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Abstract. In [?], a practical algorithm for precise interval analysis is provided
for which, however, no non-trivial upper complexity bound is known. Here, we
present a lower bound by showing that precise interval analysis is at least as hard
as computing the sets of winning positions in parity games. Our lower-bound
proof relies on an encoding of parity games into systems of particular integer
equations. Moreover, we present a simplification of the algorithm for integer
systems from [?]. For the given encoding of parity games, the new algorithm
provides another algorithm for parity games which is almost as efficient as the
discrete strategy improvement algorithm by Voge and Jurdziniski [?].

1 Introduction

Interval analysis as introduced by Cousot and Cousot [?,?] tries to determine at compile-
time for each variable x and program point v in a program an as tight interval as possible
which is guaranteed to contain all values of x when reaching program point v. This
problem is of fundamental importance for program optimizations such as safe removal
of array bound checks as well as the certification of absence of arithmetic overflows.
The problem with interval analysis, though, is that the lattice of all intervals has infinite
ascending chains implying that acceleration techniques are needed to enforce fixpoint
iteration to terminate. One such acceleration technique is the widening and narrowing
approach of Cousot and Cousot [?,?] which, however, results in algorithms which may
fail to return the least solution of the given system of equations extracted from the
program.

Recently, the problem of interval analysis has attracted new attention. In [?] Su and
Wagner identified a class of polynomial solvable range constraints for interval analy-
sis which can be solved precisely. This class admits full addition. Multiplication and
intersection are restricted in such a way that at least one of the arguments must be a
constant interval. Leroux and Sutre [?] extend this result by providing an acceleration-
based algorithm for solving interval constraints with full multiplication and restricted
intersection in cubic time precisely. In [?], Gaubert et al. suggest strategy iteration as
an alternative method for computing solutions of interval equations with full intersec-
tions. Their method still fails to return the least solution in some cases. Computing the
least solution to the interval equations introduced for interval analysis will be called
precise interval analysis in the sequel. In [?], we reduce precise interval analysis to
solving systems of integer equations for which we propose another variant of strategy
iteration which is guaranteed to return the least solution. The practical efficiency of any



algorithm based on strategy iteration depends on the number of strategies encountered
during the iteration. Although we never have observed more than a linear number of
strategies, no non-trivial upper bound to this number is known. Thus, one might think
of other methods to obtain not only a practical, but also provably polynomial algo-
rithm for precise interval analysis. Here we show that, if such an algorithm exists, it
also solves a long standing open problem, namely, to compute the winning regions of a
parity game in polynomial time.

This lower-bound proof uses a reduction similar to the reductions of parity games
to mean payoff games and discounted payoff games [?,?]. A different class of interval
constraints is considered in [?] where Bordeaux et al. prove that computing the least
fixpoint is NP-hard. This strong lower bound, however, relies on the explicit use of
a square-root operator and thus cannot easily be carried over to our class where only
linear operations on intervals are allowed.

Our encoding of parity games does not only give a lower-bound argument for pre-
cise interval analysis, but also allows to use methods for integer systems to solve parity
games. As our second contribution, we therefore present a new version of the algorithm
from [?] for integer systems which is significantly simpler. Similar to the algorithm in
[?], the new algorithm is based on strategy iteration. The original algorithm, however,
relies on an instrumentation of the underlying lattice to guide strategy improvement.
This extra overhead is now avoided. Via our encoding, the new method for integer sys-
tems also provides a very simple algorithm for parity games. Compared to the discrete
strategy improvement algorithm of Voge [?,?], the valuations to determine the next
strategy needed by our algorithm are just mappings from positions to integers.

The paper is organized as follows. In section 2, we introduce basic notions and
the concepts of parity games and systems of integer equations. In section ??, we show
how one can reduce the computation of the winning regions and the winning strate-
gies for a parity game to the computation of the least solution of systems of particu-
lar integer equations. In section ??, we show how computing least solutions of these
integer equations can be reduced to precise interval analysis — thus completing the
lower-bound proof for interval analysis. In section ??, we present the novel strategy
iteration algorithm for solving systems of integer equations. Moreover, we organize the
strategy iteration in such a way that, for simple integer equations, i.e., for equations
with addition of constants only, the number of maxima with constants no longer affects
the asymptotic complexity. Since the systems obtained from our reduction from parity
games are simple, the reduction together with the new algorithm for integer equations
provides another strategy iteration algorithm for parity games. Each improvement step
of this algorithm requires at most quadratically many operations on integers of length
O(d-log m) where n is the number of positions and d is the maximal rank of the parity
game.

2 Notation and Basic Concepts

As usual, N and Z denote the set of natural numbers excluding 0 and the set of integers,
respectively. We write Ny for NU{0}. Given arelation R C Ax Bandasubset A’ C A
we write A'R for the set {b € B | Ja € A’ : (a,b) € R}. Our complexity results will



be stated w.r.t. a uniform cost measure where we count memory accesses and arithmetic
operations for O(1).

Parity Games. A parity game is a tuple G = (W, V5, E, 7). Vi, and V) are disjoint
finite sets of positions owned by the V-player and the A-player, respectively. We will
always write V for the set Vi, U V. The set E C V2 is a finite set of possible moves
with {v}E # 0 for every position v € V, i.e., there is no sink. Finally, r : V" — Ny is
the rank function which assigns a rank r(v) to every position v.

