A Appendix

A.1 Proof of Theorem 3

Define D(I) to be the information sets of player ¢ reachable from I (including I). Define o|p(r)— o/ to be a
strategy profile equal to o except in the information sets in D(I) where it is equal to o’. The full counterfactual

regret is:
T
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Again, we define Rf}ill(f ) = max(R{ ¢,;(I),0). Moreover, we define succy (I'|1,a) to be the probability

that I’ is the next information set of player 4 visited given that the action a was just selected in information
set I, and o is the current strategy. If o implies that I is unreachable because of an action of player ¢, that
action is changed to allow I to be reachable. Define Succ; (I, a) to be the set of all possible next information
sets of player ¢ visited given that action a € A(I) was just selected in information set I. Define Succ;(I) =

Uaeacn Sucei(l, a).

The following lemma describes the relationship between full and immediate counterfactual regret.
Lemma § Rg:full( ) < R?lmm ) + Z[’ESucq (I) R’L full([ )

Proof:
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The first part of the expression on the right hand side is the immediate regret. For the second, we know that
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Because the game is perfect recall, given distinct a,a’ € A([), Succ; (I, a) and Succ; (7, a’) are disjoint. If
we define, Succi(I) = U, a(py Succi(l, a), then:
Risn(D) < Rismm(D)+ > Rigu() (14)
I'eSuce; (I)

We prove Theorem 3 by using a lemma that can be proven recursively:



Lemma 6 Rlcui(I) <31 pry Bi it (-

Proof: We prove this for a particular game recursively on the size of D(I). Observe that if an information
set has no successors, then Lemma 5 proves the result. We use this as a basis step. Also, observe that D(I) =
{1} UUp csuce, (ry D), and that if I’ € Succ;(I), then I ¢ D(I'), implying |[D(I")| < D(I). Thus, by
induction we can establish that:

Rz?full(l) S Rijjimm(l) + Z Z R;I:;;:]m(lu) (15)
I’eSucc;(I) I'" €Succ; (1)
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Because the game is perfect recall, for any distinct I, I"" € Succ;(I), D(I") and D(I") are disjoint. Therefore:

RimmD+ > > Rih.UN= Y R (17)
I’eSucc; (I) I'" €Succ; (I') I'eD(I)
The result immediately follows. [

Proof (of Theorem 3): If P(()) = i, then R} ;,;({0}) = R}, and the theorem follows from Lemma 6. If this
is not the case, then we can simply add a new information set at the beginning of the game, where player ¢ only
has one action. [

A.2 Regret Matching

Blackwell’s approachability theorem when applied to minimizing regret is known as regret matching. In
general, regret matching can be defined in a domain where there are a fixed set of actions A, a function v’ :
A — R, and on each round a distribution over the actions p is selected.

Define the regret of not playing action a € A until time 7" as:

T
1
Ri(a) = 7 > u'(a) = >_p'(@)u'(@) (18)
t=1 acA
and define R"*(a) = max(R'(a),0). To apply regret matching, one chooses the distribution:
w if Rt—1,+ ’ O
p'(a) = {Zla/eA R 14 (@) ‘thzafg (a') > 9)
T4l otherwise

Theorem 7 If |u| = max;e (1.7} MaxXq,aca(u(a) — u'(a’)), the regret of the regret matching algorithm is
bounded by:

max R'(a) < % VT‘A| (20)

acA

Blackwell’s original result [?] focused on the case where an action (or vector) is chosen at random (instead of
a distribution over actions) and gave a probabilistic guarantee. The result above focuses on the distributions
selected, and is more applicable to a scenario where a probability is selected instead of an action.

For a proof, see [5].

A.3 Proof of Theorem 4

Observe that Equation 7 is an implementation of regret matching. Moreover, observe that for all I € Z;,
a € A(I), ﬂii(ui(ath_,a, I) — u;(0*,1)) < Ay,;. Therefore, Theorem 7 states that the counterfactual

regret of that node will be less than A, ;1/]A(D)]/VT < Ay.i|A;]/v/T. Summing over all I € Z; yields the
result.

A.4 Poker-Specific Implementation

We need to iterate over all of the information sets reachable given the joint bucket sequence, and compute prob-
abilities and regrets. In order to do this swiftly, we represent the data in each information set in a “player view
tree”: in other words, we never explicitly represent every state in the abstracted game: instead, we represent the
information sets for each player in its own tree, with each node n being one of four types:
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e Bucket Nodes: nodes representing where information about the cards is observed. Has a child node

(an opponent or player node) for each different class that could be observed at that point.

e Opponent Nodes: nodes representing where the opponent takes an action. Has a child node for each

action.

e Player Nodes: nodes representing where the current player takes an action. Contains the average

regret with respect to each action, the total probability for each action until this point, and a child
node for each action (either an opponent, bucket, or terminal node). There is an implicit information
set associated with this node, which we will write as 1(n).

e Terminal Nodes: nodes where the game ends due to someone folding or a showdown. Given the

probability of a win,loss, and tie, has sufficient information to compute an expected utility for the
hand given that the node was reached.

