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Abstract

We describe a generalization of extensive-form games that
greatly increases representational power while still allowing
efficient computation in the zero-sum setting. A principal fea-
ture of our generalization is that it places arbitrary convex op-
timization problems at decision nodes, in place of the finite
action sets typically considered. The possibly-infinite action
sets mean we must “forget” the exact action taken (feasible
solution to the optimization problem), remembering instead
only some statistic sufficient for playing the rest of the game
optimally. Our new model provides an exponentially smaller
representation for some games; in particular, we show how to
compactly represent (and solve) extensive-form games with
outcome uncertainty and a generalization of Markov decision
processes to multi-stage adversarial planning games.

Introduction

Extensive-form games (EFGs) are commonly used to rea-
son about multiagent interaction, and Markov Decision
Processes (MDPs) are commonly used to model single-
agent planning in domains where actions have stochastic
outcomes. Hundreds of papers have been published on
these topics. This paper introduces Convex Extensive-Form
Games (CEFGs), a powerful generalization of both models
that maintains computational tractability. Like an EFG, a
CEFG is a game with partial information played on a tree,
however, in CEFGs: 1) An arbitrary subset of the players
simultaneously select an action at each node; 2) The set of
actions available to each player is a convex subset of R",
rather than a discrete set; 3) Payoffs are made at internal
nodes as well as at leaves, and are given by a bilinear func-
tion of the players’ actions; and, 4) Two nodes that are both
in the same information set may have different numbers of
successor nodes. These differences allow us to embed arbi-
trary convex optimization problems at nodes of the CEFG,
for example allowing us to model MDPs where an opponent
controls the cost function.

We first consider the class of bilinear-payoff convex
games (CGs), a natural generalization of matrix games.
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Zero-sum CGs can be solved efficiently via convex opti-
mization, and in fact known algorithms for solving zero-
sum EFGs work by reducing the EFG to a CG. This ap-
proach to solving EFGs depends on the property of per-

fect recall; the problem is NP-hard without this assump-

tion (Koller & Megiddo 1992). “Perfect recall” CEFGs
would not be useful due to the intractable number of pos-
sible actions at each node. We develop a generalization of
perfect recall for CEFGs, sufficient recall, that allows some
“forgetting” of past actions. A principal contribution of this
work is showing that zero-sum sufficient-recall CEFGs can
be transformed to CGs, and hence solved efficiently.

The ability to embed linear programs inside CEFGs uni-
fies this class with MDPs: an MDP is a single-player, single-
node CEFG. The problem of solving an MDP where one
player selects a policy and another player chooses the cost
function was addressed in (McMahan, Gordon, & Blum
2003). This problem can be modeled as a two-player, single-
node CEFG. More general versions of this problem, where
the players have some limited opportunities to observe their
opponent’s past actions, can also be solved as CEFGs. We
use a small example of such a multi-stage adversarial path
planning problem to illustrate the CEFG model. Our work
differs from other work on multi-agent MDPs (Petrik & Zil-
berstein 2007, for example), in that we focus on the ad-
versarial (zero-sum) case, and while we only consider two
agents, one or both agents may have arbitrary convex action
sets at each stage of the game, rather than only selecting a
policy in an MDP.

As another example of the expressive power of CEFGs,
we demonstrate how they can efficiently model outcome un-
certainty in EFGs. In games with outcome uncertainty, a
(joint) action results in a probability distribution over fu-
ture states, rather than a deterministic single state as in stan-
dard EFGs. Standard EFGs can model outcome uncertainty
through the explicit use of random nodes, but as we shall
see this can lead to a prohibitive explosion in the size of the
game tree. While we feel this example is both conceptually
straightforward and a significant research result in its own
right, CEFGs have many other promising applications, in-
cluding providing a method for introducing a limited amount
of partial observability into stochastic games or MDPs while
still allowing for tractable solutions. See (McMahan 2006)
for discussion of other applications.



x selects path

(a) The graph G for the CG g}

v selects obstacles

(b) An EFG representation of g;

exponential
number of
leaves

(c) The t-MAPP game as a CEFG

Figure 1: Representation of example games.

Bilinear-payoff convex games Bilinear-payoff convex
games! (CGs) are a natural generalization of matrix games,
though they have received surprisingly little attention in
the literature since their introduction by Dresher & Karlin
(1953). EFGs and (as we will show) CEFGs are special
cases of convex games, as are other adversarial problems
such as computing an optimal oblivious routing. For a gen-
eral introduction to CGs and their application, see (McMa-
han 2006).

A two-player CG is defined by convex sets X and Y and
a payoff matrix M), for each player. The first player (say x)
selects an action x € X, the second (say y) simultaneously
chooses y € Y, and each player p receives a payoff z7’ Myy.
In the zero-sum case, M, = —M, = M gives the amount x
pays y, and an extension of the minimax theorem holds:

min max 2! My = maxmin =7 My.

zeX yeyY yeY zeX
This equilibrium is achieved for some z* € X, y* € Y. The
convexity of X and Y implies that no explicit randomization
is necessary; rather, a player can implicitly randomize over
the corners of the action set by playing an interior point.
Zero-sum EFGs can be represented as a CG and solved via
the ellipsoid algorithm (Koller & Megiddo 1992); in fact,
all zero-sum CGs can be solved in this manner. If X and
Y are polyhedra (i.e., defined by a finite number of linear
equality and inequality constraints), then in fact an equilib-
rium (2*,y*) can be found via linear programing (Koller,
Megiddo, & von Stengel 1994).

