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Abstract
In this paper we develop a methodology, based on Mutual Information and Transfer
of Entropy, that allows to identify, quantify and map on a network the synchronization
and anticipation relationships between ﬁnancial traders. We apply this methodology
to a dataset containing 410,612 real buy and sell operations, made by 566
non-professional investors from a private investment ﬁrm on 8 diﬀerent assets from
the Spanish IBEX market during a period of time from 2000 to 2008. These networks
present a peculiar topology signiﬁcantly diﬀerent from the random networks. We seek
alternative features based on human behavior that might explain part of those 12,158
synchronization links and 1031 anticipation links. Thus, we detect that daily
synchronization with price (present in 64.90% of investors) and the one-day delay
with respect to price (present in 4.38% of investors) play a signiﬁcant role in the
network structure. We ﬁnd that individuals reaction to daily price changes explains
around 20% of the links in the Synchronization Network, and has signiﬁcant eﬀects on
the Anticipation Network. Finally, we show how using these networks we
substantially improve the prediction accuracy when Random Forest models are used
to nowcast and predict the activity of individual investors.
Keywords: Financial markets; Behavioral economics; Transfer of entropy; Mutual
information; Networks

1 Introduction
Human collective behavior has been increasingly studied due to an unprecedented
amount of data available from the digital world [1]. A new research topic has been thus
opened to an extensive use of multidisciplinary strategies, that are aimed to dive into the
empirics by using a wide variety of styles and techniques. Approaches in the literature to
ﬁnd dynamical patterns in data or even address fundamental research questions are today
rich and diverse. Still, one of the most intriguing aspects that needs further understanding is the non-trivial relationship between individual actions and the aggregated bulk of
actions of large collectivities [2].
Rather evident contexts where it is possible to study the phenomena are social networks.
It is possible to observe coordination eﬀects, amplifying for instance the impact of a street
protest in a microblogging platform such as Twitter [3]. The links through which information ﬂows can bring out macroscopic emergent patterns. However, other situations diﬀer
from this perspective, and then allow us to neatly focus on how the macroscopic signal
leads to individual actions simply because there is no direct communication among the
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individuals. This can also be considered the case of our dataset containing clients’ activity
from a trading ﬁrm whose orders have no signiﬁcant impact in asset price evolution.
Within the study of collective behavior in ﬁnancial markets, there are several lines of
research [4, 5]: from computational agent-based models aiming to better understand phenomena such as herding behavior [6–9] to pure empirical analysis on investor’s activity
[10] or eventually through data-driven models [11]. Some of these studies focus on the
bursty trading activity data [12, 13], and the impact of external information ﬂows on price
and then provide new indicators to measure the degree to which a particular news item
attracts attention from investors [14]. Price shifts due to trading activity and order book
imbalances are being studied observing universal patterns that link macroscopic price formation and individual market and limit orders placed in the order book [15, 16]. Tick-bytick trading activity indeed describes a multifractal behavior explained by a highly heterogeneous nature of executed tasks, mostly due to the large diversity of investor’s proﬁles
[12, 13]. The marked peaks of trading activity and the clusters with very intense activity
emerging between calm periods are also observed to be linked with the bursty evolution
of market volatility [17, 18] which is a very relevant indicator in traders decisions mechanisms. The investor’s behavior is also behind the interpretation of the non-trivial market
phenomena, such as the leverage eﬀect where daily price drops increase volatility of the
following few days [19, 20].
The non-stationary nature of the ﬁnancial series, together with the fact that investors
are heterogeneous, meaning for instance that they operate at diﬀerent volume scales and
time-horizons, asks for a careful analysis and the application of the most adequate techniques. It is precisely under this context where non-parametric statistics deploys all its
powerful methods. Thus, our analysis is mostly grounded on Mutual Information [21] and
Symbolic Transfer of Entropy [22] (STE), which allows to quantitatively study individual
behavioral aspects, like synchronization and information ﬂows, key elements to identify
higher properties like structural hubs, coordinated communities, critical transitions or
sudden collapses [23]. STE analysis is in fact a rather new tool in the context of ﬁnancial markets, which has mostly being used to analyze cross-market eﬀects [24, 25] and to
identify dynamic causal linkages as a way to complement other techniques such as network analysis [26, 27], which might have important consequences in optimizing portfolio
composition. In this sense, Mutual Information and mostly STE respectively represent
an alternative approach to statistically validated synchronous networks [28] and its much
more recent evolution under the form of statistically validated lead-lag networks [29, 30].
These two methods have already been explored recently in the context of ﬁnancial market
at a nanolevel with trader-resolved data [29–33].
Unfortunately, data records at individual level are not easily available for research purposes, what limits scientists in the exploration of this crucial aspect of ﬁnancial markets
dynamics. For this reason, this work makes the database accessible in order to support research activity in a ﬁeld that still lacks extensive exploration. One of the ﬁrst researchers to
look in this class of data was Terrance Odean who, in 1998, after studying the performance
of 10,000 accounts where individual activity is available, proved that investors mostly sell
the winning stocks, while keeping the losers [34]. A subsequent study by the same author
[35] was also analyzing return patterns and investor’s purchases ﬁnding that overall trading for a particular group of investors is excessive. In the 2000’s Grinblatt and Keloharju
took advantage of transparent Finnish stock market, where traders’ IDs are recorded in
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every transaction, and used a database of this market to analyze the performance of different types of traders, categorized as pro-momentum or contrarians in a ﬁrst study [36];
and sensation seekers or overconﬁdent traders subsequently [37]. Other eﬀorts [11] were
made with clients database from one of the greatest on-line Swiss broker which found empirical relationships between turnovers (contrarian strategies) account values and number
of assets in which a trader is investing.
Tumminello et al. [31] made a ﬁrst attempt in 2012 to identify clusters of investors in
the Finnish market with statistically validated synchronous networks [28] and this eﬀort
has also served to go deeper in trading proﬁles identiﬁcation [38]. More recently same
methods have been applied to the clusters of investors with similar trading proﬁles in a
robust and reliable way understand their long-term ecology based on what Musciotto et
al. call adaptive market hypothesis [33] or even to study systemic risk [32]. Other recent
works explore the possibility to ﬁnd trading similarities of Swedish investors with similar
portfolios [39], while Lillo et al. [40] have also investigated how news (an exogenous signal) aﬀect the trading behavior of diﬀerent categories of investors or even how diﬀerent.
Pairwise synchronization between traders’ activity is been used to detect communities
and deﬁne groups of traders. Recently, Challet et al. [29] infer lead-lag networks to predict
the sign of the order ﬂow and the volume weighted average price of broker clients over the
next hour. And even more recently Cordi et al. [30] use the same methods to give reason
of asset price time reversal asymmetry.

