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In this paper,wepresent a price consensusmeasure for understanding the dynamics among institutional, foreign,
and individual investors. The proposed measure inversely estimates investors' daily views on the value of an
asset, which incorporates the price consensus of the investor type. The price consensus measure is derived
based on a rational expectation asset model and CARA utility function, and its effectiveness is empirically dem-
onstrated by conducting cross-sectional analyses on historical trade data of the Korean stockmarket. These anal-
ysesdemonstrate the advantage of using the price consensusmeasurewhen comparedagainstmodeling only net
purchase amounts. Moreover, the findings show that institutional and foreign investors tend to have distinct
long-term views while individual investors have views that are less extreme and thus showing characteristics
of uninformed trades. Findings on short-term views exhibit information spillover from institutional and foreign
investors to individuals.
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1. Introduction

The dynamics and relation among the trades of institutional, foreign,
and individual investors and a comparison among their performances
have been topics of debate in academic research. For instance,
Grinblatt, Titman, and Wermers (1995) and Wermers (1999) analyze
characteristics ofmutual funds, while Barber andOdean (2000) observe
individual traders through household account data. Cohen, Gompers,
and Vuolteenaho (2002) capture the reaction of individual and institu-
tional investors to cash-flow news, and Choe, Kho, and Stulz (1999,
2005) study investment behavior of foreign investors in the Korean
market. Moreover, there are also studies that compare the performance
of various types of traders (Bae, Yamada, & Ito, 2006; Grinblatt &
Keloharju, 2000; Karolyi, 2002; Kamesaka, Nofsinger, & Kawakita,
2003).

Most of the previous studies focus on net transaction amount for
comparing the characteristics of each market player. However, to com-
pare themarket participants more inclusively, we believe that the price
which they trade is also important. An investor could buy (sell) a stock
not only because he or she evaluates the value of the stock to be high
(low), but also because the stock price is temporarily lower (higher)
than the investor's price consensus. For this reason, considering only
nghokim@khu.ac.kr (J.H. Kim),
im).
transaction amounts could lead to uncomprehensive observations.
Therefore, in this paper, we suggest a price consensus measure which
incorporates stock price, stock volatility, and risk aversion of investors,
in addition to net transaction amount.

The basic idea of the proposed measure is that if an investor pur-
chases shares of a stock, it could be inferred that the estimated value
of the stock by the investor is higher than the executed price. Further-
more, if an investor is more risk averse, the gap between the estimated
value and executed price is expected to be larger. Through a price con-
sensus measure, we are able to inversely approximate market partici-
pants' expected stock price. The measure allows considering not only
net purchase amounts of market participants, but also the price that
they trade at, when analyzing the dynamics of market participants.

A similarmodel was first proposed by Grossman and Stiglitz (1980),
which is a noisy rational expectation model with a single asset where
informed, uninformed, and noisy traders exist. The main contribution
of our research is applying the model of Grossman and Stiglitz in
order to incorporate price consensus and applying the theoretic model
to analyze empirical data for providing more comprehensive implica-
tions on the behavior of different investors.1 In contrast to their work,
we assume all traders are informed traders with their own views on
the value of a stock, while the quality of the views may differ. Thus,
1 Themodel of Grossman and Stiglitz (1980) could be extended to amultiple-asset case
(Admati, 1985), but this paper focuses on the single-asset case to study the dynamics
among institutional, foreign, and individual investors in a basic setting.
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uninformed traders in Grossman and Stiglitz (1980) are also considered
to be informed to a degree,who tradewith disperse and uncertain infor-
mation. In addition, daily closing prices are thought as the price that
reach the equilibrium after intraday trades of institutional, foreign and
individual investors based on their views. For the empirical analysis,
we focus on investors in the Korean stock market since our proposed
measure can be easily calculated for KOSPI (Korea Composite Stock
Price Index) stocks from publicly available data of the Korea Exchange,
such as data on historical stock prices and net purchase amounts of var-
ious investor types. We include analyses for 2008 and 2014, which can
be considered as crash and normal market periods, respectively. Note
that studying the behaviors of different types of investors is particularly
important in emergingmarkets including Korea, because thesemarkets
are known to be vulnerable to the trades of foreign investors (see Choe
et al., 1999, 2005). Nonetheless, ourmethod can be also applied to other
markets when net transaction data of different types of investors are
available.

The remainder of the paper is organized as follows. The price con-
sensus measure and its theoretic justification are presented in
Section 2. In Section 3, empirical behavior of institutional, foreign, and
individual investors is analyzed with the proposed price consensus
measure. Section 4 concludes.

2. Price consensus measure

In this section, we present ameasure that represents a price consen-
sus of an investment group. We follow the rational expectations model
of Grossman and Stiglitz (1980). We begin by introducing the market
model in general form, and then explain how the model is extended
for measuring price consensus, including a discussion on parameter
estimation.

2.1. The general model

There are three types of agents in the market: institutional, foreign,
and individual investors. The number of agents at time
t in each type are denoted as NIns

t , NFor
t and NInd

t , respectively. All agents
are risk averse and their utility function is defined as CARA (constant ab-
solute risk aversion) utility function with positive risk aversion repre-
sented by γIns, γFor, and γInd for each agent type, respectively. Agents
invest in a risky asset, such as stocks, and a risk-free asset. The risk-
free asset has a risk-free rate of return rf, and the price of the risky
asset, denoted as S, is composed of two parts,

S ¼ μ þ ε

where μ is the value of the risky asset which is unknown to all agents,
and ε represents noise. The noise term is normally distribution with a
mean of zero and variance σ2 while the variance is assumed to be
known to all agents. Agents are assumed to have daily views or price
consensus about μ and trades depend on the views. Their views may
be formed based on cash flow information of the company or may re-
flect sentimental subjective views on the price of the risky asset. The
price consensus on the value of the risky asset μ at time t for institution-
al, foreign, and individual investors are denoted as μInst , μFort , and μIndt , re-
spectively. Furthermore, we assume the economy as an open system,
and this assumption allows us to disregard the stock position of an
agent prior to a specific trade.

