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Abstract. In this paper we study the complexity of computing a behavioural
pseudometric on Segala’s probabilistic automata. The pseudometric concerned
here stems from a real-valued logic (by Desharnais et al) and does not discount
the future. We show that the problem whether the pseudometric between two
states of a finite probabilistic automata is under a given threshold lies in the inter-
section of NP and coNP. This result significantly improves the previous PSPACE
upperbound (by e.g. van Breugel et al).

1 Introduction

In recent years, probabilistic behavioural equivalences have been extensively
studied. Many equivalences such as probabilistic bisimulation [LS91,SL95] and
probabilistic simulation [JL91,SL95] have been established. And many efficient
algorithms have been proposed for these equivalences [BEMC00,CS02]. Here we
focus on probabilistic bisimulation. Generally, probabilistic bisimulation is a class
of formal notions judging whether two probabilistic systems are behaviourally
“equivalent”. In practical problems, they are often used to compare an imple-
mentation of a system with the specification of the system, where both the im-
plementation and the specification are modeled by formal probabilistic systems.
Furthermore, one can also tackle the state explosion problem by reducing a large
probabilistic system to its quotient system w.r.t probabilistic bisimulation. This
is because the quotient system is often PCTL- or PCTL*-equivalent to the orig-
inal one [ASB95,SL95].

However, the notion of probabilistic bisimulation relies on exact probability
values and a slight variation of probability values will differentiate two originally
equivalent probabilistic systems. In this sense, this notion is not robust. This is
drastically the case when a probabilistic system contains physical objects (such
as a wire) whose probability values are based on experimental results. In this
case, the probabilistic values should not be treated as “exact values”. Even in
pure theoretical probabilistic models where probability values are indeed exact,
an implementation of the model may still contain probability values which de-
viate slightly from their original counterparts. Thus, a notion of approximate
bisimulation is really needed.

The notion of approximate bisimulation is first considered by Giacalone et
al [GeJS90]. They defined a pseudometric over the states of a probabilistic transi-
tion system. This yields a smooth, quantitative notion of behavioural equivalence.
A pseudometric differs from an ordinary metric in that different elements (i.e.,
states) can have distance 0. The distance between states, a real number between
0 and 1, can be used to express the similarity of the behaviour of the system



started in those states. The smaller the distance, the more alike the behaviour
is. In particular, the distance between states is 0 if they are indistinguishable.

Then the study of approximate bisimulation is divided into two directions.
One direction is through a study of real-valued logic where the main work is by
Josée Desharnais et al [DGJP04]. The other is through a study of coalgebra rep-
resentation of probabilistic transition systems where the main work is by Franck
van Breugel et al [vBWO01b]. They both defined a pseudometric for probabilistic
systems where states with zero distance are probabilistic bisimilar [LS91]. Both
of the two pseudometrics are classified into future-discounting (abbr. FD) and
non-future-discounting (abbr. nFD) version. In the FD version, differences that
appear in the future are discounted and contribute less to the value of the pseu-
dometric. While in nFD version, differences that appear in the future contribute
fully to the pseudometric. NFD pseudometrics seems to be a more natural ex-
tension of probabilistic bisimulation, as in [Pan09,vBSWO07] it is shown that the
nFD pseudometric [DGJP04] defined through a real-valued logic can be defined
in a style similar to probabilistic bisimulation [LS91]. Also the notion of nFD
pseudometrics is important to analyze systems that are expected to run forever.
For FD version, efficient approximation algorithms have been obtained on finite-
state systems [vBWO0la]. However for nFD version, the best-known complexity
upperbound (before this paper) is only PSPACE [vBSW07,CHL09].

In this paper, we consider the nFD pseudometric over finite probabilistic au-
tomata [SLI5] which is an extension of the nFD ones defined in [Pan09,vBSW07].
We show that the problem whether the pseudometric between two given states is
under a given threshold lies in NP N coNP, which significantly improves previous
PSPACE upperbound [vBSW07,CHL09].

2 Preliminaries

2.1 Finite Probabilistic Automata

In this subsection we define the notion of “finite probabilistic automata”, which
corresponds exactly to Segala’s “simple probabilistic automata” [SL95] in the
finite setting.

Definition 1 (Probability Distribution). Let S be a countable set. A func-
tion = S — [0,1] is a probability distribution over S if Y _gu(s) = 1 and
wu(s) € Q for all s € S. We denote the set of probability distributions over S by
D(S5).

Definition 2 (Finite Probabilistic Automata). A finite probabilistic au-
tomata (finite PA) T is a tuple (S, Act, £2) where

— S is a finite set of states;
— Act is a finite set of actions;
— 2 C S x Act x D(S) is a finite set of transitions.

We define Act” (s) == {a € Act | Iu.(s,a,pu) € 2} for each s € S. We write

s 5 e 2 instead of (s,a,p) € 2. We omit “T’ or ‘2’ in the notations above if
the context is clear.

Finite probabilistic automata extend Markov Chains studied in [vBSW07,Pan09]
in the sense that a Labeled Markov Chain can be deemed as a finite probabilistic
automata where the transition relation {2 is a function from S x Act to D(S5).



2.2 Polyhedra and Linear Programming

We introduce polyhedra and linear programming along [Sch10]. Given a real-
valued vector b, we denote b’ to be the i-th entry of b.