A play over G is an infinite word w = vyvg - - - with (v;,v,41) € E fori € N. Let
m(w) := max{r(v) | v € V occurs infinitely often in w}. The play w is won by the
V-player (resp. A-player) iff m(w) is odd (resp. even). A position v € V is called V-
winning (resp. A-winning) iff the V-player (resp. A-player) can enforce that every play
starting at v is won by the V-player (resp. A-player). The set of all V-winning (resp.
A-winning) positions is called the V-winning region (resp. A-winning region).

A mapping oy : Vi, — V with oy (v) € {v}FE for every v € V4 is called a
positional \/-strategy. Dually, a mapping o : Vo — V with o5 (v) € {v} E for every
v € V), is called a positional N-strategy. A play w is consistent with the positional
V-strategy oy, iff oy (vy) = v for every finite prefix w'vy v of w with vy, € V4,. Dually,
a play w is consistent with the positional A-strategy o, iff o5 (vs) = v for every finite
prefix w'v v of w with v, € V. Itis well-known that positional strategies are sufficient
(memoryless determinacy) [?]. This means: there exists a positional V-strategy o\, such
that every play w which starts at a \V-winning position and which is consistent with o\,
is won by the V-player. Such a positional V-strategy is called winning. Dually, there
exists a positional A-strategy o, (called winning) such that every play w which starts at
a A-winning position and which is consistent with o, is won by the A-player.

Given a positional V-strategy oy (resp. A-strategy o) we write G(oy) (resp.
G(op)) for the parity game (Vi,, VA, (ENVA X V)Uay,r) (tesp. (Vi, VA, (ENV, X
V) Uon,r)) L. Thus, the parity game G(o/) (resp. G(0,)) is obtained from G by re-
moving all moves which cannot be used in any play which is consistent with o\, (resp.
oa)- A V-strategy oy (resp. A-strategy o) is winning iff every play w in G (o) (resp.
G(oa)) which starts from a V-winning position (resp. A-winning position) is won by
the V-player (resp. A-player).

Systems of Integer Equations. We briefly introduce systems of integer equations (cf.
[?]). Let Z denote the complete lattice ZU{—o00, 0o} equipped with the natural ordering.
We extend the operations addition + : Z x Z — Z and multiplication - : Z x Z — Z to
the operands —oo and oo:

T+ (—00)=—oc0 forallz €Z r4+o00 = oo forallz > —o0
02 = 0 forallz >—o0 x-(—00)=—00 forallz >0
x-00 = oo forallz >0 x-(—o0)= oo forallz <0
x-00 =—oo0 forallz <0
A system &£ of integer equations is a sequence of equations x; = e; fori = 1,...,n,

where the variables x; on the left-hand sides are pairwise distinct and the right-hand

! Here a mapping f : A — B is considered as the relation {(a, f(a)) | a € A}.



sides e; are expressions e built up from constants and variables by means of addition,
multiplication with constants as well as minimum (“A”) and maximum (*“V”"):

e n=a|x|e +ex|b-er|egNealer Ve

where e, es are expressions, x is a variable, a,b € 7, b > 1. We assume that b- has
the highest operator precedence followed by +, A and V which has the lowest operator
precedence. We write |£]| for the number of subexpressions occurring in right-hand
sides of £. Thus, |£| is independent of the sizes of numbers occurring in £. We denote
the set of variables of £ by X¢. We drop the subscript whenever £ is clear from the
context. The system & is called disjunctive, if it does not contain A-expressions, and
it is called conjunctive, if it does not contain V-expressions. A system without V- and
A-expressions is called basic. If £ denotes the system x; = ¢;, 4 = 1,...,n, then, for
a,b € Z with a < b, ][4 5 denotes the system x; = (e; Ab) Va,i=1,...,n.

Under a variable assignment p, i.e., a function which maps variables from X to
values from Z, an expression e evaluates to a value [e]u € Z:

lalp = a [x]p = p(x) ler + e2]p = [er]n + [e2]n
[o-elp=0b-Telp  [erVe]u=[ed]u Vel [ex Aea]p = [ex]pu A [e2]

where e, ey, e are expressions, x is a variable, a,b € Z, b > 1. Together with the
point-wise ordering the set of variable assignments X — Z forms a complete lattice.
A solution of £ is a variable assignment p which satisfies all equations of a system
&, ie. u(x;) = [e;]u for all 4. A variable assignment p with p(x;) < [e;]u (resp.
w(x;) > [e;]w) is called a pre-solution (resp. post-solution) of £. Since every right-hand
side e; induces a monotonic function [e;]], Knaster-Tarski’s fixpoint Theorem implies
that every system & of integer equations has a least solution p*, i.e., u* < p for every
solution p of £. The least solution p* is the greatest lower bound of all post-solutions.
We refer to computing the least solution of a system &£ as solving the system &.

We will also define strategies for systems of integer equations. Let M (£) denote
the set of all VV-expressions occurring in £. Moreover, let M.(£) C M(E) denote the
set of V-expression e V €’ occurring in £ where at least one of the arguments e, €’ is
constant, i.e. it does not contain any variable. Let M,,.(£) := M(E) \ M.(£). A V-
strategy m for £ is a function mapping every expression e; V eg in M (E) to one of
the subexpressions e, eo. For an expression e we write err for the expression obtained
from e by recursively replacing every V-expression with the respective subexpression
selected by the V-strategy T, i.e.:

ar =a XT =X (e1 + e2)m™ = ey + eam
(b-e)yr=b-em (e1 Vea)m = (m(e1 Vea))w (e1 Nea)m = e A eam

where e, e1, eo are expressions, X is a variable, a,b € Z,b>1. Assuming that £ is the
system x; = e;, 4 = 1,...,n, we write £(x) for the system x; = e;m, i = 1,...,n.
The definitions for A-strategies are dual.