2 Methods
In this section we present and thoroughly describe the process to build the Synchronization and Anticipation Networks from the raw data of investors’ performance. All the process is summarized in Fig. 1.
2.1 Data
Most of the markets do not allow traders to directly access the market and their orders are
placed through trading ﬁrms. Our raw database reports trading activity of 29,930 clients,
who are small size non-professional traders that invest their own savings. All their decisions are genuinely human and not taken by any kind of algorithmic trading robot, although it is possible that some of them are inﬂuenced by some external factors. Investors
traded over 120 diﬀerent assets in the BME Spanish stock exchange from 01/01/2000 until 12/31/2008 (1969 trading days). This period does not present a general global trend,
although the initial range (2000–2002) has been qualiﬁed by experts as a bearish period
(that is: Spanish market prices had an overall negative trend during that period); while the
subsequent one (2003–2008) has been considered bullish (that is: Spanish market prices
had an overall positive trend during that period). In total, the dataset contains 3,303,695
transactions, where each record includes the ID of the client, the ID of the investment
ﬁrm’s associated manager, the date of the transaction, the price of the asset, and the number of shares being sold or bought. Our database contrasts with previous studies from
Finnish market where records compiled trading activity of all actors in the trading ﬂoor
(including households and ﬁnancial corporations) [33, 38, 40]. Our database keeps some
similarity with the one being used in Refs. [11] and [31].
Since our interest is to map a collectivity of investors based on their individual performance, our database needs to fulﬁll two general criteria: (i) bearing enough data from each
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Figure 1 Method for generating the Synchronization and Anticipation networks. (Top-left) From the position
time series Ni (t) and Nj (t) of each pair of investors i and j we determine the activity period of each investor (Ai
and Aj ) together with the corresponding overlapping period of activity Aij . (Top-center) Considering only
values within the overlapping period we codify the position time series into symbols, using in this particular
case with embedding dimension m = 2, to generate symbolic time series X and Y. (Top-right) We use these
symbolic time series to compute the values for Mutual Information Iij and Transfer of Entropy Tij . In parallel, we
apply a bootstrapping process to X and Y to extract a distribution of null values Iij∗ and Tij∗ , which we use to
apply the FDR procedure explained in “Methods”. Then, we keep all values within the 95% Conﬁdence Interval,
manually setting the rest to 0 for the non-signiﬁcant, to create the adjacency lists for Synchronization Network
(Center-right) and Anticipation Network (Bottom-right) for REP market. The networks are generated
considering investors as nodes and edge weight as the corresponding values of Iij and Tij respectively. Size of
the nodes is proportional to the node degree for Synchronization network and to the out-degree for the
Anticipation network. Numbers inside each node are used as an ID of the investor

