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ABSTRACT. In the UK betting market, bookmakers often offer a free coupon
to new customers. These free coupons allow the customer to place extra bets,
at lower risk, in combination with the usual betting odds. We are interested
in whether a customer can exploit these free coupons in order to make a sure
gain, and if so, how the customer can achieve this. To answer this question,
we evaluate the odds and free coupons as a set of desirable gambles for the
bookmaker.

We show that we can use the Choquet integral to check whether this set
of desirable gambles incurs sure loss for the bookmaker, and hence, results in
a sure gain for the customer. In the latter case, we also show how a customer
can determine the combination of bets that make the best possible gain, based
on complementary slackness.

As an illustration, we look at some actual betting odds in the market and
find that, without free coupons, the set of desirable gambles derived from
those odds avoids sure loss. However, with free coupons, we identify some
combinations of bets that customers could place in order to make a guaranteed
gain.

1. INTRODUCTION

Consider the football betting market in the UK where a bookmaker typically
offers fractional betting odds for possible outcomes. For example, in a match be-
tween Manchester United and Liverpool, the bookmaker offers odds in the form
a/b for Manchester United winning, ¢/d for a draw and e/ f for Liverpool winning.
Suppose a customer accepts the odds a/b by placing a stake of b pounds on a
Manchester United win, which he pays to the bookmaker in advance of the match.
After the match, if Manchester United wins, the bookmaker will pay him a + b
pounds. So, if Manchester United wins, then the customer’s total return will be a
pounds; otherwise the customer will lose b pounds.

To predict the outcome of a match, the bookmaker may encounter difficulties
such as lack of data (e.g. team A has never played with team B during last five
years), missing data, limited football expert opinion, or even contradicting infor-
mation from different football experts. Various authors [I4 [15] T3] 0] have argued
that these issues can be handled by using sets of desirable gambles. A gamble rep-
resents a reward (i.e. money in our case) that depends on an uncertain outcome
(i.e. the match result). The bookmaker can model his belief about this outcome
by stating a collection of gambles that he is willing to offer. Such set is called
a set of desirable gambles. Through duality, stating a set of desirable gambles is
mathematically equivalent to stating a set of probability distributions.
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If there are no combinations of desirable gambles that result in a guaranteed loss,
then we say that a set of desirable gambles avoids sure loss [14] [15]. Thus, if the
bookmaker’s set of desirable gambles avoids sure loss, then there is no combination
of bets from which customers can make a guaranteed gain. On the other hand, if
the set does not avoid sure loss, then there is a combination of bets that customers
can exploit to incur a sure gain.

In addition to avoiding sure loss, the bookmakers also want to entice new cus-
tomers. There are several techniques that bookmakers can use to persuade cus-
tomers to bet with their companies. Some bookmakers may offer greater betting
odds than others since greater odds means a greater payoff to the customers. An-
other technique is to offer a “free coupon”, which is a stake that customers can
spend on betting. The free coupon can also be viewed as part of a desirable gam-
ble.

However, bookmakers may worry that customers will find a combination of dif-
ferent odds and free coupons that they can bet on and make a guaranteed profit.
Therefore, from the bookmaker’s perspective, they would like to check whether sets
of desirable gambles derived from different odds and free coupons avoid sure loss
or not. Conversely, in theory, a customer may be interested in the case where the
bookmaker’s set does not avoid sure loss, because then the customer can make a
guaranteed profit. In that case, a customer may want to find the combination of
bets which results in the best possible sure gain.

There are several studies on exploiting betting odds and free bets in order to find
strategies that make a profit. For example, Walley [I3|, Appendix I] and Quaeghe-
beur et al. [7] study an application of sets of desirable gambles on sports; Milliner
et al. [0], Schervish et al. [9], Vlastakis et al. [I2] exploit betting odds directly,
whilst Emiliano [2] takes free bets into account. Emiliano considers the case of only
two possible outcomes, and allows cooperation between customers. In this paper,
we look at any finite number of possible outcomes, but we only consider a single
customer. We evaluate betting odds and free coupons and check whether a set of
desirable gambles derived from odds and free coupons avoids sure loss (or not) via
the natural extension. If the set does not avoid sure loss, then we show exactly how
a customer can incur a sure gain.

In general, one can check avoiding sure loss by solving a linear programming
problem [I3], p. 151]. In our previous work [6], we provided efficient algorithms for
solving these linear programming problems. For our specific problem, we show that
we can calculate the natural extension through the Choquet integral, or through
solving a linear programming problem where the optimal value is equal to the
natural extension. In the case of not avoiding sure loss, we know that we can find a
strategy that the customer can bet on to make a guaranteed gain. We show that this
strategy can be identified using the Choquet integral and complementary slackness
conditions. Our method for finding this strategy is generally applicable not just to
this betting problem, but to arbitrary problems involving upper probability mass
functions. Specifically, by using the Choquet integral and exploiting complementary
slackness conditions, we can find optimal solutions of the corresponding pair of dual
linear programming programs without directly solving them.

The paper is organised as follows. Section [2] briefly reviews the main concepts
behind desirability, avoiding sure loss and natural extension. We also discuss the
Choquet integral which can be used to calculate the natural extension. In section 3]
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we introduce fractional fixed odds and explain how betting odds work. As betting
odds can be viewed as a set of desirable gambles, we revisit a simple known algo-
rithm to check whether such set avoids sure loss or not. In section[d] we discuss free
coupons from the perspective of desirability. We show how we can check whether
the problem with free coupons avoids sure loss or not, by means of the natural
extension. We demonstrate how we can use the Choquet integral to calculate this
natural extension. Next, we exploit complementary slackness to find a combination
of bets which makes the best possible guaranteed gain. To illustrate our results, in
section [5] we consider some actual betting odds and free coupons in the market,
and provide an example where a customer can make a sure gain with a free coupon.
Section [6] concludes this paper.