Systems of simple integer equations are of a particular interest. We call an expres-
sion e simple iff it is of the following form:

e n=c|x|etalerVes|er Aes



where e, e, es are simple expressions, x is a variable, a € Z, ¢ € Z. Le., at least
one argument of every 4-expression is a constant. An integer equation x = e is called
simple iff e is simple.

We define the relation — between expressions of £ by e — e’ iff ¢’ is an immediate
subexpression of e or e is a variable and ¢’ is the right-hand side of ¢, i.e., e = €’ is

an equation of £. A sequence p = eq, ..., e; of expressions occurring in £ is called a
pathin € iff e; — e; 1 fori =1, ...,k — 1. The path is called simple iff no expression
occurs twice in it. The path e, ..., e is called a cycle iff e, — e1. The weight w(p)
of apathp = ey,..., e is the sum Zle w(e;) where w(e) equals a if e = €' + a

for some expression e’ and a € Z, and w(e) equals 0 otherwise. We call a system & of
simple integer equations non-zero iff w(c) # 0 for every simple cycle ¢ in £.

Example 1. Consider the following systems of simple integer equations:
51 = X1 =X9 + 27 X9 =X1 + (—1) 52 = X1 =X9 + 2 \/XQ + 1, X9 =X1 + (—1)

The system &; is non-zero, because the only simple cycle in £; (up to cyclic permuta-
tions) is x1, X2 + 2, X2, %1 + (—1) which has weight 1. The system & is not non-zero,
because the simple cycle x;1,x2 + 1, X2, %1 + (—1) has weight 0. O

A variable assignment p with —oo < p(x) < 00, x € X is called finite. We have:

Lemma 1. Every non-zero system £ of simple equations has at most one finite solution.

Proof. Note that, if we rewrite an expression in £ using distributivity, then the resulting
system is still non-zero. Let Xg’“ denote the set of variables occurring in right-hand
sides of £. We proceed by induction on |XZ*|. If |XZ**| = 0, then the statement is
fulfilled, since there is exactly one solution.

Let | XZ*| > 0 and x € X"*. Consider the equation x = e. We consider the case
where e contains the variable x. Because of distributivity, we can w.l.0.g. assume that
x = e is of the form x = ((x + ¢) A e1) V ea. where e; and ey are such that no Vv
occurs within a A-expression and no A-expression occurs within a +-expression. We
say that such an expression is in disjunctive normal form. Since £ is non-zero, we know
that ¢ # 0. We only consider the case that ¢ > 0. The other case is similar. First of all,
observe that, for every finite variable assignment i, the following holds:

p(x) =[((x+c)Aer) Ve implies p(x) = [erVex]p. )]

Let 111 and po be finite solutions of £. Let £’ denote the system of simple equations
obtained from £ by replacing the equation x = e with the equation x = e; V es. The
system &’ is non-zero. (1) implies that p; and po are finite solutions of £’. Since we
can repeat this step, we can w.l.o.g. assume that the variable x does not occur within
e1 V ea. We now replace every occurrence of x in right-hand sides of £’ by e; V e5 and
obtain a system £”. This system is again non-zero and j; and po are finite solutions of
E". Thus, since | X | = |X | — 1, the induction hypotheses implies 11 = po. O



3 From Parity Games to Systems of Integer Equations

In this section we reduce computing winning regions and winning strategies for parity
games to solving systems of integer equations. Thus, the latter computational problem
is as least as hard as solving parity games. It is an intriguing open problem to determine
the precise complexity of parity games. What is known is that this problem is in UP N
co—UP [?]. A first subexponential algorithm has been presented in [?]. Whether or
not, however, parity games can be solved in polynomial time, is still unknown.

Let us fix a parity game G = (Vi,, Vi, E, 7). Let n := |V| be the number of posi-
tions, d := max 7(V) = max {r(v) | v € V} the maximal rank and m := n?*!. In
order to compute the winning regions, we consider the system &g of integer equations
which we define subsequently. From the least solution p* of Eg| [—m,m] We will deduce
the winning regions as well as winning strategies for both players. For every position
v € V we introduce a fresh variable x,,, i.e., Xg, 1= {x, | v € V'}. Let

Observe that ¢, is less than 0 whenever 7 is even and greater than 0 whenever r is odd.
Moreover, 0, is chosen such that (n — 1)|d,+| < |J,| whenever ' < 7. This important
property ensures that, for k¥ < n, the sum d,, + - - - + J,, is greater than 0 iff the most
relevant rank within {ry, ..., r} is odd. We construct £ as follows. For every position
v € Vi, we add the equation

Xy = (le VeV Xvk) + 6T(v)
where {v}E = {v1,...,v;}. For every position v € V, we add the equation
Xy = (le A A ka) + 57"(11)

where {v}E = {vy,...,v;}. We illustrate this reduction by an example.

Xi=

(a) The parity game G of example ?? (b) Affine program F¢ of example ??
Fig. 1.

