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Abstract

We consider concurrent games played on graphs. At
every round of a game, each player simultaneously and
independently selects a move; the moves jointly deter-
mine the transition to a successor state. Two basic ob-
jectives are the safety objective to stay forever in a given
set of states, and its dual, the reachability objective to
reach a given set of states. We present in this paper
a strategy improvement algorithm for computing the
value of a concurrent safety game, that is, the maximal
probability with which player 1 can enforce the safety
objective. The algorithm yields a sequence of player-
1 strategies which ensure probabilities of winning that
converge monotonically to the value of the safety game.

Our result is significant because the strategy im-
provement algorithm provides, for the first time, a way
to approximate the value of a concurrent safety game
from below. Since a value iteration algorithm, or a
strategy improvement algorithm for reachability games,
can be used to approximate the same value from above,
the combination of both algorithms yields a method for
computing a converging sequence of upper and lower
bounds for the values of concurrent reachability and
safety games. Previous methods could approximate the
values of these games only from one direction, and as
no rates of convergence are known, they did not provide
a practical way to solve these games.

" *A fuller version of the paper with proofs available at [3].
TCE, UC Santa Cruz, email: c_krish@eecs.berkeley.edu.
tCE, UC Santa Cruz, email: luca@soe.ucsc.edu.
SEECS, UC Berkeley, and EPFL, Switzerland,

tahQeecs.berkeley.edu.

email:

197

Luca de Alfaro*

Thomas A. Henzinger®

1 Introduction

We consider games played between two players on
graphs. At every round of the game, each of the two
players selects a move; the moves of the players then
determine the transition to the successor state. A
play of the game gives rise to a path in the graph.
We consider the two basic objectives for the players:
reachability and safety. The reachability goal asks
player 1 to reach a given set of target states or, if
randomization is needed to play the game, to maximize
the probability of reaching the target set. The safety
goal asks player 2 to ensure that a given set of safe
states is never left or, if randomization is required, to
minimize the probability of leaving the safe set. The
two objectives are dual, and the games are determined:
the maximal probability with which player 1 can reach
the target set is equal to one minus the maximal
probability with which player 2 can confine the game
to the complement of the target set [15].

These games on graphs can be divided into two
classes: turn-based and concurrent. In turn-based
games, only one player has a choice of moves at each
state; in concurrent games, at each state both players
choose a move, simultaneously and independently, from
a set of available moves. For turn-based games, the
solution of games with reachability and safety objectives
has long been known. If each move determines a unique
successor state, then the games are PTIME-complete
and can be solved in linear time in the size of the
game graph. If, more generally, each move determines
a probability distribution on possible successor states,
then the problem of deciding whether a turn-based
game can be won with probability greater than a
given threshold p € [0,1] is in NP N co-NP [5], and
the exact value of the game can be computed by a
strategy improvement algorithm [6], which works well
in practice. These results all depend on the fact that in
turn-based reachability and safety games, both players
have optimal deterministic (i.e., no randomization is
required), memoryless strategies. These strategies are
functions from states to moves, so they are finite in
number, and this guarantees the termination of the
strategy improvement algorithm.
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The situation is very different for concurrent games,
where randomization is required even in the special
case in which the transition function is deterministic.
The player-1 value of the game is defined, as usual, as
the sup-inf value: the supremum, over all strategies of
player 1, of the infimum, over all strategies of player 2,
of the probability of achieving the reachability or safety
goal. In concurrent reachability games, player 1 is guar-
anteed only the existence of e-optimal strategies, which
ensure that the value of the game is achieved within a
specified tolerance ¢ > 0 [14]. Moreover, while these
strategies (which depend on €) are memoryless, in gen-
eral they require randomization [8]. For player 2 (the
safety player), optimal memoryless strategies exist [9],
which again require randomization. All of these strate-
gies are functions from states to probability distribu-
tions on moves. The question of deciding whether a
concurrent reachability or safety game has a value at
least p € [0,1] is in PSPACE; this is shown by reduc-
tion to the theory of the real-closed fields [11], but no
practical algorithms were known.

To summarize: while practical strategy improve-
ment algorithms are available for turn-based reachabil-
ity and safety games, so far no practical algorithms or
even approximation schemes were known for concurrent
games. If one wanted to compute the value of a con-
current game within a specified tolerance € > 0, one
was reduced to using a binary search algorithm that
approximates the value by iterating queries in the the-
ory of the real-closed fields. Strategy improvement and
value iteration schemes were known for such games, but
they could be used to approximate the value from one
direction only, for reachability goals from below, and for
safety goals from above [9, 2]. Neither scheme is guar-
anteed to terminate. Worse, since no convergence rates
are known for these schemes, they provide no termina-
tion criteria for approximating a value within e.

In this paper, we present for the first time a strategy
improvement scheme that approximates the value of a
concurrent safety game from below. Strategy improve-
ment algorithms are generally practical, and together
with the known strategy improvement scheme, or the
value iteration scheme, to approximate the value of such
a game from above, we obtain a termination criterion
for computing the value of concurrent reachability and
safety games within any given tolerance € > 0.