2. AVOIDING SURE LOSS AND NATURAL EXTENSION

In this section, we will briefly discuss desirability, avoiding sure loss and natural
extension. We will also explain the Choquet integral which can be used to calculate
the natural extension in the case considered in this paper. The material in this
section will be useful later when we view betting odds and free coupons as a set of
desirable gambles and when we want to check whether this set avoids sure loss or
not.

2.1. Avoiding sure loss. Let ) be a finite set of uncertain outcomes. A gamble
is a bounded real-valued function on Q. Let £(Q2) denote the set of all gambles on
Q. Let D be a finite set of gambles that a subject deems acceptable; we call D the
subject’s set of desirable gambles. Rationality conditions for desirability have been
proposed as follows [10, p. 29]:

Axiom 1 (Rationality axioms for desirability). For every f and g in L(Q) and
every non-negative o € R, we have that:

(D1) If f <0 and f # 0, then f is not desirable.
(D2) If f >0, then f is desirable.

(D3) If f is desirable, then so is af.

(D4) If f and g are desirable, then so is f + g.

The first two axioms are trivial as the subject should accept any gamble that he
cannot lose from, but he should not accept any gamble that he cannot win from.
Axiom (D3) follows the linearity of the utility scale and axiom (D4) shows that a
combination of desirable gambles should also be desirable.

We do not assume that any set D, specified by the subject, satisfies these axioms.
However, we can use these axioms to examine the rationality of D. Indeed, the
rationality axioms essentially state that a non-negative combination of desirable
gambles should not produce a sure loss [I0, p. 30]. In that case, we say that D
avoids sure loss.

Definition 1. [I0, p. 32/ A set D C L() is said to avoid sure loss if for alln € N,
all \,..., Ay >0, and all f1,..., fn €D,

(1) max (Z Aifi(W)> > 0.

Note that the rationality axioms for desirability are stronger than the condition
of avoiding sure loss [10, p. 32].
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We can also model uncertainty via acceptable buying (or selling) prices for gam-
bles. A lower prevision P is a real-valued function defined on some subset of £(€2).
We denote the domain of P by dom P. Given a gamble f € dom P, we interpret
P(f) as a subject’s supremum buying price for f, i.e. f —« is deemed desirable for
all a < P(f) [10, p. 40].

Definition 2. [10, p. 42] A lower prevision P is said to avoid sure loss if for all
neN, all A\,...., A\, >0, and all f1,..., f, € dom P,

(2) max (Z Ai [filw) = P(fi)]) > 0.

weN

(f)

Any lower prevision P induces a conjugate upper prevision P on —dom
{—f: f € dom P}, defined by P(f) == —P(—f) for all f € —domP .
represents a subject’s infimum selling price for f [10] p. 41].

Next, let A denote a subset of €2, also called an event. Its associated indicator
function I4 is given by

P
P

1 fweAd
0 otherwise.

(3) Yw e Q: T4(w) :—{

Further in the paper, we will also extensively use upper probability mass func-
tions. An upper probability mass function p is a mapping from Q to [0, 1], and
represents the following lower prevision [10, p. 123]:

(4) Vw € Q: Po(—Iy) = —p(w),

where dom P; = |J, cq{—I{w}}- We can check whether P avoids sure loss by
theorem [l

Theorem 1. [10, p. 124] P; avoids sure loss if and only if ) cqP(w) > 1.
Proof. See [10, p. 124, Prop. 7.2] with lower probability mass function p =0. [

We can interpret an upper probability mass function as providing an upper
bound on the probability of each {w}, for all w € Q [10] p. 123].

2.2. Natural extension. The natural extension of a set of desirable gambles D is
defined as the smallest set of gambles which includes all finite non-negative combi-
nations of gambles in D and all non-negative gambles [10, § 3.7]:

Definition 3. [10, p. 32/ The natural extension of a set D C L(Q) is:

(5) SDI: {90‘5‘2)\1'91‘19020,nEN,gl,-~-,9n€D7 Al,,AnZO}

i=1
From this natural extension, we can derive a supremum buying price for any

gamble f.

Definition 4. [10, p. 46] For any set D C L(Q) and [ € L(), we define:
6)  Ep(f)=swlo€R: f—acép)

(7) :sup{aeR:f—azz:)\ifi,neN,fiED,)\iEO}.

=1
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Note that Ep is finite, and hence, is a lower prevision, if and only if D avoids
sure loss [I0, p. 68]. B
We denote the conjugate of £ by Ep which is defined by

(8) Ep(f)=—Ep(—f)= inf{ﬁ ER:B—-f2> Z)\ifivn eN, fieD,\ > 0}.
i=1
for all fin £(Q) [13, p. 124]. E, is simply denoted by E when there is no confusion.
Given a lower prevision P, we can derive a set of desirable gambles corresponding
to P as follows [10] p. 42]:

(9) Dp:={g—pu:gedomP and u < P(g)}.

Combining definition [4| and eq. @ together, we can define the natural extension of
P:

Definition 5. [I0, p. 47] Let P be a lower prevision. The natural extension of P
is defined for all f € L(Q) by:

(10) Ep(f) = Ep, (/)
=wm{a€Rf—azi}wﬂ—Pm»nENﬂedmﬂl&EO}

i=1
Similarly, Ep is finite if and only if P avoids sure loss [10, p. 68].
In the next section, we briefly explain the use of the Choquet integral to calculate
the natural extension for the type of lower previsions considered in this paper; see
[T, 10] for more detail.

