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Abstract:

 We identify restrictions on a decision maker’s utility function that are both necessary and sufficient to preserve dominance reasoning in each of two versions of the Two-Envelope Paradox (TEP). For the classical TEP, the utility function must satisfy a certain recurrence inequality. For the St. Petersburg TEP, the utility function must be bounded above asymptotically by a power function, which can be tightened to a constant. By determining the weakest conditions for dominance reasoning to hold, the article settles an open question in the research literature. Remarkably, neither constant-bounded utility nor finite expected utility is necessary for resolving the classical TEP; instead, finite expected utility is both necessary and sufficient for resolving the St. Petersburg TEP.
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1. Introduction

We identify restrictions on a decision maker’s von Neumann–Morgenstern (VNM) utility function that are both necessary and sufficient to preserve dominance reasoning (i.e., AC≻BC∀C⇒A≻B) in each of two versions of the Two-Envelope Paradox (TEP). For the classical TEP of [1] and [2] with continuous payoffs, the utility function must satisfy a certain recurrence inequality for at least one continuous interval. For the St. Petersburg TEP of [3], also with continuous payoffs, the utility function must be asymptotically bounded above by a power function, and this can be tightened to a constant by arguments similar to those of [4]. For discrete payoffs, analogous results apply.

Determining the weakest conditions for dominance reasoning to hold in the classical and the St. Petersburg TEPs settles an open question posed by [3]. Remarkably, the analysis shows that neither constant-bounded utility nor finite expected utility is necessary for resolving the classical TEP, whereas finite expected utility is both necessary and sufficient for resolving the St. Petersburg TEP.



2. The Classical Two-Envelope Paradox


2.1. Naive Form

Numerous early variations of the TEP exist. One formulation is that of [5], in which two men bet on the value of their respective neckties, with both neckties going to the man with the less valuable item. Another formulation, involving explicit distributions of monetary values printed on both sides of randomly drawn playing cards, is found in [6] and attributed to the physicist Erwin Schrödinger. In the simplest form of the classical TEP (see [1]), a risk-neutral decision maker is shown two identical envelopes, one of which contains a check for X units of money, and the other a check for [image: there is no content] units, where X is an unknown positive real number. The two envelopes then are dropped into a box, from which the decision maker draws one at random. At this point, the decision maker is asked whether he or she would like to keep the chosen envelope, or trade for the other one. Seeing no benefit from trading (because of the obvious symmetry of the alternatives), the decision maker then opens the chosen envelope to find a check for [image: there is no content] units. Asked again whether he or she would like to trade envelopes, the decision maker calculates the expected value of the amount in the other envelope, Z, as



[image: there is no content]








and discovers that it is better to trade, because the two possibilities, i.e., [image: there is no content] and [image: there is no content], are presumably equally likely. Paradoxically, the decision maker’s behavior is the same for all values of y—implying no benefit from opening the envelope—but learning the value of y does in fact change the decision maker’s preference. In short, the decision maker’s failure to prefer Z to Y a priori is a violation of dominance reasoning.
This naive TEP is typically resolved by observing that [image: there is no content] and [image: there is no content] cannot be equally likely for all positive real numbers y, because that would require Z to possess a (nonexistent) uniform probability distribution over the positive real numbers.



2.2. Enhanced Form

Nalebuff offered a more sophisticated variation of the classical TEP in which the random gain X is drawn from a distribution function (known to the decision maker) that always implies a positive expected benefit from trading once [image: there is no content] has been observed [1], so that



[image: there is no content]








for all possible values of y. (Actually, Nalebuff inadvertently claimed only that the expected benefit is nonnegative. His example employs the distribution function in Equation (2) of the present article, with [image: there is no content] and [image: there is no content].) A necessary condition for these results is that


[image: there is no content]








Such “paradoxical” distribution functions for X can be either continuous or discrete, and [2] offered one example of each:



X∼fXx=1x+12,x>0,








in the continuous case, and


X∼fXx=1323log2x,x=1,2,4,8,…,








in the discrete case. In the present work, it will be useful to embed each of the above distributions into a natural, two-parameter generalization. For continuous X, this is the Pareto II family:


X∼fXx=αθθx+θα+1,x>0



(1)




for any α in the interval [image: there is no content] and positive θ; whereas for discrete X, it is the log negative binomial family:


X∼fXx=m+log2x-1m-1pm1-plog2x,x=1,2,4,8,…



(2)




for any positive integer m and p in the interval [image: there is no content]. Note that although not immediately apparent, the distributions in Equations (1) and (2) are close analogs because the Pareto II distribution with [image: there is no content] is obtained by exponentiating and shifting an exponential random variable, and the log negative binomial distribution with [image: there is no content] is obtained by exponentiating a geometric random variable (i.e., the discrete analog of the exponential random variable). The characterization of all possible “paradoxical” distributions is beyond the scope of the present work.
Our analysis will focus on the continuous case because it retains the infinitely divisible nature of X from the naive TEP. However, we also will briefly summarize the corresponding results for the discrete case.