Definition 3 (Polyhedra). A subset H C R"™ is a halfspace iff there is h € R™
and e € R such that H = {x € R" | hTz < e}. A subset P C R" is a polyhedron
iff it is the intersection of a finite number of halfspaces. Equivalently P C R"™
is a polyhedron iff there is an m X n matriz A and a vector b € R™ such that
P = {z € R" | Az < b}, where “Ax < b” is an abbreviation for “(Az)' <
b foralll1 <i<m?”.

Remark 1. Informally, a polyhedron is a finite intersection of constraints of the
form hTz < e. Note that constraints such as hfz > e or hlx = e are covered,
since “hTx > e” can be rewritten as “(—h)T:E < —¢” and “hTx =e€” is equivalent
to “hTx <eand hlx > €.

An important concept to characterize polyhedra is the notion of vertices.

Definition 4 (Vertex). Let P be a polyhedron. A point z € P is a vertex iff
there does not exist points x,y € P and X\ € [0,1] such that x # z, y # z and
z=A-xz+(1-X)-y.

The following theorem states that vertices of a polyhedron can be characterized

by full-rank rows of the specifying matrix, whose proof can be found in [Sch10,
Theorem 2.2].

Theorem 1. Let P = {x € R" | Az < b} be a polyhedron in R™ and z € P.
Define the matrixz A, to be the submatriz of A consisting of all the row vectors
hi of A for which h;z = b'. Then z is a vertex of P iff rank(A,) = n.

Definition 5 (Linear Programming). A linear programming problem (LP)
is specified by its type as well as an m X n matrix A and two vectors b € R™, ¢ €
R™. There are two types of LP’s: MAX-LP and MIN-LP, whose forms are as
follows:

MAX-LP MIN-LP
mazximize ¢t x minimize ¢Lx
subject to Ax < b subject to Ax < b

Let I' be an LP (either a MAX-LP or a MIN-LP) as above. The aim is to compute
the optimal value (denoted OpV(I")) of I', which is defined as the mazimum (for
MAX-LP) or minimum value (for MIN-LP) of the set {c'z | x € R" and Az <
b}. The set of feasible solutions of I', denoted Poly(I"), is defined as the polyhe-
dron {x € R"™ | Ax < b}. The set of optimal solutions of I', denoted OpS(I), is
defined as {x € Poly(I') | ¢’z = OpV(I")}.

Note that the maximum or minimum value can be reached if the supremum or
infimum is finite, since Poly(I") is a closed set and 2 — ¢’z is a continuous
function.

The following theorem clarifies the relationship between vertices of polyhedra
and optimal values of linear programming problems.

Theorem 2. For any LP I', if Poly(I") is bounded, then the optimal value of I"
is reached at some vertex of Poly(I).

Proof. See Theorem 2.3, Theorem 2.4 and Exercise 2.21 in [Sch10].



2.3 Distance Functions and Pseudometrics

In this subsection we introduce distance functions and pseudometrics. Below we
fix a set U.

Definition 6 (Distance Functions, Pseudometrics). A function d : U x
U — [0,1] is a distance function over U iff d(u,u) =0 for allu € U. A distance
function d is further a pseudometric over U iff for all u,v,w € U, d(u,v) =
d(v,u) and d(u,w) < d(u,v) + d(v,w). We denote the set of distance functions
(resp. pseudometrics) over U by Mq(U) (resp. My(U)).

In the following we use ‘k’ to indicate either ‘d’ or ‘p’. In this way we can use
“M,.(U)” to make arguments shared by both My (U) and M (U).

Definition 7 (The Partial Order). The binary relation <, over M,(U) is
defined as follows: given dy,dy € Mg(U), di =y do iff di(u,v) > do(u,v) for all
u,v EU.

Clearly, <, is a partial order over M, (U).
Theorem 3. (M, (U), =) is a complete lattice.

Proof. The bottom element L, is determined by: L. (u,u) =0 and L.(u,v) =1

if u # v; for all u,v € U. The top element T is defined by: T (u,v) = 0 for all

u,v € U. Given M C M, (U), the greatest lower bound [ | M is given by:
(M) (u,v) := sup{d(u,v) | d € M} for arbitrary u,v € U;

And the least upper bound | | M is given by: | JM = [{d € M, (U) | Vd' €

M. <, d}.

3 Distance Functions and Pseudometrics on Probabilistic
Automata

In this section we define distance functions and pseudometrics on finite PA.
Our pseudometric extends the one on Markov Chains [Pan09,vBSWO07|, which is
defined as a maximum fixed point similar to probabilistic bisimulation [LS91] and
shown to be equivalent to the non-future-discounting pseudometric derived from
a real-valued logic [Pan09,vBSWO07]. Below we fix a finite PA T = (S, Act, £2).
We use k to indicate either ‘d’ or ‘p’.

Definition 8. Let d € M(S). Then the element A(d) € M(D(S)) is given
by:
A(d)(p,v) == OpV(ALY), for all p,v € D(S)
where the LP AlY is depicted in Tab. 1.
Intuitively, Definition 8 lifts an element of M, (S) to an element of M, (D(S5)).

This is however not the original lifting definition. The original one which is de-
rived from the Kantorovich metric [Kan42] is captured by the following definition.