investor, so that behavior at both individual and aggregate levels can be studied. Therefore, a ﬁrst ﬁlter consists on limiting the analysis to those investors for whom their daily
position balance (number of shares bought minus number shares sold) is diﬀerent from
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zero for at least 20 days. And (ii), for those investors passing the ﬁrst restriction, we consider only transactions over the 8 most traded assets, that contain at least 30 investors after ﬁltering. Those assets are very heterogeneous regarding their number of transactions,
but also in terms of the business sector of the companies. In decreasing order, these are:
Telefonica (TEF), from communications sector, with 415 most active investors accounting for 131,518 transactions; Santander (SAN), from ﬁnance sector, with 219 most active
investors accounting for 71,463 transactions; BBVA (BBVA), from ﬁnance sector, with 113
most active investors accounting for 53,388 transactions; Endesa (ELE), from utilities sector, with 86 most active investors accounting for 45,468 transactions; Ezentis (EZE), from
industrial sector, with 88 most active investors accounting for 31,207 transactions; Zeltia
(ZEL), from health care sector, with 71 active investors accounting for 19,021 transactions; Repsol (REP), from energy sector, with 62 active investors accounting for 36,354
transactions; Gas Natural (GAS), from utilities sector, with 30 active investors accounting
for 22,193 transactions.
In summary, and considering that a single investor can trade with diﬀerent assets, we
have analyzed the performance of up to 566 diﬀerent individuals accounting for 410,612
transactions. While these quantities are large enough to study a community of investors,
it is nonetheless impossible that this collectivity has any impact on market price of any of
speciﬁed assets, specially considering the daily total volume traded for any of them in the
Spanish stock market. Consequently, price signal should never be considered as something
endogenous or generated by these communities of investors.
The ﬁltered dataset is publicly accessible as described in “Availability of data and materials” section.

2.2 Performance time series and activity periods
Comparing the behavior and performance between two investors only makes sense when
they hold or are trading with the same asset. Therefore, in our analysis we are going to
treat each of the asset managements as a diﬀerent and separated scenario. Thus, for each
asset we deﬁne Ni (t) > 0 as the total number of shares that investor i is holding at the
end of day t. Equivalently, Ni (t) ≡ Ni (t) – Ni (t – 1) is the daily cumulative change in her
position, size of assets bought minus size of assets sold, by that particular investor during
the day t. Thus, if Ni (t) > 0, her trading volume is dominated by buying orders; selling
orders are predominant if Ni (t) < 0. Also, note that Ni (t) = 0 does not imply necessarily
that investor i hasn’t traded in the day t: it might well be that she has behaved like an intraday trader holding the same number of shares at the beginning and at the end of the day.
Alternatively, since our data resolution is at daily level, the information is more relevant
when Ni (t) = 0 because it implies not only that individual i has been active but also that
her decisions incorporate a speciﬁc market daily orientation.
Once Ni (t) > 0 is determined for every investor, her activity period Ai can also be deﬁned as the time period from its ﬁrst until last recorded transaction. When comparing
two diﬀerent investors i and j, respectively with activity periods Ai and Aj , we constrain
the analysis to the overlapping period between both investors Aij . To avoid any confusion
in further discussions, we here want to point out that the activity joint period Aij is not
an element of a matrix. In the case that the overlapping period is smaller than 20 days
(Aij > 20), the pair of investors is considered as non-contemporary and measures for synchronization and anticipation are not computed for this speciﬁc pair of investors. In order
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to ensure a sample size big enough, we also disregard the pair of investors if within the
overlapping time period any of the two investors does not show activity, i.e. the position
does not change, for at least 20 days.

2.3 Symbolization, mutual information and transfer of entropy
Considering the nature of the time series Ni (t) > 0, we cannot assume that these are linear
nor stationary. Moreover, the strong disparity in their nature invites us not to use any kind
of analysis grounded on linear assumptions [41], and choose instead more sophisticated
tools [42, 43] which can handle implicit non-linear dynamics. In this context, symbolization seems appropriate when it comes to compare agents’ behavior, regardless of their
capital or typical transactions size. We thus adopt the framework of Bandt and Pompe
[44] to symbolize the investor’s position Ni (t) > 0 in order to compute Symbolic Mutual
Information (SMI) and Symbolic Transfer of Entropy (STE) [22] between investors later
on. We also introduce a new important feature in the symbolization process due to the
nature of our time series: here we consider an additional symbol representing unchanging
values in Ni (t), that is when Ni (t) = 0. In their work, Bandt and Pompe neglected unchanging values in the series, because their ﬂuctuations were generated by a continuous
distribution. That is, the probability to observe a chain of constant values was negligible.
However, in the present case the situation is quite the opposite, where Ni (t) = Ni (t + 1) is
a common situation (see Figure S1).
In order to preserve the original nomenclature, we redeﬁne the original daily time series
for two investors i and j as
Ni (t) → X = {x0 , x1 , . . . , xt , . . . , xn },
Nj (t) → Y = {y0 , y1 , . . . , yt , . . . , yn },