Example 2. Consider the parity game G = (V4,, VA, E, ) (from [?]) where

- Vo ={a,b,c,d} and V5 = {e, f, g, h}
- E={(a,f) (a,e), (be),(c.9),(c,h),(d, g),(d, h), (e, a), (e, d), (f,a),
(f,0),(f,¢),(g,b),(g:¢), (h,c)}



-rD)=r(c)=0,r(a)=r(f) =r(h)=1Lr{d) =r(e) =2,r(g) =3

which is illustrated in figure ?? (a). The system 5@|[,m’m] is given as

=(Xe VXs)+8AMYV —m Xp=Xe+ (=1)AmV-—-m
xc:(xg\/xh) (—1)AmV-—-m x4=(x4Vxp)+ (—64) AmV—m
xe:(xa/\xd) (=64) AmV -—mxs= (X, AXp AXc) +8AMYV —m
=(XpAXe) +D512AMV —m  xp,=%X.+8AmV—m
where m = 4096. O

We summarize statements about g and £g [, m in the following Lemma:

Lemma2. 1. [Xg,|=[Xeg),, =m0
2. |M(&q)| = |ENV, xV|— |Vv\ and |M(Eg|i—m,m))| = [ENVy x V] = |V, [ +n;
3. The size of occurring numbers is bounded by (d + 1) logy n;
4. The systems Eg and Eg|[_m7m] of simple equations are non-zero.

Proof. We only prove the fourth statement. Since there exists a one-to-one mapping f
from the set of simple cycles in £g|[_,,m] onto the set of simple cycles in ¢ with
w(c) = w(f(c)) for every simple cycle c in Eg [, m], We only have to show that £g
is non-zero. W.l.o.g., let

¢ = Xi, 61+6r(v1)a sy X2362+5r(v2)a sy X 6k+5r(vk)

be a simple cycle in £ where x1,...,X) are the only expressions in the sequence
c which are variables. Thus & < n. Let J = {j € {l,...,k} | [yl
max;—1,..k |0r(s,)|}. Let 7 denote the only rank in the set r({v; | j € J}). Note
thatk — |J| <n —1and |§,| > (n — 1)|6,—1]. We get:

lw(c)| = | Zf=1 Or(on | =1 25e s Or(ui) + Zie{l,...,k}\J Or(v)]
= ‘ |J\5r + Zie{l,...,k}\J 6”"('0i) 2 |5r‘ - Zie{l,.‘.,k}\J |5r(vi)
2 |0p] = (k= [J)|6r—1| = 6] = (n = 1)[6r 1] >0

It follows w(c) # 0. O

Thus, by Lemma 1 and ??, £|(—,,m) has exactly one solution which is finite.

Example 3. The unique solution z* of £a|[—4096,4006) in example ?? is given by
1 (xq) = —4080, " (x) = —4096, * (x.) = 4095, j* (x4) = 4032,
pw(xe) = —4096, u*(x5) = —4088, p*(x4) = —3584, p*(x5,) = 4096. O

The next Lemma states that we can reassemble the unique solution of £g|[_, m] by a
V-strategy for £g. This is simlar to the memoryless determinacy of parity games.

Lemma 3. Let ;1* denote the unique finite solution of £g|[(—p,m). There exists a V-
strategy (resp. \-strategy) T for Eg such that j1* is the unique solution of G (T)|[—m,m-
Moreover, w can be computed from p* in time O(|€g|).



Proof. We only prove the V-strategy case. Let 7 be the V-strategy defined by

_ Jer iffep” > [ea]p”
rerven = {58 e < [l

for every expression e; V es occurring in £g. The system Eg (1) [y, ) is non-zero and
p* is a solution of £g(7)|[—y,,m]- Thus, Lemma 1 implies that p* is the only solution
of £G(7)|[—m,m]- The complexity statement follows from the fact that the V-strategy 7
can be computed by evaluating each right-hand side once. a

Before going further we consider the special case that no player has a choice.

Lemmad. Let G = (V,,,Vr, E, 1) be a parity game where only one move is possible
for every position, i.e., |{v}E| = 1 for every v € V., U VA. Let u* be the unique finite
solution of Eg|[—m,m]- Then p*(x,) > 0 iff v is a V-winning position.

Proof. Since the winning regions partition the set of positions, we only have to show
that p*(x,) > 0 for every V-winning position v. Let v be a V-winning position. Let

w:vi.....v;cl.(vl.....vk)w

denote the only game which can be played on G starting at v. We can assume that
Vi, ..., Vs, V1, ..., v are pair-wise distinct. Then k + k' < n and k > 1. Since w is
won by the V-player, the highest rank h which occurs in r(v1),...,r(vg) is odd. Thus
dn > 0. Let j be the smallest j € {1,...,k} with r(v;) = h. The system Eg|[—m,m
contains the equations

X,

i

= X4 1) mod & +0rwy AmV —m, i=1,... k.

Thus, since Zle Or(vy) = On — (k= 1)[0p—1] > 0, it follows that *(x,,) = m.
Since Ziil 5T(v;) + 23;11 5r(v¢) < (TL — 1)|5d| = (n — l)nd < nd+tl — m, we get
w (%1 ) > 0. O

We establish a one-to-one correspondence between positional strategies for G and
strategies for £g. For a positional V-strategy oy (resp. A-strategy o) for GG, we write
m(oy) (resp. w(op)) for the V-strategy (resp. A-strategy) for £ which corresponds to
ov (resp. o). More precisely, the V-strategy (o) is defined by

(o) (Xe, V- -V Xy, ) =%y, for {v}E ={v,...,v} and oy (v) = v;.

The A-strategy 7(o ) is defined analogously. Since the mapping 7 is one-to-one, the
inverse 7! exists which maps strategies for £ to positional strategies for G. By con-
struction, £q(») = Eq(m(0)) and thus Eq ()| [—m,m] = Ea(T(0))|[=m,m] for every
V-strategy (resp. A-strategy) o for G.