Definition 9. Given a pseudometric d € My(S), the pseudometric O(d) €
My(D(S)) is gwen by: O(d)(u,v) = OpV(OFY) for all p,v € D(S), where
85’” 1s depicted in Tab. 1.



Table 1. Two Lifting Definitions from M, (S) to M, (D(9))

oL Al
maximize ) o(u(s) — v(s)) - s minimize 3, cqd(s,t) - ys,e
subject to Vs € §: 0 <z, <1 subject to Vs € S : 37, ys,t = pu(s)
Vs, t €S :xs —x < d(s,t) wte Sy o¥st =v(t)
oVs,t €S :yse >0

By applying the Kantorovich-Rubinstein Duality Theorem [KR58] (cf. [vBSWO07])
or the Duality Theorem of linear programming (cf. [vBWO01a]), one can show that
the two definitions meet on the pseudometrics over S.

Theorem 4. For any d € M,(S), A(d) = O(d).
The following two lemmas deal with some basic properties related to Definition 8.

Lemma 1 (Monotonicity). For any dy,ds € M(S), ifdy 2y d2 then A(dy) =k
A(ds).
Proof. Fix arbitrary y,v € D(S). Denote P := Poly(A}") (: Poly(Aﬁ;”)). By

di =, do, we have Zs,tES di(s,t)-yss > Zs,tES da(s,t)-ys for all {ysi}sies € P.
It follows that A(dy)(p,v) > A(da)(u,v). Then the result follows.

Lemma 2 (Continuity). Let d € M, (S) and {d;}ien for which each d; €

M. (S). If lim d;(s,t) = d(s,t) foralls,t € S, then lim A(d;)(p,v) = A(d) (1, v)
11— 00 1— 00

for all p,v € D(S).

Proof. Fix arbitrary p,v € D(S). Denote P := Poly(A}"”) where the choice of

0 € M,(S) is irrelevant here. By Theorem 2, for all 9 € M,(S5),

A®)(p, v) = min{ Z 0(s,t) - st | {ysit}stes is a vertex of P}
s,tesS

By Theorem 1, the number of vertices of a polyhedron is finite. Then the equation
above tells us that A(9)(u, v) is continuous on d. Thus we have lim A(d;)(u,v) =
1— 00

A(d)(p; v)-
Then we define a monotone function F,; on M(S) as follows.

Definition 10. The function F,, : Mg(S) — My(S) is given by: for any d €
M,.(S),

Fi(d)(s,t) := max { max | sup inf A(d)(u,v), sup inf A(d)(u,v)
acAct a a a a
s—ut—rv t—>y ST

for arbitrary s,t € S, where inf ) := 1 and sup ) := 0.

One can prove by definition that F, is indeed a function M, (S) — M, (S)
(especially when k = p). Furthermore, it can be proved from Definition 10 and
Lemma 1 that F, is indeed a monotone function.

Lemma 3. F is monotone on My(S), i.e., di =, do implies Fy(d1) 2 Fr(dz).



Remark 2. By definition, Act(s) # Act(t) implies F,(0)(s,t) = 1 and Act(s) =
Act(t) = () implies F,(9)(s,t) = 0, regardless of the choice of .

Since F is monotone, it has a greatest fixed point. This is formulated as follows.

Definition 11. Define d,;, € My(S) to be the greatest fized point of F.. By
Tarski Fized-Point Theorem, d,, = | [{d € M, (S) | d =, Fi(d)}.

The pseudometric d, is closely related with strong bisimulation [SL95] on prob-
abilistic automata: s and t are bisimilar iff dy(s,t) = 0. Here we skip this due
to lack of space. One may see [Pan09,vBSWO07| for more information. Below we
define approximants {d".};en, of d,.

Definition 12. The family {di}z’eNo of approzimants of dy. is inductively defined
as follows: d° := T, (i.e., d2(s,t) = 0 for all s,t € S); ATt = F(dY).

Since Fj is a monotone function, the sequence {df;},-eNo is decreasing w.r.t <.
The following theorem shows that dy is the limitation of the sequence.

Theorem 5. For any s,t € S, d.(s,t) = lim d'(s,t).
11— 00

Proof. Let d*° € M,(S) be given by d°(s,t) := lim d'(s,t). We prove that
1—00
d’ = d.

d. <, d°: By d,, =4 d,g and the monotonicity of F, we can prove by induc-

tion on ¢ that d, <y d; for all © € Ng. Thus d,, <, d.°.

dX =<, d.: We prove that d° <, F.(d;’). Fix arbitrary (s,t) € S x S. Con-
sider any s < . By Definition 12, for any i € N, there exists t — v; such that
A(dL)(p,v;) < dit(s,t) < dX(s,t). Since T is finite, there exists ¢ % v such
that A(dL)(u,v) < diFl(s,t) < d(s,t) for infinitely many i € N. Then since
{d' }ien, is decreasing w.r.t <, and by Lemma 1, there exists i € N such that
for all j >4, A(d.)(u,v) < dX(s,t). Thus A(dX)(u,v) < d°(s,t) by Lemma 2.
Similar arguments can be made for all ¢t % v. Thus d° <, F.(d>).

Following Theorem 5 and the fact that dg = dg, we have the following corollary:

Corollary 1. d, = dq = | J{d € Ma(S) | d =q Fa(d)}

This corollary allows us to reason properties of d, on Mgy(.S).