(1)

being t within the overlapping activity period Aij , and sub-indices 0 and n representing
the ﬁrst day and last day of this period, respectively. From here, we can transform these
numerical time series into a series of symbols that depend on sub-pieces of consecutive
numerical values. The length of these pieces is given by the embedding dimension m,
which in turn deﬁnes the number of possible symbols (see Fig. 2). We can thus read
X → X̂ = {x̂0 , x̂1 , . . . , x̂t , . . . , x̂n },
Y → Ŷ = {ŷ0 , ŷ1 , . . . , ŷt , . . . , ŷn },

(2)

where hat represents the fact that series are now codiﬁed in symbols, instead of the original
numbers. Now, according to the deﬁnition of Shannon [21], we compute Symbolic Mutual
Information (SMI) as
I(X̂, Ŷ ) =


ŷ

x̂

p(x̂t , ŷt ) logm

p(x̂t , ŷt )
,
p(x̂t )p(ŷt )

(3)

where the sum is over all symbols, p(x̂t , ŷt ) is the joint probability that two speciﬁc symbols
appear together and p(x̂t ) and p(ŷt ) are the marginal probabilities. If both series X̂ and Ŷ
are independent, then I(X̂, Ŷ ) = 0 which means that both investors i and j performances
are unrelated. Instead, if i and j are completely synchronized, x̂t = ŷt (∀t), I(X̂, Ŷ ) will take
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Figure 2 Symbolization. All possible symbols for m = 2 and m = 3 considering that identical values might
appear in the original series

the maximum value which depends on the number of symbols and the embedding dimension m.
Similarly, Symbolic Transfer of Entropy (STE) [22] between investors i and j can also be
computed. Thus, STE from Ŷ (investor j) to X̂ (investor i) reads
T(Ŷ → X̂) =


ŷ

p(x̂t+1 , x̂t , ŷt ) logm

x̂

p(x̂t+1 |x̂t , ŷt )
.
p(x̂k+1 |x̂t )

(4)

The sum is again over all symbols, and now both joint probability p(x̂k+1 , x̂k , ŷk ) and conditional probabilities p(x̂k+1 |x̂k ) and p(x̂k+1 |x̂k , ŷk ), include a third element that considers
certain time delay by shifting events one-day ahead. Thus, in order to assess the direction
of the entropy transfer ﬂow we need to calculate
T(X̂, Ŷ ) = T(Ŷ → X̂) – T(X̂ → Ŷ ),

(5)

where a positive value means that Ŷ (investor j) is anticipating with respect to X̂ (investor i), and the opposite for negative values. It is important to remark that here we are
using the concept of Transfer of Entropy as a tool to reveal information ﬂows and predictive power between variables. Since we do not have any access to the complete context
and circumstances of all investors, we cannot therefore use it to establish any causal relationship between them [45, 46].
Finally, we need to determine the embedding dimension m, i.e. the number of consecutive daily records considered to generate all possible symbols. In this work we initially
tested both m = 2 and m = 3, generating time series with 3 and 13 symbols respectively.
However, given the daily nature of our time series, the results for m = 3 were very noisy
and the networks barely had any signiﬁcant link. Notwithstanding, m > 2 could still be
useful when applied to a longer time series or with a higher frequency because could lead
to a more reﬁned study. Hence, we report here results for m = 2, what leads to encode the
time series for the position using three diﬀerent kind of symbols: positive change in position Ni (t) > 0 (↑), negative change in position Ni (t) < 0 down (↓) or null change in position
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Ni (t) = 0 or price (–). Note that for the speciﬁc case of m = 2 we generate networks very
similar than co-ocurrence networks [28, 31] or lead-lag networks [29]. However, there is
an important diﬀerence between lead-lag and the anticipation networks based on Transfer of Entropy. The former ones build a co-ocurrence network over a pair of time series
where one is lagged with respect to the other, whereas the Transfer of Entropy considers
not only the lag with respect the second time series but also the lag of the ﬁrst one (see the
conditional probabilities in Eq. (4)). This allows to measure the neat ﬂow of information
between two time series.

2.4 Bootstrapping and network construction
Once Iij and Tij have been calculated for each pair of investors we carry out a bootstrapping process of 10,000 iterations in order to establish the signiﬁcance level of each link.
In each of those iterations we shuﬄe the symbolized series of the investors position in
the overlapping period Aij , X̂ and Ŷ , and subsequently compute the corresponding value
for the Mutual Information and Transfer of Entropy, Iij∗ and Tij∗ respectively. We determine the signiﬁcance of the original values for Iij and Tij based on such distribution. Since
this implies multiple hypothesis testing, we must control the false positive rate and adjust
the p-values accordingly. Here we use the FDR controlling procedure called Benjamini–
Hochberg (from here codenamed as “FDR”) and FWER controlling procedure called Bonferroni correction (from here codenamed as “Bonferroni”). These two procedures are very
standard and also used in similar cases through statistically validated networks in [31] and
[29].
Bonferroni correction modiﬁes the original signiﬁcance threshold α = 0.05, setting it
to α/m, where m is the number of independent test performed, which in our case is the
number of pairs of investors with an overlapping time-window Aij that fulﬁlls the conditions deﬁned above. We then sort the distribution of the shuﬄed values for Iij∗ and Tij∗
and set the signiﬁcance thresholds given by “Bonferroni”, one-sided for the case of Mutual
Information and two-sided for Transfer of Entropy. If the original value is outside those
intervals we keep it otherwise we manually set it to 0.
Whereas Bonferroni correction can be very conservative, other criteria such as
Benjamini–Hochberg, can still control the false positive rate but in a less strict way that
allows for more true positives. This method is based on sorting the p-values for the Mutual Information and Transfer of Entropy, and then consider signiﬁcant all the p-values
smaller than the largest p-value fulﬁlling
p(k) ≤