Let 1* denote the unique solution of Eg|(_, ). By Lemma ?? we can compute a
V-strategy 7y for £g such that p* is the unique solution of Eg (v )|[—sm,m]. The next
Lemma in particular states that 7= (7)) is a V-winning strategy for G.



Lemma 5. Let G = (V,, Vi, E, r) be a parity game. Let 11* be the unique solution of
Ecl{=m,m)- Then p*(x,) > 0 (resp. ju*(x,) < 0) iff v is a V-winning (resp. \-winning)
position. Moreover, winning strategies for both players can be computed from p* in time
O(|E|). More precisely, if wy (resp. wp) is a \V-strategy (resp. N-strategy) for Eg such
that (1* is the unique solution of Ec(my)||—m.,m) (resp. EG(Tp)|[—m,m)) then w1 (my)
(resp. 7= 1(mp)) is V-winning (resp. \-winning).

Proof. We only show the statement for the V-player. The statement for the A-player
can be shown dually. Let W denote the V-winning region in G. Let X\, (resp. X»)
denote the set of V-strategies (resp. A-strategies) for GG. Given some o, € X\, and
some o € Xa, we write W, (resp. Wy, ) for the VV-winning region in G (o) (resp.
G(ov)(op)). Let IT, (resp. I15) denote the set of V-strategies (resp. A-strategies) for
Ea. Given some m, € Il and some w5 € II\, we write i, (r€sp. fin,x,) for the
unique solution of £ (v )|[—m,m] (tesp. Eg(Tv)(TA)|[=m,m))- Lemma ?? implies

Woyon =10 €V | lin(ou)r(on)(Xs) > 0} forall oy € X\ andallop € Xa.  (2)

Let us fix some oy, € X\,. Lemma ?? implies that there exists some w5 € Il such

that fir(oy)mn = Hr(oy)- Let 0 € Xn. We have fir (o )n(or) = Hr(oy) = Ha(oy)mn-
Thus (??) implies Wo., 51 2 W5 x-1(x,)- Since o'\ was chosen arbitrarily, we have
W, = Wo, x-1(x,)- Since oy was also chosen arbitrarily, (??) implies

WU\/ = {’U ev | M'fr(o-v)(xv) > 0} for all oy € E\/. (3)

Lemma ?? implies that there exists some 7, € IIy such that p,, = pu*. Let o\, € X\,.
We have fir(,0) < p* = fir,. Thus (2?) implies W, C Wi -1(,,). Since o{, was
chosen arbitrarily, we have W = W -1, y which means that 7~ 1(my) is a V-winning
strategy in G. Using (??) we get W = {v € V | pu*(x,) > 0}. The complexity
statement is obvious. O

Example 4. Consider again example ?? and example ??. Positions ¢, d and h are V-
winning positions, since p*(x.), 1*(xq), u*(xn) > 0. Conversely, a,b, e, f, g are A-
winning positions, since p*(xq), u*(xp), ¥ (xe), p*(x5), p*(x4) < 0. A V-strategy
my for Eg such that p* is the unique solution of Eg (v )|[—m,m) is given by

v (Xe VXfp) = Xy mv(Xg V Xp) = Xp,.
Thus 0 := 7~ !(my), givenby o(a) = f,o(c) = h,o(d) = h is V-winning. O
Thus we get the main result for this section as a corollary of Lemma ??.

Theorem 1. The problem of computing winning regions for parity games is P-time
reducible to solving systems of integer equations. a
4 From Systems of Integer Equations to Interval Analysis

We now reduce solving systems of integer equations to precise interval analysis for
affine programs (cf. e.g. [?]). Let Z denote the set of closed intervals in Z, i.e.,

IT={0}uU{[a,b] CZ|a,b€Zandoo >a <b>—ox}.



LetB:= {1 x--xI,| L €ZT,i=1,...,n} C 22" (B,C)is a complete lattice.
Elements from B3 are called boxes. We define o : 22" — B by

a(X):ﬂBeB’B;XBEB, X Cczr.

The box «(X) is the smallest box which is a super-set of X.

Subsequently we discuss affine programs. Let us fix a set Xp = {x1,...,x,} of
program variables.Then a state in the concrete semantics which assigns values to the
variables is conveniently modeled by a vector x = (z1,...,2,) € Z™; x; is the value
assigned to variable x;. Note that we distinguish variables and their values by using a
different font. In this paper, we only consider statements of the following forms:

1) xj:=a+> " a; X% 2 a+Xi,a-%x>0

where a, a1, ...,a, € Z. We use an abstract fixpoint semantics which associates a box
B =1 x--- x I, € Bto each program point. Each statement s € Stmt induces a
transformation [s] : B — B, given by

[xj :=a+>" a;-x]B=a({(z1,....0j_1,0+ > | Qi Ti, Tjg1,...,Tp)
| (z1,...,2,) € B})

Ha+2?:1alxl>0ﬂ3:a({(xlv71777) €B|Q+ZZ;1CL7I1 ZO})

where B € B. We emphasize that [s] is the best abstract transformer w.r.t. the natural
concrete semantics (cf. [?]). The branching of an affine program is non-deterministic.
Formally, an affine program is given by a control flow graph P = (N, T, st) that con-
sists of a set IV of program points, aset T C N xStmtx N of (control flow) edges and a
special start point st € N. Then, the abstract fixpoint semantics V' of P is characterized
as the least solution of the following system of constraints:

(1) Vst 22" (2) V[v] 2 [s](V[u]) foreach (u,s,v) €T

where the variables V[v], v € N take values in B. We denote the components of the
abstract fixpoint semantics V' by V[v] for v € N. We emphasize that we focus on
precise interval analysis which means that it is not sufficient to compute a small solution
of the above constraint system. We in fact want to compute the least solution.