2.3. Upper probability mass functions and Choquet integration. Let £
be the natural extension of Eﬁ that avoids sure loss. Then Eﬁ is 2-monotone and
can be computed via the Choquet integral [I0, p. 125]. In this section, based on
the results from [I0, Sec. 7.1], we give a closed form expression for this integral.
For simplicity, we denote the natural extension Eﬁ(I 4) of an indicator I, as

E5(A). We can use the following theorem to calculate E;(A).

Theorem 2. [10, p. 125] Let Py avoid sure loss. Then for all A C ,
(11) E-(A) = max{0,1 — U(A°)} and  Ez(A) =min{U(A),1},

P
where U(A) = ,c 4 P(w).
Proof. See [10, p. 125] with lower probability mass function p = 0. O
Theorem 3. Let f be decomposed in terms of its level sets A;, i =0,1,...,n:
(12) F=Y Nla,

i=0
where \g ER, A1,..., A\, >0and Q=402 A1 2D --- DA, #0. Then
(13) ES(f) =Y NE(A).

i=0

Proof. The right hand side is the Choquet integral [I0, p. 379, Eq. (C.8)] and the
natural extension E(f) is equal to the Choquet integral [10, p. 125, Prop. 7.3(ii)]
(with lower probability mass function p = 0). O
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Note that theorem [3] also holds for the upper natural extension.

Corollary 1. Let f be a gamble decomposed as in eq. . Then
n

(14) Ey(f) = Z)\iiﬁ(Ai)'
i=0

Proof. See appendix [A] O

The Choquet integral will be useful when we want to calculate the natural ex-
tension later in section [

2.4. Avoiding sure loss with one extra gamble. Let D = {g1,...,¢9,} be a set
of desirable gambles that avoids sure loss and let f be another desirable gamble.
We want to check whether D U {f} still avoids sure loss or not. This idea will be
used when we want to check avoiding sure loss with a free coupon in section [4

By the condition of avoiding sure loss in definition |1, DU {f} avoids sure loss if
and only if for all \¢g >0, n € N, g; € D and A\q,..., A, >0,

(15) max (Z Xigi(w) + Aof(W)) > 0.

weN

We can simplify eq. as follows.

Lemma 1. Let Q be a finite set, D = {g1,...,9n} be a set of desirable gambles
that avoids sure loss and f be another desirable gamble. Then, DU{f} avoids sure
loss if and only if for alln € N, g; € D and A\1,..., A\, >0,

weN

(16) max (Z Aigi(w) + f(w)) >0.
i=1

Proof. If \y = 0in eq. , then eq. is trivially satisfied because D avoids sure
loss. Otherwise A\g > 0, and for all 4, \; > 0, so A\;/Ag > 0. Therefore eq. is
equivalent to

(17) max (Z (%) s + f(w)> >0.
Therefore, DU {f} avoids sure loss if and only if eq. holds. a

Next, we give a method not only for checking avoiding sure loss of DU {f}, but
also for bounding the worst case loss, which will be useful later in section [4}

Theorem 4. Let f € L(2) and let D = {g1,...,9n} be a set of desirable gambles
that avoids sure loss. Then, DU {f} avoids sure loss if and only if Ep(f) > 0. If
DU {f} does not avoid sure loss, then there exist Ay > 0, ..., A, > 0 such that
erZ;L:l Aigi, which is a combination of desirable gambles, results in a loss at least

[Ep(f)]-
Proof. See appendix O

Note that by definition [5] theorem [4| can also be applied to Ep.
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3. BETTING SCHEME

In this section, we explain how fractional betting odds work and look at two
scenarios: (i) a customer bets against a bookmaker and (ii) a customer bets against
multiple bookmakers. In both cases, we view betting odds as a set of desirable
gambles and check whether such a set avoids sure loss or not.

3.1. Betting with one bookmaker. In the UK, a bookmaker usually offers fixed
fractional odds on possible outcomes of an event that customers are interested
in. For example, in the European Football Championship 2016, customers are
interested in the winner of the championship. Suppose that a bookmaker sets odds
on France, say 9/2, and one customer accepts this odds. For every stake £2 that
the customer bets on France, he will win £9 plus the return of his stake. So the
bookmaker will lose £9 in total. Otherwise, the bookmaker will pay nothing and
keep £2. The bookmaker often writes a/1 as a.

Given fractional odds a/b, a customer can simply calculate his return as follows.
For every amount b that the customer bets, he will either get nothing (in case the
bet is lost), or gain a plus the return of his stake (in case the bet is won). As
the bookmaker accepts this transaction, the total payoff can be seen as a desirable
gamble, say g, to the bookmaker:

(19) gwoz{‘” o

b otherwise.

Note that —g is a desirable gamble to the customer, should the customer decide to
accept the bookmaker’s odds.

Let Q = {w1,...,w,} be a finite set of outcomes. Suppose that for each 4, the
bookmaker sets betting odds a;/b; on w;. By eq. , these odds can be viewed as
a set of desirable gambles D = {g1,...,gn}, where

(19) mwrz{“iﬁ“”

b; otherwise.

Given odds a;/b; on w;, suppose that we modify the denominator in this odds to
be b;. To do so, we can multiply a;/b; by b;/b; to be

)ty

Are new odds still desirable? By the rationality axioms for desirability, the modified
odds are still desirable.

a

(20) asb; bib; = ( bby

Lemma 2. Let a/b be odds on an outcome & that are desirable. Then, for all
a >0, the odds ca/ab on @ are also desirable.

Proof. Consider the desirable gamble corresponding to the odds a/b:

1) gww={‘“ —

b otherwise.

By rationality axiom (D3), for any « > 0, the gamble «g is also desirable. Hence,
the corresponding odds aa/ab are also desirable. ([
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Lemma [2] will be very useful when we want to modify odds to have the same
denominator.