At time t, an agent of type iwill trade tomaximize the expected util-
ity,

maxE −exp−γi dtiSþ Wi−dti p
tð Þ 1þr fð Þð Þh i

¼ max−exp−γi dti Ei S½ �þ Wi−dti p
tð Þ 1þr fð Þð Þþ1

2γ
2
i d

t
i
2
Var Sð Þ

where
di denotes the demand for the risky asset of the agent i, Wi is wealth of
the agent i, and pt is the price of the risky asset at time t. The optimal de-
mand di

t of agent i at time t can be expressed as

dti ¼
Ei S½ �− 1þ r f

� �
pt

γiVar Sð Þ ¼ μ t
i− 1þ r f
� �

pt

γiσ2 ð1Þ

where Ei is the conditional expectation based on the investors' price
consensus. Thus, the demand of agent i at time t is proportional to the
difference between the price consensus of the risky asset and the total
return of investing the market value of the risky asset at the risk-free
rate. On the other hand, the demand of the agent is reciprocal to the
risk aversion and the risk level of the risky asset. The equilibrium price
of the risky asset is settled to satisfy themarket clearing condition:mar-
ket clears when the demands of buying and selling offset each other,

X
i

Dt
i ¼

X
i

Nid
t
i ¼

X
i

Ni
μ t
i− 1þ r f
� �

pt

γiσ2 ¼ 0 ð2Þ

where Di
t represents the total demand of all investors of agent type i. By

rearranging the formulation given by Eq. (2), we can show that price is
settled as a discounted convex combination of agents' belief on the price
as follows

pt ¼ 1
1þ r f
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In addition, it can be noticed that larger the number of agents and
lower the risk aversion, the price impact of the belief becomes stronger.
In Section 3.2, with price and demanddata,we showhow to decompose
price into information of three types of agents.

2.2. Parameter estimation from data

With some assumptions, the general formulation explained in the
previous section can be modeled using data that only contains demand
of each agent, represented by net purchase amounts and price of the
risky asset. The variance of the risky asset denoted as
σ2 that is known to all market players is estimated as the sample vari-
ance of price of the risky asset. Moreover, the distribution of μit is
modeled as an independent normal distribution N(θi,si2) with a fixed
variance si

2, and the daily risk-free rate is set to zero.
With these assumptions, the likelihood function of themodel can be

written as

Likelihood ¼ ∏
i
∏
t
N DijNi

θi−pt

γiσ2 ;N2
i

s2i
γ2
i σ4

 !

¼ ∏
i
∏
t
N Dij

θi−pt

γ̂iσ2 ;
s2i

γ̂2
i σ4

 !
ð4Þ

where γ̂i substitutes γi/Ni for simplicity. Our aim is to find θi and γ̂i that
maximize the likelihood function. The following proposition illustrates
how the log of the likelihood function can be maximized.

Proposition 1. For agent i, based on the likelihood function given by
Eq. (4)

(a) the optimal θi that maximizes the likelihood function given γ̂i is

θi ¼ pþ Diγ̂iσ
2;



Table 1
Inferred parameters of investors invested in Samsung Electronics in 2014 1Q.

Institutional investor Foreign investor Individual investor

γ̂i 9.169e−10 1.098e−09 9.862e−10
θi 1,288,891 1,302,475 1,300,609
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(b) the optimal γ̂i that maximizes the likelihood function is

γ̂i ¼
−∑t Dt

i−Di
� �

pt−pð Þ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑t Dt

i−Di
� �

pt−pð Þ� �2 þ 4Ts2i ∑t Dt
i−Di

� �2q
2σ2∑t Dt

i−Di
� �2 ;

(c) based on (b) and the optimal demandgiven by (1), the price con-
sensus μit becomes

μ t
i ¼ pt þ γ̂iσ

2Dt
i

where Di and p are mean values of Di
t and pt during the period, respec-

tively, and T is the total time period.
Proof. See Appendix A
The equation in Proposition 1(c) can be interpreted as the sum of

two components, where the first component is the price of the risky
asset, and the second component is the net purchase amount of agent
i multiplied by a measure of risk price, represented by γ̂iσ2, that the
agents takes for each transaction amount. In addition, by Eq. (3), the
stock price can be decomposed into a convex combination of three
agents' price consensus as

1
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A. Stock price and price consensus
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2.3. An example on Samsung electronics

Before performing a detailed empirical analysis in the next section,
we demonstrate an example on investors of Samsung Electronics. The
daily close price of Samsung Electronics stock and the daily net purchase
amounts of institutional, foreign, and individual investors in the stock in
the first quarter of 2014 are used. The stock variance and the variance of
each agent's consensus are estimated as the variance of stock price dur-
ing the period, and this allows us to make inferences on γ̂i, θi, and μit.

As shown in Table 1, in the first quarter of 2014, foreign investors
overestimated the value of Samsung Electronics on average while insti-
tutional investors underestimated the value on average. Furthermore,
foreign investors have the largest γ̂i whereas institutional investors
have the smallestγ̂i, where a large γ̂imeans that there is a fewer number
of investors for that investor type or that the investors are more risk
averse. The values of γ̂i, which are calculated as the risk aversion divided
by the number of the investors, are estimated as about 1e-9, where a
reasonable magnitude of estimated risk aversion parameters are
shown to be in the range of 1 to 10 in the economics literature.

In Fig. 1, the daily time series of price consensus and net purchase
amount of the three investor types are plotted. In Panel A of Fig. 1,
daily price consensuses of three investors are plotted, which allows us
to infer the price that the investors thought were reasonable for stocks.
The advantage of our approach is evident from Panel B of Fig. 1, since it
is difficult to gain information onwhether the investors overestimate or
underestimate stock priceswhen only observing net purchase amounts.
3. Empirical analysis

In this section, further empirical analyses on the Korean market are
performed with emphasis on the measure suggested in Section 2. We
B. Net purchase amounts 
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Table 2
Summary of order statistics of the 388 samples in 2014.

θi (mean of price consensus) γ̂i (risk aversion over Ni)

Institutional investor Foreign investor Individual investor Sum Institutional investor Foreign investor Individual investor Sum

Max 138 135 115 388 58 157 173 388
Mid 115 120 153 388 119 100 169 388
Min 135 133 120 388 211 131 46 388
Sum 388 388 388 388 388 388

Table 3
Summary of order statistics of the 388 samples in 2008.