4 NP- and coNP-ness

In this section we study the complexity of the following problem:

— Input: a finite PA (S, Act, £2), sin, tin € S and a number € € Q>( represented
in binary
— Output: whether d,(Sin, tin) < € or not

More precisely, we consider the language

ﬁ = {<<S, Act, .Q> N <3in7tin> ,6> ‘ dp(Sin,tin) § 6}



We prove that £ € NPNcoNP. Our proof method is divided into three steps: First
we establish a characterization of the greatest fixed point d, (or equivalently dg
since d, = dg); Then based on such characterization, we show that whether a
given d € My (S) equals d), is polynomial-time decidable; Finally, we complete
the proof by showing how we can guess a pseudometric d € M (.S) which is also
a fixed point of Fp,.

Below we fix a finite PA (S, Act, {2). First we present the characterization of
the greatest fixed point d,. To this end we introduce the notion of “self-fulfilling”
sets, as follows:

Definition 13. Let d € My(S) with d = F,(d). A subset X C S x S is self-
fulfilling w.r.t d iff for any (s,t) € X, the following three conditions hold:

1. d(s,t) > 0 (which implies that s # t) and Act(s) = Act(t);

2. for any s % p such that d(s,t) = inf{A(d)(p,v) | t = v}, there ist % vy and
= {ye}stes € OPS(A™) such that d(5,t) = A(d)(v0) and |y) € X.

3. for anyt % v such that d(s,t) = inf{A(d)(u,v) | s = p}, there is s = pg and
Y = {Yst}sies € OpS(AL™Y) such that d(s,t) = A(d)(uo,v) and |y) C X.

where |y| :=={(s,t) € S x S| ys+ > 0}.

Intuitively, a self-fulfilling set X w.r.t d is a set such that all values d(s,t) of d in
X can be reached on X itself. Below we show that nonempty self-fulfilling sets
characterize exactly the greatest fixed point d}, of the function F,.

Theorem 6. Let d € My(S) such that d = Fy(d). If d # dp, then there exists
a nonempty self-fulfilling set X C S x S with respect to d.

Proof. Suppose d # dy,, we construct a nonempty self-fulfilling set X as described
below. Denote 0(s,t) = d(s,t) — dp(s,t). Then §(s,t) > 0 for all s,t € S, and
there is (s,t) € S x S such that d(s,t) > 0 due to d # dp,. Define X to be the
following set:

X :={(s,t) € S x S| (s, t) = max{d(s',t') | (s',t') € S x S}}

We prove that X is a nonempty self-fulfilling set. The non-emptiness of X is
obvious. We further prove that any (s,t) € X satisfies the three conditions
specified in Definition 13. Fix arbitrary (s,t) € X. The analysis is as follows:

1. It is clear that d(s,t) > 0 since d(s,t) > 0. We prove that Act(s) = Act(t).
Suppose Act(s) # Act(t). Then by Remark 2, d(s,t) = dy(s,t) = 1 which
implies 0(s,t) = 0. Contradiction. So (s,t) satisfies the first condition in
Definition 13.

2. Suppose that s % p satisfies d(s,t) = inf{A(d)(u,v) | t & v} and t & vy be
arbitrarily chosen satisfying A(d,)(u, vo) = inf{A(dp)(u, ) | t = v}. Choose
an arbitrary y = {yst}ses € OPS(AY™). We prove that y € OpS(A;™) and
ly] € X (cf. Definition 13). By the definition of X, we have §(s’,t') < d(s,t)
for all (s',¢') € S x S. Thus for any {y;}scs € Poly(AL™), we have

Yo od(s ) yhy = Y (d 6(s,)) - ygr v (1)

s t'eS s/ t'eS



Since o yegYiy = 1, we can further simplify Inequality (1) as follows:

ST odp(s )yl = Y dls )y — (s,t) (2)
s’ t'eS s't'eS
Note that Poly(A"™) = Poly(A’él’)VO). So by taking the infimum at the both
sides of Inequality 2, we obtain that A(dp)(u,vp) > A(d)(p,v0) — 0(s,t).

Further from Definition 10, we obtain dy,(s,t) > A(dp)(u, o). Thus, we have:

dp(37t) 2 A(dp)(:u7V0) > A(d)(u7 VO) - 5(37t) 2 d(svt) - 6(37t) = dp(svt)

This means that d,(s,t) = A(dy)(p, v0) and d(s,t) = A(d)(p, vp). Then we
can form another inequality series as follows:

Zs’,t’eS d(Slv t,) “Yst
> d(s,1) (by d(s,t) = A(d)(p, o))
=dy(s,t) + 0(s,t)
=Yg wes (s, t) -y +6(s,1)  (by dyp(s,t) = A(dp) (1, 0))
= Zs’,t’ES(dp(slv t,) + 5(87 t)) cYs !
> Zs',t’es(dp(s/at/) +40(s',1")) “Ys
= Zs’,t’es d(3/7 t/) “Ys ot

Thus it must be the case that y € OpS(A%™) and 6(s,¢') = (s, t) whenever
ys'p > 0. Then we have |y] € X. So (s,t) satisfies the second condition in
Definition 13.

3. Symmetrically we can prove that (s,t) satisfies the third condition in Defini-
tion 13.

Hence in conclusion, X is a self-fulfilling set.