Several difficulties had to be overcome in developing
our scheme. First, while the strategy improvement
algorithm that approximates reachability values from
below [2] is based on locally improving a strategy on the
basis of the valuation it yields, this approach does not
suffice for approximating safety values from below: we
would obtain an increasing sequence of values, but they
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would not necessarily converge to the value of the game
(see Example 1). Rather, we introduce a novel, non-
local improvement step, which augments the standard
valuation-based improvement step. Each non-local step
involves the solution of an appropriately constructed
turn-based game. Second, as value iteration for safety
objectives converges from above, while our sequences
of strategies yield values that converge from below, the
proof of convergence for our algorithm cannot be derived
from a connection with value iteration, as was the case
for reachability objectives. We had to develop new
proof techniques both to show the monotonicity of the
strategy values produced by our algorithm, and to show
their convergence to the value of the game.

We also present a detailed analysis of termination
criteria for turn-based stochastic games. Our analysis
is based on (a) the strategy improvement algorithm
for reachability games, and (b) on the bound of the
precision of values for turn-based stochastic games. As
a consequence of our analysis, we obtain an improved
upper bound for termination for turn-based stochastic
games.

2 Definitions

Notation. For a countable set A, a probability distri-
bution on A is a function 6 : A — [0,1] such that
Y wcad(a) = 1. We denote the set of probability distri-
butions on A by D(A). Given a distribution § € D(A),
we denote by Supp(0) = {x € A | §(x) > 0} the support
set of 9.

DEFINITION 1. (CONCURRENT GAMES) A (two-
player) concurrent game structure G = (S, M,T'1, T, 6)
consists of the following components:

e A finite state space S and a finite set M of moves
or actions.

e Two move assignments I';,'y: S — 2™\ (). For
i € {1,2}, assignment I'; associates with each state
s € S anonempty set I';(s) € M of moves available
to player i at state s.

e A probabilistic transition function § : Sx M x M —
D(S) that gives the probability (s, a1, az2)(t) of a
transition from s to t when player 1 chooses at state
s move a; and player 2 chooses move as, for all
s,t € S and a1 € I'1(s), ag € T'y(s).

We denote by |6| the size of transition function,
e, [0] = 2 csaers(s)bers(s)tes [6(s,a,b)(t)|, where
|0(s,a,b)(t)| is the number of bits required to specify
the transition probability d(s,a,b)(t). We denote by
|G| the size of the game graph, and |G| = |§] + |S|. At
every state s € S, player 1 chooses a move a; € T'1(s),
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and simultaneously and independently player 2 chooses
a move ag € I'z(s). The game then proceeds to the
successor state t with probability d(s, a1, a2)(t), for all
t € S. A state sis an absorbing state if for all ay € T'1(s)
and ag € T'y(s), we have §(s,a1,a2)(s) = 1. In other
words, at an absorbing state s for all choices of moves
of the two players, the successor state is always s.

DEFINITION 2. (TURN-BASED STOCHASTIC GAMES) A
turn-based stochastic game graph (21/a-player game
graph) G = ((S, E), (S1,52,Sr),d) consists of a finite
directed graph (S, E), a partition (S1, S2, Sg) of the
finite set S of states, and a probabilistic transition func-
tion 0: Sg — D(S), where D(S) denotes the set of prob-
ability distributions over the state space S. The states
in S; are the player-1 states, where player 1 decides
the successor state; the states in Sy are the player-2
states, where player 2 decides the successor state; and
the states in S are the random or probabilistic states,
where the successor state is chosen according to the
probabilistic transition function §. We assume that for
s€ Sgandt e S, we have (s,t) € E iff 6(s)(¢t) > 0, and
we often write (s, t) for d(s)(t). For technical conve-
nience we assume that every state in the graph (S, E)
has at least one outgoing edge. For a state s € S, we
write E(s) to denote the set {¢t € S | (s,t) € E} of possi-
ble successors. We denote by || the size of the transition
function, ie., 6] = > g, 1es10(s)(t)], where |5(s)(?)]
is the number of bits required to specify the transition
probability d(s)(t). We denote by |G| the size of the
game graph, and |G| = |§] + |S| + | E|.

Plays. A play w of G is an infinite sequence w =
(S0, 51, S2, .. .) of states in S such that for all & > 0,
there are moves af € Ty(s) and af € Ta(sy) with
§(sk,ak,ab)(sk11) > 0. We denote by € the set of all
plays, and by € the set of all plays w = (sq, s1, S2,. . .)
such that sy = s, that is, the set of plays starting from
state s.

Selectors and strategies. A selector & for player i €
{1,2} is a function & : S — D(M) such that for all
states s € S and moves a € M, if £(s)(a) > 0, then
a € Ti(s). A selector £ for player i at a state s is a
distribution over moves such that if £(s)(a) > 0, then
a € Ti(s). We denote by A; the set of all selectors
for player i € {1,2}, and similarly, we denote by A;(s)
the set of all selectors for player i at a state s. The
selector £ is pure if for every state s € S, there is
a move a € M such that £(s)(a) = 1. A strategy
for player i € {1,2} is a function 7 : ST — D(M)
that associates with every finite, nonempty sequence
of states, representing the history of the play so far,
a selector for player i; that is, for all w € S* and s € S,
we have Supp(m(w-s)) C T';(s). The strategy 7 is pure if
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it always chooses a pure selector; that is, for all w € ST,
there is a move a € M such that 7(w)(a) = 1. A
memoryless strategy is independent of the history of the
play and depends only on the current state. Memoryless
strategies correspond to selectors; we write & for the
memoryless strategy consisting in playing forever the
selector £. A strategy is pure memoryless if it is both
pure and memoryless. In a turn-based stochastic game,
a strategy for player 1 is a function 7 : S*- 51 — D(S),
such that for all w € S* and for all s € S; we have
Supp(m1(w-s)) C E(s). Memoryless strategies and pure
memoryless strategies are obtained as the restriction of
strategies as in the case of concurrent game graphs. The
family of strategies for player 2 are defined analogously.
We denote by 1I; and Il the sets of all strategies for
player 1 and player 2, respectively. We denote by IIM
and M the sets of memoryless strategies and pure
memoryless strategies for player i, respectively.