θi (mean of price consensus) γ̂i (risk aversion over Ni)

Institutional investor Foreign investor Individual investor Sum Institutional investor Foreign investor Individual investor Sum

Max 179 69 96 344 125 107 137 344
Mid 109 97 138 344 119 80 145 344
Min 56 178 110 344 100 157 62 344
Sum 344 344 344 344 344 344
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continue to focus on the relation among the three types of investors: in-
stitutional, foreign, and individual investors. Our analysis consists of one
long term quarterly analysis based on the estimated parameters and
two short term daily analyses with correlation test and vector auto-
regression.
3.1. Data and methods

For the empirical study, we focus on two one-year periods, 2008 and
2014, in order to analyze behavior during normal as well as abnormal
periods, where 2008 is considered as a crash period and 2014 is consid-
ered as a relatively stable period. The constituent securities of KOSPI 100
index on December 30, 2008 and December 30, 2014 are used for inves-
tigating investors 2008 and 2014, respectively. This leads to analyzing
86 stocks of year 2008 and 97 stocks of year 2014, which were traded
throughout the entire year. Public data from the Korea Exchange were
collected, which include daily close price and net purchase amounts of
institutional, foreign, and individual investors.2

The distributions of price consensus and the number of investors are
assumed to be independent for different stocks in order to focus on the
dynamics of different investor types. The risk aversion over the number
of investors γ̂i and the mean of consensus distribution θi are newly cal-
culated for each quarter to take account of the long term inconsistency
of the parameters. The quarterly estimation period of the parameters is
based on the fact that companies publish quarterly reports. The stock
variance σ2, which is known to agents, and the variance of the consen-
sus signal si2 are estimated as the stock price variance during the quarter
as discussed earlier.

With the estimated values for γ̂i, θi, and also the price consensus time
series μit, we next demonstrate several analyses on cross-sectional be-
havior. Here, θi could be interpreted as relatively long-term price con-
sensus of the agents, and the perturbation added to θi, which is the
daily price consensus time series μit, represents short-term news or in-
formation. The distinction between long-term and short-term informa-
tion becomes important in our analyses.
3.2. Long term analysis: mean of price consensus and risk aversion

Observations of the 97 stocks in 2014 over the four quarters provide
388 sampled values for θi and γ̂i. Similarly, 86 stocks over the four quar-
ters in 2008 provide 344 sampled values. Table 2 summarizes the order
statistics of θi and γ̂i among the three types of investors in 2014; the
2 Data available at www.krx.co.kr.
occurrences of maximum, minimum, and middle values for the 388
samples are shown. Likewise, Table 3 presents a summary for 2008.

Tables 2 and 3 reveal some interesting patterns on the ranking
among the three investor types. First, the mean of price consensus for
institutional and foreign investors tend to be polarized to themaximum
or minimum among the three investors in both periods. However, in
case of individual investors, their mean of price consensus tends to
stay in between the other two investor types. These results imply that
institutional and foreign investors have unique subjective price consen-
suses, but that is not the case for individual investors,which implies that
individual investors are the most uninformed traders. Specifically, dur-
ing the crash period of 2008, institutional investors are more polarized
to overestimate the stock value and foreign investors aremore polarized
to underestimate the value, while they evenly overestimate and under-
estimate the values during the normal period of 2014.

Second, Tables 2 and 3 also show that the three investor types have
different rank trends on γ̂i. In 2014, institutional investors tend to have
minimum γ̂i among the three types of investors, individual investors
tend to have maximum or middle level of γ̂i , and foreign investors
tend to stay between institutional and individual investors. As briefly
mentioned when discussing the example on Samsung Electronics,
high γ̂i value could be resulted from various reasons. As γ̂i is computed
as γi/Ni, a high γ̂i can be caused by a high γi or a small number of inves-
tors for type i. In addition, due to the use of net purchase amount for
representing demand, it should be noted that a small net transaction
amount can be caused not by a high risk aversion but by inconsistency
in trade direction among investors of the same type, in which case
transactions will be cancelled out when computing the net transaction
amount.

In Eq. (3), since the price model is set as a convex combination of
three price consensuseswith the coefficients proportional to the inverse
of γ̂i, the investor type that has lower γ̂i can be inferred as havingmore
severe price impact according to their consensus level. To summarize,
the results for institutional investors in Table 2 can be interpreted as
three possible situations: institutional investors are more likely to be
risk-seeking investors, the number of institutional traders are large in
the market, or institutional traders make similar decisions
(i.e., herding). In comparison, individual investors can be inferred as
beingmore risk-averse, having a small number of traders, or making di-
verse decisions among themselves. Furthermore, institutional investors
cause stronger price impacts on the market.

On the other hand, the risk aversion of investors during the crash pe-
riod of 2008 reveal another interesting behavior; institutional and indi-
vidual investors tend to havemaximumormiddle level of γ̂i and foreign
investors tend to have minimum γ̂i . It implies that foreign investors

http://www.krx.co.kr


Table 4
Coefficients of correlations, autocorrelations, and cross-correlations in 2014.

Panel A. Correlation tests on investors' price consensuses and stock returns

Institution's price consensus Foreigner's price consensus

Lag (period) 5 4 3 2 1 0 5 4 3 2 1 0
Inst. price consensus 0.29⁎⁎⁎ 0.32⁎⁎⁎ 0.36⁎⁎⁎ 0.43⁎⁎⁎ 0.57⁎⁎⁎ 1.00⁎⁎⁎ 0.21⁎⁎⁎ 0.23⁎⁎⁎ 0.26⁎⁎⁎ 0.30⁎⁎⁎ 0.35⁎⁎⁎ 0.36⁎⁎⁎

For. price consensus 0.32⁎⁎⁎ 0.34⁎⁎⁎ 0.36⁎⁎⁎ 0.39⁎⁎⁎ 0.36⁎⁎⁎ 0.36⁎⁎⁎ 0.33⁎⁎⁎ 0.38⁎⁎⁎ 0.43⁎⁎⁎ 0.49⁎⁎⁎ 0.55⁎⁎⁎ 1.00⁎⁎⁎

Ind. price consensus 0.41⁎⁎⁎ 0.44⁎⁎⁎ 0.46⁎⁎⁎ 0.47⁎⁎⁎ 0.46⁎⁎⁎ 0.06⁎⁎⁎ 0.41⁎⁎⁎ 0.44⁎⁎⁎ 0.47⁎⁎⁎ 0.49⁎⁎⁎ 0.49⁎⁎⁎ 0.18⁎⁎⁎

Stock return −0.08⁎⁎⁎ −0.10⁎⁎⁎ −0.11⁎⁎⁎ −0.12⁎⁎⁎ −0.13⁎⁎⁎ 0.41⁎⁎⁎ −0.10⁎⁎⁎ −0.11⁎⁎⁎ −0.12⁎⁎⁎ −0.14⁎⁎⁎ −0.17⁎⁎⁎ 0.31⁎⁎⁎

Panel B. Correlation tests on investors' net transaction amounts and stock returns