k
α,
m

(6)

where p(k) is the kth p-value, m the number of investors pairs, and α = 0.05 the original
signiﬁcance threshold. This method requires ﬁrst to compute the actual p-values. Such
task is not trivial since the proportion of the symbols in the underlying series might modify the mean and variance of the distribution of the null values, as we demonstrate in the
Figure S2 of Additional ﬁle 1. The strategy we follow here consist on computing the mean
and standard deviation of the shuﬄed values. We then determine the p-value of the original Iij from a gamma distribution [47] and the p-value of the original Tij from a normal
distribution. In all cases, for each pair of investors we parametrize those functions with
the mean and standard deviation of the distribution for Iij∗ and Tij∗ respectively.
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Finally, adjacency matrices are built from Iij and Tij quantities to generate Synchronization and Anticipation networks as Fig. 1 shows. In the ﬁrst case we obtain a weighted undirected network whose nodes represent investors and edges how synchronized they are. In
the second, we obtain a weighted directed network whose nodes represent investors, and
arrows indicate who anticipates whom.

3 Results
A general overview of network properties can be observed in Tables 1 and 2, while the
adjacency matrices of all networks are shown in Figures S3–S11 in Additional ﬁle 1. There
are some important diﬀerences between Synchronization and Anticipation networks at
the structural level, apart from the fundamental fact that the former is undirected whereas
the latter is directed. The ﬁrst diﬀerence is related to the number of edges, and therefore
to the average degree. The synchronization networks are much denser, which means that
ﬁnding a pair of synchronized agents is much more common than ﬁnding an investor that
anticipates another. As for the degree distributions, almost all of them signiﬁcantly deviate from a Poisson distribution, associated to random networks, creating more high connected groups and hubs than someone would expect in the random case. Consequently,
Table 1 Synchronization Network Features. Number of nodes, edges and average degree is shown
in the ﬁrst three columns for all networks. Fourth column refers to a Null Hypothesis testing based on
Kolmogorov–Smirnov (KS) statistic for rejecting the hypothesis that underlying distribution for node
out-degrees is a Poisson distribution, only p-value is shown. Fifth and sixth column show the
Clustering Coeﬃcient and Degree Assortativity of the undirected graph. The networks in this table
have been built using “FDR” as described in methods section. Similar results can be found when
using Bonferroni (see table S1)
Asset

Number of
nodes

Number of
edges

Average
degree

Poisson KS
test p-value

Clustering
coeﬃcient

Assortativity
coeﬃcient

TEF
SAN
BBVA
ELE
EZE
ZEL
REP
GAS

400
210
92
77
77
60
58
25

8774
2086
397
314
180
173
179
55

43.87
19.87
8.63
8.16
4.68
5.77
6.17
4.40

<10–5
<10–5
0.00036
<10–5
0.00201
0.08251
0.00220
0.63592

0.38
0.32
0.37
0.36
0.21
0.31
0.32
0.27

0.14
0.10
0.00
0.20
0.00
–0.01
0.13
–0.01

Table 2 Anticipation network features. Number of nodes, edges and average degree are shown in
the ﬁrst three columns for all networks. Fourth column refers to a Null Hypothesis testing based on
Kolmogorov–Smirnov (KS) statistic for rejecting the hypothesis that underlying distribution for node
out-degrees is a Poisson distribution, only p-value is shown. Fifth column shows the Degree
Assortativity of the directed graph. The networks in this table have been built using “FDR” as
described in methods section. Similar results can be found when using Bonferroni (see table S2)
Asset

Number of
nodes

Number of
edges

Average
out-degree

Poisson KS
test p-value

Assortativity
coeﬃcient

TEF
SAN
BBVA
ELE
EZE
ZEL
REP
GAS

326
130
44
38
27
24
24
2

777
140
30
30
18
16
19
1

2.38
1.08
0.68
0.79
0.67
0.67
0.79
0.50

<10–5
<10–5
<10–5
<10–5
<10–5
<10–5
0.00005
0.30964

0.01
0.05
–0.13
–0.26
0.04
0.10
0.33
0.00
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synchronization networks also reveal a clustering coeﬃcient systematically greater than
what would correspond to a random graph, i.e. the average degree divided by number of
nodes [48] (ranging from 0.06 to 0.18 in this case). Such structural feature might arises
because if investor i is synchronized with investor j, and j is synchronized with k, it is
likely that i and k are going to be synchronized as well. As for the assortativity coeﬃcient,
synchronization networks present 4 cases of relatively high assortative networks, whereas
in the anticipation networks we observe that 2 of them are very dissortative and 1 very
assortative, while the rest present values equivalent to random networks.
In the next sub-sections we explore some of the possible explanations for the creation
of links in those networks.