2.3. Continuous Payoffs

Relaxing the assumption that the decision maker is risk neutral, let the decision maker’s VNM utility function be some continuous increasing function [image: there is no content] defined for all real numbers greater than or equal to the decision maker’s initial wealth, W. For X with a Pareto II distribution, it is easy to see that the paradox persists for this generalization if and only if both of the following conditions are satisfied:



[image: there is no content]



(3)




and


[image: there is no content]



(4)




for all positive y. In other words, the random variables Y and Z are equally desirable unconditionally (i.e., prior to opening the decision maker’s envelope), but Z is strictly preferable to Y conditionally (i.e., after opening the envelope to reveal [image: there is no content]), thereby violating dominance reasoning.
Given that the random variables Y and Z are unconditionally independent and identically distributed, Equation (3) is always true. Therefore, to avoid the inconsistency of Equations (3) and (4) (and thus preserve dominance reasoning), we must require that



[image: there is no content]








or equivalently,


[image: there is no content]










[image: there is no content]



(5)




for at least one continuous interval of y. If Equation (5) does not hold for such an interval, then it constitutes an event “of probability zero” that has no practical impact on the decision maker’s behavior. Proposition 1 provides necessary and sufficient restrictions on the utility function to satisfy this inequality, and is proved in the Appendix (as are all subsequent propositions).
Proposition 1: For any continuous increasing utility function and distribution parameters α and θ, dominance reasoning is preserved if and only if the recurrence inequality



[image: there is no content]










[image: there is no content]



(6)




holds for at least one interval of positive y.
From the expression for [image: there is no content] employed in the proof of Proposition 1, it is easy to show that this probability is increasing over y for fixed α and θ, from a lower bound of [image: there is no content] at [image: there is no content] to an upper bound of [image: there is no content] as [image: there is no content]. Consequently, one can use the lower bound to derive the following sufficient (i.e., stronger) condition for Equations (5) and (6):



[image: there is no content]



(7)




and the upper bound to derive the following necessary (i.e., weaker) condition:


[image: there is no content]



(8)




These last two conditions are more readily interpreted than Equation (6) because their corresponding equalities describe concave-downward curves of the forms



[image: there is no content]



(9)




and


[image: there is no content]



(10)




respectively, where [image: there is no content] and b are real constants determined by any two points satisfying the indicated equation. Note that these results follow from straightforward applications of recurrence-relation techniques, and are easily confirmed by substituting the right hand sides of Equations (9) and (10) into the equalities associated with Equations (7) and (8), respectively. Thus, if the piecewise-linear functions passing through [image: there is no content], [image: there is no content] and [image: there is no content] are bounded below locally by the hyperbolas of Equation (9) for all y in the indicated interval, then Equation (6) must hold. Here, by “bounded below locally,” we mean that if a and b are chosen such that [image: there is no content] and [image: there is no content], then [image: there is no content]. Furthermore, if Equation (6) holds, then the piecewise-linear functions passing through [image: there is no content], [image: there is no content] and [image: there is no content] must be bounded below locally (like stated above) by the translated power functions of Equation (10) for all y in the indicated interval.
Although the function in Equation (9) is bounded above by the constant b, it is important to note that Proposition 1 does not require that the decision maker’s utility function be bounded by a constant, or even that the expected utility be finite. For example, the unbounded piecewise utility function



uW+y=4y-4,0≤y≤1/2-y-1,1/2<y≤31/9y-2/3,y>3








generates, for [image: there is no content], infinite expected utility because it is linear for values greater than 3, but satisfies Equation (7) on the interval [image: there is no content] because it possesses the form Equation (9) for values greater than [image: there is no content] and less than or equal to 3. The various constants in the function are chosen to confer a high degree of smoothness (i.e., continuous differentiability).


2.4. Discrete Payoffs

Letting X have a log negative binomial distribution yields the following analog of Proposition 1.

Proposition 2: For any continuous increasing utility function and distribution parameters m and p, dominance reasoning is preserved if and only if the recurrence inequality



[image: there is no content]










[image: there is no content]








holds for at least one [image: there is no content].



3. The St. Petersburg Two-Envelope Paradox


3.1. Conditional Independence

Chalmers introduced the St. Petersburg TEP to isolate the paradoxical characteristics of the classical TEP from any conditional statistical dependence between the payoff amounts [3]. In this new problem, a risk-neutral decision maker is shown two identical envelopes: one containing a check for Y units of money, and the other a check for Z units, where Y and Z are independent and identically distributed random variables with infinite means. A priori, the decision maker is indifferent between the two envelopes because



[image: there is no content]








However, upon opening one envelope to find a check for [image: there is no content] units, the decision maker would rather trade envelopes because



[image: there is no content]








As in the classical TEP, dominance reasoning fails.