Destinations of moves and selectors. For all states s € S
and moves a; € T'1(s) and az € T'y(s), we indicate by
Dest(s,a1,a2) = Supp(6(s,a1,az)) the set of possible
successors of s when the moves a; and as are chosen.
Given a state s, and selectors & and & for the two
players, we denote by

Dest(s,&1,&) = Dest(s, a1, az)

U

a1 €Supp(€1(s)),
az€Supp(&2(s))

the set of possible successors of s with respect to the
selectors & and &.

Once a starting state s and strategies m; and mo
for the two players are fixed, the game is reduced to
an ordinary stochastic process. Hence, the probabilities
of events are uniquely defined, where an event A C
is a measurable set of plays. For an event A C ), we
denote by Pr7"™2(A) the probability that a play belongs
to A when the game starts from s and the players follow
the strategies m and me. Similarly, for a measurable
function f : Qs — IR, we denote by ET™2(f) the
expected value of f when the game starts from s and
the players follow the strategies m; and 7. For ¢ > 0,
we denote by ©; :  — S the random variable denoting
the i-th state along a play.

Valuations. A wvaluation is a mapping v : S — [0,1]
associating a real number v(s) € [0,1] with each state
s. Given two valuations v,w : S — IR, we write v < w
when v(s) < w(s) for all states s € S. For an event A,
we denote by Pr™™2(A) the valuation S — [0, 1] defined
for all states s € S by (Pr™72(A))(s) = PrIv™(A).
Similarly, for a measurable function f : Qs — [0, 1], we
denote by E™™2( f) the valuation S — [0, 1] defined for
all s € S by (E™™2(f))(s) = ETvm2(f).
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Reachability and safety objectives. Given a set F' C .S
of safe states, the objective of a safety game consists
in never leaving F. Therefore, we define the set of
winning plays as the set Safe(F') = {(so, 51, $2,...) € Q|
s € F for all k > 0}. Given a subset T C S of target
states, the objective of a reachability game consists in
reaching T'. Correspondingly, the set winning plays is
Reach(T") = {(so, 51, 52,...) € Q| s € T for some k >
0} of plays that visit T. For all F C S and T'C S, the
sets Safe(F') and Reach(T) is measurable. An objective
in general is a measurable set, and in this paper we
would consider only reachability and safety objectives.
For an objective ®, the probability of satisfying ® from
a state s € S under strategies m; and mo for players 1
and 2, respectively, is P72 (®). We define the value
for player 1 of game with objective ® from the state s €
S as: (I)val(®)(s) = sup,, eqy, infr,erm, Prit™(®); ie.,
the value is the maximal probability with which player 1
can guarantee the satisfaction of ® against all player 2
strategies. Given a player-1 strategy m;, we use the
notation (1))7),(®)(s) = infr,cm, Pr;"™ (®). A strategy
m for player 1 is optimal for an objective ® if for all
states s € S, we have (1))72(®)(s) = {(1)vai(®)(s). For
e > 0, a strategy m; for player 1 is e-optimal if for all
states s € S, we have (1)7(®)(s) > {(L)vai(®)(s) —
€. The notion of values and optimal strategies for
player 2 are defined analogously. Reachability and
safety objectives are dual, i.e., we have Reach(T) =
Q\ Safe(S \ T'). The quantitative determinacy result
of [15] ensures that for all states s € S, we have

{(Uhval (Safe(F))(s) + (2)vai(Reach(S\ F))(s) = 1.

THEOREM 2.1. (MEMORYLESS DETERMINACY) For all
concurrent game graphs G, for all F C S and all T C S,
if F=S\T, then the following assertions hold.

1. [12] Memoryless optimal strategies exist for the
safety objective Safe(F).

2. [2, 11] For all € > 0, memoryless e-optimal strate-
gies exist for the reachability objectives Reach(T).

3. [5] If G is a turn-based stochastic game graph,
then pure memoryless optimal strategies exist for
the reachability objective Reach(T) and the safety
objectives Safe(F).

3 Markov Decision Processes

We present some facts about one-player versions of
concurrent stochastic games, known as Markov decision
processes (MDPs) [10, 1]. For ¢ € {1,2}, a player-i
MDP (for short, i-MDP) is a concurrent game where,
for all states s € S, we have |[I's_;(s)] = 1. Given a
concurrent game G, if we fix a memoryless strategy
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corresponding to selector &; for player 1, the game is
equivalent to a 2-MDP G¢, with the transition function
er (5,02) (1) = S, ey (o) 05 a1, 42) ()1 () (a1 ), for all
s € S and az € Ta(s). Similarly, if we fix selectors
& and & for both players in a concurrent game G, we
obtain a Markov chain, which we denote by G¢, ¢,.