Suppose that the bookmaker specifies betting odds for all possible outcomes in
Q. Before announcing these odds, the bookmaker may want to check whether there
is a combination of bets from which the customer can make a sure gain, or in other
words, whether he avoids sure loss [I3, Appendix 1, I4, p. 635]:

Theorem 5. Let QO = {w1,...,w,}. Suppose a;/b; are betting odds on w;. For
each i € {1,...,n}, let

—a; ifw=w;
22 i =
(22) 9:() {bi otherwise

be the gamble corresponding to the odds a;/b;. Then D :={g1,...,gn} avoids sure
loss if and only if

23 > 1.

(23) ; a; +b; —

Proof. Theorem [5 follows from theorem [6] (proved further) for m = 1. (Note that
theorem [f] is not used in the proof of theorem [6]) O

Note that, in practice, Z?:l af’—_ﬁy is normally strictly greater than 1, and

(24) 100 x (Z Iib — 1)
a; i

i=1

is called the over-round margin [2] [12].
Let’s see an example of theorem

Example 1. Suppose that a bookmaker provides betting odds 3/4 for W, 13/5 for
D, and 16/5 for L. As

4 5 5
25 =1.087>1
(25) 31471355 1645 -
by theorem[5, the bookmaker avoids sure loss. Therefore, a customer cannot exploit

these odds in order to make a sure gain.

Note that the condition for avoiding sure loss of D in theorem [5| is exactly the
same as the condition for avoiding sure loss of Py in theorem [I} This condition is
also equivalent to Proposition 4 in Cortis [1].

Next, we show that those odds can be modelled through an upper probability
mass function:

Lemma 3. Let Q = {w1,...,wn}, let w; € Q and let g be the corresponding gamble
to the odds on w; defined as in eq. , that is,

—a; if w=uw;
26 i =
(26) 9iw) { b; otherwise,

where a; and b; are non-negative. If p is a probability mass function, that is, if
Y weaPw) =1 and p(w) > 0 for all w € 2, then

(27) S gi(@)p(w@) = 0

weR

L > ).
o, 2 P@)
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Proof. Suppose that ) ., p(w) =1 and for all 4, p(w;) > 0, then

(28) Z gi(w)p(w) >0 <= —a;p(w;) +b; Z p(w) >0
we wHw;

(29) = —a;p(w;) +bi(1 —p(wi)) >0

(30) = > ).

O

In order to avoid sure loss, the odds a;/b; on w; must satisfy eq. 13
§3.3.3 (a)] (see the proof of theorem [f] for more detail). Therefore, the collection of
these odds can be viewed as an upper probability mass function, that is,

b;

(31) Vie{l,...,n}: D(w;) ==

3.2. Betting with multiple bookmakers. In the market, there are many book-
makers. We are interested in whether a customer can exploit odds from different
bookmakers in order to make a sure gain. To do so, we model betting odds from
different bookmakers as a set of desirable gambles, and we check avoiding sure loss
of this set. We recover the known result that it is optimal to pick maximal odds on
each outcome [I2]. As greater odds correspond to a higher payoff to a customer, a
sensible strategy for him is to pick the greatest odds on each outcome.

Theorem 6. Let Q = {wy,...,wy}. Suppose there are m different bookmakers. For
each k € {1,...,m}, let a;x /by be the betting odds on w; provided by bookmaker k.
For eachi € {l,...,n} and k € {1,...,m}, let

(32) gin(w) == {_aik if w = w;

bik otherwise.

be the desirable gamble corresponding to the odds a;i /bix. Let af /bF be the mazimal
betting odds on outcome w;, that is,

(33) a; /b = Iﬁi( {a/bir} .

Then the set of desirable gambles D = {g;r.: i € {1,...,n}, k € {1,...,m}} avoids
sure loss if and only if

(34) E P > 1.
i=1 1 @

Proof. See appendix [C} O

Theorem [f] tells us that to check avoiding sure loss of several bookmakers, we
only need to consider the maximal odds on each outcome. Let’s see an example.

Example 2. Suppose that in the market there are three bookmakers providing dif-
ferent odds for outcomes W, D, and L as in table[1].
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Outcomes Betting companics Mazximum odds
River Mountain Forest
w 4/5 17/20 3/4 17/20
D 13/5 14/5 13/5 14/5
L 10/3 3 16/5 10/3

TABLE 1. Table of odds provided by three bookmakers

Let D be the set of desirable gambles corresponding to all of these odds. Note
that the mazimal betting odds are 17/20 for W, 14/5 for D and 10/3 for L. As

20 5 3
—1.034> 1
(35) 7120 "T1ars T10gp3 1L

by theorem [0, we conclude that D avoids sure loss. Therefore, a customer cannot
exploit these odds to make a sure gain.

Consider a customer who is interested in odds provided by the three bookmakers
as in table[Il A sensible strategy to him is to pick the greatest odds on each out-
come. However, this means that the customer will never choose any odds provided
by Forest, because all of Forest’s odds are less than the odds provided by other
bookmakers. Therefore, to encourage customers to bet with them, Forest may offer
free coupons to the customer under certain conditions. In the next section, we will
look at these free coupons in more detail.

4. FREE COUPONS FOR BETTING

A free coupon is a free stake that is given by a bookmaker to a customer who
first bets with him. The free coupon can be spent on some betting odds that
the customer wants to bet. In fact, the free coupon is not truly free, since the
customer firstly has to bet on some odds before he claims the free coupon. Moreover,
the bookmakers usually set some required conditions, for instance, a limit on the
amount of free coupons that customers can claim, or a restriction of choices that
customers can spend their free coupons.

We were wondering whether customers can exploit those given odds and free
coupons in order to find a strategy of betting that incurs a sure gain. If there is a
possible way to do that, then we will find an algorithm that gives such a strategy.