Markov decision processes and CGs In this section we
review some results on MDPs, and introduce an illustrative
game that involves MDP planning. An MDP M is defined
by a (finite) set of states S, a finite set of actions A, and tran-
sition dynamics defined by probabilities Pr(s’ | s, a) for all
s,s’ € Sand a € A. We consider undiscounted MDPs with
a fixed start state and a set of goal states. A cost vector ¢
assigns a cost c(s, a) to each state-action pair. For any finite
set @, let A(Q) be the |@Q|-dimensional probability simplex
(that is, the set of distributions over ). A stochastic policy
is a function 7 : S — A(A) that maps each state to a prob-
ability distribution over actions. The goal in standard MDP

'Our convex games are non-cooperative, and are unrelated to
the super-modular coalitional games often called convex games in
the cooperative game theory literature.
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planning is to find a policy 7 that minimizes the expected
start-to-goal cost with respect to a fixed cost vector c.

It is well known that the set of stochastic policies for
such an MDP can be represented via state-action visita-
tion frequency vectors, and further that the set of these
vectors is convex (for example, McMahan 2006). Here
we demonstrate the result for a small example. The path-
planning problem on the directed acyclic graph shown in
Figure 1(a) can be interpreted as a deterministic MDP with
S ={a,b,c,...,f,gtand A = {1,2,...,10}, where a is
the start state, f and g are the goals, and the actions avail-
able at a state are the directed edges out of that state. A
state-action visitation vector for a policy 7 is a vector from
R'0 indexed by the edges, which gives the probability? that
a given edge is traversed under policy 7. Thus the determin-
istic policy that chooses path (a, b, d, f) corresponds to the
vector x = (1,0,1,0,0,0,1,0,0,0) because it uses edges
1,3, and 7 only. The vector c assigns costs to edges, so the
expected cost of this policy is exactly = - c. The convex set
of vectors z that correspond to valid stochastic policies can
be defined via linear flow constraints. We have

1+ =1
Tr+axs+T9+a10=1

(leave a with prob 1)
(reach a goal with prob 1)

for the start and goal states, and each internal state has a flow
constraint (e.g., 3 + x4 = x1 for b) that the probability we
enter the state equals the probability we leave. Combining
these equality constraints with the constraint z > 0 defines
the convex set X¢ of valid edge (or state-action) visitation
frequencies. We can recapture the stochastic policy 7, cor-
responding to a vector x by normalizing at each state; for
example, the probability 7, takes edge 7 from d is M”st.
This convex representation of the set of stochastic policies
for MDPs shows that planning in an MDP is a convex game:
player x has strategy set Xg, y has the (trivial) action set
Y = {c}, and M = I (the identity matrix).

Now, we construct an illustrative CG where y has a more
interesting set of actions: she chooses how to place at most
B obstacles on edges of the graph, with each edge getting at
most one obstacle. The cost on edge e is c. + 1 if it contains
an obstacle, and c. otherwise (c gives the base costs of the
edges, independent of the obstacles). Define the convex set

Yp={y|ly=c+2 22>02<1,1-2<B}. (1)

2If the graph was not acyclic, this would generalize to the ex-
pected number of visits to the edge.




The set of possible deterministic obstacle placements corre-
spond to integer choices of z in Y. It can be shown that the
corresponding y are exactly the corners of the set, and so an
interior point of Yp can be interpreted as a probability distri-
bution over deterministic obstacle placements. We can now
define a convex game where x chooses from Xg, y from Yp,
and M = I. Since y is a cost vector on edges and z is a fre-
quency vector on edges, the dot product z” Iy exactly calcu-
lates the expected value of the corresponding strategy/cost-
vector pair. We call this game gk; it is an adversarial-cost
MDP, as introduced in (McMahan, Gordon, & Blum 2003).

We could have modeled this game as an exponentially-big
(in the size of the graph) matrix game where the adversary y
has combinatorially many pure strategies (deterministic ob-
stacle placements), and the planner x has one pure strategy
for each start-goal path in the graph (exponentially many in
the size of the graph). The most concise EFG representation
corresponds to the transformation of this matrix game to an
EFG, as shown in Figure 1(b): first x selects a path z, and
then y selects a placement of obstacles without knowledge
of x (the dashed lines indicate that y’s decision nodes are in
a single information set).

We now consider an extension to this game to help mo-
tivate CEFGs. Fix B = 2 for concreteness, and suppose
that after playing g}, the players will then play another con-
vex game g2. The exact second-stage game gis played de-

pends on how many obstacles b € {0, 1,2} player y placed
in the first stage, and which goal state s € {f, g} player x
reached, but the exact path taken by x and the exact place-
ment of obstacles by y are irrelevant. For example, G might
be a subgraph of a larger graph that continues beyond f and
g, and so gis is another path planning game on a different
piece of the graph, where x starts from state s and y has
B — b obstacles available. Breaking the game into stages
like this will allow y to potentially observe x’s location (and
pick obstacles accordingly), or let x potentially observe y’s
remaining budget. We call this game t-MAPP, because it
can be viewed as a tiny instance of a multi-stage adversarial
path planning (MAPP) problem. It is no longer clear that the
t-MAPP game can be modeled as a convex game, as we now
have significant temporal structure.

