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More Or Less True:
DCTL for Continuous-Time MDPs

David N. Jansen

Radboud Universiteit, Model-based System Development,
Nijmegen, The Netherlands. dnjansen@cs.ru.nl

Abstract. Discounted Computation Tree Logic is a logic that measures utility (as a real
value in the interval [0,1]) instead of discrete truth (only O or 1). It is able to express
properties that give more weight to the near future than to the far future. This article
extends earlier work on DCTL with time, to continuous-time Markov chains and continuous-
time Markov decision processes. It presents model checking algorithms for the two possible
semantics of DCTL.

This technical report is an extended version of [4].

1 Introduction

In what context is it appropriate to announce: “It is going to rain”? Unless the world goes away
in the meantime, one could say that this statement is always true: it will eventually rain again,
perhaps this afternoon, perhaps next week, or perhaps in three months. However, we are tempted
to say that the statement is more appropriate in a situation where we expect rain very soon.

Similarly, all computer systems will fail eventually. Therefore, a requirement like “The system
will forever fulfil its task” is, in some sense, never satisfied. Models to verify requirements on
reactive systems (which engage in an ongoing interaction with their environment and are not
meant to terminate) typically assume that the system has infinitely long behaviours, while every
implementation will stop fulfilling its task at some time. In such situations, it is more appropriate
to abandon speaking about absolute truth and rather look at the wtility of a system. The longer
a system fulfils its task, the higher its utility.

In another situation, namely testing, engineers are satisfied if the system fulfils its requirements
for a certain amount of time. An error appearing after tenthousand successful tests is perhaps
ascribed to mistyping some input, or it may just end up in the list of known bugs. An error
appearing in the third test will cause a much stronger response: the system will have to be repaired.

In these situations, the point is that utility requirements give more weight to the near future
than to the far future. The logic Discounted Computation Tree Logic (DCTL) was defined in [1]
to express this kind of utility requirements. DCTL is interpreted in a quantitative setting, where
any real number between 0 and 1 is a truth value (0 corresponding to “false” or “useless” and 1 to
“true” or “most useful”), similar to a “degree of truth” in fuzzy logic [8]. To achieve the difference
in weight between near and far future, it introduces discounting: an influence on the utility (a
rainy state, an error in the system under test) is weighted by the length of the path to reach it.

Another possibility to regard DCTL properties is to think of an impatient game player. Assume
somebody plays a (single-player) game that may involve both random choices and strategic or
nondeterministic choices, to be resolved by the player. In some states, the player wins a reward.
The player, however, is not ready to play the game infinitely long, but decides at any moment to
abort the game with some probability. The utility expressed by a suitable DCTL property is a
measure of the expected reward from the game.

DCTL was defined in [1] for discrete-time Markov decision processes (MDP), and their special
cases discrete-time Markov chains (DTMC) and labelled transition systems (LTS). In these models,
the only way to measure the length of a path is to count the number of transitions. While this
works well when each step takes approximately the same amount of time, it becomes unexact
when step timings differ.



Contributions. In this article, I therefore undertake to extend the work of [1] to continuous-
time Markov decision processes (CTMDP) and their special case continuous-time Markov chains
(CTMC). These formalisms equip each transition with a rate indicating how fast (on average) the
transition is taken.

DCTL temporal operators, interpreted over DTMCs, were shown in [1] to have two differing
semantics: a firpoint and a path semantics. I show that these variants also exist in the continuous-
time model and provide model checking algorithms for both. To resolve the nondeterminism in
CTMDPs, one needs a scheduler or a strategy. The fixpoint semantics by definition only allows
so-called positional schedulers, i. e. schedulers that always choose the same action in a given state.
In the path semantics, in principle, several classes of schedulers are possible. However, as in
the discrete-time case, I only provide a model checking algorithm for CMTCs, systems without
nondeterminism.

2 Preliminaries

Notations. We denote the minimum of two values by 7 M's := min{r, s} and their maximum by
rUs = max{r, s}. For a n x n-matrix A, let A[, ; be the n X n-matrix where all rows except the
rows 4,7+ 1,...,j have been set to 0.

Definition 1. A continuous-time Markov decision process (CTMDP) is a tuple M = (S, A, R, AP, L)
consisting of

— a nonempty set of states S;

— a nonempty, finite set of actions A;

— a transition rate matriz R : S x A x S — Rxq, written R%(s,s’).

a nonempty, finite set of atomic propositions AP;

— a labelling function L : S x AP — [0,1] (here we extend the usual definition).

We denote the components of M by Sxq, A, Rat, AP, Lag, repectively, and we omit the
subscript g if M is clear from the context.

Informally speaking, the behaviour of a CTMDP is as follows: It is always in a state, say s.
The atomic proposition p has utility L(s,p) € [0, 1]. Transitions are triggered according to the
following rule: The CTMDP first chooses nondeterministically an action a. Then, the probability
that the transition to s’ becomes enabled within at most ¢ time units is 1 — e~ 2" (55 If there are
several states s’ with R%(s, s’) > 0, the first transition that becomes enabled is taken. In effect, this
leads to an exponential distribution with the so-called exit rate of E(s) := ) g R*(s,s’). Its

cumulative density function is Pr (s = | a) =1— e F*G)t and its probability density function
a
is pdf(s 5 a) = Eo(s)e Pt
a

The probability to go to state s, if in state s action a is chosen, is then P%(s, s") := R*(s, s')/E*(s).
Together, the transition to s’ will be taken in time at most ¢ with probability

Pr(s =y | a) = P%s,s')(1 — e B

We will also use Epq(s) := max ES$,(s) and Epy = max Enm(s).
ac s€

It may happen that for some states and actions, E*(s) = 0. In that case, we say that s is a-
absorbing. If the CTMDP is in state s and chooses action a, the behaviour stops, and the CTMDP
stays in s forever. If state s is a-absorbing for each action a € A, we call s (strictly) absorbing.

A continuous-time Markov chain (CTMC) is a CTMDP that does not contain nondeterministic
choices, i.e., a CTMDP M with |Ay| = 1.

Example 2. Figure 1 depicts an example of a simple continuous-time Markov chain. The propo-
sition black denotes the “blackness” of a state. There is, a.o., a transition from s to ¢t with rate
R*(s,t) = 3. State u is absorbing. The unique action has been omitted from the figure.
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L(s, black) = 0.1 L(t, black) = 0.4 L(u, black) = 0.9

Fig. 1. Example CTMC

A path is a (finite or infinite) sequence of the form

to t1
Sg —> 81 —> S — -
ao al
where s; € S, a; € A such that R* (s;,s;+1) > 0, and ¢; € R>¢. It represents a possible behaviour
of the CTMDP. We denote the set of paths by Path and the set of maximal paths by Path™*.
(Maximal paths are paths that are infinite or that end in an absorbing state.)
A cylinder set is a set of maximal paths of the following form:

C (s0,a0,lo,s1,a1, 11, ... an_1,In_1,5,) :=
¢ ¢ b )
{80—0)81—1>-~'—1>8n—>~-~ tieliforallz<n}
ao n—1

aq Ay —

where I; are intervals in R>g.

