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Agent-based  simulations  may  be  a  way  to model  human  society  behavior  in  decisions  under  risk.  How-
ever,  it  is well  known  in economics  that  Expected  Utility  Theory  (EUT)  is flawed  as  a  descriptive  model.
In  fact,  there  are  some  models  based  on prospect  theory  (PT), that  try to  provide  a  better  description.
If  people  behave  according  to  PT  in finance  environments,  it is  arguable  that  PT based  agents  may  be  a
better  choice  for such  environments.  We  investigate  this  idea  in  a  specific  risky  environment,  a financial
market.  We  propose  an  architecture  for PT-based  agents.  Due  to some  limitations  of the  original  PT, we
gent-based modeling
use  an  extension  of PT called  Smooth  Prospect  Theory  (SPT).  We  simulate  artificial  markets  with  PT  and
traditional  (TRA)  agents  using  historical  data  of  many  different  assets  over  a period  of  20  years.  The  results
showed  that  SPT-based  agents  provided  behavior  that  is closer  to real market  data  than  TRA  agents,  and
that the  improvement  when  using  SPT  rather  than  TRA  agents  is  statistically  significant.  It  supports  the
idea  that  PT  based  agents  may  be a better  pick  to model  the  behaviour  of  agents  in risky  environments.
. Introduction

The price dynamics, in a financial market, are defined by the
um of the actions of all agents in such market. Thus, an alternative
pproach to modeling prices as an exogenous stochastic process
s to model the agents’ behavior and verify if we can reproduce
he market outcome with such agents. This paper contributes to
his artificial economics research program, by comparing how two
ifferent sets of artificial agents resemble the outcome of real mar-
ets. The two sets of agents that we use differ in how they make
ecisions under risk.

The most traditional and widely used model for decision under
isk is Expected Utility Theory (EUT), in particular the use of the
rinciple of expected utility maximization. However, there is evi-
ence that people do not make decisions under risk strictly based

n expected utility [1]. In fact, some experiments [2] show that
nancial professionals (who likely are aware of Expected Utility
heory) also may  behave according to prospect theory and violate
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expected utility maximization. Prospect theory was proposed [1]
and later improved by Kahneman and Tversky [3]. It is an alterna-
tive model of human decision making under risk. PT may  describe
some behaviors that cannot be explained by Expected Utility The-
ory. For instance, there is a clear preference for guaranteed small
gains over uncertain large gains, and conversely for uncertain large
losses over small certain losses even when EUT would point to the
reverse option. This is usually called the reflection effect [1].

If financial professionals behave according to prospect theory in
financial markets, the agent-based modeling of such markets could
benefit from prospect theory based agents. Our idea is to create
trading agents based on prospect theory and simulate an artificial
market populated with such agents. If investors’ behavior is con-
sistent with PT, such simulations should provide results closer to
historical data from real markets than those provided by traditional
agents based on EUT.

We modeled traditional trading agents and created a new class
of trading agent based on prospect theory. The class of traditional
trading agents are briefly described in Section 2. The proposed
prospect theory-based agent is fully described in Section 3. These

agents were instantiated to populate an Artificial Financial Mar-
ket. This market, and its population with those PT and traditional
agents is explained in Section 4. We  performed many simulated
experiments using these markets. These experiments are described

dx.doi.org/10.1016/j.jocs.2016.10.002
http://www.sciencedirect.com/science/journal/18777503
http://www.elsevier.com/locate/jocs
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jocs.2016.10.002&domain=pdf
mailto:pauloac@ita.br
mailto:andersonrbteodoro@gmail.com
mailto:luciano-decastro@uiowa.edu
mailto:simon.parsons@kcl.ac.uk
dx.doi.org/10.1016/j.jocs.2016.10.002


9 omput

a
t
i

2

d
t
S
k
S
T

2

b
o
s
a
(
s
c
r
U
r
i
a
d
t

t
i
b
p
f
m
u
b

2

f
l
e
v

a
i
I
o
m
H
a
I

3

f
P
l
a

8 P.A.L. de Castro et al. / Journal of C

nd the results we obtained are presented and discussed in Sec-
ion 5. Finally, we state some conclusions and some open questions
n Section 6.