For simplicity in this study, we set up standard requirements for claiming free
coupons from the bookmakers as follows:

(1) Once the customer has placed his first bet, the bookmaker will give him a
free coupon whose value is equal to the value of the bet that he placed.

(2) The bookmaker sets the maximum value of the free coupon.

(3) The free coupon only applies to the customer’s first bet with the bookmaker.

(4) The customer must spend his free coupon with the same bookmaker on
other outcomes.

(5) The customer must spend his free coupon on only a single outcome.

Here is an example of claiming free coupons.
Example 3. Suppose that Forest has the following offer: a free coupon will be given

to a customer who first bets with Forest, and the value of the coupon is equal to the
value of the first bet that the customer placed.
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From table if James, who is a customer, has never bet with Forest and he
decides to place £5 on the odds 13/5 of the outcome D, then he will play £5 to
Forest and he will claim a free coupon valued £5. James can use the free coupon
to bet on other outcomes with Forest.

Once James receives a free coupon, he can spend his free coupons as in the next
example.

Example 4. Continuing from the previous example, James has his free coupon
valued £5 from Forest. Since James must spend his free coupon valued £5 on only
a single outcome, by lemma@ we modify odds 3/4 by multiplying them by 5/5. Now
all odds have the same denominator which is 5.

Outcomes | w D L

odds [ 25 135 165
TABLE 2. Table of modified odds

If James spends his free coupon to bet on L and the true outcome is L, then Forest
will lose £16; otherwise Forest will lose nothing. On the other hand, if James
spends the coupon to bet on W and the true outcome is W, then Forest will lose

£%; otherwise Forest will lose nothing. A total payoff to Forest is summarised in

table[3
) Outcomes
Betting a free coupon on
w D L
L 0 0 —16
w -3 0 0

TABLE 3. Table of total payoff

Suppose that the customer first bets on an outcome w; with corresponding odds
a;/b;. The payoff to the bookmaker is represented as a gamble g,, in the table
Because this is his first bet, the customer receives a free coupon valued b;, and he
will spend this free coupon to bet on a single outcome. Suppose that he bets on w;
with corresponding odds a;/b;. As the denominators are not necessarily equal, we

multiply odds a;/b; by 2—1 The modified odds are (a”l')'jbi )/b;. Note that as the free

coupon must be spent on other outcomes, w; cannot coincide with w;.

If the true outcome is wj;, then the bookmaker will lose ajl')—',_bi. Otherwise the
bookmaker will gain nothing. This payoff to the bookmaker is viewed as a gamble
Jw,; in the table {4, As g, and g, are desirable to the bookmaker, by rationality
axiom (D4), g, + gu, is also desirable.

Outcomes wj wj others
Gu; —a; b; b;
~ b,
gwj O *a]Tj O
~ br —as)b;
Juw; + Yw; —a % b;
J

TABLE 4. Table of the first-free desirable gamble to the bookmaker

We denote gu,w; = guw;, + gu, and call it the first-free desirable gamble to the
bookmaker. Note that —g.,.,, is desirable to the customer. The customer can bet
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on other odds, but he will not get any free coupon from his additional bets. This
is because the bookmaker gives him the free coupon only once.

Also note that in the actual market, there is usually more than one bookmaker
offering a free coupon. Therefore, the customer can first bet with different book-
makers in order to obtain several free coupons. These can be viewed as a first-free
desirable gamble combining from several first-free desirable gambles. In this study,
we only consider the case that customer first bets and claims a free coupon from a
single bookmaker. In this case, we face a combinatorial problem over all first-free
desirable gambles.

We would like to check whether DU{g.,,.,; } avoids sure loss or not. By theorem
if D avoids sure loss, then DU {g.,«, } avoids sure loss if and only if E(guw,w,) > 0.
In the case that DU {g,,w, } does not avoid sure loss, by theorem {4, the bookmaker
will lose at least [E(gw,,)| which is the customer’s highest sure gain. Therefore,
the customer can combine g,,,.,; with a non-negative combination of g; to obtain a
sure gain [E (g0, ).

Let f be any first-free desirable gamble to the bookmaker. Before using the
results in Section 2.3 to calculate the natural extension of f, we have to check
whether D avoids sure loss. If Eﬁ does not avoid sure loss, then without a free
coupon, there is a non-negative combination of gambles that the customer can
exploit to make a sure gain. On the other hand, if P avoids sure loss, then we
can write f in terms of its level sets and use corollary [I] to calculate the natural
extension of f.

Example 5. Let Forest provide betting odds on W, D, and L as in table [1 By
eq. (31), we have

4

4 5 I 5

(36) W)=z BD)=15 B =5

Since p(W) +p(D) +p(L) > 1, P; avoids sure loss by theorem .

Continuing from example [}, suppose that James first bets on D and spends his
free coupon to bet on L. Then, the first-free desirable gamble gpy, to Forest is as
follows:

Outcomes | w D L
gD 5 -13 5
gL 0 0 —16
9gpL 5 —13 —11

TABLE 5. Table of desirable gambles to Forest

We decompose gpy, in terms of its level sets as

(37) gpr, = —13Ia, + 214, + 1614,

where Ag = {W,D, L}, Ay ={W,L} and Ay = {W}. By theorem@ we have
(38) Ep(Ao) = min{p(W) + (D) +p(L), 1} =1

(39) Bp(Ar) = min{p(W) + (L), 1} = 5

(40) E5(As) = min{p(W), 1} =

)
4
7
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Substitute E5(A;), i € {0,1,2} into eq. . By corollary we have
_ _ _ — 47
(41) Eﬁ(gDL) = —13Eﬁ(A0) + 2E17(A1) + 16Eﬁ(A2) = ——.

As Ex(gpr) = —% <0, by theorem Forest does not avoid sure loss. Therefore,
with the free coupon, James can make a sure gain.