Theorem 7. Let d € M(S) such that d = F,(d). If there exists a nonempty
self-fulfilling set X C S x S with respect to d, then d # d,.

Proof. Suppose X C S x S is a nonempty self-fulfilling set w.r.t d. We construct
a distance function d’ # d such that d’ <q Fyq(d’) and d <q d'. For all (s % u,t)
and all (s,¢ % v) such that (s,t) € X, we define the following differences: (note
that Act(s) = Act(¢))

— 85 B o, 1] = d(s, 1) — inf{A() () | £ S V)

— O[s,t 5 v] == d(s,t) — inf{A(d) (1, v) | s S u'}.
All the differences defined above are non-negative since d = F,(d). Further we
define the following two differences: (where min () := 0)

— 6 :=min{0[s & u,t] | (5,t) € X,5 % pand §[s = p,t] > 0};

— 09 :=min{d[s,t % ]| (s,t) € X,t % v and d[s,t % v] > 0}.

Finally we define the difference value § as follows:

min{dy, o2, min{d(s,t) | (s,t) € X}} if d; # 0 and d2 #0
min{de, min{d(s,t) | (s,t) € X}} if 6y =0and 92 #0
min{d;, min{d(s,t) | (s,t) € X}} if 6y #0 and 92 =0
min{d(s,t) | (s,t) € X} if 6y =0and 52 =0

10



Note that § > 0. Then we construct d’ € Mq4(S) by:

I (5.4) = d(s,t) — %5 if (s,t) e X
T (s, ) it (s,t) & X

It is clear that d' # d since X is non-empty. We prove that d' =<q Fq(d').
Fix an arbitrary (s,t) € S x S. Suppose (s,t) ¢ X. Then from d <4 d' we
have Fyq(d) =4 Fa(d'). And then we have d'(s,t) = d(s,t) = Fp(d)(s,t) =
Fa(d)(s,t) > Fa(d')(s,t). Thus d'(s,t) > Fa(d')(s,t). Suppose now that (s,t) €
X. For any s = p, we clarify two cases below:

Case 1: 6[s % u,t] > 0. Then &; > 0. By definition, we have:

d'(s,t) > d(s,t) — %(5 > d(s,t) — 6[s = p,t] = inf{A(d)(u, ') | t SV}

From d <4 d’, we have inf{A(d)(u,v') | t & v/} > inf{A(d)(u, ') | t & V'}.
Thus d'(s,t) > inf{A(d')(u, V) | t 5 V'}.

Case 2: §[s = p,t] = 0. Then since X is self-fulfilling there is ¢ % 1y and
y = {ysv}sves € OpS(AL™) such that d(s,t) = A(d)(p,vp) and |y| € X.
From |y] C X we obtain

1 1
Z d'(s',t) - ygp = Z d(s',t') - ys — 55 = A(d) (. v0) — 55 =d'(s,1)

s't'eS s'tesS

Then we have: inf{A(d')(u,) | t & v/} < A(d)(p,1vp) < Yo wesd (s t)
ys o = d'(s,t). Thus d'(s,t) > inf{A(d')(u, V') | t = V'} for all s % p. Similarly
we can prove that d'(s,t) > inf{A(d)(i/,v) | s & u'} for all t % v. Thus
d'(s,t) > Fq(d')(s,t) for all (s,t) € S x S. Hence d' =<4 Fq(d'). By d =4 d
we have d # | {d € Mq(S)[0 <4 Fa(0)}. Then by Corollary 1, we obtain that

d+ dy.

Thus for any d € M (S) satistying d = F,(d), d # dp, iff there exists a nonempty
self-fulfiling set w.r.t d. This characterization means that to check whether d # d,,
or not, we can equivalently check whether there exists a nonempty self-fulfilling
set or not. The intuition here is that for any self-fulfilling sets X, Y, X UY is still
a self-fulfilling set; thus there exists a largest self-fulfilling set. This gives rise to
a refinement algorithm that computes the largest self-fulfilling set.

Theorem 8. Denote FP := {d € My(S) | d = F,(d)} to be the set of fized
points of Fp. The problem whether a given d € FP equals dy is decidable in
polynomial time.

Proof. From Theorem 6 and Theorem 7, we can solve the problem by checking
whether there exists a nonempty self-fulfilling set w.r.t the given d € FP. Note
that for any self-fulfilling sets X, Y w.r.t d, X UY is still self-fulfilling w.r.t d. So
there exists a largest self-fulfilling set w.r.t d, which is denoted as Z. Then there
exists a nonempty self-fulfilling set w.r.t d iff Z is nonempty. Below we develop
a refinement algorithm to compute Z.

First we define a refinement function ref : £ — £, where the set £ is given
as follows:

E:={X C S xS|Act(s) = Act(t) and d(s,t) > 0 for all (s,t) € X}
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Note that £ is nonempty since () € €. Given X € &, we define dx := min{d(s,t) |
(s,t) € X} (where min ) = 0) and the distance function dx € Mgy(S) as follows:

d(s,t) — ¢ if (s,t) € X
dx(s,t) = § 20 =06 Y

d(s,t) if (s,t) ¢ X
Then the set ref(X) € € is defined as follows: (s,t) € ref(X) iff (s,t) € X and
further (s,t) satisfies the following two conditions:

1. for all s % p, if d(s,t) = inf{A(d)(u,v) | t = v} then:
dx(s,t) > inf{A(dx)(u,v) |t = v}
2. for all t & v, if d(s,t) = inf{A(d)(u,v) | s = p} then:
dx (s,t) > inf{A(dx)(n,v) | s = n}

Note that ref(X) C X for all X € £. Now we construct a sequence {Z;}icn, as
follows:

Zy ={(s,t) € S x S| Act(s) = Act(t) and d(s,t) > 0}; Z;41 = ref(Z;)

By Ziy1 C Z;, there exists n < |Zp| such that Z,11 = ref(Z,) = Z,,. We show
that Z, = Z.