Consider representing t-MAPP as an EFG: the first stage
of the game, ¢!, is modeled by Figure 1(b); for each of the
exponentially many leaves of this game, we now attach a
copy of the appropriate gib (also represented as an EFG)
for that leaf. But gib could be an arbitrary convex game,
so it is quite possible that each copy is itself exponentially
large when represented as an EFG. So, clearly, t-MAPP is
intractable when represented as a standard EFG. In the next
section, we introduce CEFGs, which will give us a natu-
ral polynomial-sized representation of t-MAPP, of the form
given in Figure 1(c): at node ¢° player y picks b € {0, 1,2},
the number of obstacles she will place in stage one. At the
stage one nodes g/, y picks a cost vector y that respects
the budget b, while x simultaneously picks a path = (with-
out knowledge of b or y). The transition to the next stage
game then depends only on the relevant portion of the out-
come: which state x reached, and how much of the budget

88

y exhausted. Unlike the EFG representation, the CEFG can
“forget” the exact path taken by x and the exact obstacle
configuration chosen by y.

Sequential games like this can be used to model a power-
ful class of multi-stage adversarial path planning problems:
We have a large graph, and x starts at a fixed node and must
travel to a goal. However, the goal is not yet known, and
may in fact be chosen randomly or by the adversary. So,
in the first stage, player x travels to an intermediate node in
the graph. Player y partially controls the costs, just as in
the g' game. After the first stage, the adversary or nature
chooses the location of the goal, some information about the
goal is revealed to x, and some information about x’s loca-
tion may be revealed to y. Another movement stage occurs,
in which x picks a policy to another intermediate node, and y
selects another cost vector. The game continues in stages un-
til the goal is revealed and reached by x. CEFGs can model
MAPP problems with many kinds of uncertainty, including
outcome uncertainty, stochastic and adversarial control of
costs, stochastic and adversarial control of the goal states,
and partial observability (McMahan 2006).

Generalizing Extensive-Form Games

In this section, we introduce CEFGs for the two-player,
zero-sum case. Complete proofs as well as additional exam-
ples, commentary, and references can be found in (McMa-
han 2006, Ch. 4). Comments specific to the example
t-MAPP are set in brackets [...].

A CEFG is played on a directed, finite game tree
T = (V,E) rooted at s*. Define £(s) =
((st,8%),(s%,8%),...,(s"71,s¥ = 5)), the sequence of
edges on the path to s. The game is played by a set
N = {0,1,2} of players, where the 0 player is an op-
tional random player. We again let x = 1 be the min
player and y = 2 be the max player. Each player is ac-
tive (selects an action) on an arbitrary subset of the inter-
nal (non-leaf) nodes,’ Vp C V; these are player p’s deci-
sion nodes. Let A(s) = {p | s € V,}, the set of active
players at s. We require |A(s)| > 1 for all internal nodes
s € V, and |A(s)| = 0O for leaves. [For t-MAPP, the set
V ={9% 90+ 9h—24}- Node g° € V; because at this
node y selects her budget, but ¢° ¢ V;. Both players are
active at all the nodes g;.]

As in EFGs, the decision nodes V), for each player are par-
titioned into information sets u € U,. When play reaches a
node s in information set u, then player p observes that the
game has reached u, but not the specific s € w; that is, all
s,s" € w are indistinguishable to p. For nodes s where p is
not active (s ¢ V},), we define (for notational convenience)
a special “non-information set” ¢,,. In particular, ¢, ¢ U,
and player p never observes when she is in ¢,. For any
node s € V,, let ¢,(s) be the (unique) u € U, such that
s € u, and let ¢p(s) = O, for s ¢ V,. To simplify no-
tation, when w is not otherwise specified it can be read as

3 Allowing strict subsets of players to be active at each node
requires some notational gymnastics; however, it is necessary to
maintain a direct transformation from EFGs to CEFGs.



¢p(s). For any node s and player p, let obs,(s) be the se-
quence of player p information sets on the path to s: obs)(s)
has an entry u for each state s’ with ¢,(s’) # Op on the
unique path to s. [In t-MAPP, each of the first four nodes
is in its own information set for y. For x, ¢x(g°) = Oy, and
ul = {ggzo, ggzl, gg:2} € Uy is an information set because
x does not observe how many obstacles y decided to place.]

A few notes on notation: Each information set v we men-
tion is associated with a player (say p), so for example x,, is
an action taken by p at u. A bar indicates a tuple over play-
ers, e.g., X is a joint action. Entries in a tuple over players
are indexed with a subscript p € N, T = {zo,z1,22}. A
bar over a capital symbol denotes a set of such tuples: X is
a set of joint actions.

