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1 The Model

1.1 States
There is a (non-empty) set of states of the world €2.

1.2 Simple Probabilities

Let Q == {q:Q — Ry|)Y  cqq(w) = 1}. For every ¢ € Q, let C(q) := {w € Qlg(w) > 0}.
The set of simple probabilities on  is defined by A(Q2) := {q € Q|FIr € R : #[C(q)] < r}.
A simple probability ¢ € A(£2) assigns a positive probability to a finite subset of states in
Q). For any state w, the probability i € A(Q2) for which i(w) = 1 is denoted i,,.

1.3 Consequences

For every state w € € there is an associated (non-empty) set of consequences Y (w).

1.4 Acts

The set of acts is defined as the product space Y :=[] .Y (w). Each act hence associates
with every state w € € a consequence y(w) € Y (Q).

1.5 Hypothetical Lotteries

The set of hypothetical lotteries is defined as A(Q2) x Y. Each hypothetical lottery (q,y) €
A(Q) x Y hence consists of a simple probability ¢ on the state space and an act y. The
intended interpretation of hypothetical lottery (g,y) is that it realizes consequence y(w) €
Y (w) with probability g(w). Two hypothetical lotteries (¢,y1) and (q,y2) that a) assign



identical probabilities to the states ; and b) assigns the same consequences to all states with
positive probabilities [y1(C(q)) = y2(C(q))] are to be regarded as equivalent.

1.6 Introspective Preferences over Hypothetical Lotteries

There is a (binary) preference relation > on the set of Hypothetical lotteries A(2) x Y.

1.7 Preferences over Acts

There is a (binary) preference relation >=* on the set of acts Y.

1.8 Discussion of the Various Elements of the Model

A decision problem in the presence of risk or uncertainty is fundamentally different from a
decision problem when neither is present. When neither risk nor uncertainty is present, a
decision maker knows what the consequence of each of his available acts will be. Risk and
uncertainty both entail a lack of knowledge on the part of the decision maker. This lack
of knowledge is modelled here by introducing a set of states of the world. A state of the
world has the property that if the decision maker knows the true state of the world, he also
knows, for each and every act available to him, the consequence that would result. The
set of states of the world is to be understood to include all combinations of consequences
associated with the available acts that the decision maker could conceive off. In order to
avoid putting unnecessary restrictions on the consequence spaces, we have chosen to allow
the consequence space to be different in different states of the world.

The distinction between decision making under risk and decision making under uncer-
tainty is usually characterized in the literature as a distinction between decision making in
the presence of known objective probabilities and decision making when there is no known
objective probability. In the present authors view, all real decision making really falls into the
second category. That is, there is really no such thing as an objective probability. We will,
however, argue that decision making under uncertainty is intimately tied to what decision
making would look like if objective probabilities existed. This is the reason for the presence
of two different preference relations in the present model. The first preference relation, >,
represents preferences over objective lotteries, the second preferences relation >* represents
preferences over acts. In the next couple of sections, we state axioms for the preference
relation over objective lotteries, axioms for the preference relation over acts, and two axioms
that apply to the two preference relations jointly.

Another important distinction between this paper and the literatures standard approach
is that the space of lotteries includes only lotteries that assigns a positive probability to
no more than one consequence in each state of the world. As a result of this, the space of
lotteries is, in general, a non-convex space. If the standard approach in the literature would
have been followed, we would have needed to take, as the space of lotteries, the set of all
simple probabilities defined on Ugeq({w} U Y (w)). In our view, the approach taken here is
more natural.
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2 Rational Decision Making in the Presence of Risk

2.1 Axioms for Rational Decision Making in the Presence of Risk

Axiom (A2: Completeness). For every set of elements (q,y) and (¢',y') in A(Q) x Y, it
follows that either [(¢,y) = (¢, y)] or [(¢',y') = (¢, y)].

This axiom states that rational decision makers should be able to decide if (q,y) is
preferred to (¢',y') or (¢',y') is preferred to (q,y).

Axiom (A3: Transitivity). For every set of elements (q,v), (¢',y'), and (¢",y") in A(Q) XY,
[(a.y) = (¢, y). (d.y) = (¢".y")] implies [(q,y) = (¢".y")].