The Probability Space of Paths. A scheduler is a function that resolves the nondeterministic
choices in a CTMDP. A CTMDP together with a measurable scheduler induces a fully probabilistic
process, where a probability space can be defined.

A scheduler in principle bases its choices on the history of the system. Restricted scheduler
classes only check a part of the history. The most powerful schedulers, history-dependent sched-
ulers, are functions from non-maximal paths to actions D : (Path \ Path™*) — A. See [7] for
details. However, in the rest of this article, we will mostly look at (time-abstract) positional sched-
ulers, which base the choice on the current state only. They are functions D : S — A.

A CTMDP (S, A, R, AP, L) and a positional scheduler D together induce a CTMC (S, {x}, R, AP, L).
Its transition relation is defined by R*(s,s') = RP()(s,s’). From this, one can define a probabil-
ity space (Path™>,C,Pr?). Here, C is the smallest o-algebra that contains all cylinder sets. Its
probability measure is the unique measure induced by:

Prg(C(so)) =1
Prg (C (SOa D(50)7 IO7 51,01, Il7 ceey n, In7 5n+1)) =
= Pr (so % 51 D(so)) . Prf1 (C(s1,01, 11,y an, In, Snt1)) -
S0
Lemma 3. The function defined above is a measure.

Proof. This lemma has been shown in [7, Theorem 2]. O

A CTMDP M is uniform if all exit rates are equal, i. e. for all states s and actions a, E$,(s) =
E . For a CTMDP M, we can find a uniform CTMDP having a similar probability distribution
as follows.

We first define the CTMDP M i = (S,A,R, AP, L) which is almost the same as M, except
that we add to each state a self-loop such that the total exit rate becomes E > FEx for every state

and action:
(s, ) R(s,8") %f s#£s
E=>0, R(s,t) ifs=4



For a uniform (or uniformised) CTMDP, we can define its embedded discrete-time MDP as follows:
P = P is given by (S, A, P, AP, L), where the transition probabilities P%(s,s’) are given by
P(s,s") = R*(s,s")/Enm.

Lemma 4. Positional schedulers are invariant under uniformisation, i. e. for every scheduler on
M there is one on My and vice versa, such that the probability measures of the respective
induced CTMCs are equal up to stuttering in the same state.

Proof. As the M pis-scheduler corresponding to D on M, we choose D again. This is possible as
the state space and the set of actions do not change. Note that the CTMC induced by D on M ;s
only differs from the CTMC induced by D on M by self-loops. Weak bisimulation on CTMCs [3a]
ignores self-loops, so the two are weakly bisimilar. ad

3 The Logic DCTL

DCTL consists of state formulas, denoted ¢, ¥, and path formulas, denoted ¥. The syntax of state
and path formulas is given by the following grammar:

Lipl-pleAp|e@,p| | VP

U o= Oup | Do | Doy

where p is an atomic proposition, w € [0,1] is a weight, and « € R is a discount rate. We call
OCu p the discounted maximum, Oy the discounted minimum, and Ay the discounted average
over paths.

3.1 Semantics

The semantics of a DCTL state formula ¢ is a mapping [¢] : S — [0, 1] from states to utilities. It
can be defined by:

1 true [ (s) =1

P atomic proposition, p € AP [p] (s) = L(s,p)

- negation [l (s) =1 =[] (s)

@A conjunction Lo A9 (s) = [l (s) M [¥] (s)

¢ D ¢ weighted sum, w € [0,1] [ @w ¥] (s) = (1 —w) [¢] (s) + w [¢] (5)

The interpretation of ¥ and V¥ is closely linked to the interpretation of path formulas. Informally,
the semantics of IV is the expected utility of ¥ under the best scheduler and V¥ is its expected
utility under the worst scheduler. <, ¢ is the maximum of all p-values along the path, where we
apply a discount: if a value appears after time ¢, it is reduced with the factor e =%, with the result
that earlier states can more easily influence the maximum than later ones. [, is the minimum of
all discounted @p-values along the path, and A,y is the average over all p-values, where the value
after time ¢ now gets relative weight e=*!, in accordance with the idea that earlier states are more
important than later ones.

There are two possibilities to formalise the semantics of path formulas: either as the fixpoint of
an operator, or via a look at the complete path at once. In the following sections, we will give the
detailed definition of the two semantics.
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Fig. 2. Fixpoint semantics for CTMDPs

3.2 Fixpoint Semantics

The fixpoint semantics arises by lifting the classical connection between CTL and the p-calculus
to a quantitative setting. For a transition system, we denote by 3Pre(u) the set of all states that
have a transition into the set u. Then the set [3<O @] of all states satisfying 3 ¢ is the smallest
fixpoint of the equation u = [] U 3Pre(u), written as pu. [¢] U IPre(u).

As explained in [1], one can lift these fixpoint equations to a quantitative setting by interpreting
U as the pointwise maximum and 3Pre(u) as the expected value of u, achievable in one step, under
the best scheduler. Then, the semantics of 3, ¢ is the greater of the current utility of ¢ and the
expected utility after one transition. When we formalise this idea, we get the equations in Fig. 2
for the fixpoint semantics. Some remarks on them are in order.

Discounted Maximum Operator. For a CTMC M, the discounted semantics of 3, ¢ is
obtained as follows. Let a be a discount rate and u : S — [0,1] be a state utility function. Then
IPreX(u) : S — [0,1] yields at state s the expected discounted utility immediately after the first
jump. That is, if we move to s’ at time ¢, we get e~ *u(s’). Thus, IPre(u)(s) is the expected
value of the random variable e~®Tu(X), where T is the random variable denoting the time of the
first jump and X the random variable denoting the state reached by the first jump.

For CTMDPs, we additionally maximize over all actions a € A, i.e. we choose the action with
the maximal expected discounted utility. Let Xy be the current state, and Ag the action taken in
this state. A simple calculation shows that

IPreM(u)(s) = I;leaj{IE[e_aTu(XﬂXo =s,A0 =d]
1

= max ——— Z R(s,s")u(s").

acA Eo(s) + « =

Inserting these results in [3Cq ] = pu. @] U 3PreM(u) and [VOq @] = pu. [¢]" U VPreM (u)
yields the equations in Fig. 2.