All nodes in an information set u for p share the same
set X, of actions available to p; this is natural because p
cannot differentiate among these nodes. For this presenta-
tion, we assume the action set X,, € R™ is a bounded
polyhedron (defined by a finite number of linear equalities
and inequalities). At s, each player p € A(s) selects an
action z, € X,. We denote by C(X,,) the finite set of
corners (extreme points) of X,,. The set C(X,) may be
exponentially large even if X, has a compact representa-
tion. We view the set C(X,,) as the primitive actions of the
game (actions that are actually taken in the world), with the
interior points interpreted as probability distributions over
C(Xy). We define Xo, = {1}, and let Xy = @), cy Xu
(where () is the Cartesian set product), so that a joint action
Z = (xo,x1,22) € X, is a tuple over all the players, even
though the players p & A(s) do not actually make a decision
and have no immediate knowledge that s was reached. [In
t-MAPP, the action set for y at ¢° is A({0,1,2}). Each g*
node is in a different information set for y (she knows what b
she picked), and has action set Y;, from Equation (1). For x,
all the ¢g' nodes are in the same information set, and the set
of actions is simply the set Xg of possible stochastic paths.]

Payoffs are made at internal nodes, not just at leaves as for
EFGs. The payoff from x to y at node s when x plays x and
y plays ¥ is given by the bilinear form =7 M *y, specified by
the matrix M*. Since X,, = {1}, we use this same notation
to indicate payoffs where only one player selects an action,
and at leaves where no actions are selected. [In t-MAPP,
there are no payoffs at g (M is the zero matrix), but at each
node g' we have M = I, and so payoffs are the dot product
between the cost vector y and edge-frequency vector z.]

We may have an exponential set of possible actions
C(X,), but we cannot afford that many nodes in T', let alone
children of one node. Thus, each internal node s € V has
a small (i.e., feasible to work with) set of successors, de-
noted succ(s). The successor that occurs next in the game
is chosen via a probability distribution that is a function of
the joint action Z. For each p € A(s) and s’ € succ(s),

the game specifies a linear function * f;s/ Xy — Rsto
avoid special cases define f;s/ (xp) = 1forp & A(s). The

“The linearity of the f -functions is necessary for the transfor-
mation from CEFGs to CGs for efficient solution.
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probability that s’ is the next node after s is given by:

Pr(s’ | s,2) = [ £ ().

pEN

(@)

Thus, we require that these functions are chosen in such a
way that Pr(s’ | s,Z) is always a well-defined probability
distribution. The random player has one information set per
node and X,, = {1} for all u € Uy. Thus, the random
player is defined by constant f-functions, fgs/. [In t-MAPP,
the transition from stage 2 to stage 3 depends only on which
goal x reaches, and so y’s f-functions all return 1. For x, we
define

and

o= 2 -

where f/ is the f-function for g} to g  for b € {0,1,2},
and similarly for f9. Since x € Xg we have z7 + x5 + g +
210 = 1 and ; > 0, and so the products in Equation (2)
produce a probability distribution.]

Two CEFGs G and G’ are f-equivalent if they are identi-
cal except for their f functions, and if for all (s, s’), for all
z € X5, Prg(s' | 8,%) = Pres(s' | s,Z). Clearly G and G’
are essentially the same game. We assume throughout that
£*5'(z) € [0,1], without loss of generality (proof omitted).
It is easy to show that for any G that does not satisfy this
property, there is an f-equivalent G’ that does.

The payoff to each player is simply the sum over the pay-
offs at each node visited in the game. A complete history
h of a CEFG is the sequence of nodes and joint (primitive)
actions that occurred in a play of the game; a history is com-
posed of tuples (s, (z,y)) where s is the state and = and y
are the actions selected by x and y respectively. The value of
a history h is given by

2.

(s,(z,y))€h

T7 + X9 T8 + Z10

V(h) = T M3y,

Player x tries to minimize V', while player y tries to maxi-
mize it. Let H be the set of all complete histories. A partial
player history, h,, is the (information set, action) sequence
for player p so far in the game, ending with any player p
information set. Let H), be the set of all such histories for p.

A convex game can be immediately represented as a
single-node CEFG, and in fact each node in a CEFG can
be viewed as a convex game where the players’ joint ac-
tion determines not only the immediate bilinear payoff, but
also a probability distribution over outcomes; information
sets, however, imply that unlike in CGs, a player in a CEFG
may not know his opponent’s action set. Since MDPs are a
special case of CGs, they can be modeled as a single-node
CEFG.

Theory of CEFGs

In this section, we develop the concept of sufficient recall
and show that for CEFGs with sufficient recall, a class of
behavior strategies always contains an optimal policy. First,
we establish some terminology regarding policy classes and
probabilities.



Policy classes and probability The most general type of
policy is a function from private randomness and h,, € H,
to X,. When we refer to a general policy &, it is from this
class. We write k_,, for a joint policy for all players except
p, thatis, R_p = (K1,K2,...,Kp—1,Kp+1,--.,Kn), and let
(Kp, R—p) be the joint policy where players other than p play
according to K_,, and player p follows ;. We also consider
the class of implicit behavior reactive policies (IBRPs). We
say reactive because IBRPs are not history dependent: an
IBRP [ selects its action 3(u) as a function of only the cur-
rent information set w. By implicit behavior, we mean (3
specifies an interior point of X,, and then interprets that
point as a probability distribution over C(X,,). Thus, 3 is
a function from u € U, to X,.