Axiom (Al: Reflexivity). For every ¢ € A(Q), and every set of acts y,y' in'Y such that
[y(C(a)) =y (C(q))] it follows that [(q,y) ~ (a,¥)]-

This axioms states that rational decision makers should be indifferent between equivalent
lotteries. If #[Q2] = 1 or #[Y] = 1, then this axiom is implied by the first axiom.

Axiom (A4: Archimedean Axiom). Let yi,y2 € Y. If q1,q2,q3 € A(Q) such that (q1,y1) >
(g2, y2) > (g3,91) then there exists a, 8 € (0,1) such that (ag1 + (1 — a)gs, y1) = (g2, y2), and
(q2,92) = (Bar + (1 — B)gs, 1)

Axiom (A5: Constrained Independence). Let (q1,y1) ~ (g2, y2). Then for all q,q' € A(Q)
and any o € (0,1), [(¢,91) = (¢, 32)] & [(ag+ (1 = a)gr, 1) = (aq' + (1 — a)gz, 12)].

Axiom (AT7: Non-Degeneracy). For every w € €, there exists y,y' € Y such that (i,,y) >
(iw, y/')-

Axiom (A6: Closedness). Letw €  and (¢, y*) € A(Q)xY. Fizy(Q\{w}) € [[co ) Y (W)

Then the sets
{y(w) € Y(w)l(iwd, y) = (¢*,y")}

{y(w) € Y(w)l(g",v") = (iw, v)}
are both closed in Y (w).

2.2 Representation of Preferences by an Expected Utility Func-
tion

Definition 1. A function U : A(Q2) x Y — R is a utility function representation of the
preference relation > if for any pair of elements (q,v), (¢',v') € A(2) x Y,

[(q,9) = (¢, y)] < [Ulg,y) = U(d,y)]

Definition 2. A function U : A(2) x Y — R is an expected utility function representation
of the preference relation = if (i) it is a utility function representation of »=; and (ii) there
exists a function u : U,eq({w} X Y(w)) — R such that for every (q,y) € A(Q) x Y,

Ulgy) = Y qwuw,yw))

weCl(q)



Fact 1. If #[Q] = 1, then an expected utility function representation of > exists whenever
there exists a utility function representation of >.

Theorem 1. If #[Q] > 2, then preference relation = satisfies axioms Al — A5 if and only
if there exists a function u : Uyeq({w} x Y(w)) — R such that

(g9) = (@) aqwuwyw) = > dwuwy W)
weC(q) weC(q")
The function U : A(2) x Y — R defined by U(q,y) = > ec(y 1(@)u(w,y(w)) has the
property that for any (q,y),(¢,y") € A(Q) XY for which (q,y) > (¢',y') it follows that U is
onto the interval [U(q',y'),U(q,y)]. Moreover,

(i) if there does not exist distinct elements wi,ws of Q and y* in'Y such that [(q,y) %
(iwg, y*)] = [q(w}) > 0] then another function v : U,eo({w} X Y(w)) — R has the same
properties if an only if there is a,b (b > 0) such that v = a + bu; and

(i) if there does exist distinct elements wi,w; of Q and y* in Y such that [(q,y) #*
(iwg,y")] = [g(w]) > 0] then another function v : Uyco({w} X Y(w)) — R has the same
properties if and only if there is a, by, by(by > 0,by > 0) such that:

_ | atbhifu(w,y(w) — u(ws, y*(w))] if (w,y) = (g, y7)
v(w,yw)) = { a+ bo[u(w, y(w)) — u(ws, y*(w*))] otherwise

Corollary 1. If #[Q)] > 2, then preference relation > satisfies arioms Al — A5 and AT if

and only if there ezists a function u : Uyeq({w} X Y(w)) — R, nonconstant for every w,
such that

(g.y) = (@ )] <[ )] qwuwyw) > Y ¢ wulwy W)
wel(q) weC(q)
The function U : A(2) x Y — R defined by U(q,y) = > ec(y 4(W)u(w,y(w)) has the
property that for any (q,y),(¢,y") € A(Q) XY for which (q,y) > (¢',y') it follows that U is
onto the interval [U(q',y"),U(q,y)]. Moreover, another function v : U,cq({w} X Y(w)) = R
has the same properties if an only if there is a,b (b > 0) such that v = a + bu.