. Trading agent modeling and prospect theory

We  modeled three classes of trading agents: agents based on tra-
itional techniquies (TRA), which are broadly based on EUT, agents
hat play the role of market makers (MM)  and agents that use
mooth Prospect Theory SPT. The first two classes are based on well
nown strategies from the literature and are briefly described in
ections 2.1 and 2.2, respectively. The SPT class is based on Prospect
heory and it is fully described in Section 3.

.1. TRA agents

Automated trading strategies are not new and a significant num-
er of papers have been published proposing such strategies. Most
f them are based on analysis of time series (usually called technical
trategies), while some others are based on the analysis of economic
nd financial fundamentals of companies and/or economic sectors
usually called fundamentalist strategies). They all try to maximize
ome expected value function. Some common functions are finan-
ial return, return variance (as proxy of risk), or a trade-off between
isk and return (see. pp. 212–213, [4]). They can be seen as Expected
tility Theory (EUT) strategies, because they are not concerned in

eproducing human behavior but maximizing some value (or util-
ty). The TRA agents used in this study is very simple, given that we
re not focused on maximizing trader’s performance, but repro-
ucing price behavior observed in real market using automated
raders.

We therefore picked one of the simplest and most well-known
echnical strategies: the moving average (MA). The moving average
ndex tries to identify trends in stock prices. The average is defined
y an observation period and a calculation method that can be sim-
le average (sum of all prices and divide it by the number of values),
ront-weighted triangular method or exponential average to give

ore relevance to newer prices rather than older prices [5]. We
sed MA  with simple average and adapted it to provide order price
ased on the last market price.

.2. Market maker agents

Any market used to uncover the value of an asset may  benefit
rom an agent that stands ready to interact with traders, providing
iquidity [6]. Such an agent, usually called a market maker agent,
nables other trading agents to trade at every round. Its presence is
ery important to guarantee that a price is defined at each round.

This price is determined by the sum of all business transactions,
s explained in Section 4. In case of a sell order, the price of the order
s defined by yesterday’s price plus a a small percentage, the spread.
n the case of a buy order, the price of the order is yesterday’s price
r minus the spread. Therefore, the price offered by the market
aker defines a lower and upper limit for the transaction price.
owever, the exact transaction price is really defined by the other
gents’ orders (i.e., the orders placed by the TRA and SPT agents).
n our study, the spread was defined as a fixed 0.5%.

. Our agent model based on prospect theory

The modeling of agents based on Prospect Theory is not straight-

orward and it has to deal with some strong difficulties. The original
rospect Theory, as proposed by Kahneman and Tversky [1], estab-
ishes one phase of editing and a subsequent phase of evaluation
nd selection. It deals only with prospects that have at most two
ational Science 17 (2016) 97–102

non-zero outcomes (simple prospects). However, many real world
problems present prospects with more than two  non-zero out-
comes and even prospects with continuous distributions (complex
prospects). Furthermore, the editing phase as originally proposed
is not well defined [7]. These issues make it really hard to use the
original version of Prospect Theory in an agent model.

Therefore, we chose an alternative extension of PT, called
Smooth Prospect Theory (SPT) [7]. This extension can be used for
complex prospects and even continuous prospects. We  are aware
of the criticism about it [8] and the existence of other proposals to
extend PT to complex prospects, such as Cumulative Prospect The-
ory [3]. The violation of first-order stochastic dominance is usually
pointed as a major problem. However, as pointed out by Rieger
et al. [7], it is not necessarily a weakness for a descriptive model
because it is known that individuals may  frequently choose domi-
nated lotteries especially when stochastic dominance is unclear to
them. Therefore, we  chose SPT due to the fact it incorporates the
editing phase into the calculation and avoids the unclear part of the
original form of Prospect Theory.

Smooth Prospect Theory is explained in Section 3.1. Our  model
requires that for each possible action of the agent, there is one rep-
resentative prospect. These prospects are created in the Prospect
Construction Phase, which is described in Section 3.2. We  present
the SPT Agent model in Section 3.3.

3.1. Smooth Prospect Theory for agents

The Smooth Prospect Theory as proposed by Rieger and Wang
[7] computes a SPT value for each prospect and selects the highest
value prospect. The SPT value (SPTV) of a discrete prospect with an
arbitrary number of outcomes xi and respective probabilities pi is
given by Eq. (1).