Discounted Minimum Operator. The operator VU,¢ should be equivalent to -3, —.
Therefore, we derive the semantics as follows:

[l (5) = 1 — (1 = [l () UmaxEle™Tu(X)|Xo = 5, 4 =



= va. [[(p]] ()I‘ImlnE[l—e oT(1 —a(X))|Xo = s, A9 = a] .

acA
=V PreM(4)
Then,
oMo R & 1 a INAL T
VPres (4)(s) = min Fals) T a + Eols) & as,;gR (s,8)a(s").

We will see shortly that the fixpoint is unique. Therefore, we can write u in Fig. 2 instead of v.

Discounted Average Operator. To calculate [[HAacp]]f, we have to take an average between

[[go]]f and the utility after one step, giving more weight to the near future than to the far one. The
natural candidate to choose the weight is the pdf of the probability to lose patience, t — ae™ .
This leads to the definition:

[[EAQ<P]]£\4( = pu. max Z /pdf s —> s a) .

s'€S
t o]
/ae"” dr |Ig0]]tM (s)+ /ae"” dru(s’)| dt
0 i

Properties. The fixpoints are unique because the respective functions are contractions:
Lemma 5. The functions under the fixpoint operators are contractions according to the L -norm.

Proof. Let’s look at the function

. f M/ N o oaf
D:uw []y U3Prey (u) = [e]a (- )ur;leA it a

SR, (),

s'eS

used to define [, cp]]ivl = pu.D(u). We have to show that this function is a contraction, i.e.
there exists an € > 0 such that, given u,v : S — [0, 1], we get

[D(u) = D)oo < (1 —&)lJt = v]oo- (0a)

We first let s be a state such that |[D(u) — D(v)||eo = |D(u)(s) — D(v)(s)|. We assume w.l.0.g.
that D(u)(s) > D(v)(s).

Then, distinguish on which side of the U is chosen. Obviously, if D(u)(s) = [[gz)]]f (s) = D(v)(s),
then (0a) holds for any e. If D(u) = IPre(u) > D(v) = ﬂcp]]f (s), the difference |D(u)(s) —

D(v)(s)] is never larger than |3Pre(u)(s) — IPre(v)(s)|, so it is enough to show (0a) for the
case that both choose HPreﬁA
Let € := minge 4 ses &/ (E*(s) + «). Now, for any action a € A, we have

! (s, )u(s _t “(s,8)v(s
mZSR Ju(s') - EG(HQS%R Jo(s')| <
< e 2 el = gl =

s'eS

(1= groa ) o= vl < A= 9= vl (00



Then let a,, be the action that maximizes ﬁ Y oeg R(s,8")u(s") and define a, similarly. If
ay, = Gy, then (0a) follows from (0b) directly. Otherwise, we know that

1

D(u)(s) > D(v)(s) = TG T a Z R (s,8")v(s")
s’eS

! Z R (s,s" )v(s")

2 Tels T a
(s) +a o=

D R (s, 8Nuls) = (1= e)]lu—vllo

s’es
=D(u)(s) — (1 —&)|lu — ]l

by (0b) 1
T E%(s)+«

The proofs for other operators are similar. a

and therefore, ||D(u) — D(v)]|oo < (1 — €)||u — v]|o in all cases.

Proposition 6 (Duality Laws). For all DCTL formulas ¢ and all CTMDPs M, we have

f f f f
[-3Ca ‘P]]M = [VOa—¢] 1 [[ﬁHDa‘P]]M =[vV<a ﬁ‘P]]M
[[ﬁEAa‘P]]f\A = [[VAa_‘SD]]i\A
Proof. The operators were defined in a way that implies the duality laws. a

Theorem 7. Let M be a CTMDP and Mnis be its uniformization. Then we have for all DCTL
formulas ¢ that [[30]]5\/1 = [[(p]]i\/lumf.

Proof. The probability to be in a specific state at any given time, under a given scheduler, is the
same for M and M;r (Lemma 4). Only the number of times a state is reentered changes, and
so also the number of times that an action can be chosen. However, a positional scheduler has
to choose the same action whenever the same state is reentered, so the scheduler cannot make a
different choice in M ,i¢ than in M. a

We will see later that so-called late schedulers, that choose the action to take not when entering,
but when leaving a state, can deliver better results (higher values for 3<,,, lower values for V<)
than positional schedulers. Late schedulers may decide the action not only on the current state,
but also on the sojourn time in this state. A scheduler that can distinguish between entering a
state for the first time and reentering a state can get an estimate of the sojourn time and improve
over a positional scheduler based on this estimate. This was a problem for model checking of
non-uniform CTMDPs in [3].

3.3 Path Semantics

Another way to define a CTL semantics is to look at the set of (maximal) paths. A path satisfies
O if it contains at least one p-state; a state s satisfies 3 @ if the set of paths starting in s contains
some path satisfying < . If we lift this principle to a quantitative setting, we reinterpret “at least
one p-state” as “the maximum of [¢]”, and we reinterpret “existence of a path” as “supremum
over all paths”. This leads to [3< @] = sup,e pasy, Maxses [¢] (s). In a Markov decision process,
one would additionally consider the probabilities of paths.

In the path semantics of DCTL, we give separate semantics to the operators 3 and <. Let us
first look at 9 and V: Assume given a class of schedulers ®. Then, we define:

313 (s) = sup ]Ez?EC(s) [¥]5 (o)
DED

[[\W’]]};vt (s) = 522 ]EI?GC(S) [[Wﬂﬁ/t (o)



The expected value E in these formulas is of course taken over the probability space of paths,
under the mentioned scheduler.
The semantics of path formulas is:

[ el (o) = max e [¢]i (c@t) (1)
[Baeliy (o) = min 1 — e (1 - ¢l (c@t)) (2)

oo

[Baeli () = [ ac™ oI} (000 di

0

Existence of Maximum. In an undiscounted setting and with a finite LTS, [¢] can only take
a finite number of values on any path, so it is clear that [ ¢] is not only a supremum, but really
a maximum. However, with continuous discounting, we have to prove existence of the maximum.

Lemma 8. The discounted mazimum and minimum are well-defined, i. e., the mazimum (1) and
minimum (2) actually do exist.