How should James bet? Remember that Q = {wq,...,w,} and that g; is the
corresponding gamble to the odds a;/b; on w;:

—a; fw= ws
42 i =
(42) 9:() { b; otherwise.

Note that we can calculate E5(f), or EDE?( f), by definition |5 for any gamble f
by solving the following linear program:

(Pa) (P) min  «

Vi € Q:a - Y0, gi(w)A > f(w)

(Pb) subject to ‘
Vi=1,...,n: X >0,

where the optimal « gives E5(f). If the optimal « is strictly negative, then the
optimal Ay, ..., A\, give a combination of bets for a customer to make a sure gain.
The dual of (P) is

(Da) (D) max Y fwp(w)
weN

Vgi: Y peq gilw)p(w) >0
(Db1) subject to Yw: p(w) >0

ZwEQ p(w) =1L
After applying lemma [3] the constraints in eq. (DbI]) become:
Yw: 0 < p(w) < p(w)
ZwGQ p(UJ) =1
We see that the objective function eq. is E,(f), the expectation of f with
respect to the probability mass function p. As the optimal value of (D) is E5(f),
if we can find a p that satisfies the dual constraints eq. (Db2) and Ex(f) = E,(f),
then we have found an optimal solution of (D).

We now first construct a p, by assigning as much mass as possible to the smallest
level sets. Then, in theorem we prove that this p satisfies eq. 1D and E5(f) =

Ep(f).
Algorithm 1 Construct an optimal solution p of (D)

(Db2) subject to {

Input: A gamble f, a set of outcomes ().
Output: An optimal solution p of (D).

(1) Rewrite f as

(43) f Aid;

Il
[1):

whereQ:A02A12~~
Ao Am > 0.

U
o

m =2 0 are the level sets of f and )¢ € R,
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(2) Order wy, wa, ..., wy, such that
(44) Vi<j: Ay, € A,

where A, is the smallest level set to which w belongs, that is

(45) A, = ﬂ A;.
eA

w i

So, we start with those w in A,,, then those in A,,_1 \ A4,,, then those

in Ao\ Am—1, and so on.
(3) Let k be the smallest index such that

k
(46) Zﬁ(wj) >1
j=1
There is always such k because P avoids sure loss. Define p as follows:
p(wi) if i <k
(47) plw) = 1= Y1 Blw,) ifi=k
0 iti> k.

We then show that p in eq. satisfies eq. (Db2) and E5(f) = E,(f).
Theorem 7. The probability mass function p defined by eq. satisfies eq. (Db2))
and E5(f) = Ey(f).

Proof. Let Q = {wl, .., wp} be ordered as in eq , and let k£ be the smallest
index such that > _1p( i) > 1. By eq. S plw;) =1 and

k-1

k
(48) plwg) =1— Z Zﬁ (wy) Zﬁ (wj)
j=1

j=1

BN

soforallie {1,...,n}, 0 <p(w;) <
we will show that for all level sets A;,

(49) min{ > pw), 1} = E,(A).

wEA;

P(w;). Therefore, p satisfies eq. (Db2). Next,

Remember that A, is the smallest level set that contains wy. By eq. (47)), for all
A; € Ay, we know that p(w) = p(w) for all w € A;, and so

60) mm{ 5 p<w>,1} S )= Y pw).

weA; wEA; weA;

For all A; 2 A,,, we know that >° , p(w)=1and > ., P(w)>1,s0

(51) min{ Z p(w)71} =1= Z p(w).

w€eA, w€eA,
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Hence, eq. holds. Therefore,

(52) Ep(f) =Y ME(A) (by eq. (T4))
i=0

(53) = Z Ai min{ Z P(w), 1} (by eq. (1))
=0 w€EA;

(54) = Z AiEp(A;) (by eq. ([49))
i=0

(55) = Ep(f)

To sum up, we can use eq. to construct an optimal solution p of (D).

We will use complementary slackness to find an optimal solution of the dual of
(D) [16l, p. 329]. Note that, as (D) has an optimal solution and the dual problem is
bounded above, then by the strong duality theorem [8, p. 71], an optimal solution
of (P) exists and achieves the same optimal value. In addition, a pair of solutions
to (P) and (D) is optimal if, and only if, they satisfy the complementary slackness
condition [3, p. 62]. Specifically, in our case, the condition holds for any non-
negative variable and its corresponding dual constraint [4, p. 184, 1l. 3-5]. More,
precisely, let p(w1), ..., p(wy) be any feasible solution of (D), and let a, A1, ..., Ay
be any feasible solution of (P). Then, by complementary slackness, these solutions
are optimal if, and only if, for all j € {1,...,n}, we have that

(56) (a - Zgi(wg-)& - f(%)) plwj) =0 and (p(w;) —p(w;))A; = 0.

This is equivalent to

(1) if p(w;) > 0, then a — 3777, gi(wj)\i = f(w;), and

(2) if p(wj) < p(wj), then A; = 0.
So, if we have an optimal solution p(w;), ..., p(wy,) of (D) and the optimal value
a, then we can use these equations as a system of equalities in A1, ..., A,. Note
that some solutions of this system may not satisfy feasibility, i.e. they may violate
Ai > 0. However, all solutions of this system that satisfy A; > 0 are guaranteed to
be optimal solutions of (P).

How does this system of equalities look like? Remember that k& was defined
as the smallest index such that Z?Zl p(w;) > 1. According to eq. , for all
j€{l,...,k — 1} we have that p(w;) > 0, so we have the following equalities: for
all je{1,...,k—1},

(57) a—=>> " giwjhi = flw)).

i=1
For all j € {k+1,...,n} we have that p(w;) = 0 < P(w;), so A\; = 0 for all
je{k+1,....,n}. For j =k, if p(wr) < D(wg), then we can also set Ay = 0.
Otherwise, we know that p(wx) = P(wg) > 0 and so we can simply impose the same
equality as for j € {1,...,k — 1}. Concluding, let k¥’ be the largest index j for
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which p(w;) = p(w;). Then as the optimal solution of (P) exists, it can be found
by solving the following system:

iy

(58) Vi€ {l . K} a=Y " gilwj)h = flw;)
=1

(59) Vie{k'+1,...,n}: A =0

So, effectively, all we are left with is a system of k' variables in k’ constraints.