MDPs with reachability objectives. Given a
2-MDP with a reachability objective Reach(T') for
player 2, where T' C S, the values can be obtained as the
solution of a linear program [12]. The linear program
has a variable x(s) for all states s € S. The objective
function is min ) __g x(s) subject to the following con-
straints:

x(s) > Zm(t) -0(s,a9)(t) forall se S andas € I'y(s)
tes
z(s)=1 forall seT

0<z(s)<1 forall s€S

The correctness of the above linear program to compute
the values follows from [10, 12].

4 Strategy Improvement for Safety Games

In this section we present a strategy improvement
algorithm for concurrent games with safety objectives.
The algorithm will produce a sequence of selectors
Y0, Y1, V2, - - - for player 1, such that:

L for all i > 0, we have (1)J(Safe(F)) <
(D)oar™ (Safe(F));

val
2. if tliere is ¢ > 0 such that v = <41, then
(1) ga(Safe(F)) = (1))val(Safe(F)); and

val

3. limi oo (1) (Safe(F)) = (1) (Safe(F)).

Condition 1 guarantees that the algorithm computes a
sequence of monotonically improving selectors. Condi-
tion 2 guarantees that if a selector cannot be improved,
then it is optimal. Condition 3 guarantees that the value
guaranteed by the selectors converges to the value of the
game, or equivalently, that for all € > 0, there is a num-
ber i of iterations such that the memoryless player-1
strategy 7, is e-optimal. Note that for concurrent safety
games, there may be no ¢ > 0 such that v; = 7,41, that
is, the algorithm may fail to generate an optimal selec-
tor. This is because there are concurrent safety games
such that the values are irrational [9]. We start with a
few notations

The Pre operator and optimal selectors. Given a
valuation v, and two selectors £ € A; and & € Ao,
we define the valuations Preg, ¢,(v), Preig, (v), and
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Preq(v) as follows, for all states s € S:

Preg, &(v)(s)

Z
lnf Preﬁhﬁz( )( )

Press (016

Prei(v)(s) = sup inf Preg ¢, (v)(s)
Eren; 2642

6(s,a,b)(t) - E1(s)(a) - €2(s)(b)

mM

Intuitively, Pre;(v)(s) is the greatest expectation of v
that player 1 can guarantee at a successor state of s.
Also note that given a valuation v, the computation of
Preq(v) reduces to the solution of a zero-sum one-shot
matrix game, and can be solved by linear programming.
Similarly, Pres.e, (v)(s) is the greatest expectation of v
that player 1 can guarantee at a successor state of s by
playing the selector &;. Note that all of these operators
on valuations are monotonic: for two valuations v, w,
if v < w, then for all selectors & € A; and & €
Ao, we have Preg, ¢,(v) < Preg, ¢, (w), Prere, (v) <
Prey.e, (w), and Pre;(v) < Prej(w). Given a valuation
v and a state s, we define by OptSel(v,s) = {& €
Ai(s) | Preig, (v)(s) = Prei(v)(s)} the set of optimal
selectors for v at state s. For an optimal selector
&1 € OptSel(v, s), we define the set of counter-optimal
actions as follows: CountOpt(v,s,&) = {b € T'y(s) |
Preg, p(v)(s) = Prei(v)(s)}. Observe that for & €
OptSel(v, s), for all b € T'a(s) \ CountOpt(v,s,&1) we
have Preg, »(v)(s) > Prei(v)(s). We define the set of
optimal selector support and the counter-optimal action
set as follows:

OptSelCount(v, )

= {(A,B) CT1(s) x T'a(s) | 3&1 € Aa(s).
& € OptSel(v,s) A Supp(&) =
A CountOpt(v, s,&1) = B};

i.e., it consists of pairs (A, B) of actions of player 1 and
player 2, such that there is an optimal selector & with
support A, and B is the set of counter-optimal actions
to 51.

Turn-based reduction. Given a concurrent

game G (S,M,T'1,T2,6) and a valuation v

we construct a turn-based stochastic game G,
0) as follows:

<(§7 F)a (EI;EQ;ER% 0

1. The set of states is as follows:

S=Su
{(s;A,B) |s€ S5, (4
{(s,A,b) | s € S, (A

B) € OptSelCount(v, s)} U
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B) € OptSelCount(v, s),b € B}.

5

2. The state space partition is as follows: S =
S; S2 = {(s,4,B) | s € S(AB) €
OptSelCount(v,s)}; and Sg = S\ (S1 U Sa).

The set of edges is as follows:
E
={(s

U{((s,4,B),(s,A,b)) | b€ B}

U{((s,4,b),t) | t € | Dest(s,a,b)}.

acA

4. The transition function & for all states in Sp is
uniform over its successors.

Intuitively, the reduction is as follows. Given the
valuation v, state s is a player 1 state where player 1
can select a pair (A4, B) (and move to state (s, A, B))
with A C I'1(s) and B C I'y(s) such that there is an
optimal selector & with support exactly A and the set
of counter-optimal actions to & is the set B. From a
player 2 state (s, A, B), player 2 can choose any action
b from the set B, and move to state (s, A,b). A state
(s, A,b) is a probabilistic state where all the states
in J,c4 Dest(s,a,b) are chosen uniformly at random.
Given a set F' C S we denote by F = FU{(s,4,B) €
S|se Fu{(s,A,b) € S|s € F}. We refer to the
above reduction as TB, i.e., (G,, F) = TB(G,v, F).