SPTV =

n∑
i=1

w(pi)v(xi)

n∑
i=1

w(pi)

(1)

where the value function v(x) is chosen as:

v(x) =
{

x˛ x ≥ 0

−�(−xˇ) x < 0
(2)

and � ≈ 2.25 is a loss-aversion coefficient and ˛,  ̌ are the
risk-attitudes parameters for gains and losses. Furthermore, the
weighting function is defined as:

w(p) := p�

(p� + (1 − p)� )1/�
(3)

The parameter � reflects the amount of over or underweighting in
the weighting function.

SPTV could also be calculated for continuous distributions [7],
but we deal only with discrete prospects in this study.

3.2. Prospect construction phase

The product of the Prospect Construction Phase is a set of
prospects (one for each possible action of the agent). We  assume
that each trading agent deals with only one asset and it has an esti-
mate of the fair value for such an asset. Furthermore, the agent’s
decision-making process has to place an order at each moment of

time t. An order is defined by its volume and price. An order’s vol-
ume  �t is defined as an integer number ∈ [−M,  M]  at a given moment
t. The value M is the maximum number of shares that can be bought
or sold by the agent in one cycle. Positive values of � mean a buy
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Fig. 1. SPT agent model.
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rder, while negative � means a sell order and � = 0 means to keep
he current position.

The agent’s order and market price dynamics will define the
gent’s outcome. We  assume that trading agents are concerned
bout their return and orders will always be executed at the market
rice Pt+1. Thus, the outcome is the difference between the value of
n agent’s assets at time t and its value at the next time (t + 1), right
fter the order �t is executed at price Pt. This outcome (x) may  be
alculated as stated in Eq. (5), where Pt refers to the asset price, Mt

s the amount of money, Qt is the number of shares at time t:

x = [(Mt − Pt ∗ �t) + (Qt + �t) ∗ Pt+1] − [Mt + Pt ∗ Qt]

x = (Pt+1 − Pt) ∗ (Qt + �t),
(4)

hich may  be simplified to:

 = (Pt+1 − Pt) ∗ (Qt + �t). (5)

Section 4 describes how the market price is calculated. We  also
ssume all orders will be executed, so each order defines changes
n Qt+1 and the market behavior defines the market price Pt+1. The

arket price Pt+1 cannot be defined a priori, but it can be estimated
y the trading agents. Let ¯Pt+1 be this estimate. So, an agent can
alculate ¯Pt+1 − Pt and then estimate the outcome (x) for any ¯Pt+1.

Naturally, any order may  bring different outcomes according
o the real market price in the next round Pt+1. In order to estab-
ish prospects, given an order �t, we would need to determine the
robabilities for each possible outcome. The estimate of market
rice ¯Pt+1 is a continuous value and �t is dependent on the trading
trategy (certainly non-linear) and market state. So, the outcome is
tself a continuous non-linear function. It would require a probabil-
ty density function, p(x), to represent the associated probabilities
or each possible outcome (x).

We adopted Markowitz’s assumption that returns present a
aussian distribution [9], so the price Pt+1 is a also a random variable
ith a Gaussian probability distribution. Thus, the density proba-

ility function p(x) of the outcome x can be given by Eq. (6), where
 is the standard deviation and � the expected value or ¯Pt+1:

(x) = exp−(Pt+1−�)2/2�2

� ∗ √
2 ∗ �

(6)

It is easy to see that the outcome, x (Eq. (5)) is a linear function
f Pt+1. Let at = Qt + �t and bt = Pt(Qt + �t). If so, we can rewrite Eq.
5) to determine a new expression for Pt+1 and use it in Eq. (6) to
nd an expression for the distribution probability function p(x) for
he outcome x. Such an expression is given by Eq. (7), where at and
t are known at time t. It can be used for the calculation of SPT as
tated in Eq. (1).

