200 | 5.2E-7 21E-7 2.3E-6
400 | 2.0E-6 2.6E-7 7.7E-6
600 | 4.1E-6 3.1E-7 1.5E-5
800 | 6.2E-6 3.2E-7 2.0E-5

1000 | 7.9E-6 2.1E-7 24E-5

Table 8: Adaptive aggregation versus state space truncation precision comparison. Model:
Lotka-Volterra, dimension of the state space: 160k, aggregation/truncation threshold: 1E-25.

One can see that aggregation gives a better empirical error, which confirms
the intuition that aggregating the state space and having at least an approx-
imate idea where the residual probability is located is better than truncating
the state space. On the other hand, truncation-based method provide an ex-
cellent theoretical bound on the error that ultimately beats the approximation
bounds based on 7-terms. However, as Tables [4] [5] and [6] suggest, this does not
give truncation an advantage: when allowed to tune parameters individually,
outgoing averaging is capable of striking a perfect balance between state-space
reduction and number of reclusterings, in order to provide a significantly more
efficient approximation.

5.8. Approzimation of CTMCs

Now we wish to investigate both uniformisation techniques utilising state-
space truncation (FSU & FAU) and combinations of SU & FAU with the state-
space aggregation (SU+ & FAU+). The comparison of precision for aggregation
versus truncation from the discrete-time case (Table [8) automatically translates
to SU+ versus FSU, since now we compute the same transient probabilities of
the uniformised model and only weigh them with Poisson probabilities after-
wards. The precision comparison involving FAU or FAU+ is trickier instead,
because of varying uniformisation rates. However, AU differs from SU only in
the total number of iterations and not in the overall precision, so the conclusions
from Table [8| can also be applied when comparing SU+/FAU+ with FAU.
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We evaluate the overall speedup of individual techniques on various case
studies, similarly to Tables [] through [6] In Tables [9] through [I1] for each of the
techniques we report the time acceleration (with respect to SU) to guarantee a

given precision (Prec).

Precision FSU FAU SU-+ FAU+
1E-7 4.96 5.06 9.88 9.98
1E-6 5.34 5.75 11.61 12.18
1E-5 5.20 6.08 11.61 14.94
1E-4 5.65 8.66 17.85 20.18
1E-3 5.79 8.67 21.70 29.58

Table 9: Speedup (acceleration w.r.t. SU for guaranteeing a given precision) comparison.
Model: workstation cluster [31], dimension of the state space: 1M, upper Fox & Glynn bound:

10804.

Prec FSU FAU SU+ FAU+
1E-7 4.95 6.17 11.28 12.54
1E-6 5.07 6.63 12.16 13.77
1E-5 5.07 7.02 12.64 15.38
1E-4 5.22 7.31 13.72 16.52
1E-3 5.38 7.58 14.48 18.26

Table 10: Speedup (acceleration w.r.t. SU for guaranteeing a given precision) comparison.
Model: Lotka-Volterra, dimension of the state space: 1M, upper FG bound: 10117.

Prec FSU FAU SU+ FAU+
1E-7 3.23 5.55 4.69 5.00
1E-6 3.66 5.95 5.54 6.13
1E-5 4.31 6.80 6.54 7.29
1E-4 5.08 7.81 7.45 8.93
1E-3 6.07 9.08 9.12 11.86

Table 11: Speedup (acceleration w.r.t. SU for guaranteeing a given precision) comparison.
Model: signalling pathway, dimension of the state space: 1M, upper FG bound: 11013.

First, we observe that FSU is, without a doubt, inferior to both FAU and
SU+. This is consistent with our intuition: FAU is capable to perform fewer
discrete steps (approximately twice fewer) by varying the uniformisation rate;
SU+ is better than FSU due to the same reasons why aggregation is gener-
ally favored against truncation for the DTMC analysis. Next, comparing FAU
and SU+4, we notice that for workstation cluster and Lotka-Volterra models ag-
gregation is clearly the preferable approach, while for the signalling pathway
FAU slightly outperforms aggregation. This example showcases how the model
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dynamics can influence the behaviour of the approximation method. While in-
vestigating the differences between these models, we have observed that in the
first two cases — workstation cluster and Lotka-Volterra — a relatively small set
of states maintains the majority of the probability mass, as compared to the sig-
nalling pathway where the probability distribution is “flatter”. This difference
implies that the state space of the first two models can be reduced much more,
compared to the signalling pathway case (approximately 50x against 10x) and,
as we can see, aggregation can benefit from this reduction much more. This
may be attributed to the fact that the aggregation method initially operates
on clusters (and there are clearly fewer of those of concrete states), which are
then being adaptively deaggregated into singletons during the analysis. FAU,
on the other hand, is capable of ‘discovering’ a newly active state (as opposed to
newly active clusters) during probability transition, which, intuitively, seems to
be more precise. However, for a small set of active states, as in the case of the
workstation cluster of a Lotka-Volterra model, working with clusters to make
use of the greater state space reduction (and then reaggregate more frequently
to compensate for a minor precision loss) gives SU+ a two-fold advantage over
FAU.

With regards to the hybrid FAU+ method, we can see that, in general,
it manages to achieve balance between aggregation and truncation and, as a
result, it noticeably outperforms standalone methods. However, this flexibility
comes with a minor (but easily fixable) downside: the algorithm for this method
is parametrized by variables (encompassing thresholds) associated with both
aggregation and truncation, and it may not be apparent how to combine them
to analyse a given method. We suggest that the aggregation threshold should
be larger than the truncation one: we first aggregate states into clusters based
on the first parameter and then truncate those abstract states according to the
second one. Indeed, during the experimental evaluation of the method we have
found that an optimal solution is to set the truncation threshold to be one to
two orders of magnitude smaller.

6. Conclusions

The experimental evidence leads to several conclusions. First, we have ex-
plored various aggregation schemes and shown that the newly derived theoretical
bound that utilises 7-factors provides a significant precision improvement over
the existing bounds based on e-terms. As a result, we have obtained an ag-
gregation method that significantly outperforms truncation-based approach in
the discrete case. Equipped with this method, we have designed an analogous
aggregation technique for CTMCs and shown that it can provide an efficient
approximation, both for transient analysis and for model checking problems.
Second, we have investigated approaches based on aggregation and truncation,
have observed how the model dynamics impacts the behaviour of the approx-
imate methods, and have managed to distinguish classes of models for which
aggregation-based methods are more appropriate than truncation-based, and
vice-versa. Finally, we have succeeded to integrate both approaches into a new
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hybrid method (FAU+): its inherent flexibility handles models of arbitrary dy-
namics and, as a result, outmatches all existing methods.
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