Value class of a valuation. Given a valuation v and
areal 0 < r < 1, the value class U,.(v) of value r is
the set of states with valuation r, i.e., U,(v) = {s € S|

v(s) =7}

Ordering of strategies. We now define the notion of
ordering of strategies. Let G be a concurrent game and
F be the set of safe states. Let T = S\ F. Given
a concurrent game graph G with a safety objective
Safe(F), the set of almost-sure winning states is the
set of states s such that the value at s is 1, i.e.,

={s € S| {()va(Safe(F)) = 1} is the set of
almost-sure winning states. An optimal strategy from
W1 is referred as an almost-sure winning strategy. The
set Wi and an almost-sure winning strategy can be
computed in linear time by the algorithm given in [7].
We assume without loss of generality that all states in
W71 UT are absorbing. We define a preorder < on the
strategies for player 1 as follows: given two player 1
strategies m and 71, let m < 7 if the following two

T

conditions hold: (i) (1)} (Safe(F)) S{ (1)),a (Safe(F));

val
and (i) (1)7(Safe(F))(s) < (1) (Safe(F))(s) for

some state s € S. Furthermore, we write m = 7
if either m; < @} or m = mwj. We first present an

T
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Figure 1: A turn-based stochastic safety game.

example that shows the improvements based only on
Pre; operators are not sufficient for safety games, even
on turn-based games and then present our algorithm.

ExAMPLE 1. Consider the turn-based stochastic game
shown in Fig 1, where the O states are player 1
states, the & states are player 2 states, and () states
are random states with probabilities labeled on edges.
The safety goal is to avoid the state sg. Consider a
memoryless strategy m; for player 1 that chooses the
successor sg — Sz, and the counter-strategy o for
player 2 chooses s; — sg. Given the strategies m
and o, the value at sp,s1 and sy is 1/3, and since
all successors of sp have value 1/3, the value cannot
be improved by Pre;. However, note that if player 2
is restricted to choose only value optimal selectors for
the value 1/3, then player 1 can switch to the strategy
sop — s1 and ensure that the game stays in the value
class 1/3 with probability 1. Hence switching to so — s1
would force player 2 to select a counter-strategy that
switches to the strategy s; — s3, and thus player 1 can
get a value 2/3. 1

Informal description of Algorithm 1. We now
present the strategy improvement algorithm (Algo-
rithm 1) for computing the values for all states in S\ Wj.
The algorithm iteratively improves player-1 strategies
according to the preorder <. The algorithm starts with

the random selector vy = E?mf that plays at all states
all actions uniformly at random. At iteration ¢ + 1, the
algorithm considers the memoryless player-1 strategy 7,
and computes the value (1)) (Safe(F)). Observe that
since 7, is a memoryless strategy, the computation of

(1) (Safe(F)) involves solving the 2-MDP G,,. The

val
valuation (1)) (Safe(F)) is named v;. For all states
s such that Prej(v;)(s) > vi(s), the memoryless strat-
egy at s is modified to a selector that is value-optimal
for v;. The algorithm then proceeds to the next iter-
ation. If Pre;(v;) = v;, then the algorithm constructs
the game (G,,,F) = TB(G,v;, F), and computes A;
as the set of almost-sure winning states in G,, for the
objective Safe(F). Let U = (A; N .S)\ Wy. If U is non-
empty, then a selector ;41 is obtained at U from an
pure memoryless optimal strategy (i.e., an almost-sure
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winning strategy) in G,,, and the algorithm proceeds to
iteration i+1. If Prej(v;) = v; and U is empty, then the
algorithm stops and returns the memoryless strategy 7;
for player 1. Unlike strategy improvement algorithms
for turn-based games (see [6] for a survey), Algorithm 1
is not guaranteed to terminate, because the value of a
safety game may not be rational. Proofs omitted due to
lack of space are available in [3].

LEMMA 4.1. Let v; and v;+1 be the player-1 selectors
obtained at iterations i and i + 1 of Algorithm 1. Let
I={se S\(WLUT) | Prei(v;)(s) > wvi(s)}. Let

vi = ()3 (Safe(F)) and vier = (1) (Safe(F)).
Then vi41(s) > Prei(v;)(s) for all states s € S; and
therefore vi11(s) > wvi(s) for all states s € S, and
vi+1(8) > v;i(s) for all states s € I.

Recall that by Example 1 it follows that improve-
ment by only step 3.2 is not sufficient to guarantee con-
vergence to optimal values. Lemma 4.2 shows that step
3.3 also leads to an improvement. Finally, Theorem 4.2
shows that if improvements by step 3.2 and step 3.3
are not possible, then the optimal value and an optimal
strategy is obtained.

LEMMA 4.2. Let v; and ~;4+1 be the player-1 selectors
obtained at iterations i and i + 1 of Algorithm 1. Let
I={se S\(WLUT) | Prei(vi)(s) > vi(s)} = 0,
and (A; N S)\ Wy # 0. Let v; = (1)) (Safe(F)) and

/. val

vigr = (U)o (Safe(F)). Then vip1(s) > vi(s) for
all states s € S, and viy1(s) > vi(s) for some state

se(AnS)\ Wi

We obtain the following theorem from Lemma 4.1
and Lemma 4.2 that shows that the sequences of values
we obtain is monotonically non-decreasing.