(x) = exp−(x−bt−at�)2/2a2
t �2

� ∗ √
2 ∗ �

(7)

Each prospect would have infinite possible outcomes and could
e calculated by SPT for continuous distributions. In order to avoid
uch complexity and since prices are limited to cents, we decided
o limit the possible outcomes to a finite set. We  adopt a step � in
0,1) for prices. Thus, As each order �t is limited to [−M,  M]  and if
e assume that Pt+1 is limited to [0, 2Pt], it is easy to verify using

quation (5) that the outcome x is limited to interval [−Pt(Qt + M),
t(Qt + M)]. Therefore, the number of possible outcomes is limited
o 2Pt(Qt + M)/� for each prospect. We  limit the orders of agent to
hree: sell (−M), hold (0) and buy (M).
.3. The SPT agent model

The SPT agent model is a simple extension of the classic Util-
ty based Agent Model [10], where the SPTV value (Eq. (1)) is used
instead of utility to select an agent’s action from the set of pos-
sible actions, shown in Fig. 1. There is a one-to-one relationship
between prospects and possible actions. This relationship is cre-
ated by the Prospect Construction Phase,  which is fully explained
in Section 3.2.

In the prospect evaluation phase,  the agent computes SPTV for
each prospect and selects the action related to the highest value SPT
prospect. The selected action is then executed by the agent through
its actuators, which are buy or sell orders (Fig. 1).

It is a straight forward approach, but it requires that the agent
have information about all possible outcomes and respective prob-
abilities for each possible action. Such information is used to
construct one prospect for each possible action.

4. Artificial financial markets populated with SPT and TRA
agents

In our Artificial Financial Market, each trading agent gives orders
that are stored in a buy or sell book as in a real stock market. The
clearing process is performed by the Four Heap algorithm described
in [11]. The market price for a given instant of time Pt is defined as
the average of all transaction prices weighted by the volume of each
transaction. A market specification defines a set of agents. Each
agent is described by its class (SPT, TRA or MM)  and its volume
order.

That way, an agent that gives a higher volume order is more
relevant to the market price formation than other agent that sub-
mits small volume orders [11]. This price, called market price, is
compared with actual prices obtained from actual stock exchange
data, called the external price. The difference between the market
price(P̄t) and external price (Pt) is the prediction error in a given
instant of time t.

It is relevant to observe that the prediction error of a period of
time is much more relevant than just one moment to state that one
set of trading agents is better adapted than the other one. Therefore,
we define the session error (E) as the sum of squared errors (Eq.
(8)). If a market specification A provides a smaller session error (E),
than market specification B, then we may  say that artificial market
A is a better description of the real market than B. In this work,

we compares two  kinds of markets, one with MM and TRA agents
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Table 1
Companies whose stock was  used in the simulated experiments.

Stock Stock

AMD  JPMorgan Chase
Apple JC Penney
AT&T Microsoft
BarrickGold Nike
Citigroup Pfizer
Ford Motor Rite Aid
General Eletric Sprint
HP Verizon
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Table 2
Number of scenarios where SPT or TRA achieved better performance in crisis (CR),
non-crisis (NCR) and all scenarios. Results are given both as the total number of
scenarios and the percentage of scenarios.

CR NCR All

SPT 60 (75%) 228 (71%) 288 (72%)
IBM Wells
Intel Xerox

simply called TRA), and the other with MM and SPT agents (simply
alled SPT).

 =
N∑

t=1

(P̄t − Pt)
2

(8)

.1. Parameter calibration

As pointed out by LeBaron, a common criticism of agent-based
arkets is that they usually have too many parameters and the

mpact of these parameters is not well understood ([12], pp. 1222).
n this study, we are making a direct comparison between agent-
ased markets with SPT and TRA agents. Furthermore, we set the
arameters using the same algorithm for all markets. So, we believe
hat it is a fair comparison.

We  used a search algorithm to adjust the volume orders of a mar-
et specification in order to reduce the Session Prediction Error (Eq.
8)). Given the fact that trading agents with higher volume order
ave more relevance to market price formation, we adjusted the
arket specification (i.e., the volume order of the trading agents)

o fit data previously observed in real markets. For simplicity, each
gent type had just one instance, and it traded one specific share
uantity at each round. The market specification was defined by
hree parameters: the share quantities of each one of the three kinds
f agents: SPT, TRA, and market maker agents.

It is very hard to know a priori how a change in one of the spec-
fication parameters may  affect the market price P̄t or the session
rror (E). Therefore as search algorithm, we used the random-start
radient descendent method to find minimum points of the objec-
ive function E, which is a variant of the common hill climbing

ethods [10]. The method uses a new random starting point each
ime it finds a local minimum for the objective function. It is worth
oting that any change in the market specification does not alter
rader strategy, but their relevance to the market price definition.