Proof. Assume given a path o. For a fixed state sg, the function ¢ — e~ [p]” (s¢) is continuous
and strictly falling. The set Ty, := {t € R>q | 0@t = s¢} consists of left-closed intervals. Therefore,

My, := maxeer, €[] (s0) is well-defined. Note that U,es Ts = R>o. Now,

[Ca ¢]” () = supe™" [¢]” (0@t) = sup sup e~ [¢]” (s) = supm
t>0 seSteTs SES

is the supremum of a finite set, and therefore its maximum. a

Ezample 9. Let us calculate [3 <5 black]® (s) in the Markov chain of Fig. 1. As it does not contain
nondeterminism, there is only the trivial scheduler. There are two time-abstract maximal paths in
this Markov chain: s — u and s — t — u. We calculate E,cc(s) [O2 black]” (o) by summing over
these two paths separately. For the path s — u,

oo

Eo—(ssu [O2 black]? (o) = / [© black]” (s AN u) pdf(s iX u) dt

0

B /1355{ 7" [blackl? ([s 4 u] @7) Bls, w1 d

o0
_ —2t9 1 ,-4t
—/max{e 307 10}6 dt
0

In3 00
* —2t 9 o4t 1,4t
0 In3
_ i1 _ 6761n3 N i674ln3 B 9(1 _ 376) N 1. 374
S 6 wog 1046 10-4
_ 1459
= 9720 ~ 015
The equality = holds because
Fet>h & P>l & 2>hi=-Ih9 & t<iln9=In3
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Fig. 2a. Value of max { 10, € e 2 %, e~ 21202 1%}. Note that ln% =In3—-In2.

Similarly, for the path s — ¢ — u, we have that

[©2 black]® s t—1> t 12 u) pdf(s RENILEN u) dty dto

Ea (s—t—u) [[02 bZGCk]]p

] @7’) %46_4t136_3t2 dty dty =

ma B *2(“”2)1%} R(s,t)e BN Rt u)e EWt2 gt dt,

I
0\8 S— 0\8

0/

—27 p t1 to
/ maxe [black] ([ —t=u
0
0/

Which of the terms is the maximum, depending on ¢; and ts, is illustrated in figure 2a

Vo

In

2 (In3)—t2 0o
= e 2722 890~ 3 gty dty + / / T59e™ 173 dty dtg+
0 0 0 (In3)—to
oo In2 oo 0o
4 / /e—Qtl %96—4t1—3t2 dtl dtQ + / / %96_4t1_3t2 dtl dtz —
In % 0 In % In2
In % ln%
_ 81 o5tz 1 66t2—61n3) dty + 2 o3tz 1 ,4ta—41n3 dty+
10 10 1
0 0
oo o0
+ % 673t2%(1 . 6761n2) dty + 1% 673t2%€741n2 dty =
1n§ ln%
_ 271 —5In 2 —6/ In2 9 g—4 2
_70[5(1—6 3) 375 2_1)]+T03 (™3 — 1)+
6 —6\1 —31n§ 99—41, —3Ins _
+ E(l -2 )56 2 IQ 3 2 =
— 27 _ 8 _ 1 _ 1591
— 100 ~ 225 1080 + 720 + 270 Tos0 T 720 = 5400 ~ 0-29

So, in the end,
1450 4 1501 _ 10807 . () 44.

[3Ca black]® (s) = 5755 + 5300 = 34500

Lemma 10.

[©a el (0) = max [0 Do o] (001)

[Oae]iy (o) = Igl;g[[l De-ar ], (0Q1)



Proposition 11. The following dualities between <o and O, hold. A, is its own dual.

[El Ca _'Soﬂp = [[_'VDQQDHP [[voa _‘SOHP = H_‘HDQSOHP

[BAa=e]” = [-VAae]®
Proposition 12. The fixpoint and path semantics of A, coincide.

Proof. The proof of this property exactly follows the lines of [1, Thm. 2]. ad

4 Model Checking DCTL

The model checking problem for DCTL consists in computing the value of [cp]]i\/l (s), given a
formula ¢ and a state s in a CTMDP M. Based on the equations found in the previous section,
we propose the following algorithms to solve this problem.

Finding the utility of the formulas 1 and p (for p € AP) is trivial. Checking the formulas —¢,
p A, and @ B, ¢ is easy and straightforward, if we have already found the truth values of the
subformulas. We will not treat them in the rest of the article, but concentrate on the operators
304, 30, and 3A,. The duality laws (Props. 6 and 11) can be used to check the operators V<,
VO, and VA,.

4.1 Model Checking the Fixpoint Semantics

Reduction to DCTL Semantics for MDPs. The fixpoint equations in Fig. 2, expressing the
semantics for DCTL over CTMDPs, are very similar to the fixpoint equations for discrete-time
MDPs. For example, in the discrete-time case, we have

[E0,¢]p (s) = . [e]p () 1 [(1 = p) + pmax Z;P“(& s')u(s')

In fact, they are so analogous that the DCTL model checking problem for CTMDPs reduces to the
DCTL model checking problem for MDPs: We can model check a DCTL formula ¢ over a uniform
CTMDP M by model checking a formula ¢’ over the embedded Markov decision process. Here
¢’ arises from ¢ by changing the discount factors ¢4 etc. to ¢, in ¢, where p = Ex/(Epm + @).
Note that, as the fixpoint semantics only uses positional schedulers, it is possible to analyse other
CTMDPs after uniformising them.

Theorem 13. Let M be a CTMDP, let P be its embedded discrete-time MDP (possibly after
uniformisation) and let p = Ex/(Eam + «). Then we have for all DCTL formulas ¢ that

£ f £ f f f

[E Ca %0]]/\/( = [[3 <>p 30/]]73 [[HDOAO]]M = [EDpSD/]]’p [EAa‘P]]M = [[HAPSDIHP

f f f f f f

[V<Oa 90]]/\/( = [[Vop 90/]]73 HVDQCP]]M = vapwl]]p HVAQQD]]M = [[VApSD/]]p
Since the reduction above is clearly linear in the size of M, the complexity of model checking the
DCTL fixpoint semantics is the same for CTMDPs and discrete-time MDPs. Thus, we obtain the

following corollary from [1, Thm. 7].

Corollary 14. The problem of model checking [[4,0]]?,1 can be solved in nondeterministic polynomial
time in the size of M and exponential in |p|.
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4.2 Model Checking the Path Semantics

The article [1] proposes a model checking procedure for discrete-time Markov chains of 3, ¢
that can be adapted to continuous-time Markov chains. (Note that we assume there is no nonde-
terminism here.) For any path o, the value [, ¢]” (o) is reached at a time when o enters a state
that is better than c@0 (i.e., e~ [p]® (c@t) > [¢]” (¢@0) for some t). We therefore order the
states according to their value [¢]":

[el” (s1) > [el” (s2) > -+ > []” (s0)

In state s1, no other state can improve [¢]°, so we know that [3<C, @] (s1) = [¢]" (s1).