Each player observes different pieces of information about the game, and therefore travels to a different part of
its tree during the computation. Our algorithm recurses over both trees in a paired fashion. Before we begin,
define uj(o, I) = m_;u;(o, I). For each node in the trees, there will be a value u; (o, n) which we use in order
to compute the values u; (o, I) and u;(o, I, a), which is the expected value given information set I is reached
and action a is taken.

Algorithm 1 WALKTREES(r1, 72, b, p1,p2)

Require: A node r; for an information set tree for player 1.
Require: A node 72 for an information set tree for player 2.
Require: A joint bucket sequence b.
Require: A probability p; of player 1 playing to reach the node.
Require: A probability p, of player 2 playing to reach the node.
Ensure: The utility u;(o, ;) for player 1 and player 2.

1: if r; is a player node (meaning 75 is an opponent node) then

17:
18:
19:
20:
21:

Compute o1 (I(r1)) according to Equation 7.
for Each action a € A(I(r1)) do
Find the associated child of ¢y of r; and ¢ of 5.
Compute ui(0,I(r1),a) and ws(o,r9,a) from WALKTREES(c1,co,b,p1 X
o1 (I())(a), p2).
end for
Compute u1(0, 1(r1))) = > 4e a(1(ry ) o1 (L (r1))(@)ur (o, I(r1), a).
for Each actiona € A(I(r1)) do
Ri(I,a) = 72 (TRi(1,a) + pa(ur (0, I(r1),a) — ur (o, 1(r1))))
end for
Set uq(o,71) = u1 (o, I(r1))
Compute U (0’, 7‘2) = EaGA(I(m)) 01 (I(Tl))(a)u2 (07 T2, a)~

. else if 5 is a player node (meaning 1 is an opponent node) then

do (opposite of above)

: else if r; is a bucket node then

Choose the child ¢; of r; according to the class in b for player 1 on the appropriate round and
the child ¢, of ro similarly.

Find u; (o, ¢1) and uz (o, c3) from WALKTREES(c1, ¢2, b, p1, p2).

Set uq(o,71) = u1(o, ¢1) and us (0, ra) = us(o, c2).

else if r; is a terminal node then

Find u; (o, 71) and us (o, r2), the utility of each player if this node is actually reached.

end if

A.5 Poker-Specific Analysis

We first analyze the non-sampling algorithm from Section 3, significantly tightening the presented regret bounds
for the specific case of poker games. We then give a regret analysis for the sampling implementation described
in Section 4 and used in the experimental results presented in Section 5.

A.5.1 Non-Sampling Algorithm

In Section 3, we discussed Blackwell’s Approachability Theorem being applied in every information set. The
disadvantage of such an algorithm is that every iteration involves a walk across the entire game tree. The
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advantage of such an algorithm is that it converges really quickly in terms of iterations. In this analysis, we
focus on poker.

If we can bound the difference in any two counterfactual utilities at every information set, we can achieve a
bound on the overall regret, because Blackwell’s Approachability Theorem gives a guarantee based upon this.
In particular, after 7" time steps, if the bound for the counterfactual utility at an information set is A1 (I), and
there are |A(I)| actions, then the counterfactual regret is bounded by:

Aui(DVIAUD]

RT(I) < 21)
By Theorem 3, this means the average overall regret is bounded by:
Ay 1(D)/|AL
R < 3 Ae)VIAD o
I€T, vT

First of all, define A, 1 to be the overall range of utilities in limit poker (48 small bets/hand). In particular,
given 7o (I) (the probability of chance acting to reach a node), Ay, 1(I) < 7o(I)Ay,1. In limit one could be
more precise, because any information set that begins with both players checking on the pre-flop has a tighter
limit on the maximum won or lost, but bounding based on chance nodes is more crucial. In the next step, we
leverage the structure of poker: in particular, the fact that all actions are observable. Define B; to be the set
of all betting sequences where the first player has to act: in particular, B, can be considered a partition of the
information sets Z; (such that each B € B is a set of information sets). Note that, for all B € B1:

S m(l) =1 (23)

IeB
Moreover, observe that we can define A(B) to be the set of actions available at any information set in B.

Applying these concepts to the equation:
Vi |A Au 1
<> @4

BEB,
1 A(B 25
< ﬁBglw (B)| (25)

Thus, increasing the size of the card abstraction does not affect the rate of convergence. This is not as surprising
as one might think: if one imagined n independent algorithms minimizing regret, each with a bound on their
utility of A 1, then one would expect that the theoretical bound on the average of the algorithms would closely
resemble the theoretical bound on the average of one particular algorithm. This is very similar to what was
leveraged in this section. However, the number of information sets does have an affect on the cost of an
iteration: each game state in the abstraction must be traversed in every iteration. This is the primary motivation
for WALKTREES.