. Simulated experiments, results and discussion

In this section, we describe the simulated experiments per-
omed (Section 5.1) and their results (Section 5.2). Then, we  discuss
uch results and answer some questions (Section 5.3).

.1. Simulated experiment setup

We  performed simulated experiments in many different sce-
arios. Each scenario was defined by a year from 1994 to 2013 (20
ears) and one company picked from the 20 biggest companies in
he NYSE or Nasdaq during the period. Table 1 lists these compa-
ies. This gave us four hundred scenarios (20 × 20). The number of

ata points in each scenario changed according to the number of
usiness days in the respective year. Typically, each scenario had
bout 247 data points. Each one was defined by the asset’s closing
rice or external price and the respective business day, providing
TRA  20 (25%) 92 (29%) 112 (28%)
Total 80 (100%) 320 (100%) 400 (100%)

about 98,000 historical prices (247 × 20 × 20). These prices were
downloaded from the Yahoo Finance service.

The simulations were performed considering periods with high
price volatility (crisis) and low price volatility (non-crisis periods).
We implemented our trading agents using an adapted version [13]
of an auction simulator, called JASA [14]. JASA runs over an agent
modeling toolkit, called JABM [15].

5.2. Results

We  compared SPT agents (that is the market with SPT and MM
agents) against TRA agents (the market using TRA and MM agents)
in 400 scenarios. A smaller Session Error in a scenario was  con-
sidered better performance. We  observed which agent type (SPT
or TRA) presented better performance in each scenario. The sim-
ulation results are presented in Table 2. The SPT agents achieved
better performance in 288 scenarios against only 112 in which TRA
agents achieved higher performance. We  also analyzed the per-
formance by segregating the scenarios in to two  categories: crisis
(high volatility) and non-crisis (low volatility). We  arbitrarily drew
the boundary between crisis scenarios and non-crisis scenarios as
being where the level of volatility was 80. Crisis scenarios (CRs)
were defined as those scenarios where the level of volatility was
greater than or equal to 80 and non-crisis scenarios (NCRs) were
defined as those scenarios in which volatility was smaller than
80. Table 2 presents the number of scenarios where SPT agents
achieved better performance (smaller session error) in the first
row. The second row shows the number of scenarios where TRA
agents performed better. For each element in the table we show the
absolute number of scnearios and the respective percentages of the
total number of scenarios. It is arguable that SPT agents performed
slightly better in CR scenarios than in NCR scenarios.

5.3. Discussion

Based on the results, we  may  state that SPT performed better in
crisis (CR) or non-crisis (NCR) situations. We  tested the hypothesis
that the performance is the same for TRA agents and SPT agents.
The data presented in Table 2 allows us to reject such hypothe-
sis with 99.9% confidence using the 	2 test for all situations: CR
(20.0), NCR (57.8) and general (77.4), since 	2

0.999 is 10.8 for one
degree of freedom. Therefore, we  may  state that the data supports
the hyphothesis that SPT agents are a better description than TRA
agents.

We also analyzed the results with several different levels of
volatility as crisis limit in Section 5.3.1. In Section 5.3.2, we  verify
how far the TRA’s and SPT’s performances are from each other.

5.3.1. What happens if the crisis definition changes?
We used the volatility (variance) of the prices as proxy of risk.

If a scenario presented volatility equal or higher than the specified
limit, it was classified as crisis and it was classified as non-crisis in

the negative case. We  used limit levels from 0 to 1600. We  consid-
ered a tie when the difference between performances were equal
or below 0.1%. In limit level 0, all 400 scenarios were classified as
crisis. In limit level 1600, only six were so classified. SPT performed
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Fig. 2. SPT vs TRA performances for multiple crisis definitions. Different volatilities
are plotted on the x-axis (recall that 80 is the value used above), and for each value
we  plot the percentage of scenarios in which SPT agents have better performance,
the percentage of scenarios in which TRA agents have better performance, and the
percentage of scenarios in which the two types of agent tie.