Institution's net transaction Foreigner's net transaction

Lag (period) 5 4 3 2 1 0 5 4 2 1 0
Inst. net transaction 0.06⁎⁎⁎ 0.08⁎⁎⁎ 0.12⁎⁎⁎ 0.17⁎⁎⁎ 0.33⁎⁎⁎ 1.00⁎⁎⁎ −0.08⁎⁎⁎ −0.09⁎⁎⁎ 0.11⁎⁎⁎ −0.12⁎⁎⁎ −0.16⁎⁎⁎ −0.42⁎⁎⁎

For. net transaction −0.02⁎⁎ −0.05⁎⁎⁎ −0.07⁎⁎⁎ −0.11⁎⁎⁎ −0.23⁎⁎⁎ −0.42⁎⁎⁎ 0.07⁎⁎⁎ 0.10⁎⁎⁎ .13⁎⁎⁎ 0.17⁎⁎⁎ 0.26⁎⁎⁎ 1.00⁎⁎⁎

Ind. net transaction −0.04⁎⁎⁎ −0.03⁎⁎⁎ −0.05⁎⁎⁎ −0.07⁎⁎⁎ −0.13⁎⁎⁎ −0.58⁎⁎⁎ 0.01 0 −0.02⁎⁎⁎ −0.06⁎⁎⁎ −0.40⁎⁎⁎

Stock return 0 −0.01 −0.02⁎⁎ −0.01⁎ 0.02⁎⁎ 0.43⁎⁎⁎ −0.03⁎⁎⁎ −0.02⁎⁎⁎ 0.03⁎⁎⁎ −0.03⁎⁎⁎ −0.05⁎⁎⁎ 0.28⁎⁎⁎

⁎⁎⁎ Significant at 0.1%.
⁎⁎ Significant at 1%.
⁎ Significant at 5%.

Table 4 (continued)

Panel A. Correlation tests on investors' price consensuses and stock returns

Individual's price consensus Stock return

Lag (period) 5 4 3 2 1 0 5 4 2 1 0
Inst. price consensus 0.15⁎⁎⁎ 0.16⁎⁎⁎ 0.18⁎⁎⁎ 0.19⁎⁎⁎ 0.18⁎⁎⁎ 0.06⁎⁎⁎ 0.08⁎⁎⁎ 0.08⁎⁎⁎ 09⁎⁎⁎ 0.13⁎⁎⁎ 0.22⁎⁎⁎ 0.41⁎⁎⁎

For. price consensus 0.19⁎⁎⁎ 0.22⁎⁎⁎ 0.25⁎⁎⁎ 0.28⁎⁎⁎ 0.32⁎⁎⁎ 0.18⁎⁎⁎ 0.10⁎⁎⁎ 0.09⁎⁎⁎ 09⁎⁎⁎ 0.10⁎⁎⁎ 0.04⁎⁎⁎ 0.31⁎⁎⁎

Ind. price consensus 0.33⁎⁎⁎ 0.35⁎⁎⁎ 0.40⁎⁎⁎ 0.44⁎⁎⁎ 0.52⁎⁎⁎ 1.00⁎⁎⁎ 0.06⁎⁎⁎ 0.08⁎⁎⁎ 06⁎⁎⁎ 0.05⁎⁎⁎ 0.02⁎⁎⁎ −0.50⁎⁎⁎

Stock return −0.07⁎⁎⁎ −0.07⁎⁎⁎ −0.08⁎⁎⁎ −0.09⁎⁎⁎ −0.13⁎⁎⁎ −0.50⁎⁎⁎ −0.01 −0.02⁎⁎⁎ 0.03⁎⁎⁎ −0.04⁎⁎⁎ −0.05⁎⁎⁎ 1.00⁎⁎⁎

Panel B. Correlation tests on investors' net transaction amounts and stock returns

Individual's net transaction Stock return

Lag (period) 5 4 3 2 1 0 5 4 2 1 0
Inst. net transaction 0.01 0 −0.02⁎⁎ −0.06⁎⁎⁎ −0.17⁎⁎⁎ −0.58⁎⁎⁎ 0 0 02⁎⁎ 0.05⁎⁎⁎ 0.17⁎⁎⁎ 0.43⁎⁎⁎

For. net transaction −0.05⁎⁎⁎ −0.04⁎⁎⁎ −0.04⁎⁎⁎ −0.04⁎⁎⁎ 0.01⁎ −0.40⁎⁎⁎ 0.03⁎⁎⁎ 0.02⁎⁎ 02⁎⁎ 0.02⁎⁎ −0.09⁎⁎⁎ 0.28⁎⁎⁎

Ind. net transaction 0.03⁎⁎⁎ 0.03⁎⁎⁎ 0.06⁎⁎⁎ 0.10⁎⁎⁎ 0.19⁎⁎⁎ 1.00⁎⁎⁎ −0.03⁎⁎⁎ −0.01 0.04⁎⁎⁎ −0.07⁎⁎⁎ −0.11⁎⁎⁎ −0.72⁎⁎⁎

Stock return 0.03⁎⁎⁎ 0.04⁎⁎⁎ 0.04⁎⁎⁎ 0.05⁎⁎⁎ 0.03⁎⁎⁎ −0.72⁎⁎⁎ −0.01 −0.02⁎⁎⁎ 0.03⁎⁎⁎ −0.04⁎⁎⁎ −0.05⁎⁎⁎ 1.00⁎⁎⁎
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during crash periods act like institutional investors during normal pe-
riods. Comparing the results of 2008 and 2014 shows that foreign inves-
tors underestimated the stocks in KOSPI 100 index and show the lowest
risk aversion in financial crisis periods. This finding may explain the
rapid exodus of foreign investors from the Korean market in 2008.
3.3. Short term analysis: correlation test

In this section, correlation tests on the price consensus and daily
stock returns are performed to examine the relations between stock
returns and the price consensus of the three investor types. This test
will provide implications on the relation of short-term information of
the three types of agents and stock returns. Furthermore, correlation be-
tween net purchase amounts and stock returns are also collected to
compare the analytic power of the measure. Correlation tests that are
performed include correlations, autocorrelations, and cross-
correlations up to five lags, and the results in 2014 are contained in
Table 4 and the results in 2008 are shown in Table 5. In Tables 4 and
5, Panel A summarizes the results for price consensus, and Panel B
shows the results for net transaction amount.

We focus on the relationship with stock return and not stock price
because stock price and investors' consensus are dependent to one an-
other as shown in Eq. (3) by the definition of price consensus. In both
panels, the columns indicated with a lag of zero list correlations; these
values are shown in dark gray in Tables 4 and 5. For results with a lag
greater than zero, autocorrelation is computed when the row and col-
umn labels are identical; these values are shown in light gray in the ta-
bles. The remaining values in both tables (i.e., without gray shading)
contain cross-correlation with having the indicated number of lags on
the column label series.