Theorem 2. If for every w € Q, Y(w) is a connected subset of R, then preference
relation = satisfies axioms Al — A6 if and only if there exists a continuous function u :
Useo({w} X Y(w)) — R such that

(0.9) = (¢ )] & [ ) awhuwyw) = Y dwuwy'w)
wel(q) wel(q)

Moreover,

(i) if #Q > 2 and there does not exist distinct elements wi,ws of Q and y* in'Y such
that [(q,y) 7 (iws,y")] = [g(w]) > 0] then another function v : U,eo({w} x Y(w)) — R has
the same properties if an only if there is a,b (b > 0) such that v = a + bu; and

(i) if #Q > 2 and there does exist distinct elements wi,w; of Q and y* in'Y such that
[(¢,y) # (iws,y")] = [q(w]) > 0] then another function v : Uyeq({w} x Y(w)) — R has the
same properties if and only if there is a,by,by(by > 0,by > 0) such that:

_ | atbifu(w,y(w)) — u(ws, y*(w))] if (iw,y) = (g, y7)
v(w,yw)) = { a + bo[u(w, y(w)) — u(ws, y*(w*))] otherwise



Corollary 2. If for every w € Q, Y (w) is a connected subset of R | then preference relation
= satisfies axioms Al — AT if and only if there exists a continuous function, non-constant
for every w, u : Uyeq({w} X Y(w)) — R such that

(q.9) = (@, e[ ) qwuwyw) > > dwuwy (W)
wel(q) weC(q')

Moreover, if #[] > 2 then another function v : Uyeq({w} X Y(w)) — R has the same
properties if an only if there is a,b (b > 0) such that v = a + bu.

2.3 Experiments and Rational Decision Making Under Risk

Let X be a (non-empty) set of feasible outcomes of an experiment. Let Qx := X x ) and
Yx = [Lex [[oeq Y (w). In an analogous manner to how A(€) was defined in section 1,
we can define A(Qly). We will now consider a (binary) preference relation =% defined on
A(Qx) x Yx. In addition to imposing subsets of the Axioms of the previous section, it will
now also be reasonable to impose the following additional axioms.
Axiom (AS8: Data Independence). Let w € Q be given. Then for any z,2' € X, [yx(z,w) =
Y (@, 0)] = (), Yx) ~ (i@ w), Y5
Definition 3. An act yx € Yy is data constant if there exists an act y € Y such that
yx(z,.) =y for all z € X.

For any probability gx € A(€Qx), denote by ¢*(.|gx) the unique element of A(€2) defined
by ¢*(wlgx) = D pex gx (7, w).
Axiom (A9: ). Let qx,qy be elements of A(Qdx), and let y,y' be elements of Y with
associated constant acts yx,yy € Yx. Then [(qx,yx) =% (dxv,v%)] < [(¢*(|ax),y) =

(¢*(-ld%), v')]-

3 Subjective Probability and Rational Decision Mak-
ing Under Uncertainty

3.1 Axioms for Rational Decision Making Under Uncertainty

The preference relation >=* will be connected to the preference relation > through two axioms.
Axiom (B1: Completeness). For every pair of elements y and y' in'Y, it follows that either
ly ="yl orly =" yl.

Axiom (B2: Transitivity). For every set of elements y, y', and y" inY, [y =* v/, v =* ¢/
implies [y =* y"].

Axiom (B3: Closedness). For any y* € Y, the sets

{lyeYly ="y}
and

{yeYy ="y}

are both closed in'Y .



Definition 4. Let E be a non-empty subset of 2, and let y(E),y'(E) € [[,cp Y (w). Then
y(E) =% ¢/(F) if and only if for every set of acts y*,y** € Y such that y*(E) = y(E),
Yy (E) =y (E), and y*(Q\ E) = y™(2\ F), it follows that y* =* y**.

Axiom (B4: Separability). For every non-empty subset E of Q and every y(E),y' (E) €
[Locr Y (W), either y(E) =5 v (E) or y'(E) =§ y(E).

Definition 5. An event £/ C € is null if there does not exist y(E),y' (E£) € [[,cp Y (w) such
that y(E) >3 v'(E).