Although Chalmers worked with random variables similar to that of the original St. Petersburg Paradox (i.e., such that Y and Z possess a shifted log negative binomial distribution with [image: there is no content] and [image: there is no content]), the main thrust of his argument can be accomplished with either the Pareto II or log negative binomial distribution. As before, we will focus on the continuous case, and then summarize results for the discrete case.



3.2. Continuous Payoffs

Letting the decision maker’s VNM utility function be some continuous increasing function and Y and Z be Pareto II random variables, the paradox persists if and only if both of the following conditions are satisfied:



[image: there is no content]



(11)




and


[image: there is no content]



(12)




for all positive y. Since Y and Z are independent and identically distributed, Equation (11) is always true. Therefore, to avoid the inconsistency of Equations (11) and (12), we must have


[image: there is no content]



(13)




for at least one finite interval of y. This occurs if and only if the expected values on the left hand side of the inequality are finite, in notable contrast to the conditions for resolving the classical TEP. Proposition 3 provides necessary and sufficient restrictions on the utility function for Equation (13) to hold.
Proposition 3: For any continuous increasing utility function and distribution parameters α and θ, dominance reasoning is preserved if and only if



lim[image: there is no content][image: there is no content]yα=0.



(14)




Thus, to satisfy Equation (13), the utility function must be bounded above asymptotically by the indicated power function. Although [3] did not explicitly pursue a line of reasoning similar to that of [4], it is easy to argue that, for increasingly heavy-tailed distributions Y and Z, the decision maker’s utility function must be bounded above by a constant. Specifically, if one replaces Y and Z with [image: there is no content] and [image: there is no content], then one must replace Equation (14) with



lim[image: there is no content][image: there is no content]lny+1α=0.








Likewise, replacing Y and Z with [image: there is no content] and [image: there is no content] causes Equation (14) to become


lim[image: there is no content][image: there is no content]lnlny+1+1α=0,








and the pattern may be continued indefinitely.


3.3. Discrete Payoffs

Using Y and Z with a log negative binomial distribution gives the following analog of Proposition 3.

Proposition 4: For any continuous increasing utility function and distribution parameters m and p, dominance reasoning is preserved if and only if



lim[image: there is no content][image: there is no content]ylog21/1−p=0.








This asymptotic upper bound can be tightened to a constant for increasingly heavy-tailed random variables by replacing Y and Z with [image: there is no content] and [image: there is no content], [image: there is no content] and [image: there is no content], etc.




4. Conclusions

In the present work, we have identified restrictions on a decision maker’s VNM utility function that are both necessary and sufficient to resolve each of two TEPs: the classical TEP of [1] and [2], and the St. Petersburg TEP of [3]. These results determine the weakest conditions for preserving dominance reasoning in the two TEPs, thereby settling an open question posed by [3]. Interestingly, neither constant-bounded utility nor finite expected utility is necessary for resolving the classical TEP. This is somewhat remarkable in light of the assertion—common to many discussions of the TEP—that dominance reasoning fails because either utility or expected utility diverges to infinity. In contrast, finite expected utility is both necessary and sufficient for resolving the St. Petersburg TEP.
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Appendix


Proof of Proposition 1:

From the appendix of [2], we know that, for the continuous case,



[image: there is no content]








for all positive y, from which it follows that


[image: there is no content]










[image: there is no content]








Substituting the above expression into Equation (5) and rearranging terms then yields the desired inequality.



Proof of Proposition 2:

From [2], it is known that, for the discrete case,



[image: there is no content]








for all integers y greater than 1, which implies


[image: there is no content]










[image: there is no content]










[image: there is no content]








Substituting this expression into Equation (5) and rearranging terms then yields the desired inequality.



Proof of Proposition 3:

As noted in the text, Equation (13) is true if and only if the expected values on its left hand side are finite. For fixed values of α and θ, this means



[image: there is no content]








or equivalently,


lim[image: there is no content][image: there is no content]yα=0.










Proof of Proposition 4:

As in the proof of Proposition 3, Equation (13) is true if and only if the expected values on its left hand side are finite. For fixed values of m and p, this means



[image: there is no content]








which can be rewritten as


[image: there is no content]








Canceling factors that do not depend on k and substituting Stirling’s approximation for all factorials greater than [image: there is no content] then yields



uW+1m−1![image: there is no content]1−p0










[image: there is no content]








and equivalently,


[image: there is no content]








Finally, it follows from the Cauchy condensation test that



[image: there is no content]








which is finite (by the integral test) if and only if


lim[image: there is no content][image: there is no content]eln1/1−plog2y=0,








or equivalently,


lim[image: there is no content][image: there is no content]ylog21/1−p=0.
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