3.1 Measuring individual reaction to price
One of the immediate candidates to be a behavior driver is the reaction of each of the
investors to price. In order to measure it we apply the same methodology explained above,
but instead of two investors position time series we consider for each investor her position
and the price. Both Mutual Information between investors’ position and price, Iip , and
Transfer of Entropy between investors’ position and price, Tip , can be computed from
symbolized series, as well as the bootstrap procedure applied for signiﬁcance tests (see
Fig. 3). As before, we consider the price time series only within the activity period of each
investor Ai and apply the FDR adjust in order to correctly set the signiﬁcance threshold.
The ﬁrst element to notice from distributions of aggregated values in Fig. 3 and detailed
by markets in Table 3 is the amount of signiﬁcant values. Such results reinforce the idea
that prices at t and t – 1 are deﬁnitely good candidate drivers for investors’ behavior, as
some other studies with diﬀerent approaches have pointed out [49]. Indeed, our investor
population sample is found to be very sensitive to either today or yesterday’s price change.
From 1074 investors considered, a majority of them 697 (64.90%) shows signiﬁcant values
for the synchronization with price, while some of them 47 (4.38%) signiﬁcantly react to
what the market did in the previous day. Such result is consistent across all studied assets.
Notice that, by keeping most active investors in order to guarantee enough statistics to
compute SMI and STE, we can also be ﬁltering out less active investors and keeping the
most active ones and therefore more likely to react to immediate changes. As for the STE
between price and investors position, we observe in Table 3 a systematic deviation towards
negative values, which is consistent with the fact that some of the investors can be driven
by price, but hardly the performance of any investor can anticipate the price. The single
case in TEF market can be considered a false positive because when we apply more strict
methods, such as Bonferroni, there are no investors anticipating the price at all.
These measures of individual reaction to price are features that might drive investor’s
behavior and could be important to explain part of the edges in Synchronization and Anticipation networks between investors. While we cannot test causal relationships (limited
historical data), we can at least provide a measure of how much could be explained based
on individual behavior features.
The next two sections address this issue by quantifying how much of this connections
in the networks could be generated by certain degree of coincidence in the way investors
react to price.
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Figure 3 Measuring individual investors reaction to daily price ﬂuctuations. (Top-left) From position time
series of each investor i we determine the activity period Ai . Instead of considering another investor, here we
input the price time series p as the second numerical time series and proceed like in Fig. 1 for the
symbolization process within that activity period. We compute Mutual Information Iip and Transfer of Entropy
Tip between investor i and price p. Bootstrapping process is also applied here, to generate null distributions of
∗ and T ∗ for standardizing original values, z(I ) and z(T ), and randomly selected null values z(I∗ ) and z(T ∗ ).
Iip
ij
ij
ip
ij
ij
(Right) Distribution of standardized values of Mutual Information and Transfer of Entropy for original values (in
purple area labelled “original”) and same null case values (white area labelled “shuﬄed”)

3.2 Individual reaction to price effect on synchronization network
If two investors react in the same way to the current price, chances are that they will be
connected in the synchronization network. In that case, reaction to price would work as
a hidden variable that explains the signiﬁcant value for synchronization measured by Iij ,
instead of a direct interaction. We can quantify such scenario by using non-parametric
statistics, so without having to assume any kind of distribution for the reaction to price.
Thus, we compute Iip values for all investors and divide the distribution in deciles, so that
each bin contains exactly 10% of the investors according to Iip . We then create a 10 × 10
matrix with all possible investor–investor combinations in terms of deciles. Now, in the
cell we calculate the fraction of the edges that go from one investor i (origin) with her corresponding Iip and assigned to a certain decile, to another investor j (destination) with her
corresponding Ijp and assigned to a speciﬁc decile. By construction, if the synchronization
with price had no eﬀect on the structure of the network, each cell should contain around
1% of all edges regardless of Iip or Ijp of the nodes. Instead, Fig. 4 shows an uneven pattern
with the most populated cells along the diagonal, with the top-right corner being the area
where the eﬀect is stronger. This basically means that investors who are synchronized between each other tend to have similar values for the synchronization with the price. This
eﬀect is even stronger when the synchronization with price is high. Thus, the top-left cor-
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Table 3 Number of individuals with signiﬁcant Symbolic Mutual Information (SMI) and Symbolic
Transfer of Entropy (STE). The SMI Iip and STE Tip are calculated over the complete investor’s activity
period Ai in eight assets of the BME Spanish stock exchange. Signiﬁcant values for SMI and STE are
computed using the FDR approach described in the section “Methods”. Additional ﬁle 1 contains the
same table but using the Bonferroni approach showing very similar results. First column gives the
number of individuals with >95% conﬁdence interval of sharing pattern with price evolution (among
the total number individuals, in parenthesis). Three last columns present the equivalent analysis for
STE. The number of individuals being in the <2.5% conﬁdence interval are those showing a
signiﬁcant Tip < 0 (they are one-day delayed with respect to price change) while the number of in
the >97.5% Conﬁdence Interval are those with a signiﬁcant Tip > 0 (they are anticipating price
change). The column labelled as “NS” accounts for the number of individuals that do not present any
signiﬁcant STE between performance and price
Asset