Any joint policy induces a distribution on H; the proba-
bilities we work with will be with respect to this distribution.
To emphasize which joint policy is associated with a given
probability or expectation, we include the policy as a condi-
tion, for example, Pr(s | &). When s appears as an event,
it is the subset of histories in 7 in which s occurs. Simi-
larly, the event u is the subset of histories where some s € u
is reached, and (s, xp) is the set of histories where player p
selects action z;,, € X, from s. Once we fix K, V is a ran-
dom variable, and we define V(%) = E[V | ], the expected
payoff from x to y under joint policy .

A policy &, for player p is payoff equivalent to another
policy x,, if for all &, for the other players,V(k,, k—p) =
V(ky,, k—p). In the rest of this section we define sufficient
recall, and then show that for any policy « in a sufficient
recall CEFG, there is a payoff equivalent IBRP. Sequence
weights play a fundamental roll in this effort.

Sequence weights Sequence weights for CEFGs are anal-
ogous to sequence weights in EFGs (Koller & Megiddo
1992; Koller, Megiddo, & von Stengel 1994) but do not by
themselves contain enough information to represent a pol-
icy. (In the next section, we will augment the sequence
weights with enough information to represent IBRPs.) In-
tuitively, the sequence weight wy(s | kp) is the probabil-
ity player p reaches s by following k,, given that all other
players (and their randomness) “conspire” to force p to s.
More formally, define REL(k,) C V to be the set of nodes
potentially reachable (relevant) when k,, is played, that is,
REL(kp) = {s | I5_p s.t. Pr(s | (kp,R—p)) > 0}. Define
the sequence weight for s given k, by w(s | k,) = 0 if
s & REL(k,), and otherwise
wis|mp) = J[ D Pr(ta) | tm)fi (),
(t,t")€E(s) z€C(Xy)

Recall that we have Pr((s,1) | s) = 1 and f;s (1) =1
when p & A(s), so the product is effectively over only those
edges resulting from player p’s choices. The next lemma

shows that the conditional probabilities in the definition are
well defined.

Lemma 1. For any p using policy k, and any two joint poli-
cies for the other players k _,, and /-@_p,for any s € V), where

Pr(s | (kp,R—p)) > 0and Pr(s | (kp,k",)) > 0, we have

Pr((s,zp) | s, (kp, F—p)) = Pr((s,2p) | s, (K’p7k/—p))'
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forall s € REL(kp,) N REL(

In other words, given s is reached, the probability that ),
plays z,, is independent of the opponents’ joint policy. In-
tuitively this is the case because, as k,, plays the game, its
decisions can only depend on its own past actions and the
information sets it observes, and conditioned on reaching s,
these both must be independent of the other players’ poli-
cies. Thus, as promised, when s € REL(np), we can write
Pr((s,zp) | s, 6p) for Pr((s,2p) | s, (kp, Fp)).

A fundamental results is that if we know the sequence
weights for each player, we can easily compute the proba-
bility that any state is reached:

Lemma 2. For any s € V and any joint policy k,
pr s | kp).
For the next lemma, we define E[z | s,k =

> vec(x.,) Pr((s,2) | 5,Kp) z when s € REL(p).

Lemma 3. If k), and m; are two policies for player p such
that

Pr(s| k) =

Elzy | s,6p] = Elzy | S’K/p]
Ky,), then REL(kp)

and further k,, and Ii; are payoff equivalent.

= REL(x},),

We will use this lemma to show that IBRPs are as power-
ful as general policies in sufficient recall CEFGs.

Sufficient Recall A CEFG has sufficient recall for player
p if it has both: 1) observation memory: For all u € U,
and all 5,8’ € w, obsy(s) = obs,(s’); and, 2) sufficient
action memory: For any two policies k, and /@; and any
joint policy kK_,, for the other players, for any u € U, with
Pr(u | (kp,k—p)) > 0and Pr(u | (x},,k—p)) >0, and any
s € u, then Pr(s | u, (kp, Rp)) = Pr(s | u, (Kp, Bp))-

Observation memory implies that player p’s information
sets form a forest, and so knowing the current information
set uniquely specifies the history of information sets (obser-
vations) that have previously occurred; hence player p has
no incentive to remember the information sets visited. Suf-
ficient action memory implies that given the observation of
u, knowledge of the policy that has been followed so far
provides no information about the actual s € u. Thus, p
has no incentive to remember the policy followed so far. In-
formally, if the game has sufficient recall for player p, then
player p should be able to play optimally by selecting an ac-
tion purely as a (random) function of the current information
set. In order to prove this, we will need an alternative char-
acterization of sufficient recall, which will allow us to prove
some important structural properties of sequence weights.

Sufficient recall arises naturally in many CEFGs; two gen-
eral cases appear in this paper. The first case includes games
where the action impacts the immediate payoff (say, the ex-
act path chosen in an MDP), but only some finite informa-
tion (say, the goal state reached) matters to the rest of the
game. The second case occurs when the action chosen in-
duces a probability distribution over outcomes, but only the
actual outcome chosen by nature from this distribution mat-
ters to the rest of the game; we will see this is the case for
EFGs with outcome uncertainty modelled as CEFGs.