THEOREM 4.1. (MONOTONICITY OF VALUES) For i >
0, let v; and v;+1 be the player-1 selectors obtained at
iterations i and i+ 1 of Algorithm 1. If v; # viy1, then

(L) (Safe(F)) < (1)1 (Safe(F)).

THEOREM 4.2. (OPTIMALITY ON TERMINATION)

For i > 0, let v; be the wvaluation at iteration i
of Algorithm 1 such that v; = (1)1 (Safe(F)). If
I={se S\(WiUT) | Prei(v;)(s) > vi(s)} = 0,
and (A4; N S)\ W1 = 0, then ¥, is an optimal
strategy for player 1 for the objective Safe(F) and

vi = (L)vai(Safe(F)).

Convergence. We first observe that since pure memo-
ryless optimal strategies exist for turn-based stochas-
tic games with safety objectives (Theorem 2.1), for
turn-based stochastic games it suffices to iterate over
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Algorithm 1 Strategy-Improvement Algorithm for Safety Objective

Input: a concurrent game structure G with safe set F.

Output: a strategy 7 for player 1.

0. Compute Wy = {s € S| {(1)val(Safe(F))(s) = 1}.

1. Let yo = & and i = 0.
2. Compute vy = (1)) (Safe(F)).
3. do {

31. Let I={se S\ (WL UT)| Prei(v;)(s) > vi(s)}.

3.2if I # (), then

3.2.1 Let & be a player-1 selector such that for all states s € I,
we have Prei., (vi)(s) = Prei(vi)(s) > vi(s).
3.2.2 The player-1 selector 7,41 is defined as follows: for each state s € S, let

if s¢l;
if sel.

Yit1(8) = {zi;

3.3 else
3.3.1let(G,,, F) = TB(G,v;, F)

3.3.2 let A; be the set of almost-sure winning states in G,, for Safe(F') and
71 be a pure memoryless almost-sure winning strategy from the set A;.

3.3.3if (A; N S)\ Wy #0)
3.33.11let U = (A;NS)\ Wy

3.3.3.2 The player-1 selector ~;1 is defined as follows: for s € .S, let

vi(s) if s¢U;

Yit1(s) = { & (s)

if s € U, & (s) € OptSel(v;, s),

T1(s) = (s, A, B), B = OptSelCount(s, v, &1).

3.4. Compute v;41 = (1)1 (Safe(F)).
3.5. Let i =i + 1.

} until [ = @ and (Zi—l N S) \ W1 = (Z)

4. return 7;,.

pure memoryless selectors. Since the number of pure
memoryless strategies is finite, it follows for turn-based
stochastic games Algorithm 1 always terminates and
yields an optimal strategy. For concurrent games, we
will use the result that for € > 0, there is a k-uniform
memoryless strategy that achieves the value of a safety
objective with in €. We first define k-uniform memory-
less strategies. For a positive integer k£ > 0, a selector
¢ for player 1 is k-uniform if for all s € S\ (T'U W)
and all a € Supp(m(s)) there exists i,j7 € N such that
0<i<j<kand&(s)(a) = %, i.e., the moves in the
support are played with probability that are multiples
of % with £ < k. A memoryless strategy is k-uniform if
it is obtained from a k-uniform selector.

LEMMA 4.3. For all concurrent game graphs G, for all
safety objectives Safe(F), for F C S, for alle > 0, there
exist k > 0 and k-uniform selectors & such that & is an
e-optimal strategy.
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Strategy improvement with k-uniform selectors.
We first argue that if we restrict Algorithm 1 such
that every iteration yields a k-uniform selector, for
k > 0, then the algorithm terminates. For k& > 0,
the restriction of Algorithm 1 to k-uniform selectors
means that instead of considering all possible selectors
for player 1, the algorithm restricts player 1 to select
among the k-uniform selectors. The basic argument
that if Algorithm 1 is restricted to k-uniform selectors
for player 1, for k£ > 0, then the algorithm terminates,
follows from the fact that the number of k-uniform
selectors for a given k is finite. A more formal argument
is as follows: if we restrict player 1 to chose between k-
uniform selectors, then a concurrent game graph G can
be converted to a turn-based stochastic game graph,
where player 1 first chooses a k-uniform selector, then
player 2 chooses an action, and then the transition is
determined by the chosen k-uniform selector of player 1,
the action of player 2 and the transition function ¢
of the game graph G. Then by termination of turn-
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based stochastic games it follows that the algorithm
will terminate. Given k > 0, let us denote by zF
the valuation of Algorithm 1 at iteration 4, where the
selectors for player 1 are restricted to be k-uniform.
This gives us the following lemma.

LEMMA 4.4. For all k > 0, there exists i > 0 such that
k

Zr = sz.
LEMMA 4.5. For all concurrent game graphs G, for all
safety objectives Safe(F), for F C S, for alle > 0, there
exist k > 0 and i > 0 such that for all s € S we have

2£(s) 2 (U)vai(Safe(F))(s) —e.

THEOREM 4.3. (CONVERGENCE) For i > 0, let v; be
the valuation obtained at iteration i of Algorithm 1.
Then the following assertions hold.