Axiom (B5:). For every state w for which {w} is non-null, and any y,y' € Y,
[y(w) ={y ¥'W)] & [(iw,y) = (i, ¥)]
Axiom (B6: Non-Degeneracy). There exists y,y' € Y such that y >=* y'.

Definition 6. Let £ be a subset of  and let ¢ € A((2) satisfy the property that >, q(w) >
0. Then (g|E) is defined as the element of A(Q2) for which:

q(w) :
(I B)w) = { S ek

otherwise

Definition 7. Let £ be a subset of © and let ¢ € A((2) satisfy the property that >, q(w) >
0. Then for any 3,7y’ € Y,

Y(E) Z@qp) v'(E)] < [((41E),y) = ((a|E), y)]-
Axiom (B7:). Let E, E' be two disjoint nonempty subset of Q0 such that:
(1) ly"(E) =k y™(E)] < [y (E) = v (E)]; and

(i) ly*(E') = y™ (E')] & [y (E) Z(qge) y™ (E')]-
Then (ii1) below implies (iv).

(iii) There ezists y,y' € Y such that
a) y(E) =5 y'(E);
b) Y (E) =5 y(E);
¢) yEUE") ~u v (EUE"; and
d) y(EUE') ~qeue) y' (EUE).

(iv) For every y,y € Y,

W(EUE) =5 Y (EUE)] & [(EUE) =pum v (BUE)].



3.2 Existence of a Unique Subjective Probability and an Expected
Utility Function Representation of Preferences

Theorem 3. IfY is a connected subset of R, then = satisfies Azioms Al — A7, and =*
satisfies axioms Bl — BT if an only if there is a probability m in A() and a continuous
function, non-constant for every w, u : Uyeq({w} X Y(w)) — R such that:

(1) (@ 9) = (¢ 9] & [Luecg (Wulw, y(w)) = X eci) ¢ (Wulw, v (w))]; and
(1) ly =" y'] & [Lpeom T@ulw, y(w) 2 2 eom T(w)u(w, y'(@))]-

Moreover, if #[Q2] > 2 then 7' and v is another such pair if and only if ©’ = m and there
exists a,b (b > 0) such that v = a + bu.

3.3 Experiments, Posterior Preferences Over Acts, the Existence
of Posterior Probabilities, and Bayes’ Rule

Definition 8. Let X be a set of possible outcomes of an experiment. For every x € X, the
posterior preference relation (=* |x) is a (binary) preference relation on Y.

Theorem 4. IfY is a connected subset of R!, then = satisfies Azioms Al — A7, and (=* |x)
satisfies azioms Bl — BT for every x € X if an only if (a) for every x € X there is a

probability 7(.|x) in A(Q) and (b) there is a continuous function, non-constant for every w,
U Upea({w} X Y(w)) — R and such that:

(1) (@ 9) = (@ ¥)] & [Dpeor 1@)u(w, y(w)) = X e € (@ulw, y'(W)]; and

(i) Vo € X [y(=" |[2)y] & [ucowmjay T@ID)u(w, y(W)) 2 Doy TWl)u(w, y'(w))]-

Moreover, if #[Q] > 2 then v is another such function if and only if there exists a,b
(b > 0) such that v = a+ bu and for every x € X, 7'(.|x) is another such probability if and
only if '(.|x) = 7(.|x).

4 Proofs

4.1 Theorem 3

Claim 1. Let E be a non-empty subset of Q and let y* and y(QL\ E) be elements of Y and
[loc\m Y (W) respectively. Then the sets {y(E) € Y(E)|y =* y*} and {y(E) € Y(E)|y* =~
y} are both closed sets.

Proof of Claim 16: (i) Let {yx(E)}?2, be a convergent sequence of elements of {y(E) €
Y(E)ly =* y*}. Then {(yx(F),y(Q\ E))}32, is a convergent sequence of elements in {y €
Y]y >=* y*}. From Axiom B3, it follows that 7 = limy_... (yx(E), y(Q\E)) € {y € Y|y =* y*}.



But then 7, € {y(E) € Y(E)ly =* y*} and hence {y(F) € Y(E)|ly =* y*} is closed as
required.