In Panel A of Table 4, institutional, foreign, and individual investors
have positive autocorrelations above 0.3 and one lag autocorrelations
above 0.5. Moreover, the daily price consensuses of the three agents
are all positively correlated. Institutional and foreign investors are
more correlated at 0.36 compared to correlations between individual
and institutional investors as well as individual to foreign investors,
which are 0.06 and 0.18, respectively. This implies that individual inves-
tors behave as contrarian in the short-term, or that they are isolated
from the daily short-term information that reaches institution and for-
eign investors. Stock returns are positively correlated with the price
consensuses of institution and foreign investors on the same day, but
negatively correlated with the consensus of individual investors. Also,
stock returns have all negative cross-correlations with past price con-
sensuses, and all positive cross-correlations with future price consen-
suses. This shows that all investors tend to overestimate their price
consensus to the past winners, similar to the case of institutional inves-
tors in Grinblatt et al. (1995) and foreign investors in Grinblatt and
Keloharju (2000). However, stock returns are negatively correlated
with the past consensus changes though it is positively correlated
with the present price consensus changes of institutions and foreigners,
which implies the short-term overshoot of the price consensus changes
of investors. Furthermore, we can see that individual investors have rel-
atively higher positive correlation with other investors' past price con-
sensus, and this could be interpreted as short-term information
spillover from institutional and foreign investors,which is also observed
in the vector auto-regression test results presented in the following
section.

In order to compare our proposed price consensus measure with
only using net transaction amounts, Panel B of Table 4 presents findings
of correlation tests with net buying quantity. The values are less signif-
icant than in Panel A and, thus, shows the effectiveness of our price con-
sensus model. Moreover, the autocorrelation values are positive as in
Panel A, but the values for correlation and cross-correlations are nega-
tive in Panel B. This is because of the dependency structure of the net
purchase amounts of institutional, foreign, and individual investors,
which sum to zero. This dependency structure interrupts from analyz-
ing the relation of market players.

Table 5 presents the same type of results as in Table 4, but for 2008,
which is considered a crisis period. The findings during normal and
crash periods show overall similar patterns except few minor differ-
ences. Autocorrelations of all investors' price consensus and cross-
correlations between the investors decrease in 2008, which means
more volatile and inconsistent views are made in the crisis period. Sim-
ilar to Table 4, Panel B of Table 5 also shows less significant results than
Panel A, which demonstrates the limit of only focusing on net transac-
tion amounts.

3.4. Short term analysis: daily vector auto-regression

The findings from the previous section are further analyzed using
auto-regression models. Similar to the analysis of Griffin, Harris, and
Topaloglu (2003), we perform two daily vector auto-regressive (VAR)
test with five lags with 97 securities from January 2, 2014 to December
30, 2014 and 86 securities from January 2, 2008 toDecember 30, 2008. A
VAR test enables analyzing the cause-and-effect relationship that can-
not be measured with correlation tests. The first VAR test is for the rela-
tionship between the daily price consensus of each market player at t,
which are denoted as μInst , μFort , and μIndt , and the stock return at t,
expressed as Rt. The system of equations become

μ t
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where μInst , μFort , μIndt , and Rt are standardized to its series.
In addition, similar VAR tests with net purchase amount of investors

at t, denoted as DIns
t , DFor

t , and DInd
t , instead of price consensus are per-

formed for comparison. In this case, equations become
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where DIns
t , DFor

t , DInd
t , and Rt are also standardized to its series.

The outcomes of the VAR test are shown in Tables 6 and 7. The coef-
ficients of cross-sectional averages and adjusted R2 values are listed. The
results for price consensus and return are presented in Panel A, and ob-
servations for net transaction amount and return are shown in Panel B.
When comparing the two VAR results, the adjusted R2 values of the first
model are larger than the second model for all four regressions in both
tables. This implies that our market consensus measure better explains
its series and return series thanwhen only utilizing data on net transac-
tion amounts.

In Panel A of Table 6, we can see that price consensuses of all inves-
tors are positively explained by their one lagged series with coefficients
above 0.3. Furthermore, past price consensus series of each agent posi-
tively affect the other's price consensus. This implies short-term infor-
mation spillover, and we can check that spillover mostly occurs from



Table 5
Coefficients of correlations, autocorrelations, and cross-correlations in 2008.

Panel A. Correlation tests on investors' price consensuses and stock returns

Institution's price consensus Foreigner's price consensus

Lag (period) 5 4 3 2 0 5 4 3 2 1 0
Inst. price consensus 0.22⁎⁎⁎ 0.27⁎⁎⁎ 0.33⁎⁎⁎ 0.42⁎⁎⁎ 1.00⁎⁎⁎ 0.20⁎⁎⁎ 0.22⁎⁎⁎ 0.25⁎⁎⁎ 0.32⁎⁎⁎ 0.37⁎⁎⁎ 0.35⁎⁎⁎

For. price consensus 0.24⁎⁎⁎ 0.28⁎⁎⁎ 0.31⁎⁎⁎ 0.36⁎⁎⁎ 0.35⁎⁎⁎ 0.26⁎⁎⁎ 0.30⁎⁎⁎ 0.36⁎⁎⁎ 0.44⁎⁎⁎ 0.55⁎⁎⁎ 1.00⁎⁎⁎

Ind. price consensus 0.36⁎⁎⁎ 0.40⁎⁎⁎ 0.43⁎⁎⁎ 0.46⁎⁎⁎ 0.15⁎⁎⁎ 0.37⁎⁎⁎ 0.41⁎⁎⁎ 0.45⁎⁎⁎ 0.47⁎⁎⁎ 0.45⁎⁎⁎ 0.12⁎⁎⁎

Stock return −0.13⁎⁎⁎ −0.14⁎⁎⁎ −0.17⁎⁎⁎ −0.15⁎⁎⁎ 0.33⁎⁎⁎ −0.12⁎⁎⁎ −0.13⁎⁎⁎ −0.17⁎⁎⁎ −0.18⁎⁎⁎ −0.16⁎⁎⁎ 0.28⁎⁎⁎

Panel B. Correlation tests on investors' net transaction amounts and stock returns