1. For all € > 0, there exists i such that for all s we
have v;(s) > {(1)vai(Safe(F))(s) — e.

2. lim; 00 v; = (1))vai(Safe(F)).

Complexity. Algorithm 1 may not terminate in
general; we describe the complexity of each iteration.
For a valuation v;, the computation of Pre;(v;) involves
solution of matrix games with rewards wv;; this can
be done in polynomial time using linear programming.
Given v;, if Prej(v;) = v;, the sets OptSel(v;, s) and
OptSelCount(v;, s) can be computed by enumerating
the subsets of available actions at s and then using
linear-programming. For example, to check whether
(A, B) € OptSelCount(v;, s) it suffices to check both of
these facts:

1. (A is the support of an optimal selector & ). there is
an selector &; such that (i) & is optimal (i.e. for all
actions b € T's(s) we have Preg, »(v;)(s) > vi(s));
(ii) for all @ € A we have & (a) > 0, and for all
a ¢ A we have & (a) = 0;

2. (B is the set of counter-optimal actions against & ).
for all b € B we have Preg, »(vi)(s) = v;(s), and
for all b & B we have Preg, »(v;)(s) > vi(s).

All the above checks can be performed by checking feasi-
bility of sets of linear equalities and inequalities. Hence,
TB(G, v;, F') can be computed in time polynomial in size
of G and v; and exponential in the number of moves.
We observe that the construction is exponential only in
the number of moves at a state, and not in the number
of states. The number of moves at a state is typically
much smaller than the size of the state space. We also
observe that the improvement step 3.3.2 requires the
computation of the set of almost-sure winning states of
a turn-based stochastic safety game: this can be done
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both via linear-time discrete graph-theoretic algorithms
[4], and via symbolic algorithms [8]. Both of these meth-
ods are more efficient than the basic step 3.4 of the im-
provement algorithm, where the quantitative values of
an MDP must be computed. Thus, the improvement
step 3.3 of Algorithm 1 is in practice not inefficient,
compared with the standard steps 3.2 and 3.4.

5 Termination Criteria

In this section we present termination criteria for strat-
egy improvement algorithms for concurrent games for
e-approximation, and then present an improved termi-
nation condition for turn-based games.

Strategy improvement algorithm for reachability
objectives. A strategy improvement algorithm for
concurrent reachability games was presented in [2]. We
refer to the strategy improvement algorithm of [2] as
Algorithm 2. Algorithm 2 is simpler than Algorithm 1:
it is similar to Algorithm 1 and in every iteration only
Step 3.2 is executed (and Step 3.3 need not be executed).

Termination for concurrent games. We now
present termination criteria for concurrent games. Ap-
plying Algorithm 2 (of [2]) for player 2, for a reachabil-
ity objective Reach(T"), we obtain a sequence of valua-
tions (u;);>0 such that (a) u;+1 > ug; (b) if wiyr = g,
then u; = {(2)vai(Reach(T)); and (¢) lim; oo u; =
{(2)val(Reach(T)). Given a concurrent game G with
FCSand T = S\ F, we apply Algorithm 2 to ob-
tain the sequence of valuation (u;);>0 as above, and we
apply Algorithm 1 to obtain a sequence of valuation
(vi)i>0. The termination criteria are as follows:

1. if for some ¢ we have u; 1 = u;, then we have u; =
{(2)var(Reach(T)), and 1 — u; = {(1))vai(Safe(F)),
and we obtain the values of the game;

2. if for some ¢ we have v;11 = v;, then we have 1 —
v; = {(2)vai(Reach(T)), and v; = {(1))vai(Safe(F)),
and we obtain the values of the game; and

3. for ¢ > 0, if for some i > 0, we have u; +
v; > 1 — g, then for all s € S we have
vi(s) = {(Iva(Safe(F))(s) — e and wu;(s) >
{(2))val(Reach(T))(s) — € (i.e., the algorithm can
stop for e-approximation).

Observe that since (u;);>0 and (v;);>0 are both
monotonically non-decreasing and ((1))vai(Safe(F)) +
{(2)val(Reach(T)) = 1, it follows that if u; + v; > 1 — ¢,
then forall j > ¢ we have u; > u; — € and v; > v; — €.
This establishes that w; > ((1))vai(Safe(F)) — ¢ and
v; > {(2)vai(Reach(T)) — ¢; and the correctness of
the stopping criteria (3) for e-approximation follows.
We also note that instead of applying Algorithm 2, a
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value-iteration algorithm can be applied for reachability
games to obtain a sequence of valuation with properties
similar to (u;);>0 and the above termination criteria can
be applied.

THEOREM 5.1. Let G be a concurrent game graph with
a safety objective Safe(F). Algorithm 1 and Algorithm 2
for player 2 for the reachability objective Reach(S \ F')
yield two sequences of valuations (v;)i>0 and (u;)i>o0,
respectively, such that (a) for all i > 0, we have
v; < (D)va(Safe(F)) < 1 —wu;; and (b) lim;_oov; =
limi_,oo 1-— U; = <<1>>Va|(5’afe(F))

Termination for turn-based games. For turn-based
stochastic games Algorithm 1 and as well as Algorithm 2
terminates. Each iteration of the Algorithm 2 of [2] is
computable in polynomial time, and here we present
a termination guarantee for Algorithm 2. To apply
Algorithm 2 we assume the objective of player 1 to be a
reachability objective Reach(T"), and the correctness of
the algorithm relies on the notion of proper strategies.
Let Wy = {s € S | {1))vai(Reach(T))(s) = 0}. Then
the notion of proper strategies and its properties are as
follows.