Note that we can modify the odds to have the same denominator (all b; are
equal), so it will be much easier to solve the new system.

Finally, note that in the first-free coupon scenario, to make a sure gain, the
customer has to bet on every outcome. This implies that the only coefficients \;
whose value can be zero are those corresponding to the gambles in the first-free
gamble chosen by the customer. Hence, in that specific case, k¥’ > n — 2.

Example 6. Continuing from example [5, the corresponding linear programs to

E(gpr) are as follows:

(Pla) (P1) min  «
a+ 3w —5Ap —BA, > 5
(P1b) subject to oa— 4 \w +13\p —5Ap > —13
o — 4/\W — 5>\D + 16)\[, Z —11
(Plc) and  Aw, Ap, Ap >0, « free,
(Dla) (D1) max S5p(W) — 13p(D) — 11p(L)

0<p(W)<4/7
0<p(D)<5/18
0<p(L)<5/21
p(W) +p(D) +p(L) = 1.

(D1b) subject to

By eq. , we see that
(60) Aw C A C Ap,
so an optimal solution of (D1) is as follows:

4 5 4 5 4
1 = — L)=— DY=1—-|[ = — | = —.
o) =7 =g w0 =1-(F5) =5
As p(W) = p(W) and p(L) = p(L), whilst p(D) < p(D), by the complementary
slackness, the optimal solution of (P1) must have Ap = 0 and solves the following
system:

(P1bl) a+3\w —5 L =5
(P1b2) a—4 w + 16A, = —11,
where the value of « is f%. We solve this system and get an optimal solution:

)\W:%and/\L:%.

A strategy for James to make a guaranteed gain is as follows. He first bets £5
on D and claims a free coupon valued £5 to bet on L. Next, he additionally bets
£1—78 on W and .,C% on D. He will make a sure gain of £% from Forest.



EVALUATING BETTING ODDS AND FREE COUPONS USING DESIRABILITY 17

Country Odds Country Odds Country Odds
France 10/3 Austria 45 Czech Republic 135
Germany 23/5 Poland 50 Slovakia 150
Spain 5 Switzerland 66 Rep of Ireland 170
England 9 Russia 85 Iceland 180
Belgium 57/5 Turkey 94 Romania 275
Ttaly 91/5 Wales 100 N Ireland 400
Portugal 20 Ukraine 100 Hungary 566
Croatia 27 Sweden 104 Albania 531

TABLE 6. Table of maximum betting odds for the European Football
Championship 2016

5. ACTUAL FOOTBALL BETTING ODDS

In this section, we will look at some actual odds in the market, and we will check
whether and how a customer can exploit those odds and free coupons in order to
make a sure gain.

Consider table [9] which is in appendix [D] We list betting odds provided by 27
bookmakers on the winner of the European Football Championship 2016. From
table[d] the maximum betting odds on each outcome are listed in table[6] For all i €
{1,...,24}, let a}/b} be the maximal betting odds in table@ Since Zfil abT =
1.0349 > 1, by theorem [6] the set of desirable gambles corresponding to the odds
in table [9 avoids sure loss. Therefore, there is no combination of bets which results
in a sure gain.

Suppose that James is interested in betting with one of them, say Bet2. As he
has never bet with Bet2 before, Bet2 will give him a free coupon on his first bet
with them. With free coupons, we will check whether and how James can bet to
make a guaranteed gain. Let D be a set of desirable gambles corresponding to the
odds and let g be any first-free desirable gamble to the company Bet2. We want to
check whether D U {g} avoids sure loss or not. As there are 24 possible outcomes,
the total number of different first-free desirable gambles with Bet2 is 24 x 23 = 552.

Suppose that James first bets on France and then spends his free coupon on
Spain. So, the the first-free desirable gamble gr¢g is

Outcomes France Spain others
gr -3 1 1
gs 0 -5 0
grs -3 —4 1

TABLE 7. James’ first-free gamble

where F and S denote France and Spain respectively. Again, we calculate E(grg)
by the Choquet integral. We decompose grg in terms of its level sets as

(62) grs = 74],40 + IAl + 4],42
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where Ay = Q, 4; = Q\ {S} and 4, = Q\ {F, S}. By theorem [2] we have
(63) E(A))=1 E(A)=09810 E(Ay) = 0.7310.

By corollary |1} we substitute F(A;), i € {0,1,2} to eq. and obtain
(64) E(grs) = —4E(Ag) + E(A;) +4E(As) = —0.0950.

Therefore, D U {grs} does not avoid sure loss.

Among all possible first-free gambles, we find that there are three further gam-
bles whose E is less than zero, namely E(grg) = —0.2093, E(gor) = —0.0117 and
E(gcs) = —0.0950, where G denotes Germany. So, by theorem DU{g} does not
avoid sure loss when g € {grs, 9rc, 96r, gas}; otherwise D U {g} avoids sure loss.
Therefore, if

(1) James first bets on France and then spends his free coupon to bet on either
Spain or Germany, or

(2) James first bets on Germany and then spends his free coupon to bet on
either France or Spain,

then there is a combination of bets for him to bet in order to make a sure gain from
Bet2.