In state so, the only possible improvement is to reach s; at some time ¢ with [¢]” (s2) <
[o]® (s1)e et = [3Cq @] (s1)e™". We calculate the probability that s; is reached early enough
and the resulting discounted value of [3<, @] (s2) via a variant of time-bounded reachability.

In general, if a path starts in s;, improvements occur if some state s; is reached at a time
t such that [¢]” (s;) < [FCa¢]” (s5)e”*". We can base our algorithm on the observation that
after the first such state s;, no more improvement is possible: any further improvement is already
taken into account by [3<, ¢]” (s;). The second idea used in the algorithm is that of cutoff time:
After some time, the discount factor e~ is so small that reaching s;_; will no longer improve
over s;. From that moment on, we could as well presume that any state s; (for j =4,...,n) had
[¢]” (s;) = [#]® (si—1). Therefore, it is enough to regard the current path until the cutoff time,
after which we can continue analysis in a simplified Markov chain.

This allows to use a sequence of CTMCs M7, Ms, ..., M, where M; has the same structure
as M but change [¢]" to:

LD, (s3) = [l (Smingigy)-
Note that one can easily prove that [3<C4 @]}, (s5) = [3Ca @]} (55) if § < i. We now calculate
[3Ca @]y, recursively:

Base case. Trivial: [3C, @]}, (si) = [l (51) for all 1 <i < n.

Iteration step. Assume that [3Oq @]y, (s;) has been calculated. We know that it is equal to
30 @l (5,) 1 <.

One can calculate of [3<, @]]E’\Aiﬂ by solving a reachability problem in a (slightly modified)
CTMC M. First, select some path o through M;,; and at a suitable moment t, take the
utility [3<, gp}]ﬁ/[i (0Qtiger). If o starts in s1,...,8;, we can pick tier = 0. To simplify the choice,
these states are absorbing in M 11, so that any value for titer is equivalent to picking titer = 0.

Otherwise, we follow the transitions of ¢ until it reaches some state in si,...,s;; then, tier
is the time of reaching such a state for the first time. To take into account the discount factor,
we add an (absorbing) state s; with [[<p]]5’\/l,i+1 (s1) := 0, and from each state in s;41,...,S,, wWe

add a transition with rate o to s, . However, we never wait longer than tcy := [In[@]} (si) —
In [[gp}]f\,l (8i+1)]/a: If no such state is reached before tcut, we pick titer = teut-
Overall, Mj_ | has state space Sy U {5}, rate matrix

0
0 1 Z€ro rows
0
Ry, = a (3)
(Rm)igrm | n — i rows from Ry = R,
o
0 00 } zero row for s

and the other parts of Mj ; coincide with M;; . This rate matrix has the additional property
that we can wait until t.,; in all cases: one only chooses an earlier moment for ¢, if one has
reached s1,...,s;, and these states are absorbing. This leads to the following lemma:

11



Lemma 15. With the sequence of M; introduced above, and QQ = Raq — Enq - I the infinitesimal
generator of M,

[30a eli,,, =exp ((Q — al)l sy, teur) [30a @l

Proof. We split the set of paths into two subsets, depending on whether {s1,...,s;} is entered
before tcy or not. Then, we calculate the contribution to [3<, <,0]]5’Vl7_’+1 (s;) of both subsets sepa-
rately; the total utility is the sum of the two contributions.
— Suppose o enters some state sg € {s1,...,8;} at time ¢t <ty (after being in s;41,...,8,); in
that case, [Oq oI\, (o) =" [30, @] (s0), which is already known.
The probability density to enter such a state can be written as

pdf(sl+1 \/.\/sn u:t SO) :te'i+1.,.7lt Q‘ 1|SO

i+1...n
where @ is the infinitesimal generator matrix of the Markov chain, @Q|, 41..n is the variant
of @ where the states s1,...,s; are made absorbing, and 1|S0 is the vector containing a 1 in
position sy and zeroes elsewhere. The contribution to [3<,, <,0]]/p\/l“rl of these paths is therefore

tcut

— / 6Q|i+1...nt Q|1+17L e_at dt IIEI OOL SD]]ﬁ/lz |1’L
0

teut

; /G(Qial)‘“'l'”"t Q|i+1,,.n dt [[E'Oa 90]].1/)\/1;|17,
0

tcut

e(@=aDl 1t (Q— O‘I)‘H»l...n dt [30, @]]I/J\/u |1z

p
[3<a 90]]/\411+1

~S80

(=

0

= (@ Dlisinten — 1) [FOu 0]y, |,

In the equality marked with =, we have used

eWiiontemot Q. = eQlinn=eDiQl ., =@ eDlinint Q|

and in the equality marked with i,

Qli1n BOavlin ], = @Q—aDliyy . B¢l |, -

In both cases, the columns that do change in the left factor (the first ¢ and the last n — 4
columns, respectively) correspond to rows that are 0 in the right factor (the first ¢ matrix rows
and the last n — i vector entries, respectively).

— Now suppose o stays in states {s;11,...,S,} until teu; in that case, we can as well continue
(after t.ut) the evaluation of the path in M;, because the discount at that time (which is
e~ew = [l (si41)/ [¢]h (si)) ensures that the difference between M,1 and M; will
not lead to a higher value of [¢, ¢] (¢). Therefore, we can conclude that [, cp]]i’\/ti+1 (o) =
e e [0 o]y, (0Qteus .- .) = [y (siv1)/ [l (50) - [€a @]y, (0Qteys -..), which is easy
to calculate.

In this case, the discount e~ *"ut does not depend on ¢, so we can use the cdf directly instead
of the pdf. The distribution over the states at t.,; can be described by the matrix

—at

Pr (SiJrl V---Vs, UTteut ) = eQ|i+1...ntcut

Therefore, the contribution to [3<, g@]]fwiH of these paths is

[[3 Oy SDH]./)\/IHl = tei#»l...ntcute*atuut |E| Oy cp]].l/)\/li

481 itl..n

_ e(le'Jrl,..n_o‘I)tC“t IIHOQ SD]]g\/h

+1...n

il e(Q*aI)|i+1,..ntcuc HH <>a (p]]s)\/tl

+1...n

12



The equality marked with * holds for similar reasons as in the first case.