DEFINITION 3. (PROPER STRATEGIES AND SELEC-
TORS) A player-1 strategy 71 is proper if for all player-2
strategies ma, and for all states s € S\ (TTUW3), we have
Prit™ (Reach(T U Wa)) = 1. A player-1 selector & is
proper if the memoryless player-1 strategy &, is proper.

LeEMMA 5.1. ([2]) Given a selector & for player 1, the
memoryless player-1 strategy £, is proper iff for every
pure selector & for player 2, and for all states s € S,

we have Prér2 (Reach(T U Ws)) = 1.

LEMMA 5.2. Let G be a turn-based stochastic game with
reachability objective Reach(T) for player 1. Let 7o
be the initial selector, and y; be the selector obtained
at iteration i of Algorithm 2. If ~; is a pure, proper
selector, then the following assertions hold: (a) for all
i > 0, we have ~; is a pure, proper selector; (b) for all
i >0, we have u;41 > u;, where u; = (1)1 (Reach(T))

val

and w11 = <<1>>%+1(Reach(T)),' and (¢) if wiy1 = uy,

val

then u; = {1)val(Reach(T)), and there exists i such that
Ui+1 = Uj-

The above result follows from the result of [2] spe-
cialized for the case of turn-based stochastic games. The
strategy improvement algorithm of Condon [6] works
only for halting games, but Algorithm 2 works if we start
with a pure, proper selector for reachability games that
are not halting. Hence to use Algorithm 2 to compute
values we need to start with a pure, proper selector. We
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present a procedure to compute a pure, proper selector,
and then present termination bounds (i.e., bounds on i
such that u;11 = u;). The construction of pure, proper
selector is based on the notion of attractors defined be-
low.

Attractor strategy. Let Ag = Wo UT, and for ¢ > 0
we have A;41 = A;U{s € S1USg | E(s) N A; #
0yu{s € S2 | E(s) C A;}. Since for all s € S\ Wy
we have ((1))vai(Reach(T")) > 0, it follows that from
all states in S \ Wy player 1 can ensure that T is
reached with positive probability. It follows that for
some i > 0 we have A; = S. The pure attractor selector
&* is as follows: for a state s € (A1 \ 4;) NS we
have £*(s)(t) = 1, where t € A; (such a t exists by
construction). The pure memoryless strategy f_* ensures
that for all ¢ > 0, from A;;; the game reaches A; with
positive probability. Hence there is no end-component
C contained in S\ (W2 UT) in the MDP G It follows
that £* is a pure selector that is proper, and the selector
&* can be computed in O(|E|) time. This completes
Algorithm 2 for turn-based stochastic games. We now
present the termination bounds.

Termination bounds. We present termination bounds
for binary turn-based stochastic games. A turn-based
stochastic game is binary if for all s € Sr we have
|E(s)] < 2, and for all s € Sg if |E(s)|] = 2, then
for all t € E(s) we have §(s)(t) = 3, ie., for all
probabilistic states there are at most two successors and
the transition function J is uniform.

LEMMA 5.3. Let G be a binary Markov chain with |S|
states with a reachability objective Reach(T). Then for
all s € S we have (1)val(Reach(T)) = %, with p,q € N

and p,q < 4151-1,

LEMMA 5.4. Let G be a binary turn-based stochastic

game with a reachability objective Reach(T). Then for
all s € S we have (1))vai(Reach(T)) = &, with p,q € N
and p,q < 415rI=1,

From Lemma 5.4 it follows that at iteration i of
Algorithm 2 either the sum of the values either increases
by 4\511% or else there is a valuation w; such that
Ui+1 = u;. Since the sum of values of all states can
be at most |S|, it follows that algorithm terminates in
at most | S| - 4/5#1=1 steps. Moreover, since the number
of pure memoryless strategies is at most [[ . [F(s)],
the algorithm terminates in at most [] .5 [E(s)] steps.
It follows from the results of [16] that a turn-based
stochastic game graph G can be reduced to a equivalent
binary turn-based stochastic game graph G’ such that
the set of player 1 and player 2 states in G and G’ are
the same and the number of probabilistic states in G’ is

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



O(]6]), where || is the size of the transition function in
G. Thus we obtain the following result.

THEOREM 5.2. Let G = ((5, E), (S1,S52,5r),d) be a
turn-based stochastic game with a reachability objective
Reach(T). Algorithm 2 computes the values in G in time
O(min{[T,g, |E(s)],20U3D} - poly(|G|)); where poly is
polynomial function.

The results of [13] presented an algorithm for turn-
based stochastic games that works in time O(|Sg|! -
poly(|G|)). The algorithm of [13] works only for turn-
based stochastic games, for general turn-based stochas-
tic games the complexity of the algorithm of [13] is bet-
ter. However, for turn-based stochastic games where
the transition function at all states can expressed in
constant bits we have |§| = O(|Sg|). In these cases
the reachability strategy improvement algorithm (that
works for both concurrent and turn-based stochastic
games) works in time 2°US&D . poly(|G|) as compared
to the time 20USzlos(SrD . poly (|G|) of the algorithm
of [13].
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