Investors

TEF
SAN
BBVA
ELE
EZE
ZEL
REP
GAS

146
57
26
24
48
44
24
8

ALL

377

Iip

Tip

>95%

<2.5%

259
162
87
62
40
27
38
22

33
8
0
1
0
0
1
4

371
211
113
85
88
71
61
26

1
0
0
0
0
0
0
0

697

47

1026

1

NS

>97.5%

Figure 4 Synchronization with price as driver of
synchronization between investors. Axis x and y
represent deciles so that generate a 10 × 10 matrix.
Each cell coordinates are given by the deciles of Iip
and Ijp respectively, and the value showing refers to
the frequency of events with statistically signiﬁcant
Mutual Information Iij , i.e. all not null edges of the
Synchronization network

ner cell concentrates the highest number of cases with a total 2.42% of cases and thus
deviating 1.58σ ’s from the uncorrelated randomized null case. The eﬀect is even accentuated when using the Bonferroni method to build the networks (see Figure S12), deviating
3.23% (1.32σ ). Finally, the cumulative deviation across all cells is of 19.35%. Therefore we
claim that the eﬀect of the investors synchronized with price explains around one ﬁfth of
the links between investors in the synchronization network.

3.3 Individual reaction to price effect on anticipation network
In a similar way, we measure the eﬀects of individual reaction to price in the Anticipation network. Thus, if we consider the case where an investor i anticipates investor j on
a daily basis (Tij > 0), there are two main reasons (among the ones that can we measure
here) that consider the reaction to price as a possible origin of such anticipation. First scenario is where investor i is synchronized with the price whereas j is delayed. This one-day
oﬀset might generate signiﬁcant values for anticipation of i with respect to j. The second
scenario is where investor i anticipates price while j is synchronized to price. Although
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Table 4 Inﬂuence of individual reaction to price over the Anticipation network. The table is divided
in four groups across the 8 diﬀerent markets plus the aggregation of all them. For all signiﬁcant links
from i to j (Tij > 0) for each network (market), we computed the probability of i being more
synchronized with price than j (ﬁrst group), i being less synchronized than j (second column), i
having a higher value for the STE with respect to price than j (third group) and i having a higher value
for the STE with respect to price than j (fourth group). FDR approach described in “Methods” section
is used here to discriminate the signiﬁcant links. Additional ﬁle 1 contains an equivalent table using
Bonferroni instead of FDR method displaying similar results. Numbers between brackets account for
the frequency. Asterisks refer to diﬀerent conﬁdence interval levels, ∗ for 90%, ∗∗ for 95%, and ∗∗∗ for
99%
Asset

p(Iip > Ijp |Tij > 0)

p(Iip < Ijp |Tij > 0)

p(Tip > Tjp |Tij > 0)

p(Tip < Tjp |Tij > 0)

TEF
SAN
BBVA
ELE
EZE
ZEL
REP
GAS

0.54∗∗∗

0.57∗
0.60
0.70∗∗
0.61
0.69
0.63
0.00

(420)
(80)
(18)
(21)
(11)
(11)
(12)
(0)

0.46∗∗∗

0.43∗
0.40
0.30∗∗
0.39
0.31
0.37
1.00

(357)
(60)
(12)
(9)
(7)
(5)
(7)
(1)

0.50
0.54
0.43
0.43
0.56
0.44
0.63
1.00

(390)
(76)
(13)
(13)
(10)
(7)
(12)
(1)

0.50
0.46
0.57
0.57
0.44
0.56
0.37
0.00

(386)
(64)
(17)
(17)
(8)
(9)
(7)
(0)

ALL

0.56∗∗∗

(573)

0.44∗∗∗

(458)

0.51

(522)

0.49

(508)

more restrictive (given the low number of users anticipating to price), it could enable the
generation of one-day anticipation of i with respect to j. Both scenarios can be tested
by computing the probability of the event Iip > Ijp (scenario 1) and Tip > Tjp (scenario 2)
for each link in the anticipation network (Tij = 0) within the period Aij . Note that in the
null case, where there was no inﬂuence of those variables, the probability should be 0.5.
Table 4 shows that eﬀects are limited but still signiﬁcant, especially in the ﬁrst scenario.
When pooling together all the edges of all networks, results show a signiﬁcant deviation
(at 99% C.I.) from the null case of nearly 6% for the ﬁrst scenario. This result is systematically consistent across all assets considered. As for scenario 2, we do not obtain signiﬁcant
results.