Institution's net transaction Foreigner's net transaction

Lag (period) 5 4 3 2 1 0 5 4 3 2 1 0
Inst. net transaction 0.02⁎⁎ 0.04⁎⁎⁎ 0.10⁎⁎⁎ 0.15⁎⁎⁎ 0.28⁎⁎⁎ 1.00⁎⁎⁎ −0.04⁎⁎⁎ −0.06⁎⁎⁎ −0.09⁎⁎⁎ −0.09⁎⁎⁎ −0.13⁎⁎⁎ −0.42⁎⁎⁎

For. net transaction −0.01 −0.03⁎⁎⁎ −0.04⁎⁎⁎ −0.08⁎⁎⁎ −0.12⁎⁎⁎ −0.42⁎⁎⁎ 0.04⁎⁎⁎ 0.05⁎⁎⁎ 0.08⁎⁎⁎ 0.12⁎⁎⁎ 0.24⁎⁎⁎ 1.00⁎⁎⁎

Ind. net transaction −0.01 −0.02⁎ −0.04⁎⁎⁎ −0.06⁎⁎⁎ −0.14⁎⁎⁎ −0.45⁎⁎⁎ 0.00 0.00 0.00 −0.04⁎⁎⁎ −0.11⁎⁎⁎ −0.54⁎⁎⁎

Stock return −0.02⁎⁎ −0.02⁎⁎ −0.02⁎⁎ 0.01 0.04⁎⁎⁎ 0.31⁎⁎⁎ −0.01 −0.01⁎ −0.03⁎⁎⁎ −0.04⁎⁎⁎ −0.01 0.24⁎⁎⁎

⁎⁎⁎ Significant at 0.1%.
⁎⁎ Significant at 1%.
⁎ Significant at 5%.

Table 5 (continued)

Panel A. Correlation tests on investors' price consensuses and stock returns

Individual's price consensus Stock return

Lag (period) 5 4 3 2 1 0 5 4 3 2 1 0
Inst. price consensus 0.12⁎⁎⁎ 0.15⁎⁎⁎ 0.16⁎⁎⁎ 0.19⁎⁎⁎ 0.22⁎⁎⁎ 0.15⁎⁎⁎ 0.07⁎⁎⁎ 0.09⁎⁎⁎ 0.09⁎⁎⁎ 0.17⁎⁎⁎ 0.19⁎⁎⁎ 0.33⁎⁎⁎

For. price consensus 0.12⁎⁎⁎ 0.16⁎⁎⁎ 0.19⁎⁎⁎ 0.23⁎⁎⁎ 0.25⁎⁎⁎ 0.12⁎⁎⁎ 0.09⁎⁎⁎ 0.10⁎⁎⁎ 0.12⁎⁎⁎ 0.14⁎⁎⁎ 0.17⁎⁎⁎ 0.28⁎⁎⁎

Ind. price consensus 0.26⁎⁎⁎ 0.30⁎⁎⁎ 0.36⁎⁎⁎ 0.42⁎⁎⁎ 0.54⁎⁎⁎ 1.00⁎⁎⁎ 0.09⁎⁎⁎ 0.10⁎⁎⁎ 0.09⁎⁎⁎ 0.05⁎⁎⁎ -0.01 -0.33⁎⁎⁎

Stock return −0.10⁎⁎⁎ 0.10⁎⁎⁎ −0.13⁎⁎⁎ −0.14⁎⁎⁎ −0.20⁎⁎⁎ −0.33⁎⁎⁎ −0.05⁎⁎⁎ −0.04⁎⁎⁎ −0.08⁎⁎⁎ 0.00 0.03⁎⁎⁎ 1.00⁎⁎⁎

Panel B. Correlation tests on investors' net transaction amounts and stock returns

Individual's net transaction Stock return

Lag (period) 5 4 3 2 1 0 5 4 3 2 1 0
Inst. net transaction 0.03⁎⁎⁎ 0.02⁎⁎ 0.00 −0.04⁎⁎⁎ −0.11⁎⁎⁎ −0.45⁎⁎⁎ −0.02⁎ −0.01 −0.01 0.07⁎⁎⁎ 0.10⁎⁎⁎ 0.31⁎⁎⁎

For. net transaction −0.03⁎⁎⁎ −0.03⁎⁎⁎ −0.04⁎⁎⁎ −0.05⁎⁎⁎ −0.12⁎⁎⁎ −0.54⁎⁎⁎ 0.01 0.01 0.02⁎⁎⁎ 0.03⁎⁎⁎ 0.06⁎⁎⁎ 0.24⁎⁎⁎

Ind. net transaction 0.00 0.01⁎ 0.05⁎⁎⁎ 0.10⁎⁎⁎ 0.26⁎⁎⁎ 1.00⁎⁎⁎ 0.00 0.00 −0.02⁎⁎⁎ −0.10⁎⁎⁎ −0.18⁎⁎⁎ −0.54⁎⁎⁎

Stock return 0.03⁎⁎⁎ 0.04⁎⁎⁎ 0.05⁎⁎⁎ 0.03⁎⁎⁎ −0.03⁎⁎⁎ −0.54⁎⁎⁎ −0.05⁎⁎⁎ −0.04⁎⁎⁎ −0.08⁎⁎⁎ 0.00 0.03⁎⁎⁎ 1.00⁎⁎⁎
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Table 6
Vector auto-regressive results in 2014.

Panel A. VAR results of investors' price consensuses and stock returns

Institutional investor's consensus Foreign investor's consensus Individual investor's consensus Return Adj. R2

α β1
Ins β2

Ins β3
Ins β4

Ins β5
Ins β1

For β2
For β3

For β4
For β5

For β1
Ind β2

Ind β3
Ind β4

Ind β5
Ind λ1 λ2 λ3 λ4 λ5

μInst −0.01 0.35⁎⁎⁎ 0.11⁎⁎⁎ 0.02 0.06⁎⁎⁎ 0.03⁎ 0.05⁎⁎⁎ 0.03⁎ −0.02 0.02 −0.01 0.07⁎⁎⁎ 0.04⁎⁎ −0.02 0.03⁎ 0.01 0.14⁎⁎⁎ 0.04⁎⁎⁎ 0.03⁎⁎ 0.01 0.01 0.363
μFort −0.01 0.07⁎⁎⁎ 0.06⁎⁎⁎ 0.02 0.02 0.01 0.33⁎⁎⁎ 0.11⁎⁎⁎ 0.06⁎⁎⁎ 0.05⁎⁎⁎ 0.01 0.06⁎⁎⁎ 0.05⁎⁎⁎ 0.01 0.01 -0.01 0.01 0.07⁎⁎⁎ 0.03⁎ 0.01 0.02⁎ 0.385
μIndt −0.01 0.24⁎⁎⁎ 0.06⁎⁎⁎ 0.03⁎ −0.02 0 0.21⁎⁎⁎ 0.05⁎⁎⁎ 0.03⁎⁎ −0.02 0.01 0.36⁎⁎⁎ 0.08⁎⁎⁎ 0.06⁎⁎⁎ 0.01 0.02⁎ 0.08⁎⁎⁎ 0 −0.01 0.01 −0.01⁎ 0.526
Rt 0 −0.07⁎⁎⁎ 0.02 −0.03 0.01 0.03 −0.11⁎⁎⁎ 0 −0.02 0.01 0 −0.17⁎⁎⁎ 0.02 −0.02 0.01 0.02 −0.07⁎⁎⁎ −0.02 0.01 0.01 0.02 0.048