(ii) Let {yx(E)}32, be a convergent sequence of elements of {y(E) € Y(E)|y* =* y}.
Then {(yx(E),y(Q2\ E))}22, is a convergent sequence of elements in {y € Y|y* =* y}. From
Axiom B3, it follows that ¥ = limy o (yx(E),y(Q\ F)) € {y € Y|y* =* y}. But then
U, € {y(F) € Y(E)ly* =* y} and hence {y(F) € Y(E)|y* =* y} is closed as required.
Q.E.D.

Claim 2. Let E and E’ be two disjoint non-empty subsets of Q. Let y*(E U E") and y(E')
be in HweEUE’Y< w) and [[ cpY ( ) respectively and let Y(E),y(E) € [],cp Y (E) satisfy
H(E),y(E)) =tum v (EUE) =% m (y(E),y(E"). Then there exists y(E) € Y(E) such
that y(E U E") ;;JUE, “(EUE. -

Proof of Claim 17:
() If (G(E),y(E")) ~pop (Y*(EUE'), then we can set y(E) = y(E£) and we are done.
(i) If (y(E),y(E")) ~%up (v (E U E’), then we can set y(E) = y(F) and we are done.

(iii) (y(E),y(E")) =5 W (EU E’) =wup (Y(E),y(E")). Suppose there does not exist
y(E) € ¥ (E) such that (4(B), y(F")) ~up (4 (EUE"). Then {y(E) € Y (B)|(4(E), y(E) ho
Yy (EUE")} = Q\{y(E) e Y(E)|(y"(EUE") =% (y(E),y(E"))} and contains 7(E). Hence
1t follows from claim 16 that {y(E) € Y(E)|(y(E),y(E")) >5 p (y*(EUE')} is a non-
empty open set. Likewise, {(y(E) € Y(B)y*(E U E) =5 (5(E),y()} = O\ {y(E) €
Y(E)|(y(E),y(E')) =pup ¥ (EUE)} and contains y(E). Hence, it follows from claim
16 that {y(E) € Y(E)y'(E U ) = (5(E)y(E")} is a non-empty open set. We
note further that {y(F) € Y(E)|(y(E),y(E")) =pop y*(EU E)} N {y(E) € Y(E)|y"(EU
B o (W(E),y(E)} = 0 and {y(E) € Y (E)|(4(E), y(F")) + o v (FUE} U {y(E) €
Y(E)y (EU E) >3 (E), y(E)} = Y(E). Hence {y(E) € Y(E)|(y(E), y(E) =i
y" (EUE")} and {y(E) € Y(E)|y*(EUE") =% 5 (y(E),y(E"))} forms a separation for Y (E).
But Y connected implies Y (F) connected, a contradiction. Q.E.D.

Claim 3. Let E and E' be two disjoint non-empty subsets of Q. Lety(E),y(E) € [[,cxY (W),
Y(E"),y(E') € [],ep Y(w), and q1, q2 € A(Q) satisfy:

(1) ¥(E) =& y(E);

(1) Y(E') =5 y(E');

(i) [y(E) =5 y (E)]l & [Y(E) =gz ¥ (E)]; and
() [Y(E) =5 y'(E)] & [y(E') Zg, 1 v (E')].

Then there exists ¢ € A(Q) such that [y(EUE") = p ¥V (EUE)] < [y(EUE') =qgeur
y(EUE)

Proof of Claim 18: Assume without loss of generality that

@(E), y(E") Zpup (y(E),Y(E) =puw (y(E), y(E)).



From Claim 17, it follows that there exists 7*(F) € Y (F) such that

@ (E), y(E) ~pup W(E),Y(E)) =hup W(E),y(£)).

We note that 7*(E) =7 y(E). Now, define ¢f and ¢; respectively by,

q1(w) :
¥ ~ fwek
() =1 Toa@ .
0 otherwise

and,

92(w) : /
Gw)={ Sonen M@l
0 otherwise.

Let y(Q\ (EUE")) € [[ eq\(mupy Y (w). Then we have,

(657 (E)Y(E YO\ BUBY) > (ahy (D)5, o (B0 )
o G@U@ T W) > Yoo 61 @ulw, y(@)).