A.5.2 Sampling Algorithm

In order to analyze WALKTREES, we focus on two different measures of regret:

1. R, the regret measured by the algorithm.
2. R, the underlying regret (if all states were visited every iteration).

In this implementation, the range of counterfactual utilities can be A, 1 in almost every state. Define C” (1) to
be the number of times an information set / was visited until time 7": in particular, how many times the bucket
sequence that makes I reachable was selected. Blackwell’s Approachability Theorem yields us:

R < A I)vlz‘;(f)lx/CT(f) 26)

Observe that for any B € B1 (see Section A.5.1), 37, CT(I) = T. Define Y = maxges, |B|, in other
words the number of card partitions on the river. Then Z rep VOT(I) < VYT.

SRTM <Y BurlAU 'VCT 27)

IeB IeB
A A(B)‘qu,lf T u 1\/7
R (I) < Y=t | R < V]A (28)
. Ay Y
R < %IBII\/\AII (29)
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Thus, the regret bound has increased by a factor of v/Y: however, the computatlon per round has decreased by
a factor of nearly Y2, resulting in a dramatic overall gain, so long as R and R are similar.

This last portion is tricky: since the algorithm is randomized, we cannot guarantee that every information set is
reached, let alone that it has converged. Therefore, instead of proving a bound on the absolute difference of R

and R, we focus on proving a probabilistic connection.

In particular, we will focus on the similarity of the counterfactual regret (R” (I) and RT(I )) in every node.
In particular, we will focus on the similarity of the counterfactual regret of a particular action at a particular
time (r} (I, a) and 74 (1, a)). Define Reach’([) to be true if [ is reachable given the actions of nature at time ¢.
Formally:

ri(1,0) = 773(1) (w1 (0|10, 1) — ua(0", 1)) (30)
ri(I,a) t

P (1,a) = oty 1 Reach’(D) 31)
0 otherwise

It is the case that E[rt(I,a) — #t(I,a)] = 0. These are the elementary components of R () and RT (1),
because:

Ty _ 1 ¢
Ri(I)= T aIenj()fr) ;:1 ri(1,a) (32)
1 T
A Lt
Ri(l) = Jnax 2 71(1,a) (33)

We bound the expected squared difference between ;. R (I)and 3 rez; RT(I) in order to prove that
they are close, because for any random variable X:

Pe{lX| > kB < 15 (34)
by Markov’s Inequality.
E[(Y_ (RI(I) - R{())’] < T| Y E - Ri(I))’] (35)
I1€Zy 1€Zy

This is because, for all a1 . .. ay € R, (sumf_,a;)* < kz *_, a;. Finally:

T T N
T 5T 2 l _ l
(Ri(I) =R (I)" = (T a‘?/% 1"1(1 a) = 7 ag%) 1"1(1 a)) (36)

M~

N

acA(I)

t=1

(Ri (I) — R (I))? Ti max (Zri@“)— f’i(LtL)) (37)

(Ri(I) — Ri (I))* < % > (Zrm,a) - Zfi(La)) (38)
a€A(I) \t=1 t=1
BUH (1) - TP < & 3 S I (0) — #i(1.0))) (39)

a€A(I) t=1

The final step is because if ¢ # ¢, then E[(r{(I,a) — 71(I,a)) (rfl (I,a)— f’{,(l, a))} = 0. Substituting
back into Equation 35:

E[(Y_(BI(I) = RI(1)’] < ‘% > Y YE(ri(La) - #(La)) (40)

IeTy T€Ty a€ A(I) t=1

Recall that ﬂitl(I) =ng (I)wgt (I). Thus, |r{ (1, a)] < A, 17r0 ,and 7 (I,a) < Ay1. Also, Pr[pi(1,a) #
0] < mo([). Finally:

E[(#4 (1, a) — 74 (I,))?|Reach(I)] < 242, @
BI(7 (1, a) ~ #4(1,0))*|-Reach(D)] < 2mo(1)A%, 42
E[(7(I,a) — #1(1,a))’] < dmo(1)AZ, @
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Thus, substituting back into Equation 40:

E[(Y (RY (1)~ RT (1

I1€Zy

BI(Y (B (1) — RT (1)) < % 5™ AW mo(1)

IeTy

Again, by focusing on B;:

Bl (B (1) - BT ) < TR0 S S a o)

I€Ty

<4
<

iy >

I€T) ac A(I

I€Ty

Z 4mo (I

) t=1

BeBq I€B

BI(Y (BT (1) - BT )Y < IR 5 s

Iely

For any p € [0, 1], with probability at least 1 — p

2\/|Il |B1||A1]|Au1

T

VT
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Au Y
Y p5, | T

(44)

(45)

(46)

(47)

(48)

(49)