If we sum the two parts together, and also add the probability for the paths starting in {s1, ..., s;},
we get:

[30a ¢, = (97 imnnter = 1) [300 0l |,

+ e @=aDliyy pteut [F<n 90]]5)\/('

i+1..n
+ [3%a 90]11/)\/1@- |1...¢
= (@Dl e [30, 613,

O

Time Complexity. Checking one 3<,, operator requires to solve a sequence of related CTMC
reachability problems. Using Jensen’s method (similar to checking CSL properties of CTMCs, see
[3,9]), we know that it takes O((Ea + @)t|R| - |S]) arithmetic operations, where ¢ is the maximal
time bound. This is comparable to [1, Lemma 19]: The time bound for checking the corresponding
formula in a DTMC is in O(]S|? - K), where K is the maximal step bound. The time bound ¢ is,
in principle, the total of all cutoff times; however, if it is very large, the discount e~*! becomes so
small that one can abort the calculation before all cutoff times have passed. For an error bound
g, we have that e=*" < e iff ¢t > 1In i

Proposition 16. The problem of model checking ﬂgo]]?w (not containing A\, operators) can be
solved in time O(|¢| - |R| - |S|Et21n 1).

5 Other Scheduler Classes

The article [1] uses the best and worst history-dependent scheduler. In the above definitions, we
looked for the best and worst positional scheduler. In this section, we illustrate how the choice
of scheduler class influences the semantics. To make the scheduler class more clear, we will add a
subscript ® to 3, the main operator that chooses from the set of schedulers ©. In the following,
we will give some examples for the dp operator for several classes of schedulers. The treatment of
the Vo operator always follows the same lines and does not enlighten more.

We designate the (time-abstract) positional schedulers used above by 9B, and we will intro-
duce the classes TTP of total-time positional schedulers and £33 of late time-abstract positional
schedulers.

5.1 Late Schedulers (£9)

A CTMDP is locally uniform if in every state, the exit rate does not depend on the action chosen
(i.e., Vs € S :Va,b € A: E%(s) = E%(s)). In a locally uniform CTMDP, it is possible to delay
the choice for one action or another until the moment that the sojourn time in a state has passed.
So-called late schedulers, defined in [6], are functions from the current state and the sojourn time
in this state to an action that is enabled: D : S X R>o — A. As in time-bounded reachability [6],
a late scheduler can improve on the value of a formula.

Ezxample 17. Consider the CTMDP in Fig. 3, with initial state s4. The best positional scheduler
for [3<1 black] (s4) always chooses action b, as the expected utility is higher than when choosing
a. This can be seen by reusing (3a) and (3b) in Example 18 and letting t3 = 0:

Bip. 010]° (s4) = 507€*0 + 270+ £ = 28 = 0.4609375

B} O1 01" (s4) = 155€* 0 + 370 = 52 ~ 0.50926

13



L(s1,black) =1

L(ss, black) =0

L(ss, black) = % L(sa, black) = %

L(s2, black) = 2

Fig. 3. Timed schedulers are better than positional ones.

However, a late scheduler can base its choice also on t4, the sojourn time in state s4. For times t4 €
[In3,1n4), choosing b will not improve [3 <1 black]® (s4) because e~ [black]® (s2) < [black]® (s4),
but by choosing a, it improves with probability of 3, because e~ [black]” (s1) > [black]® (s4).
For very short sojourn times t4 € [0,.5), for some S < In3, it is more advantageous to choose b.
To find S, one solves the integral:

——"

action a is chosen action b

[Fegp €1 black]® (s4) = /pdf(84 t—4>) (% (i L e_t4) + % . il_l %e‘m) dty
0

pdf<s4 14—>> (l L (% + %efm) L %e’t‘*) di,

—

4
0
In2 In4 00
= / 2672t4%67t4 dty + / 267%4(% + %67“) dty + / 267%4% dty
0 In 2 In4
— %(1 _ 6731n2) + %(6721n2 _ ef2ln4) + %(6731112 _ 6731n4) + %6721n4
= 97 ~0.51302 > 0.50926

384

The exact switching point is therefore S = In 2.

5.2 Total-Time Positional Schedulers (TTP)

A total-time positional scheduler bases its choice not only on the current state, but also on the total
time that the path has taken until now. Formally, such a scheduler is a function D : S x R>g — A
but the real parameter now indicates the total time spent before entering the current state.

Example 18. Consider the CTMDP in Fig. 3 again. We now regard ss as the initial state. Similar
to Example 17, the best positional scheduler would always choose b in s4, but a TTP-scheduler
can improve on this value because it bases its decision also on t3, the sojourn time in state s3. A
similar integral as above shows that an optimal scheduler chooses b for times t3 € [0, R), where
R ~ 0.41903, and chooses a for ¢35 € (R,In4). Note that this scheduler has to estimate how long
the sojourn time in s4 will be when it makes its decision; therefore, it is less exact than the late
scheduler of Example 17.

To see this, let D, be the positional scheduler that always chooses a in s4, and let Dy be the
scheduler that always chooses b. We then have:

[3¢p.y C10]" (s3) =
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C(s3,[0,ln4),s4) C(s3,[0,ln4),54)

and reach s; early and reach s; late C(s3,[0,In4),54,R>0,s5) C(s3,[ln4,00),54)
In4 rlnd—t 00 ) - 00
= /e‘75 /%26_2“6_(”“) du + /%26_2“% du —&-/%26_2“% du|dt+ /e_t% dt
0 - 0 Ind—t 0 - In4
In4
_ ¢ 1 —3y|nd—t 1,—2u|® 1 1,24 1 | —tjo 1
—/6 i L O T MVIPRS Sl Eatl I S LA W
0
In4
— /eft _ %(1 _ 673(ln47t))67t + %672(1n47t)% + %i _dt+ 671n4%
0
In4
- /e—t [ det —fatdert L2 4 L | 47l
0
In4
_ 1 -2t 1 1Y .t 1t 1
_/ [ ke + (e + 0 le Jar+ &
0
11 -2t 1t 1t In4 1
= {—5'56 + 381€ - € }0 R T
— %(1_6—21n4)_~_ ﬁ(eln4_1) _~_%(1_e—1n4) + %
= 353 = 155 = 0.3203125
and similarly
[[E{Db} &1 @Hp (53) =
C(s3,[0,In3),54) C(53,[0,In 3),54)
and reach sy early and reach s, late C(s3,[In3,00),54)
In3 r In3—t oo - oo
= /e_t / 26_2“%(3_(t+“) du+ / 26_27‘% du | dt+ /e‘% dt
0 - 0 In3—t - In3
In3
_ /eft %eft . %3736% + 372%6% dt+ 371i
/ L ]
In3
:/ le72 4 (—25 + 3=)e’ |dt+ =
0
= 13—058 ~ 0.32407
So, [ C1 ¢]” (s3) = 2. For the TTP-scheduler, we calculate:
oo
t
[[3‘1‘2‘;3 &1 @]]p (s3) = /pdf(33 = 84)
0
o0
/Pdf(54 2, 51) (% U 1@’“3”2)) + pdf<54 L, 55)% dts
a a
0
oo
Ll/pdf(84 % SQ) (i U %6_(t3+t2)) dtg dt3
0
In3
_ / et [(she®s 1 Lot 4 1y (Lo 1 1] dy
0
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In4