Panel B. VAR results of investors' net transaction amounts and stock returns

Institutional investor's net buying Foreign investor's net buying Individual investor's net buying Return Adj. R2

α β1
Ins β2

Ins β3
Ins β4

Ins β5
Ins β1

For β2
For β3

For β4
For β5

For β1
Ind β2

Ind β3
Ind β4

Ind β5
Ind λ1 λ2 λ3 λ4 λ5

DIns
t 0 0.28⁎⁎⁎ 0.08⁎⁎ 0 0.04⁎ 0.02 −0.01 0 −0.04⁎⁎ 0 −0.01 0.06⁎⁎ 0.03 −0.03 0.02 0.02 0.09 ⁎⁎⁎ 0 −0.01 −0.01 0.01 0.118

DFor
t 0 −0.08⁎⁎⁎ 0.02 −0.01 0.01 −0.01 0.22⁎⁎⁎ 0.08⁎⁎⁎ 0.03⁎ 0.05⁎⁎ 0 −0.03 0.03 −0.01 0.01 −0.03 −0.13⁎⁎⁎ 0.04⁎⁎⁎ 0.01 0.01 0.01 0.105

DInd
t 0 −0.03 −0.03 0.03 −0.03 0.01 −0.01 −0.02 0.04⁎ −0.02 0.03⁎ 0.17⁎⁎⁎ 0.01 0.07⁎⁎⁎ −0.02 0.03 0.02⁎ −0.02⁎ 0 0.01 −0.02⁎ 0.041

Rt 0 0.06⁎⁎⁎ 0.02 −0.04 0 −0.01 0.01 0.01 −0.04⁎ 0 −0.02 −0.02 0.05⁎ −0.01 0.03 0.03 −0.11⁎⁎⁎ −0.04⁎⁎⁎ −0.03⁎⁎ −0.01 0.02 0.013

⁎⁎⁎ Significant at 0.1%.
⁎⁎ Significant at 1%.
⁎ Significant at 5%.

Table 7
Vector auto-regressive results in 2008.

Panel A. VAR results of investors' price consensuses and stock returns

Institutional investor's consensus Foreign investor's consensus Individual investor's consensus Return Adj. R2

α β1
Ins β2

Ins β3
Ins β4

Ins β5
Ins β1

For β2
For β3

For β4
For β5

For β1
Ind β2

Ind β3
Ind β4

Ind β5
Ind λ1 λ2 λ3 λ4 λ5

μInst −0.02⁎⁎⁎ 0.33⁎⁎⁎ 0.10⁎⁎⁎ 0.05⁎⁎ 0.01 0.01 0.09⁎⁎⁎ 0.03⁎ −0.02 0.01 0.01 0.07⁎⁎⁎ 0.05⁎⁎⁎ −0.01 0.01 0.00 0.12⁎⁎⁎ 0.07⁎⁎⁎ −0.02 0.02 0.00 0.336
μFort −0.02⁎⁎⁎ 0.10⁎⁎⁎ 0.04⁎⁎ 0.00 0.01 0.03⁎ 0.31⁎⁎⁎ 0.11⁎⁎⁎ 0.03 0.03⁎ 0.04⁎⁎ 0.07⁎⁎⁎ 0.06⁎⁎⁎ −0.01 0.00 0.00 0.13⁎⁎⁎ 0.07⁎⁎⁎ 0.03⁎⁎ 0.02⁎ −0.01 0.368
μIndt −0.01 0.17⁎⁎⁎ 0.06⁎⁎⁎ 0.04⁎⁎ 0.02 −0.02 0.21⁎⁎⁎ 0.05⁎⁎⁎ 0.07⁎⁎⁎ 0.02 −0.01 0.34⁎⁎⁎ 0.05⁎⁎⁎ 0.07⁎⁎⁎ 0.02 −0.01 0.04⁎⁎⁎ 0.01 −0.01 −0.02 −0.02⁎⁎ 0.473
Rt 0.00 −0.06⁎⁎⁎ 0.02 0.00 0.01 −0.01 −0.11⁎⁎⁎ −0.01 −0.02 0.02 0.00 −0.14⁎⁎⁎ 0.02 −0.06⁎⁎⁎ 0.00 −0.04⁎⁎ 0.02 0.01 −0.07⁎⁎⁎ −0.02 −0.02⁎⁎ 0.069

Panel B. VAR results of investors' net transaction amounts and stock returns

Institutional investor's net buying Foreign investor's net buying Individual investor's net buying Return Adj. R2

α β1
Ins β2

Ins β3
Ins β4

Ins β5
Ins β1

For β2
For β3

For β4
For β5

For β1
Ind β2

Ind β3
Ind β4

Ind β5
Ind λ1 λ2 λ3 λ4 λ5

DIns
t 0.00 0.25⁎⁎⁎ 0.07⁎⁎⁎ 0.03 0.01 0.02 0.00 0.00 −0.04 0.00 0.01 0.03 0.03 −0.02 0.02 0.03 0.02⁎ 0.03⁎⁎⁎ −0.04⁎⁎⁎ 0.00 0.00 0.087

DFor
t 0.00 −0.06⁎⁎⁎ −0.02 −0.02 −0.01 0.02 0.16⁎⁎⁎ 0.05⁎⁎ 0.02 0.00 0.02 −0.04⁎ 0.01 −0.02 −0.02 0.00 0.03⁎⁎⁎ 0.02 0.01 −0.01 −0.01 0.065

DInd
t 0.00 0.03 0.00 0.02 0.01 −0.03 0.06⁎⁎ 0.00 0.05⁎ 0.01 −0.03 0.25⁎⁎⁎ 0.01 0.07⁎⁎⁎ 0.01 −0.03 −0.06⁎⁎⁎ −0.05⁎⁎⁎ 0.02⁎ 0.01 0.00 0.071