In an EFG, all nodes in an information set « have the same
out-degree d, and each outgoing edge for a s € u is labeled
with one of d outcome (or choice) labels. The action set
of the EFG is the set of these labels. We can view the out-
come labels as partitioning all of the edges out of w into d
equivalence classes. We now define a generalization of this
partition for CEFGs via an equivalence relation ~,, on pairs
of edges out of w. For any two edges (s,s’) and (¢,¢') out
of u, (s,s") ~p (t,t') if and only if there exists a constant

a > 0 such that for all z € X, f;sl (z) = « ;t, (x). Let
O, be the set of equivalence classes at u defined by ~,,. [In
t-MAPP, all stage 2 nodes for x are in the single information
set ul. Recall that the f-functions are independent of b, and
so we have the partition of the six edges out of u. into two
sets, those leading to f (labeled o in Figure 1(c)), and those
leading to g (labeled oy).]

We have the following key Lemma:

Lemma 4. For any CEFG G, there exists an f-equivalent
CEFG G’ such that if (s,s') ~, (t,t') in G, then for all
x € Xy, in G’ we have f;s/ () = f;t/ ().

CEFGs that satisfy the condition of Lemma (4) are called
f-canonical, and for the remainder of this paper, we assume
(without loss of generality) all CEFGs considered are f-
canonical. The transformation to an f-canonical representa-
tion is essential—our solution technique is not even defined
on CEFGs that do not have this property. Under this assump-
tion, we write f,"° for the f function shared by all edges out
of w in outcome partition o € O,,.

The player p sequence op(s) is the list of player p (infor-
mation sets, outcome) tuples on the unique path to s; it does
not include tuples for states where ¢,(s) = 0,. A CEFG
has sequence recall for player p, if for all w € U, and all
s,8 € u, 0p(s) = op(s'). [It is straightforward to verify
that the game t-MAPP satisfies sequence recall: the key is
the identical f-functions out of the g nodes for x.]

Lemma 5. In a f-canonical CEFG with sequence recall,
for any policy k,, for player p, and any s, s' € u, then w(s
kp) = w(s' | kp), and when w(s | kp) > 0, forall x € X,,
PI‘((S,I) | 5, HP) = PI‘((S/,I) | 8/7 HP)'

The intuition for the proof is that because the sequence
to each s € u is the same, there is no way for the policy
kp to differentiate the nodes s and s’ (even using knowledge
of past actions and observations), and hence, it must play
identically at both.

Lemma (5) reveals significant tree-like structure of se-
quence weights in CEFGs with sequence recall: we can
now think of sequence weights being associated with each
player’s information set tree, rather than with the overall
game tree. We extend some notation to account for this:
we write w(u | k) for the unique value w(s | ,) shared by
all s € u. Each non-root information set uy for player p has
a unique (information set, outcome) parent, which we iden-
tify by upred,,(u2) = (u1,01). If u is a root information set,
we write upredp(u) = (). Any state s occurring after some
player p information set (that is, with a non-empty o,(s))
has a unique (information set, outcome) predecessor, namely
the last tuple in o, (s). We write upred(s2) = (u1,01) to
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identify such a parent. Any state s occurring before any
player p information set has w(s | x,) = 1. All imme-
diate successor states of u reached via an edge in a fixed
outcome partition o must have the same sequence weight;
we write w(u,0 | kp) for this value. In summary, for any
node s € us where (u1,01) = upred,, (ug), we write any of
the following equivalently:
wp (s | kp) = wp(uz | Kp) = wp(u, 01 | Kp).

Theorem 6. A f-canonical CEFG has sufficient recall for
player p if and only if it has sequence recall for player p.

Showing sequence recall implies sufficient recall is fairly
straightforward; the other direction is more difficult. It relies
on an alternative characterization of sufficient action mem-
ory, and then the construction of a suitable contradiction.
Based on this theorem, we can apply the results and notation
for sequence recall games to sufficient recall games; this will
be critical for the construction of an equivalent convex game
in the next section.

Now we can give this section’s principal result: IBRPs are
as powerful as arbitrary policies in sufficient recall CEFGs.
The theoretical work done earlier in this section makes this
result straightforward.

Theorem 7. For sufficient-recall CEFGs, for any policy k,,

for player p, there exists a payoff equivalent implicit behay-

ior reactive policy.