+ [ e e + ket + 3y 0] i
In3
o

+ / e [LUY] diy
In4
For the integral f(}n?’ the inequatlon ai€2 4+ g 4 1 > ﬁe2t3 + éefti" is equivalent to
0> (e7%2)% — 3(e7*)2 + 22 The relevant real root is at e7ls = R: v/ —60 + 121/299i +
—60 — 121/299; + 1, i.e. the inequation is equivalent to t3 < —InR ~ 0.41903. — For 11nn;,
the inequation et 4 Le7t + 1 > 1 is equivalent to (e7'2 + £)(e7** — )% > 0. This holds for

et > —1 and therefore for all t3 € R We also aggregate f o g With flln4

[Bezp 01 ¢]" (s3) =
—InR In4

9]
= / Toge™ e diz+ / e ze7a 4 lemhs diy +/e‘t3i dt3

—InR In4

€_lnR—1 +1_e2lnR+eln4_€—lnR +621nR_6—21n4+elnR_6—1n4+ 4l

= e =

108 2.2 384 3-2 8 4

1 2 —1 1p2 14-2 1 1,4-1 1
s R G R N T V: oI Ve R 5 S Vi

16
LR+ R+ 22 4+ 23R! ~0.32827 > 0.32407

In the above calculations, we have used the following auxiliary equalities. If ¢t3 < In4, we have:

oo
/pdf<34 L2, 51) (% u 167(t3+t2)) + pdf(54 L2, 55)% dits
a a
0
Ind—t3 o]
= [ et ettan g [ et
0 Ind—ts

_ %(1 o e—3(1n4—t3))e—t3 + %(1 - e—2(ln4—t3))% + e—2(1n4—t3)i _ §14€2t3 + %e—tg 41

(3a)
If t3 > In4, we have:

Foo ) () i ) = s et
0 0
If t3 < In 3, we have:
oo In3—t3 0o
/Pdf <$4 % 82> ( us *(t?’”?)) dts / 2223~ (latt) gy, 4 / 2e 2021 dt,
0 0 In3—ts

_ %(1 . e—3(ln3—t3))%e—t3 + e—2(1n3—t3)% _ 1(1)8 25 | 1e—t3 (3b)

If t3 > In 3, we have:
/pdf <S4 % 52> (i L %e*(tﬁt?)) dty = /2672t2i dty = =
0 0
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5.3 History-Dependent Schedulers ($)

A history-dependent scheduler, in principle, has access to the full history, i.e. to the complete
path to make a decision. In practice, it is enough to use the highest utility umax achieved until
now to decide which actions still could improve on the utility of [J Cn ¢]°. Additionally, similar
in Example 18, the decision should take into account the discount incurred between the time a5
when that utility was achieved and the current time t. Therefore, a history-dependent scheduler
has enough information if it knows the value wyaye®ttmax),

This is basically the idea used by [1] to find a model checking algorithm for the path semantics of
MDPs with history-dependent schedulers. Why can’t we use this idea for CTMDPs? The problem is
that in discrete-time systems, discount factors are powers of a constant p € (0, 1). As a consequence,
only a finite number of the powers Umax, £~ Umax, £~ >Umax, - - - 1S Televant to find [ Sp cp]]%. This
allows to define a linear program with finitely many variables to calculate the utilities. However, in
the continuous-time case, the corresponding linear program would have infinitely many variables,
so one cannot prove termination of the algorithm that solves the linear program.

To argue in more detail, I follow the construction given in [1]. To simplify notation, I assume that
the CTMDP is uniform. (If it isn’t, one can uniformise it following the uniformisation procedure
proposed in [3], by adding states that do not allow to change the decision. The form of our
schedulers does not allow to exploit the additional information provided by visiting these additional
states, because our schedulers do not count the number of transitions taken.) Let

h3(s,z) = sup EP {m Umax e~ [¢]” (c@Qt)
Des t>0

Obviously, [35<Ca ¢]” (s) = h3(s,0). We now define an operator, which is a contraction with
fixpoint A7, by:

T ifz>1
3 _
A (h)(s, ) = max y [ pdf(s — 5| a) —otp (s’ ez U []” (s)]) dt  otherwise

a€A s'€S 0
T faz>1

_ ) Emax Y Ps,s) [ emETIp(s’ et) dt if [o]P(s)<z<1

- ac€A g eg go
Emax Y. P%s,s') [ e EFIth(s e [p]" (s)) dt otherwise

acA geg 0

Substitute u = e*z (so t = In(u/z)/a and dt = —-du) in the second case, and u = e [¢]" (s)
in the third case:

T ifaz>1
a (E+a)/a 1 .
HA(h)(s,0) = { P 2 P gcf( ) h(s',u) 5 du if [o]”(s) <z <1

T —(Eta)fay oy :

Emax Y P%s,s’) B h(s',u)-~ du otherwise
acA s'esS H@]]“[(G) ([[‘P]]p())
T ifx>1
Bgl+E/omax 33 P*(s,s) [ u " P/h(s' u) du if ] (s) <& < 1
= a€d greg x
Z[el® (s)'+E/ max ZS Po(s,s') [ u?7F/h(s',u) du otherwise
1= ste [ ()
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Now assume that h(s,z) = z if x > 1. We then can evaluate the integral for u > 1. This
leads to Z21*E/ ¥ max,ea Y cq PUs, 8') [T w2 E/n(s  u) du = BB/ [y 1B/ gy =
Epl+B/o. ﬁu_E/aH" =0 — —x'*E/ and similarly for u ] (s) > 1.

T ifx>1
1
gitBle g EgltBlamax S Po(s,s') [u=2"F/on(s  u) du  if []" (s) <z <1

acA s'ES
) - [[(p]]p (S)1+E/a+

1
ETel ()1 E/emax - P(s,s') [ w2 F/on(s u) du
aed sres [IP (s)

x

otherwise

Now one can always choose the exit rate E such that
F:=F/aeN.