Likewise, we have

(3, y(E),y(E"), y(Q\ (E U E"))) 1 (3, 7°(E),y(E"), y(Q\ (EU E)))
ot BEU@TW) > Docons G@)uw, yw)).
Now, let
o Y scotay B 7)) — ulw, )

D iecan G @uw, 7 (W) = w(w, y(@)]] + [Xoeciy 6 Wu(w, §(w)) — u(w, y(@))]]

We note that 0 < a® < 1. Let

=13 G5 wW)—uw@y@I+1 Y 6©uw7w) - uwyw)l

weC(q7) wel(q3)

Now, define ¢ := a*q} + (1 — a*)¢; and denote by y; and y3 respectively the elements of

Y for which,
7 (w) fwek
yi(w)=1q yw) ifwekF
y(w) otherwise

and

(w) fweF
(w) fwekF
(w) otherwise

=

[N

—~

&

~—

I
—
< I gl
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Then we have,

Y wec(q) (W)W, yi (W) — ulw, 43(W))] = Ppecqy @6 (W) [uw, 7" (W) — u(w, y(W))]
+ 2 wectq I — @)@ (W)[u(w, y(w)) — u(w,y(w))]
= 5[ ety BWW,F(W)) — ulw, y(w))]]
D wec(n 4 (@)[uw, 7" (w)) — ulw, y(w))]]
+D e )ql( w)[u(w, 7" (w)) — u(w, y(w))]]
D wec(g (W) [uw, y(w)) — ulw, 7(w))]]]
= 0.
Rearranging, we have
Zwec(q) q(w)u(w, y>1k (w>> = ZwEC(q) Q(w)u(w7 y2 (W))
U
(¢, 97) 1 (9,93)
(¢.7°(E), y(E), y(Q\ (EU E))) 1 (¢, y(E), y(E"),y(Q\ (E U E")))

(.77 (E), y(E") ~quuey (¢,y(E),J(E")).

From Axiom B7 it then follows that for all y(E U E'),y(E U E') € [[ cpum Y (W),
Y(EUE) =pup V(EUE)| & [y(EUE) =gpue ¥ (£ U E')] as required.
Q.ED.

Claim 4. Let E, E' be any two distinct null events. Then EU E’ is null.

Proof of Claim 19: Let y(E), y(E') € [Toep Y(E'). V' (E') € [1yep» and y(Q\ (EUE")) €
[Toco(mup) Y (w). Then we have,

(Y(E),y(E"),y(Q\ (EUE"))) ~* (¥ (E),y(E),y(Q\ (EULE)))
~ (Y(E),y'(E),y(Q\ (EUE)))

But then it follows from Axiom B4 that (y(E),y(E")) ~5ue (V' (E),y'(E")) as required.
Q.E.D.

Claim 5. Let E, E’ be distinct events where E' is null. Then

(Y(E), y(E") =pop (' (E)y'(E))

Proof of Claim 20: Let y(2\ (EU E)) [ co\(pup) Y (w). First note that
y(E) =% y'(E)

)
(y(E), y(E),y(Q\ (EUE")) =" (Y (E),y(E),y(Q\ (EUE))

10



But (¢y'(E),y'(E"),y(Q\ (EUE"))) ~* (y(E),y'(E"),y(Q2\ (FUE"))). Hence it follows from
completeness and transitivity that

y(E) =% y'(E)
0

(y(E),y(E),y(Q\ (EUE"))) =" (y(E).y(E£)yQ\(EUELE)))
But then it follows from axiom B4 that

y(B) =k  y(E)
I

(Y(E), y(E") =g (' (E)y'(E))

as required.
Q.E.D.

Fact 2. # [Q] <1

Claim 6. Let E* := {w € Q|Ty(w), ¥’ (w) € Y(w) : y(w) ],y ¥'(w)} and let y(Q\ E), y' (2
E*) € HwEQ 5 Y(w). Then E* is non-empty and [y(E*) =5 v'/(E")] < [(y(E*),y(22\
EY) = (v(E"),y'(Q\ E7))].

Proof of Claim 21: Step 1: Show that he Claim holds if #[Q\ E*] = 0.

If #[Q\ E*] = 0 it follows that 2 = E*. By definition #[Q?] > 1 and from Axiom B6, it
follows that there exists y,7’ € Y such that y =* ¢/. But then y 7. v’ and E* is null as
required.

Step 2: Show that Q \ E* is null whenever #[Q2 \ E*] > 1.