Proof. Let K, be an arbitrary policy for p. A consequence of
Lemma (5) is that for all s, s’ € u, when s, s’ € REL(k,),

Elz, | s, 6p) = Elzy | 8, kp).
Call this value z,, for each w where it is defined, and pick
T, arbitrarily in X, for the remaining u € U,. Then, we
define an implicit behavior policy 8, by (. (u) = z,. By
Lemma (3) (.. and &, are payoff equivalent. O

From CEFGs to CGs

Theorem 7 shows that when playing sufficient recall CEFGs,
it suffices to consider only IBRPs. Now, we show that for
each player the set of IBRPs can be represented as a convex
set WV, and the value of the game is bilinear in this represen-
tation. Thus, we can solve zero-sum sufficient-recall CEFGs
using linear programming on the convex game defined by
the sets V¥V and corresponding bilinear objective function.
To differentiate players x and y, we use v and X, to de-
note player x’s information and action sets, and similarly
v and Y, for y. The random player only affects the game
through her sequence weights, which we write as wq(s).
An IBRP for player x can be viewed as a vector from the

convex set
X =) X
ucUx
The set X is a Cartesian product of convex sets, and so it
is also a convex set. Define Y analogously for y, and let

B, € X and B, € Y be two IBRPs. Let u = ¢y(s) and
v = ¢y(s), r = By(u), and y = B, (v), and define

V(s) = Pr(s | (B, By)) a* M*y
= wo(s)w(s | B w(s | By) 2" M*y



using Lemma (2). Then the expected total payoff from x to

y is
2.

SEREL(Sy,58y)

V= V(s).

Unfortunately, V(s) is not bilinear in 3, and §,. We now
develop an alternative convex representation for IBRPs in
which V(s) is bilinear. Our use of sequence weights as vari-
ables is analogous to the technique in (Koller, Megiddo, &
von Stengel 1994), but our approach must also represent the
implicit behavior taken at each X, as this is not defined by
the sequence weights alone.

We represent an IBRP for x as an element of a set W, (and
analogously for y with a set J},). Our construction of W,
relies on the sets

Xt ={(ar,a) |r € Xy,a >0} CR™T!

for each v € Uy. The set X, is the cone extension of X,
and it is also convex ; in fact, if X,, is a polyhedron, then so

is X¢. Define
Xe= ) X
ueUy

We will have W, C X¢. We work with a vector wy € Xe by
writing wy = (x5, wy,) | u € Uy), where (z¢,w,) € X¢,
and so z¢, € R™ and w,, € R are defined for all u € Uy by
wx. The set W is defined by the following constraints:

(:Cfu wu) € Xii

wy, =1 Vu € Uy with upred,, (u) = ()
!

wy = £ (2S)  Yu € Uy with upred,, (u) = (u',0").
The set W, is convex as X¢is convex and the constraints are
linear (recall the f-functions are linear).

We associate each wy, € W with a behavior policy via
the function g defined by g(wy) = (., where 3, € X is the
IBRP defined by

B (1) = {(1/wu)x§

arbitrary

when w,, >0
otherwise.

It can be shown that w, = w(u | f,,), and so the w,
variables are in fact sequence weights. The function g is
not quite a bijection, because 3,, can be set arbitrarily at in-
formation sets that are never reached; however, it is easy to
show that optimizing over the set W, is equivalent to opti-
mizing over X. With these tools, we can prove that payoffs
are bilinear in the W, representation:

Theorem 8. In a two-player, zero-sum, sufficient recall
CEFGs, represent x’s IBRPs as Wy, and player y’s IBRPs
as Wy. Then, for any wy € Wy and wy, € W,, the payoff
V(g(wyx), g(wy)) is a bilinear function of wy and wy.

An immediate corollary is that zero-sum sufficient-recall
CEFGs can be solved in polynomial time using the linear
programming solution for the convex game with strategy
sets Wy and W, and the payoff matrix implied by Theo-
rem (8).
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Modeling Outcome Uncertainty in EFGs

We now show that the class of extensive-form games with
outcome uncertainty (which we term perturbed games) can
be compactly represented as CEFGs, while their EFG rep-
resentations are exponentially larger. This lets us general-
ize extensive-form games in much the same way that MDPs
generalize deterministic path planning. The analogy is not
perfect, because perturbed games are still representable as
EFGs (but at the cost of an exponential blowup in size),
while a general MDP cannot be modeled by any determinis-
tic planning problem.

Fix a standard (unperturbed) EFG G, and let O, be the
set of outcomes (labels) at an information set u, so O,, is in
a 1-1 correspondence with the children of s for all s € w.
In G, O, is exactly the set of actions available to the player
at u: the player chooses some action o € O,,, and the game
state transitions deterministically to the appropriate succes-
sor node associated with the choice o.

A perturbed EFG introduces a level of indirection be-
tween a player’s action selection and the outcome of the ac-
tion by decoupling the set of actions available from the set
of outcomes O,,. A perturbed EFG (G, A) is specified as a
standard EFG G together with a perturbation model A. The
perturbation model specifies a finite set A, = {p1,p2,...}
of probabilistic (meta-)actions for each player at each infor-
mation set. Each action p; specifies a distribution over possi-
ble outcomes, so p; € A(O,,). Hence the analogy to MDPs,
where an action at a state is defined by the distribution over
successor states it induces. The perturbed game (G, A) is
played as follows: when p € A, is selected by the player
active at u, the actual outcome o € O,, is sampled according
to the distribution p, and the game transitions to the unique
successor of the current s € u that corresponds to outcome
o, as if the player had selected o in the unperturbed game.
It is standard to assume that the player at u observes which
outcome o actually occurred; other players in the game only
observe this if they observed the player’s action at w in the
unperturbed game.