“Z C Z,”: We prove by induction that Z C Z; for all ¢ € Ny. The base step
Z C Zjy is clear from the definition. For inductive step, suppose that Z C Z;.
We show that Z C Z,11(= ref(Z;)). Fix arbitrary (s,t) € Z. Consider any
s % psuch that d(s,t) = inf{A(d)(u,v) | t & v}. Since Z is self-fulfilling, there
ist 5 vy and y = {ysyr}sres € OpS(AL™) such that d(s,t) = A(d)(u, o)
and |y| € Z. Since Z C Z;, we have dg,(s,t) = d(s,t) — 0z, and dz,(s',t') =
d(s',t") — 6z, for all (s/,t') € |y]. Thus we obtain

Z dZi(S/7t/) Ysr = Z (d(‘S,?t/) - 622) “Ys' it = d(s,t) = 6z, = dz,(s,1)

s t'es s t'es

Hence dgz,(s,t) > A(dz)(u, o) > inf{A(dz,)(u,v) | t = v}. By a similar rea-
soning we can prove that for all t % v, if d(s,t) = inf{A(d)(y,v) | s = u} then
dz.(s,t) > inf{A(dz)(u,v) | s % u}. So (s,t) € Ziyy1. Thus Z C Z;,q.

“Zn C Z7: We prove that Z, is a self-fulfilling set, i.e., Z,, satisfies the three
conditions specified in Definition 13. W.l.o.g we can assume that Z,, # (). The first
condition in Definition 13 is directly satisfied since Z,, C Z;. As for the second
condition, consider any (s,t) € Z, and s % y satisfying d(s,t) = inf{A(d)(u,v) |
t & v}. By Z, = ref(Z,), dz,(s,t) > inf{A(dg )(u,v) | t = v}. Choose
t % vg such that A(dg,)(u,v0) = inf{A(dz, )(u,v) | t % v} and an arbitrary
Y€ OpS(Ag’Z'f). Then since dz, (s,t) = d(s,t) — 0z, , we have

d(s,t) = Aldz, ) (1, vo) + 0z,
= ZS’,t’ES(dzn (3/7 t/) + 6Zn) " Yst !
2 Es’,t’es d(slv t,) CYst !
> A(d)(p, vo)
> d(s,t)

Thus d(s,t) = A(d)(p, ), y € OpS(AL™) and dg, (s, t') = d(s',t') — 0z, for all
(s',t") € |y], which implies that |y| C Z, since dz, > 0. Then the result follows.
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The reasoning for the third condition can be carried out in the same way as for
the second condition.

Thus to compute Z, we need only to apply ref to Zy at most |Zp| times.
Note that the computation of ref can be carried out in polynomial time since
the optimal value of a linear programming problem can be computed in polyno-
mial time. Hence Z is polynomial-time computable. Then it follows directly that
whether a given d € FP equals d}, is decidable in polynomial time.

By Theorem 8, we can decide if a given element in FP is d}, in polynomial time.
However, it does not tell us how to obtain an element in FP. Below we show that
we can guess such an element using only polynomial random-bits. This is also
the final step to prove that £ € NP N coNP. (see the beginning of the section for
the definition of L)

Theorem 9. £ € NP N coNP.

Proof. We only show that £¢ € NP, since proving £ € NP is similar. W.l.o.g we
assume that £ := {((S, Act, 2) , (Sin, tin) , €) | dp(sin,tin) > €}. Let (S, Act, 2),
(Sin, tin) and € be the input. Our strategy to obtain a NP algorithm for £ is as
follows:

1. We guess a d € FP by using Theorem 2 and Theorem 1.
2. We check whether d = d, by Theorem 8; if d = d, then we check whether
d(s,t) > €, otherwise we fail.

Below we show that how we can guess a d € FP using only polynomial bits. The
guessing procedure is illustrated step by step as follows.

1. For all s % p and t € S such that Act(s) = Act(t) # 0, we guess a v[s = u, 1]
such that t % v[s % yu,t]. Then we guess |S|? constraints (informally “rows”)

specified in the LP A Vst (cf. Tab. 1). Note that the parameter ? is
irrelevant here. We denote the guessed collection of constraints (w.r.t s 5
and t) as {hl'y op, bl}z’el[simﬂt}’ where
— y = {ys v }s res represents the variable vector;
— I[s % p,t] is the set of indexes of the guessed rows;
— h¥y op; b is the constraint at the i-th row, for which op; € {<, >, =} is
the comparison operator at the i-th row.
We check in polynomial time whether for all s % p and ¢t € S, the linear
equation system {hly = bi}ie s has a unique solution (through, e.g.,
Gaussian Elimination). We fail if the checking result is negative; Otherwise
we denote the unique solution to be y[s % u,t] (a vector over S x §), and
proceed to the next step.
2. For all t % v and s € S such that Act(s) = Act(t) # 0, we perform similar
guessings illustrated in Step 1. We guess a u[s,t — v], and further |S|?