From Fact 2, it follows that #[Q2 \ E*] is finite. Order the elements in Q \ E* as
(wi,wa,...,wk). Define By := {w}, and E (k > 2) by Ey, = Ex_1 U {w}. We note
that for each k, {wy} is null and hence Ej is null. From Claim 19, it follows that Ej is null
whenever E)_; is null. It follows by induction that Ej, is null for all k. We now simply note
that Q\ E* = Fx and hence Q \ E*, as required, is null.

Step 3: Show that the claim is true if #[Q \ £*] > 1.

Step 3A: Show that #[E*] > 1.

Suppose #[E*] = 0. Then Q = Q\ E*. Then it follows from step 2 that Q is null. By
Axiom B6, there exists y,y’ € Y such that y =* ¢/. Then y =& v’ and Q is non-null, a
contradiction.

Step 3B: Show that [y =* ¢/] & [y(E*) =5 v'(E*)].
We know from step 2 that © \ £* is null. Then our conclusion follows from Claim 20.
Q.E.D.

Claim 7. Let w € Q satisfy the property that {w} is non-null and let E C § satisfy the
property that w € E. Then E is non-null.

11



Proof of Claim 22: Since {w} is non-null, there exists 7({w}),y({w}) € Y(w) such
that y({w}) =10y Y({w}). Then there exist y((2 \ {w}) € [loeon i such that G({w}),y(Q\

{w}) =" (y({w}), y(2\{w})). But thenit follows that (y({w}), y(E\{w})) =& (y({w}), y(E\
{w})) and hence E' is non-null. Q.E.D.

Proof of Theorem 3: Let E* := {w € Q[Fy(w),y(w) € Y(w) : Y(w) =}, y(w)}. From
Claim 21, we know that E* is non-empty.

Step 1: Show that there exists ¢ € A(Q2) such that [y(E*) =5 v/ (£*)] & [y(E*) =qp-
y'(E7)].

Order the elements of E* as {wy,ws,...,wk}. For k =1,2,... K define £} := {wp €
E*|E" < k}. We claim that for each k = 1,2,..., K, there exists ¢ € A(2) such that
W(Er) =%, ¥(E)] < [Y(Er) =¢ 5. ¥ (E)]. Indeed, if & = 1, we can set g = 4., and
the conclusion then follows from Axiom B5 since qi[{wi} = i, and [y({wi}) =i, |{wr)
Y{wo})] & o) > (ont)] & [y(r) i, ¥'(@1)]. Suppose now that the prop.
erty holds for £ — 1 where £ > 2. Since Fj_; has w; as an element, it follows from
Claim 22 that Ej_; is non-null. Hence, there exist §*(Er_1),y(Er-1) € HweEk,l Y (w)
such that §*(Ey_1) =%, y(Er-1). Likewise, since {wy} is non-null, we know that there
exists 7" (we), y(wr) € Y(wk) such that 7*({wk}) =7, } y({wr}). Under the present assump—
tions, we have [y(Ey—1) =f,_, ¥ (Ex1)] © [y(Ex1) Zg gy ¥ (Er-1)] and [y({wi}) =3,y
Y ({wr)] & [y{we}) =i, ey ¥ ({wr})]. Then it follows from Claim 18 that there exists
q. € A(Q) such that [y(Ey) =%, v'(Er)] € [y(Er) =g e ¥ (Er)]. Hence, by induction,
the desired property hold for every £ = 1,2,..., K. Using the fact that F* = Ex hence
concludes step 1.

Step 2: Show that Axioms Al — A7 and B1 — B7 together implies the existence of the
desired probability 7 € A(§2) and function w.

From Theorem 2, we know that there exists a continuous function u : Ugeq({w} X
Y (w)) — R such that

(q.9) = (@ e[ qwuwyw) > > dwulwy (W)

welC(q) weC(q")

From step 1, we know that there exists ¢ € A(Q) such that [Y(E*) =% v (E*)]
(E*) =qe- ¥ (E*)]. Letting m = ¢|E*, we hence have [y(E*) = EY)] & [ )
)

(

ly y( (. )
E .Y (E%))]. From Claim 21, we know that [y(E*) =% v/ (E )] [(g;(E*) (Q\
(E*))] [(ﬂ,y(E*)) = (m,y'(E*))]. Hence it follows from above that [(y(E*),y(Q2\ E*)) =

Q

"Qwi}

y(E
E*
);

_—

)
)

o

/
"(E*),y'(2\ £*))]. Combining these, we have [(y(E*) y(Q\ E)) =* (y(E*
y/(E*)’y/(Q \ E*))] And [Zwec(ﬂ') W(W)U(w, y(w)) 2 Zwec(ﬂ) Tr(w)u<w7 y/(CU))] Flnal]‘Y? USIHg
axiom A7 we note that u(w,.) must be non-constant for every w as required.