A perturbed EFG (G, A) can be represented as an
extensive-form game GG 4. For each information set v in G,
for each s € u, we introduce a new random node for each
p € A, in order to model the outcome uncertainty associ-
ated with meta-action p. Thus, s is given successor random
nodes in 1-1 correspondence with A, and each of these ran-
dom nodes has successors in 1-1 correspondence with O,,
(and hence the successors of s in GG). Applying this trans-
formation at a single information set u blows up the size of
the game representation by a factor of O(]A,|). Introducing
a perturbation model at each information set will increase
the size of the game tree exponentially: while (G, A) can be
represented in space O(|G| + |4J), the EFG representation
G 4 can take space O(|G| - |A4|%), where d is the depth of
the original game tree.

An example of this transformation at a single node s; is
shown in parts (a) and (b) of Figure 2. Part (b) of the figure
shows the introduction of random nodes r; and r5 that im-
plement the perturbation model. The game tree of (b) thus
remembers both which action outcome the player wanted to
happen (a versus b) as well as which action outcome actu-



(a) The Original EFG G

(b) The Perturbed EFG G 4

(c) The Perturbed CEFG

Figure 2: Representing a perturbed game as an EFG and as a CEFG. The state s; is in a singleton information set for simplicity.
We have O,, = {4, B}, where the triangles labeled with these outcomes correspond to the rest of the game tree, which could
be very large. The perturbation model is A,, = {a, b} where the meta-action a achieves outcome A with probability 1 — ¢ and
outcome B with probability e for some small value €, and similarly for b.

ally happened: hence there are two copies of the subtrees A
and B, doubling the size of the EFG.

We now show how to transform an EFG with a perturba-
tion model into a compact sufficient-recall CEFG. To rep-
resent an unperturbed EFG as a CEFG, we keep the same
game tree, and replace the finite action set O,, with the con-
vex action set X,, = A(O,) at each information set u. To
represent the perturbed game (G, A) we keep the game tree
of G, but the set of available actions X, at u will be the
convex hull of the probability distributions in A,. Each
x € X, then corresponds to a valid probability distribution
over O,, achievable by playing a mixture of the actions A,,.
It is straightforward to verify that this CEFG satisfies suffi-
cient recall and has a representation of size O(|G| + |A|).
A schematic for this representation is shown in part (c) of
Figure 2. The key is that the game tree remains the same as
G, and the space of possible outcome distributions is stored
independently via the sets X,,.

The concise representation perturbed EFGs gives a sim-
ple polynomial-time algorithm for finding approximate
trembling-hand equilibria (also called perfect equilibria) for
extensive-form games: namely, one simply solves the CEFG
version of the original EFG where on each action the player
gets a random action with probability € instead of the one
chosen. Solving for perfect equilibria (or some other form
of sequential equilibria) can be critical in practice, but only
very recently have algorithms for finding such equilibria
been investigated (Miltersen & Sorensen 2006).

We have modeled outcome uncertainty efficiently using
CEFGs, but have not fully tapped the class’s representational
power. In particular, we have not used the ability to model
both players simultaneously playing at a single node, and we
have not used the ability to model different numbers of out-
comes at different states in the same information set. Both of
these abilities enable exponentially smaller representations
for some EFGs.

Conclusion and Future Directions

We have introduced CEFGs and shown that they can be
solved efficiently in the zero-sum sufficient-recall case.
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CEFGs can compactly represent some games whose EFG
representation is exponentially large, thus allowing for
polynomial-time solution of games that before were in-
tractable. Two general example domains were presented:
an extension of MDPs to an adversarial setting with tempo-
ral structure and sequential observation, and the extension
of EFGs to allow for actions with stochastic outcomes. It re-
mains a promising line of future research to investigate other
applications of this expressive framework.

Acknowledgments The authors thank Avrim Blum for
useful discussions and suggesting the line of inquiry that
eventually led to this work. This research was supported
in part by a grant from DARPA’s CS2P program.

References

Dresher, M., and Karlin, S. 1953. Solutions of convex
games as fixed-points. In Kuhn, H. W., and Tucker, A.,
eds., Contributions To The Theory of Games: Volume 2,
number 28 in Annals of Mathematics Studies. Princeton
University Press. 75-86.

Koller, D., and Megiddo, N. 1992. The complexity of
two-person zero-sum games in extensive form. Games and
Economic Bahavior 4(4):528-552.

Koller, D.; Megiddo, N.; and von Stengel, B. 1994. Fast
algorithms for finding randomized strategies in game trees.
In Proceedings of the 26th Annual ACM Symposium on the
Theory of Computing.

McMahan, H. B.; Gordon, G. J.; and Blum, A. 2003. Plan-
ning in the presence of cost functions controlled by an ad-
versary. In ICML 2003.

McMahan, H. B. 2006. Robust Planning in Domains with
Stochastic Outcomes, Adversaries, and Partial Observabil-
ity. Ph.D. Dissertation, Carnegie Mellon University. Tech
report CMU-CS-06-166.

Miltersen, P. B., and Sorensen, T. B. 2006. Computing
sequential equilibria for two-player games. In SODA *06.
Petrik, M., and Zilberstein, S. 2007. Average-reward de-
centralized markov decision processes. In IJCAI 2007.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