constraints specified in the LP A} 3471 e denote the guessed constraints
T i a
as {h; y op; b }Z,E][&ti)u}. Then we check whether for all t — v and s € S, the

linear equation system {hZTy = b’} has a unique solution. We fail if

iEI[s,tih/}
the checking result is negative; Otherwise we denote the unique solution as

y[s,t % v], and proceed to the next step.
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3. We compute a distance function d € My(S) defined by: d(s,t) = OpV ()
for all s,t € S, where the LP I's; (with variables {zy ¢ }s ves) is specified by:

minimize z;
subject to:
(i) 2o =0, 29 pp = 2p ¢ and 2y p < 291 g + 29 p for all 7/, ¢', 1" € S
(i) 0<zyypy <1forall s,t' €S
(il) 2o > D g es(yls’ —> 1, t])s - 25 for all ¢ € S and all s =  such that
Act(s’) = Act(t') #
(iv) 250 > D 6 1es(ylss t L U])si - 2zsy for all 8" € S and all t' % v such that
Act(s") = Act(t') # 0
(v) zgp =0 for all &', € S such that Act(s") = Act(t') = 0.
(vi) zgp =1 for all &',¢ € S such that Act(s) # Act(t').
If there is I's; that has no feasible solution (which can also be decided in
polynomial time), we fail; Otherwise we proceed to the next step.
4. We check whether d € M, (S) and d = F,(d), which can be done in polyno-
mial time. We fail if the checking is unsuccessful; otherwise we have guessed
adeFP.

Then (as is previously mentioned), the final step is to check whether d = d,: if
d = d,, then we return the comparison result of d(s,t) > €; otherwise we fail. It is
clear that if we can guess a d € FP and check successfully that d = d,,, then the
returned result is surely correct. Below we prove that dj, can be guessed through
the guessing procedure.

Consider Step 1. For any s % y and t € S such that Act(s) = Act(t) # 0, we
choose v[s % p,t] such that A(d,)(u,v[s % p,t]) = inf{A(dp)(u,v) | t & v}

vls=rpt]

By Theorem 2, we can choose yls %, t] to be a vertex of AL that reaches

OpV (A% vis=rn ’t]) Then by Theorem 1, we choose constraints {h! y op; b’}
T
such that {h; }. iel[s 2] oo ]

(cf. Theorem 1) Here by Remark 1, we can abuse Theorem 1 on constraints
like “hTy > €’ and “hTy = €. Then surely the unique solution of {hT =

iEI[Siﬂi,t}
are exactly the row vectors of the matrix A

Z}zel[s—m i is y[s = p,t]. Similarly, we choose y[s,t = v] for all s € S and

t % v such that Act(s) = Act(t) # 0 in Step 2.
Then consider Step 3. We show that the d € M4(.S) defined in Step 3 is equal
o dy, provided that y[s' = 1, '] and y[s',t' % v] are chosen as above.

1. d, =q d: By the definition of pseudometrics and Remark 2, the vector
{z:,7t,}8/7t/€3 is a feasible solution of I's; for all s, € S, where {z;‘,’t,}sgt/es
is given by: 2%, = dy(s',t') for all s',¢' € S. Thus immediately we have

dp, 2q d.

2. d =4 dy: Fix arbitrary (s,t) € S x S and let {zy 4}y rves be an optimal
solution of I's ;. Define d' € Mq4(S) by: d'(s',t') = zy y for arbitrary s',¢' € S.
Then for any #' € S and s’ % p such that Act(s') = Act(t') # 0,

d/(s,7 t/) > Z (y[sl i) 12 t/])ﬁi : d/(57 t) > A(d/)(:u’ V[S/ i) 12 t/])
5,teS

Hence d'(s',t') > inf{A(d)(p,v) | ' % v}. In a similar way, we can prove
that d'(s',t) > inf{A(d)(u,v) | s & u} for all &' € S and ¢ % v such
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that Act(s’) = Act(t') # 0. Thus d' <4 Fq(d') and hence d' <4 d,. Then
d(s,t) > dpy(s,t) since d(s,t) = d'(s,t).

In conclusion, dj, can be obtained on certain random bits in the guessing proce-
dure.

5 Conclusion and Future Work

We have shown that the problem whether the distance between two given states
of a finite simple probabilistic automata under a non-future-discounting pseu-
dometric derived from a real-valued logic lies in NP N coNP, which significantly
improves previous PSPACE upperbound [vBSW07,CHL09]. We prove this by
establishing the original notion of “self-fulfilling” sets, and then exploring the
relationship between our pseudometric and self-fulfilling sets. Our future work
is to investigate if the problem further lies in PTIME, and whether there is an
efficient error-tolerant algorithm for this problem. It is also possible to extend
the result of this paper to game metrics [{AMRSO07].
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Fachgruppe Informatik: Jahresbericht 2006
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Kamp: Proving Termination by Bounded Increase

Jan Buchholz, Eric Lee, Jonathan Klein, and Jan Borchers: coJIVE: A
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Uwe Naumann: On Optimal DAG Reversal