Consider the case where James first bets £1 on France and claims his free coupon
to bet on Spain. An optimal solution of the corresponding problem (D) (the column
p(w;) in table[§]) can be found through algorithm |1} Then, we can find the optimal
solution of the corresponding problem (P) by using the optimal solution of (D) with
the complementary slackness condition. The optimal solution of (P) is presented
in a column ); in table [§ Therefore, if James additionally bets as in column \;,
then he will make a sure gain of £0.095 from Bet2.

6. CONCLUSION

In this paper, we studied whether and how a customer can exploit given betting
odds and free coupons in order to make a sure gain. Specifically, we viewed these
odds and free coupons as a set of desirable gambles and checked whether such a set
avoids sure loss or not via the natural extension. We showed that the set avoids
sure loss if, and only if, the natural extension of the first-free gamble corresponding
to the free coupon is non-negative. If the set does not avoid sure loss, then a
combination of bets can be derived from the optimal solution of the corresponding
linear programming problem.

We showed that for this specific problem, we can easily find the natural extension
through the Choquet integral. In the case that the set does not avoid sure loss, we
presented how to use the Choquet integral and the complementary slackness con-
dition to directly obtain the desired combination of bets, without actually solving
linear programming problems, but instead just solving a linear system of equalities.
This technique can be applied to arbitrary problems involving upper probability
mass functions.

To illustrate the results, we looked at some actual betting odds on the winning
of the European Football Championship 2016 in the market, and checked avoiding
sure loss. We found that any sets of desirable gambles derived from those odds
avoid sure loss. Having said that, with a free coupon, we identified sets of desirable
gambles that no longer avoid sure loss. So, interestingly, in this case, when a free
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Order w; Countries Odds P(w;) Optimal solutions
p(w;) Ai
1 Germany 4 3 1 1
2 England 9 = + 0.5
3 Belgium 10 ﬁ % %
4 Ttaly 16 1 1 )
5 Portugal 18 % % %
6 Croatia 25 > = 2
7 Austria 40 = = £
8 Poland 50 % % %
9 Switzerland 40 = = =
10 Russia 66 % é %
11 Turkey 80 8% Sil %
12 Wales 80 % ﬁ %
13 Ukraine 66 é é %
14 Sweden 80 8% 8% 3
15 Czech Republic 100 o o o
16 Slovakia 100 o o o
17 Rep of Ireland 150 5 =+ 2
18 Iceland 150 T i 5
19 Romania 100 o o 5
20 N Ireland 250 T o oo
21 Albania 250 R ol -
22 Hungary 250 31 257 )
23 France 3 % % %
24 Spain 5 % % 0

TABLE 8. A summary of odds provided by Bet2, the upper probability
mass function p(w;), and optimal solution of (D) and (P)

coupon is added, there was a combination of bets from which the customer could
have made a sure gain.
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APPENDIX A. PROOF OF COROLLARY [1]

Proof. Since Ag = 2, we can write f as

i=1
where A\g € R, A\y,..., A\, >0and 4; 2 --- D A, D 0. Then

—f==) Nl —Ta) =X
i=1

(66) - B
== N—do+ Y Ailae.
i=1 i=1
Therefore,
(67) E5(f) = —E5(—f)
(68) =— (— DAi=do+ > )‘iEp(A;':)>
=1 =1
(69) = Ao+ > Ai(l — Ey(AS)
i=1
(70) =Xo+ Y NiEs(Ai),
=1

where eq. holds by constant additivity and comonotone additivity [I0, p. 382,
Prop. C.5(v)&(vii)]. O

APPENDIX B. PROOF OF THEOREM [

Proof. For the first part, suppose that f € £(2) and D = {g;: i € {1,...,n}} is a
set of desirable gambles that avoids sure loss. We find that

E’D(f)Zinf{OéERla—fZZAigi,Ai ZO}

=1

= min {glgg (f(w) + ;&%(W) PA = 0} ;

where the inf is actually a min because D is finite. So, by lemma

(71)

(72) Ep(f) > 0<<=V\; > 0, max (; Aigi(w) + f(w)> > 0.

For the second part, if D U {f} does not avoid sure loss, then Ep(f) < 0. So, by
eq. 7 there exists an w* in ) and some A\; > 0 such that

(73) Ep(f) = flw") + Z/\igi(w*) > f(w) + Zx\igi(w), Yw € Q.
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Hence there is a sure loss of at least |Ep(f)|. O

APPENDIX C. PROOF OF THEOREM

Proof. Note that for each ¢ and k, we have

(079% a¥f b¥ bik

74 -~ <— L < .
(74) b, — b} aj +b; 7 aip + bix
So,

b; bik
75 L ind b L
= a; + 0] mﬁ“{ambik}

(=) Suppose the set of desirable gambles D avoids sure loss. We will show that
eq. holds. As D avoids sure loss, the following system of linear inequalities:

(76) Vi:p(w;) >0
(77) > plw) =1
(78) Vi, k: Zgik(wi)p(wi) >0,

has a solution [I3] p. 175, 1. 10-13], say p = (p(w1),...,p(wn)). By lemma for
each ¢ and k,

bik
79 — > p(w;).
(79) air + big 2 plei)
Then, by eq. for each 1,

b*
80 g i)
(30) g 2 P
Therefore,

1 L > ) = 1.
51 > 2 Y )
=1 7 g i=1
(<=) Suppose Y1, % > 1 holds. Let
L b*

82 S = ! d i) = ————.
(82) ;a;+b; and - plen) = G

If we show that p is a feasible solution of eqs. , and , then D avoids sure
loss. Note that by eq. , p(w;) >0 for all i, > | p(w;) = 1 and with eq. ,
affbk > p(wi). So, by lemma 3, > | gi(w)p(wi) > 0 holds for all gix. Therefore,
p is a feasible solution of eqs. (76, and and by [13 p. 175, 1. 10-13], D
avoids sure loss. [l
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