Rt 0.01 0.00 0.01 0.00 −0.01 0.00 −0.04⁎ −0.01 −0.01 0.00 0.00 −0.08⁎⁎⁎ 0.02 −0.03 0.00 0.01 −0.01 0.00 −0.10⁎⁎⁎ −0.03⁎⁎⁎ −0.05⁎⁎⁎ 0.015

⁎⁎⁎ Significant at 0.1%.
⁎⁎ Significant at 1%.
⁎ Significant at 5%.
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institutional investors' consensus and individual investors are mostly
affected by the spillover. In addition, price consensus series are positive-
ly explained by the past returns, which means the market players set
higher price consensus to the stock whose price is rising. The stock re-
turn is weakly negatively explained by the past price consensuses,
which means the change of investor's price consensus gives weak neg-
ative effects. The vector autoregressive results in 2008 in Panel B of
Table 7 show generally similar results as the normal period of 2014 ex-
cept for few coefficients. Especially, foreign investors' price consensus is
largely affected by the one lagged stock return in crisis period. This im-
plies that foreign investors reacted more sensitively to the short term
stock return in the crisis period.

The herding tendency, which is the one-lagged explanation of the
same times series as in Panel A of Tables 6 and 7, also exists in the net
transaction amount in Panel B of Tables 6 and 7. However, most of the
other coefficients are insignificant and poorly explains the model.

3.5. Interpretation of the results based on previous studies

While the analyses in this paper are based on the proposedmeasure
for price consensus for institutional, foreign, and individual investors,
our findings support many of the previous studies on investor behavior.

As we have discussed throughout Section 3, the implications from
the price consensus measure could be divided to long-term
(e.g., quarterly) and short-term (e.g., daily) behaviors. We interpret
the long-term implication as investors' fundamental view on a risky
asset such as stocks and short-term implication as daily fluctuations
on investors' view due to short-term events such as cash-flow news.
Our results reveal that, in the long term, institutional and foreign inves-
tors usually have distinct views on stocks, and individual investor's view
lies in between the two (i.e., individuals act as uninformed neutral
traders).

In the short term, we find that all investors' price consensuses are
highly auto-correlated, which might imply positive feedback trading
and herding behavior of the investors as argued by Wermers (1999).
In addition, institutional and foreign investors' daily price consensuses
on the same day are highly correlated, but individual investors have
contrarian consensus as shown by Grinblatt and Keloharju (2000).

The high correlation between individual investors' price consensus
and the past institution and foreign investors' price consensus might
imply information spillover from institution and foreign investors to in-
dividual investors, consistent with the individuals' under reaction be-
havior to cash-flow news as explained in Cohen et al. (2002). Also, the
information spillover might cause the higher future market impact of
institutional investors than individual's as in Nofsinger and Sias
(1999). Recently, Han and Yang (2013)model the information spillover
from the rational informed investors to rational less informed investors
by social communication and found out the incentives to “free ride”
would exists. The results of this study is consistent to our result that
short-term information spillover occurs from institutions and foreign
investors to individual investors, even though ourmodel assumes infor-
mation or price consensus as independent. This spillover phenomenon
might amplify the price impact of the transactions of institutional and
foreign investors.

In addition, similar to momentum behavior of mutual funds in
Grinblatt et al. (1995), foreign investors in Grinblatt and Keloharju
(2000), and institutional investors in Griffin et al. (2003), we found
that all investors, institutional, foreign and individual investors, aremo-
mentum investors to some degree, whose daily price consensus rises to
pastwinnerswith high returns. However, the future return is negatively
correlated to the price consensus changes.

4. Conclusion

Examining the behavior of investors is critical for understanding the
dynamics of the financial market. Thus, there has been various studies
that model investment behavior. This paper concentrates on the dy-
namics among three major types of investors: institutional, foreign,
and individual investors. In order to provide a more thorough analysis,
a measure on price consensus is presented along with its theoretical
derivation. The main contribution of this paper is proposing the price
consensus measure and demonstrating its advantage empirically
when compared against previous approaches that only exploit informa-
tion from net transaction amounts.

The effectiveness of the price consensusmeasure is tested using his-
torical data of the Korean stockmarket due to the availability of data on
stocks and investor transactions. Several analyses are performed, in-
cluding correlation tests and vector auto-regression tests, for the con-
stituents stocks of the KOSPI 100 index in 2008 and 2014. The results
reveal that institutional and foreign investors tend to have long-term
views that are either the highest or the lowest while individual inves-
tors tend to have views in between the two. This indicates that institu-
tions and foreigners are more self-initiated traders in the long-term. In
addition, foreign investors usually underestimated the price during
the financial crisis period of 2008. The findings on short-term views il-
lustrate that all three investor types are momentum investors and evi-
dence of spillover effects are also observed. Finally, the observations
obtained from the price consensus measure exhibits many implications
that match prior studies, which confirms the strength of the proposed
measure as well as its capability of modeling various aspects of invest-
ment behavior.
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Appendix A

Proof of Proposition 1. (a) Optimal θi that maximize the likelihood
function given bγi

Likelihood ¼ ∏
i
∏
t
N Dij

θi−pt
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s2i
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2σ4

 !
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Since the above equation is a convex function, the point where the
first order condition is satisfied is the optimum.

First order condition :
X

t

2 Dt
i γ̂iσ2− θi−ptð Þ� �

s2i
¼ 0

θi ¼
X

t
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þ
X

t
Dt
i

T
γ̂iσ

2

(b) Optimal γ̂i that maximize the likelihood function is
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Likelihood function ¼ ∏
i
∏
t
N Dij
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whereDi and p are themean values of Di
t and pt during the period, and T

is total time period.

Let f γ̂ið Þ :¼ ln γ̂i−
X
t
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:

When γ̂iN0, the second derivative is negative, so the function is a
convex function on the convex domain γ̂iN0. Therefore, we can con-
clude that the optimal point is the point that satisfies thefirst order con-
dition,

df γ̂ið Þ
dγ̂i

¼ T
γ̂i

−∑
t

bγiσ2 Dt
i−Di
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� �

s2i
¼ 0:

The solution of the above equation can be expressed as
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However, we can easily notice that the first equation is negative re-
gardless of whether the value of ∑

t
ðDt

i−DiÞðpt−pÞ is negative or posi-

tive. Therefore, the solution on the domain γ̂iN0 becomes
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(c) By Eq. (1)
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