Then u~275/® has an integer exponent, and it almost looks as if h(s,z), for [p]" (s) < z < 1, is
a polynomial in x: Let
1 (s,z) = 2 U ¢]" ()

Rt (s, x) :== H7(h). (3¢)

However, h(s,z) (for [¢]" (s) < # < 1) may include a term x!*¥ and therefore when calculating
h?, we have to integrate over v~ 2~ F[u!TF +...] = y~! +.... Therefore, h> may include a term
In z. Further integrals show that there may also be powers of In z in A% and higher approximations.

Proposition 18a. The hi(s,z) (for i > 1) defined in (3c) have the form

T ife>1
14+F i—1
hi(s,z) = max Z Zc‘;jk cd(Inx)t i [o]P(s) <z < 1 (3d)
=0 k=0
C, otherwise

where cgjk and Cy are real numbers.

Proof. By induction on 1.

Base case. h! is defined to be H7(h®). From the definition of H, it is easy to see that h!(s,z) = =
if # > 1 and that for each s € S, the restriction of hl(s,z) to < [¢]” (s) is constant, as required.
Now assume that [¢]” (s) < x < 1. Then,

1

hl(s,x) = o't 4 Fa!tF max Z P(s,s") /u_z_F (wU [e]” (s")) du
a N — | —

s'eS
s'€ x RO(s u)

We now concentrate on calculating the integral I(z) := fwl w2 F(u U [¢]® (s')) du. Note that if
the integral is a Laurent polynomial whose nonzero coefficients belong to z°, =1, 2= 2,..., 7= F,
then h' has the required form. Depending on whether x < []” (s") or not, one has to split the

integral.

1. z > [¢]® (s'): There is no need to split the integral. Then,

1
_pql _F
—1
I(x) =/u—2—Fu du = [“ ] =7

—-F F
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2. x < [p]” (s'): We split the integral into fw[[“oﬂp(sl) coodu+ f[[io]]p(sz) -+ +du. Then,

le]” (s 1
I(z) = / uw I e]P () du  + / w2y du
z PG [el® (s)
u-1-F 1l P(s uw-F1
- W (S)[lFL " [F]M (s
e T AR )P -1
= [¢]" () T4 F + 2
P e P 1
1+ F F(L1F) F

In both cases, we get Laurent polynomial of the required form, so h' fits into the scheme prescribed
by (3d).

Iteration step. Assume that h’ has the form described above. We are going to calculate hit! =
H3(h?). Obviously, if x > 1 or z < [[go]]p( ) then hit! has the required form. In the remaining

case, we have to solve the integral I(x f w2~ Fhi(s',u) du. Again, if this is a kind of Laurent
polynomial (now perhaps including coefﬁments for Inz), then h**! has the required form.

If z < [p]” (s'), we get a calculation that is very similar to the second part of the base case
above: one gets that I(z) = Az~'~F + B, for some constants A, B € R. Therefore, let us assume
that [¢]® (s') <z < 1.

1+F i—1

I(ac):/ zneai(ZZcS,jku (Inw)* du

e 7=0 k=0

We want to split this integral into pieces, such that only one action a € A has to be considered
for every piece. For every piece, one calculates the related integral

1+F i—1

J(z,y) / -2 FZZCS,Jku (Inw)® du

e 7=0 k=0

Then, I(z) is a sum of the form J (x,21) + J*(x1,22) + -+ + J*(zp_1,1). Note that only
J (x,z1) depends on x directly; the other terms should be real constants. If J® has a suitable
Laurent polynomial form (in the first variable), then hi*! satisfies (3d). To calculate J%, we use
the known integrals (for k£ > 0):

u™ 1 (Inw)k k

/u"(lnu)k du = — /u"(lnu)k_1 du ifn# -1

n+1 n+1

n+1( k—1

Inu
- Z n+1)l)+1
/u‘l(lnu)k du = w

k+1
and continue, by distinguishing the case j =1+ F:

Foi-1 y . y
Ja(l“,y): ch/]k/uj 2-F lnu du +chl(1+F)k/uil(lnu)k du
Jj=0 k=0 P /
- S (=) w1 ()] o (Inw)k+17Y
= ;];)quk ;(k—l)! G-1-F)HL | +ZCS'(1+F)k Syeall
i1 .

k F k—1 j—1-F k=l iz 1 k+1 k+1
Yy (Iny)k—t — o (Inx) (Iny)* — (Inx)
& k! + f
Cs'jk Z (—D)ik—DI(j —1— F)it1 ZC (+F)k k+1
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As J%(z,y) is multiplied with z'*¥, it follows that the result is a polynomial of the required
form. ad

Proposition 18a shows that — at least in principle —, there is a finite description of the approxi-
mations A’ of h?. Therefore, it is possible to devise an algorithm that approximates h?; however,
the description and the calculations needed (as can be seen from the proof of Prop. 18a) are very
complex. Therefore, I consider calculating h? for history-dependent schedulers too difficult to be
used.

6 Conclusion

It is possible to extend the DCTL semantics with time, to continuous-time Markov chains and
MDPs. No big surprises have happened; the extension is pretty much straightforward. The distinc-
tion between the fixpoint and the path semantics known from the discrete-time case also applies
to the continuous-time case. Properties interpreted under the fixpoint semantics can be easily
checked using the same algorithms as in the discrete-time case; because fixpoint semantics do not
look further ahead than one step, a variation on the expected time to take a transition (the recip-
rocal of the exit rate) is the discount per step. Properties interpreted under the path semantics are
more difficult to verify; this article provides an algorithm for CTMCs (without nondeterminism).

To simplify the analysis, I have chosen to fix a single discount rate per property. This corresponds
to an exponential decay of utility over time. One can without much work extend the current
presentation and give each state its own discount rate (e.g. by adapting the matrix (3)).

Another way to make analysis of such temporal properties possible is taking a finite horizon.
Everything before the time limit is equally relevant, and everything after is equally irrelevant. For
example, time-bounded until formulas in CSL [3, 9] use a finite horizon. Depending on the situation,
one or the other way of giving more weight to the near future is better-suited. If one does not
want to predict for how long exactly a computer system will be used, it seems advantageous to
use an analysis method that does not completely ignore a possible breakdown shortly after some
deadline. Let me illustrate this point with an example: When a space agency writes its year report,
it has to decide which missions have finished successfully; to make this decision possible, selecting
a fixed deadline is unavoidable. However, one often sees that satellites continue working longer
than this deadline. It would be a pity if the software was the first part to break down, so a system
that lasts longer is preferred. How much longer? — Here, one cannot give a strict deadline, so a
discounted property seems more appropriate.

Rewards in Markov chains can also be used to express quantitative properties [2]. DCTL still
allows to combine multiple aspects of utility in ways that are not normally offered by analysis
methods for chains with (multiple) rewards.
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