Fig. 3. SPT vs TRA performances for multiple tie definitions. Different values of
the  tie parameter (the percentage difference in performance under which differ-
ent results for SPT and TRA are considered the same) are plotted on the x-axis, and
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or  each value we  plot the number of scenarios in which SPT agents have better per-
ormance, the number of scenarios in which TRA agents have better performance,
nd the number of scenarios in which the two types of agent tie.

etter in all six. The results achieved by SPT and TRA are presented
n Fig. 2.

SPT presented better performance in about 70% of the scenarios
or limits from 0 to 400. It seems that SPT performed even bet-
er when the limit went from 800 to 1600 (very high volatility or
ery bad crises). However, the small numbers of crisis scenarios
n such conditions (16–6) are not statistically significant to reject
he hypothesis that SPT performance would have the same perfor-

ance in such cases.

.3.2. How far apart are the agents’ performances?
We  also analyzed the results with several levels of tie for agent’s

erformance. The tie scale went from 0% to 30%. The results are
resented in Fig. 3.

For instance, when the difference between SPT and TRA per-
ormance was  equal or less then 1%, there were 119 ties, SPT was
uperior to TRA in 214 scenarios and TRA was superior to SPT in only

7 scenarios. All performance differences were equal or smaller
han 30%. Therefore, all scenarios were classified as tie in the last
olumn of Fig. 3. It is relevant to note than in all circumstances with
ifferent performances, SPT out performed TRA.
ational Science 17 (2016) 97–102 101

5.3.3. Result analysis
The predictions made by SPT agents presented better perfor-

mance (smaller errors) than TRA agents in most cases. In fact, we
can reject the hypothesis that SPT and TRA agents present the same
performance with 99.9% confidence for all scenarios. Furthermore,
we can state that SPT was better in 70% of the scenarios with 75%
confidence. We  expected SPT would perform better in crisis, but
it would present poor performance in low volatility scenarios.
We expected that because we  believe that psychological biases
can present higher influence on investment decisions in crisis
periods. Surprisingly, the results support the idea that SPT agents
are better fit to real data than TRA agents regardless of volatility.
Nevertheless, we still believe that SPT superiority would be more
evident in high volatility scenarios and the results seem to point
in such direction (see Fig. 2). However, the current data does not
allow us to conclude that the hypothesis is true with a suitable
degree of statiscal significance. Furthermore, the fact that SPT
agents presented smaller errors than TRA agents, supports the
idea that the strategies of real traders may  be influenced by
psychological biases as described in PT [1].

6. Conclusions and future work

Agent based modeling (ABM) may  become a better way to help
guide financial policies than traditional models according to some
researchers [16]. However, several problems may  be identified in
this approach. For instance, human beings do not make risky deci-
sions strictly based on Expected Utility Theory (EUT) as usually
assumed in ABM and perhaps an alternative descriptive models as
Prospect Theory (PT) may be a better model for agent’s decision pro-
cess. In fact, a recent study that uses prospect theory based agents
and fits the model to experimental data in the context of Behavioral
Mechanism Design, have shown different equilibria when agents
are based on Expected Utility Theory than those observed when
they are based on prospect theory [17].

We  addressed the modeling and simulation of PT-based agents.
We used an extension of PT called Smooth Prospect theory (SPT) to
develop an agent model. Such a model uses a prospect construction
phase that creates a one-to-one relationship between a prospect
and an agent’s action. This model was  used to build a trading agent.
We populated simulated artificial markets with this kind of agent
(SPT) and with traditional (TRA) agents. Those agents were used in
a significant number of simulated experiments.

The results showed that the artificial market populated with
SPT agents performed significantly better than EUT agents. In fact,
we were able to reject the hypothesis that SPT and TRA agents
present the same performance with 99.9% confidence for all sce-
narios. Furthermore, we  can state that SPT is better in 70% of the
scenarios with 75% confidence. These results support the idea that
real human trading agents are influenced by psychological biases,
such as described in PT [1]. It may  be pointed out that the agents
are relatively simple and do not fully represent human behavior
in financial market. For instance, the prospect construction phase
could deal with continuous distributions rather than discrete ones.
In future work, we  intend to address these issues. Furthermore,
we believe that two other open questions that are really worth to
study: (1) the use of an alternative version of Prospect Theory that
does not violate the first-order sthocastic dominance (such as CPT)
and (2) try PT based agents on different risk environments, such
as games, to observe if they are still a better choice over Expected
Utility Theory based agents as descriptive model.
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