Assume that £ denotes a system of integer equations. In place of £ we consider a
system C of integer constraints where each constraint is of one of the following forms

(1) x>c¢ (2) xZaJer:laioxi (3) x>x1 AX2

where ¢ € Z \ {—o0}, a,a1,...,ar > 0, X,X;,Xy are variables. This can be done
w.o.l.g. since, for every system £ of integer equations, we can compute a system C of
integer constraints of the above form whose least solution gives us the least solution
of £ in linear time. Furthermore, we assume w.l.0.g. that, for every variable x, there
exists exactly one constraint of the form (1). This can be done w.o.l.g., since we can
identify the set of variables x with p*(x) = —oo in time O(n - |£|). We can remove
these variables and obtain a system whose least solution maps every variable to a value



strictly greater than —oo. Additionally, we can compute a lower bound c¢x € Z for
each variable x, i.e. u*(x) > cx, in time O(n - |€|) by performing n lock-step fixpoint
computation steps.

We construct the affine program P = (N,T,st) as follows. Let {x1,...,X,}
denote the set of variables used in C. We choose

N :={st,ui,...,un} U{vg, x, | X; > Xp, AXp, is a constraint of C}

as the set of program points and identify st with uy. We construct the set 7" of control-
flow edges as follows. For every constraint x; > ¢ of C we add the control-flow edge

(uj—1,¢—x; > 0,u;).
For every constraint x; > a + ZL a; - Xi, of C we add the control-flow edge
(Un,Xj = a4+ >, a; - X, Unp).
For every constraint x; > xj, A Xy, of C we add the control-flow edges
(Uny Xj 1= Xky, Uy ky) AN (Vky kgs Kby — X5 > 0, 1p,).

Then we can obtain the least solution of C from the abstract fixpoint semantics V' of P:

Lemma 6. Let pi* denote the least solution of C and (I, . ..,I,) := V{uy,]. Then, for
everyi=1,...,n, u*(x;) equals the upper bound of the interval T;. a

Example 5. Consider the following system & of integer constraints:
X1:O\/X3+1 X2:10 X3 = X1 N\ X2

By performing 3 rounds of lock-step fixpoint iteration we get that the value of the
variable x3 is as least 0. Thus, in place of £, we consider the following system C of
integer constraints. £ and C have the same least solution.

x120 X12X3+1 X2210 X320 X3ZX1/\X2

The least solution p* of £ is given by p*(x1) = 11, p*(x2) = 10, u*(x3) = 10. Figure
?? (b) shows the corresponding affine program FP¢. Let V' denote the abstract fixpoint
semantics of Pe. Then Vug] = [—00, 11] X [—00, 10] X [0, 10]. O

Combining Theorem ?? and Lemma ?? we get our lower bound result:

Theorem 2. The problem of computing winning regions of parity games is P-time re-
ducible to precise interval analysis for affine programs. a

5 Solving Integer Equations

In this section we present a simplified method for computing least solutions of systems
of integer equations. As the algorithm in [?], our new algorithm essentially iterates



over suitable V-strategies where, for each attained strategy, we determine the greatest
solution of the corresponding conjunctive system. Our key contribution is to show that
this idea also works, if instrumentation of the underlying lattice as in [?] is abandoned.

Assume that p* denotes the least solution of the system £ of integer equations.
A V-strategy improvement operator Py is a function which maps a pair (7, i) to an
improved V-strategy 7' := P, (m, u), where 7 is a V-strategy for £ and p < p* is a
pre-solution of £ and the following holds:

{er,m(e1 Vea))}if [er]p > [e2] p
7' # 7 whenever u < p* and 7'(e1 V e2) € { {ea, w(er Vea))}if [er]p < [e2]p

{7T(61 \Y 62)} lf Hel]]ﬂ/ = [[62]],[14
If not further specified P, means any V-strategy improvement operator. We define the
V-strategy improvement operator Py*/“" by

el if [e1]p > [e2]p
PG (mr,u)(e1 Vea) = < ea if [er]ue < [e2]lp
m(erVez) if [er]p = [e2]p
where 7 is a V-strategy for £ and p < p* is a pre-solution of £. This is basically the
V-strategy improvement operator used in [?].

Assume that £ is a system of basic integer equations. We define the set D(E) of
derived constraints as the smallest set of constraints of the form x < e such that (1)
x < e € D(€) whenever x = e is an equation of £; and (2) x < ¢’ € D(E) whenever
x < e x' <€ € D) and €” is obtained from e by replacing x’ with e’. For
a system & of conjunctive equations we define the set D(E) of derived constraints by
D)=, isa A-strategy for & D(E(m)). Let £ be a system of conjunctive equations.
For every x < e € D(€) and every pre-solution x of £ we have [x]u < [e]u. A pre-
solution p of & is called (€-)feasible iff (1) e = —oo whenever x = e is an equation of
& with [e]p = —o0; and (2) [x]u = [e] e implies [x]u = oo for all derived constraints
x < e € D(E) where x occurs in e.

Example 6 (feasibility). There exists no feasible pre-solution of the system x; = x; A
10. Every variable assignment which maps x; to values between 1 and 10 is a feasible
pre-solution of the system x; = 2 - x3 A 10. O

Lemma 7. 1. Let £ be a conjunctive system of integer equations and p be a feasible
pre-solution of €. Every pre-solution ' > 1 of € is feasible.