Step 3: Suppose #[€2] > 2. Show that for any a,b (b > 0), 7’ = m, and v = a + bu also
satisfies the required properties.
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From Theorem 2, we know that v is a continuous function with the property that

(g.9) = (@) e[ D qwowyw) > > dwowy (W)

weC(q) weC(q")
Clearly, it is also non-constant for every w. Since n’ = 7, we have

Yweoim TWu(w,y(W) = 3 com T(Wuw, y'(w))

V< IV

Yweci) T (W(w,y(w) = Xec@) ™ (Wv(w, ¥'(w))

We also have,
(W(E"),y(Q\ E)) =* (y'(E*),y'(Q\ EY))

Yweom TWu(w,y(W) = Xeom TWul(w, ¥'(w))

Combining these, we have

(y(E"), y(Q\ E7)) % (' (E"), y'(2\ E))
2wec) T (Wolw,y(W)) = X eom) T (W)o(w, ¥'(w))

as required.

Step 4: Let w € Q. Show that w(w) = 0 if an only if {w} is null.

Step 5: Suppose #[2] > 2. Show that another probability 7" and function v satisfies the
same properties only if 7/ = 7 and there exists a,b (b > 0) such that v = a + bu.

Suppose probability 7’ and function v satisfies the same properties. Then it follows
from Theorem 2 that there must exist a,b (b > 0) such that v = a + bu. Suppose
that 7' # m. Then there exists wy,ws € 2 such that m(w;) > 7'(w1) and 7(we) <
7'(wsg). From step 4, it follows that both {w;} and {ws} are non-null and that hence
m(wy) > 0 and 7(we) > 0. From axiom A7, it follows that there exists y(wi),y(w1) €
Y (w;) such that u(wy,Z(wi)) > u(wy,y(wy)). Likewise, it also follows that there exists
J(w2), y(wa) € Y (ws) such that u(wa, T(ws)) > u(ws, y(ws)). Assume without loss of gener-

ality that m(wy)(u(wy, Jlwr)) — w(wr, y(wr))) > m(w2)(u(ws, Glwa)) — u(wa, y(we))) > 0. It is

well known that the connectedness of Y (w;) combined with the continuity of u(wy,.) implies
that u(wy, .) is onto the interval [u(wy, y(w1)), u(wr, Glwr))].

Hence there exists y*(w1) € Y (wq) such that

m(w) (u(wr, y*(wr)) — U(whg(wl))) = (w2)(u(ws, Y(wa)) — U(W%y(wz))) > 0.

Using this property, we have:
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m(wi)u(wr, ¥ (wr1)) + m(we)u(ws, y(w2))

(" (@), y(w2))

T (wi)v(w, y*(w1)) + 7' (wa)v(we, y(w2))

T (wi)u(wy, y*(wi)) + 7' (w2)u(ws, y(ws))

Hence we can conclude that

= <=l

*
~{wr,w2}

<=l <l <

(u(w2,7(w2))—u(w2,y(w2)))
(w(w,y* (wr))—u(w,y(w1)))

W(wl)u(wlag(wl))) + m(we)u(ws, Y(w2))
(y(w1),y(w2))

T (wi)v(w, y(wr))) + 7' (wa)v(we, Ylw2))

T (wi)u(wy, y(wi))) + 7' (wa)u(ws, Glws))

(u(w2,g(w2)) —u(wz,y(w2)))
(w(wr,y* (w1))—u(w,y(w1)))

mw) — @) \We note that the same thing must hold for

m(w2) o (w2)

every pair of non-null states. From this it must then then in turn follow that 7’ = 7 as

required.

Step 6: Show that the existence of both a probability and a continuous expected utility
function implies axioms Al — A7 and B1 — B7.
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