Joost-Pieter Katoen, Thomas Noll, and Stefan Rieger: Verifying Con-
current List-Manipulating Programs by LTL Model Checking
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Design of Embedded Software Applications

Falk Salewski and Stefan Kowalewski: Achieving Highly Reliable Em-
bedded Software: An empirical evaluation of different approaches

Tina Kraufler, Heiko Mantel, and Henning Sudbrock: A Probabilistic
Justification of the Combining Calculus under the Uniform Scheduler
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Martin Neuh&ufler, Joost-Pieter Katoen: Bisimulation and Logical
Preservation for Continuous-Time Markov Decision Processes
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Uwe Naumann: An L-Attributed Grammar for Adjoint Code

Uwe Naumann, Michael Maier, Jan Riehme, and Bruce Christianson:
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Fachgruppe Informatik: Jahresbericht 2007

Henrik Bohnenkamp, Marielle Stoelinga: Quantitative Testing
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René Thiemann, Harald Zankl: Maximal Termination

Uwe Naumann, Jan Riehme: Sensitivity Analysis in Sisyphe with the
AD-Enabled NAGWare Fortran Compiler

Frank G. Radmacher: An Automata Theoretic Approach to the Theory
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Uwe Naumann, Laurent Hascoet, Chris Hill, Paul Hovland, Jan Riehme,
Jean Utke: A Framework for Proving Correctness of Adjoint Message
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Alexander NyBen, Horst Lichter: The MeDUSA Reference Manual, Sec-
ond Edition

George B. Mertzios, Stavros D. Nikolopoulos: The A-cluster Problem on
Parameterized Interval Graphs

George B. Mertzios, Walter Unger: An optimal algorithm for the k-fixed-
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George B. Mertzios, Walter Unger: Preemptive Scheduling of Equal-
Length Jobs in Polynomial Time

George B. Mertzios: Fast Convergence of Routing Games with Splittable
Flows

Joost-Pieter Katoen, Daniel Klink, Martin Leucker, Verena Wolf: Ab-
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Joachim Kneis, Alexander Langer: Satellites and Mirrors for Solving In-
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Solving the Maximum Independent Set Problem

Felix Reidl, Fernando Sanchez Villaamil: Automatic Verification of the
Correctness of the Upper Bound of a Maximum Independent Set Algo-
rithm

Kyriaki Ioannidou, George B. Mertzios, Stavros D. Nikolopoulos: The
Longest Path Problem is Polynomial on Interval Graphs

Martin Neuh&ufler, Lijun Zhang: Time-Bounded Reachability in
Continuous-Time Markov Decision Processes

Martin Zimmermann: Time-optimal Winning Strategies for Poset Games
Ralf Huuck, Gerwin Klein, Bastian Schlich (eds.): Doctoral Symposium
on Systems Software Verification (DS SSV’09)

Joost-Pieter Katoen, Daniel Klink, Martin Neuh&ufler: Compositional
Abstraction for Stochastic Systems

George B. Mertzios, Derek G. Corneil: Vertex Splitting and the Recog-
nition of Trapezoid Graphs

Carsten Kern: Learning Communicating and Nondeterministic Au-
tomata

Paul Hansch, Michaela Slaats, Wolfgang Thomas: Parametrized Regular
Infinite Games and Higher-Order Pushdown Strategies

Daniel Neider, Christof Loding: Learning Visibly One-Counter Au-
tomata in Polynomial Time

Holger Krahn: MontiCore: Agile Entwicklung von doménenspezifischen
Sprachen im Software-Engineering
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Computing maximum reachability probabilities in Markovian timed au-
tomata

George B. Mertzios: A New Intersection Model for Multitolerance
Graphs, Hierarchy, and Efficient Algorithms

Carsten Otto, Marc Brockschmidt, Christian von Essen, Jiirgen Giesl:
Automated Termination Analysis of Java Bytecode by Term Rewriting
George B. Mertzios, Shmuel Zaks: The Structure of the Intersection of
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Peter Schneider-Kamp, Jiirgen Giesl, Thomas Stroder, Alexander Sere-
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Michael Codish, Carsten Fuhs, Jiirgen Giesl, Peter Schneider-Kamp:
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Felix Reidl: Experimental Evaluation of an Independent Set Algorithm
Wladimir Fridman, Christof Loding, Martin Zimmermann: Degrees of
Lookahead in Context-free Infinite Games

Marc Brockschmidt, Carsten Otto, Jirgen Giesl: Modular Termination
Proofs of Recursive Java Bytecode Programs by Term Rewriting

Lars Noschinski, Fabian Emmes, Jirgen Giesl: A Dependency Pair
Framework for Innermost Complexity Analysis of Term Rewrite Systems
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A Local Greibach Normal Form for Hyperedge Replacement Grammars
Shahar Maoz, Jan Oliver Ringert, Bernhard Rumpe: An Operational
Semantics for Activity Diagrams using SMV

Thomas Stréder, Fabian Emmes, Peter Schneider-Kamp, Jirgen Giesl,
Carsten Fuhs: A Linear Operational Semantics for Termination and
Complexity Analysis of ISO Prolog
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joint Subgradient Calculation for McCormick Relaxations
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Games via Safety Games

Niloofar Safiran, Uwe Naumann: Toward Adjoint OpenFOAM
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