2. Let &£ be a system of integer equations, ™ a \-strategy for &, | a feasible pre-

solution of E(m) and @' := P, (m, ). Then p is a feasible pre-solution of £(x'). O

Let £ be the system x; = e1,...,X, = e, and p* the least solution of £. Our strategy
improvement algorithm is given as algorithm ??. It starts with a V-strategy 7 for £ and
Seasible pre-solution @ < p* of E(m).

Algorithm 1 Computing Least Solutions of Systems of Integer Equations
T =T [ [
while (p is not a solution of &) {
m— Py (m,p); < least solution of £(m) that is greater than or equal to ;
}

return /;




By induction one can show that algorithm ?? returns the least solution p* of £ whenever
it terminates (cf. [?]). In order to obtain an upper bound to the number of iterations, we
first show that every system of conjunctive equations has at most one feasible solution.

Lemma 8. Assume that the greatest solution |1* of the system £ of conjunctive equa-
tions is feasible. Then 11* is the only feasible solution of &.

Proof. Assume that £ denotes the system x; = e;, ¢ = 1,...,n. We first prove the
statement for a system & of basic equations. Let X (€) denote the set of variables occur-
ring in right-hand sides of £. Let p be a feasible solution of £. We show by induction
on [X(&)| that u = p*. This is obviously fulfilled, if |[X(£)| = 0. Thus, consider an
equation x; = e; of £ where x; occurs in a right-hand side e; of £.

Assume that e; does not contain x;. We obtain a system &£’ from & by replacing all
occurrences of x; in right-hand sides with e;. Since D(E') C D(E), u, p* are feasible
solutions of &’. Since | X(€’)| = |X(€)| — 1, the induction hypothesis implies p = p*.

Assume now that e; contains x;. Since x; < e; € D(E) and p, u* are feasible
solutions we get [x;Ju = [x;]u* = oo. Thus u, pu* are solutions of the system &’
obtained from & by replacing the equation x; = e; with x; = oo and then replacing all
occurrences of the variable x; in right-hand sides with oo. Since D(E’) C D(E), p, p*
are feasible solutions of £’. Since |X(€’)] = |X(€)| — 1, the induction hypothesis
implies © = p*. Thus the statement holds for systems of basic equations.

Now assume that £ is a system of conjunctive equations. In order to derive a con-
tradiction, assume that ;1 < p* is a feasible solution of £. Then p is a feasible solution
of £(r) for some A-strategy . Thus p is the greatest solution of £(r). The greatest
solution of £(m) is greater than or equal to u*. Thus, p > p* — contradiction. a

Consider algorithm ??. Let 7; be the V-strategy 7 after the execution of the first state-
ment in the j-th iteration. Let y; be the variable assignment  at this point and u;- the
variable assignment y after the j-th iteration. The sequence (//7) is strictly increasing
until the least solution is reached. Lemma ?? implies that, for every j, u; and u;- isa
feasible pre-solution of £(;). Thus, Lemma ?? implies that 1/ is the greatest solution
of £(m;). This has two important consequences. The first consequence is that, since
&(m;) is a system of conjunctive equations, the greatest solution ;L;- can be computed in
time O(|X¢|-|€|) using Bellman-Ford’s algorithm (cf. [?]). The second consequence is
that every strategy 7; is considered at most once. Otherwise, there exist j/ > j such that
mj = m; implying that u’, = p’; which is a contradiction to the fact that (x}) is strictly
increasing. Thus, the number of iterations is bounded by the number of V-strategies.

In order to give a precise characterization of the run-time, let I7(m) denote the max-
imal number of updates of strategies necessary for a system with m V-subexpressions.
Thereby we assume that 7 and 7z are given. I7(m) is trivially bounded by 2.

Until now we have assumed that we have a V-strategy 7 and a feasible pre-solution
7 < p* of £(7) at hand. In order to lift this restriction, we consider £Y~°° in place of
& which we define to be the system x; = e; V —00,...,X, = e, V —oco. Then we
can choose 7 to be the V-strategy which maps every top-level V-expression e; V —oo
of £Y7°° to —co. Accordingly, we choose Ji to be the variable assignment which maps
every variable to —oc. Then w < p1* is a feasible solution of £Y~>° (7).

We now show that the number of updates of strategies necessary for computing the
least solution of £Y~°° is n + II(m) although | M (EV~°°)| = m + n. We have:



Lemma9. p) (x;) = —oc0 iff p*(x;) = —ocofori=1,...,n. O

Leti € {1,...,n}. Lemma ?? implies p*(x;) > pj(x;) = —oc for all j > n iff
fin, (X;) = —oo Since pif; is a feasible solution of £(7;), we get mj(e; V —00) = mp(e; V
—o0) for all j > n. Thus, after n iterations we can consider the following iterations
as iterations for the system obtained by replacing every right-hand side e; V —oo with
mn(e; V —00). This system has m V-expressions. Thus, the number of iterations is
bounded by n + II(m). Summarizing, we have:

Theorem 3. The least solution of a system £ of integer equations can be computed in
time O(|Xe| - €] - (| M(E)))). 0

In contrast to the algorithm presented in [?], our new algorithm no longer relies on an
instrumentation of the underlying lattice. For systems of simple integer equations we
can improve on the number of iteration, if we use a different improvement operator.

Assume now that & is a system of simple integer equations. We now also consider
partial V-strategies T, i.e., the domain dom(r) of a partial V-strategy 7 is a subset of
M (E). Then we set

n__ J(m(eve))r ifeve € dom(r)
(eve)ﬂ_{eﬂ\/e’ﬂ ifeve ¢ dom(r).

Let M C M(&). We define the V-strategy improvement operator P} by

P (m,p) = P, ) [ Un e i P (0, ) [ # 7|
4 ’ P\?ager(ﬁ’ ‘u) if P\iager(,/_r’ /14)|M _ ’/T|M.

Intuitively, P} first tries to improve at \V-expressions from M. Only if such an im-
provement is not possible, V-expressions from M (€) \ M are considered.

Assume that £ is a system of conjunctive simple equations. All derived constraints
in D(&) can be rewritten to the form x < y+a or x < ¢ where x, y are variables, a € Z
and ¢ € Z. We call & feasible iff a > 0 for all derived constraints x < x 4+ a € D(&)
and x < —oo € D(€) implies that x = —co is an equation of £. The greatest solution
' of a feasible system & of simple conjunctive equations is feasible.

Assume now that £ denotes a system of simple integer equations with least solution
pw*. A V-strategy 7 for & is called feasible iff £(m) is feasible. Similar to Lemma ??
it can be shown that algorithm ?? considers feasible strategies, only. For systems of
simple equations we have the following property:

Lemma 10. Let £ be the system x1 = e1,...,X, = e, of simple integer equations
and p a solution of £. Assume that 7 is a feasible V-strategy with e;m = —oo whenever
pu(x;) = —oco fori=1,...,n. Let pu, be the greatest solution of € (). Then pir < pu.

Proof. Note that p, is a feasible solution of £(7) and p is a post-solution of &(r).
Let (9 := p and, for j € N, let £U*Y be defined by UtV (x;) = [e;n]ut). Then
1= Njen, p9) < i is a solution of £(7) and, since a > 0 for all derived constraints
x <x+a € DE(n)), u'(x;) = —oc implies p(x;) = —oo which implies e;m = —oc0
fori=1,...,n. Thus, ' is a feasible solution of £(7). Since, by Lemma ??, p1, = p’,
we get 1’ < p. O



Consider the sequences (1), (1) and (7;) which we obtain from algorithm ?? using
the V-strategy improvement operator P} . We show that there do not exist indexes
J < k with j > n such that 7Tk|M(£)\M = 7Tj|M(5)\JVI =+ 7Tj+1|M(5)\M (*) In order to
derive a contradiction, assume the opposite. By the definition of P}, ,u; is a solution
of & := E(mj|pr(ey\ar)- Furthermore, pj is the greatest solution of the feasible system
E(mi) = E(mi|menar)(mrlm) = E(milarennr) (Tl ar) = E'(mklar). Since k > j >

n, we have e;m), = —oo whenever (i, (x;) = —oc. Thus we can apply Lemma ?? which
implies that i < p”;. This contradicts the fact that (u) is strictly ascending.
We use the V-improvement operator Péw“(g), ie, M = M.E). The V-

improvement operator Péw”(g) first tries to improve at expressions e V e/ € M.(€)
and only if this is not possible it tries to improve at expressions e V ¢/ € M, ().
For M C M(E), we call j an update index on M iff wj1|pr # 7;|as. Assume that
eVe' € M,(E) where w.lo.g. € is a constant expression. Then, since y; is ascending,
if there is a k such that 74 (e V €') = e, then mj(e V €’) = e for all j > k. Thus, there
are at most | M (€)| update indexes on M. (&) (xx).

Let j; denote the sequence of update indexes on M, (€). By (x), these are at most
2|Mne ()l Between two update on M, (E) there must be updates on M, (E). By (x*)
the overall number of updates on M. (€) is bounded by [M.(£)|,i.e., >, jir1—Ji—1 <
| M (&)|. Thus, the number of strategies is bounded by 2/M»(£)l 4 | M1, (£)|. We denote
the maximal number of updates of strategies on M,,.(€) necessary for solving a simple
system & by IT,(|M,.(E)|). We obtain:

Theorem 4. The least solution of a system E of simple integer equations can be com-
puted in time O(|X¢| - |E| - (Is(|Mpe(E)]) + |M(E)))). O

The practical run-time of our algorithm is quite comparable to the discrete strat-
egy improvement algorithm by Voge and Jurdziski [?]. The number I75(|M.,.(E)|))
corresponds to the number of strategy improvements for the parity game. For each
improvement-step, we need O(n - |£g|[—m,m]|) operations where arithmetic operations
are on numbers of size O(d - logn). The improvement-step of the discrete strategy
improvement algorithm by Vége and Jurdzifiski [?] uses also O(n - |EG |[—m,m]|) oper-
ations — but arithmetic operations are just on numbers of size O(logn).

6 Conclusion

By encoding parity games into integer equations, we have provided a lower complexity
bound for precise interval analysis of affine programs. Additionally, we provided a sim-
plified version of the algorithm in [?] for solving integer equations. As in the algorithm
of [?] for rational equations, the new version for integers avoids the instrumentation
of the underlying lattice. The restriction to integers, on the other hand also allowed to
improve on the complicated treatment of conjunctive systems in [?] for rationals.

The methods which we have presented here, can be applied to simplify the algo-
rithm for interval equations from [?] where also multiplication of arbitrary interval ex-
pressions is allowed. By modifying the strategy improvement operator, we also have
obtained an algoithm for simple integer equations where for the complexity estima-
tion only non-constant maxima must be taken into account. By our encoding of parity



games into integer systems, we thus obtain a simple but efficient strategy improvement
algorithm for computing winning regions and winning strategies of parity games.
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