3.4 Synchronization and anticipation networks improve investors’ activity
prediction
Predicting the activity of investors can be very challenging, specially considering the high
degree of heterogeneity in the activity levels. Even keeping the most active investors, as
detailed in the methods section, still the fraction of symbols for m = 2 that represent no
signiﬁcant activity is around 96% (Figure S1). Similar levels of sparseness can be found
in other real datasets [50, 51] widely used to test all kinds of machine learning classiﬁers
and recommender systems. Indeed, sparseness is a big challenge for machine learning
algorithms that heavily rely not only on high amount of records but also on the density
(non-zero instances) of the dataset [52]. In our particular case, the symbolization of the
time series transforms the problem from a regression type of machine learning problem
to a multi-class machine learning problem. Thus, Random Forests (RF) become one of the
natural choices for predicting such kind of data. RF perform a multi-class prediction with a
low risk of overﬁtting [53] while have been tested on sparse datasets like in language modeling [54]. The aim of this exercise is not to successfully develop a very accurate method
to predict investor’s behavior but to demonstrate how using the synchronization and anticipation networks developed above substantially improves the prediction accuracy.
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For each investor and asset we train two diﬀerent versions of a RF in two diﬀerent scenarios. In the ﬁrst scenario we test the improvement of nowcasting accuracy when the
information about the Synchronization network is used. Thus, two versions of RF model
are trained, ﬁrst one only considers the information about the price whereas the second
also takes into account the activity of the connected investors in the aforementioned network. In contrast, in the second scenario we test how the accuracy increases when the
Anticipation network is used to forecast the behavior of the day after. For this purpose we
consider again two cases. In the ﬁrst one the RF is fed with the current price and position
in order to predict investor’s tomorrow behavior. In a similar procedure than before, in
the second version of the RF we also add the current position of the investors connected
in the Anticipation network as an information source.
Predictions for the version of the RF that does not include the network information are
mostly ﬂat, i.e. almost all “symbol 0” along the whole time series, generating high prediction accuracy values due to the sparseness of activity events. Despite having shown above
that when the investor acts she is strongly driven by price on average, the overwhelming
cases of symbols that encode no activity make the ﬂat prediction very successful. The accuracy of the ﬁrst RF version surpasses the 90% threshold. However, the real challenge is
to generate prediction series that not only successfully predict no-activity events, but also
when the real investor has acted. It is under these conditions that the RF version that uses
the network information clearly outperforms the version that does not. Figure 5 shows
that the probability to successfully predict the events when the investor presents some activity, i.e. symbols 1 and 2 in the original investor activity series, is systematically higher
both for nowcasting or predicting the day after.

Figure 5 Activity prediction including and excluding the built Synchronization and Anticipation networks.
A Random Forest algorithm is used to predict the activity of each investor trading with all the studied assets,
the prediction accuracy averaged over all investors is separately shown for each symbol (see Fig. 2) in the
original activity time series. For nowcasting the current day activity (top) only the price symbolized series is
used for the ﬁrst case (green), and the activity of the neighbors in the Synchronization network is also
included in the second case (blue) For the day after forecast (bottom), the price and activity of the investor in
the previous day is included in the ﬁrst case (green) and while the neighbors activity is also included in the
second case (blue)
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Random Forest models also provide the weight from 0 to 1 of the importance of each
feature, i.e. each vector used to predict the activity, used during the training process. In the
second RF version we can compare the contributions of neighbors activity with the rest
of the features like price or activity of the investor in the day before (for the forecasting
scenario). Thus, we see that the importance of the network adds up to 0.85 for nowcasting
predictions and 0.51 for forecasting predictions.

4 Discussion
In complex systems research and real-world networks [55], and in economics in particular, emergent behavior is one of the most striking phenomenon. The price of an asset
itself is the result of the interaction of multiple individual agents when buying or selling
shares of ﬁnancial assets [34, 35]. The study of features and common properties of the
individual behavior is important, because often they are behind macroscopic phenomena
like bubbles, crashes and other price dynamics [56]. Agents receive multiple stimuli before
making a decision. There is a myriad of possible reasons behind a decision of buying or
selling. However, thanks to the development of electronic markets, we can identify certain
elements that statistically drive individual behavior. Several studies have focused on exogenous factors [40]. Here, we complete this vision by studying how endogenous factors
may aﬀect the individual behavior, at least in the case of non-expert (non-professional)
investors. Particularly, we demonstrate that price drives the individual behavior for the
majority of non-expert investors who work within a one-day time window. This conﬁrms
the results of Gutiérrez-Roig et al. [49] in a previous study, where imitation was found as
an intuitive strategy to cope with the uncertainties of the market.
The method used in the analysis of non-expert investors, Symbolic Transfer of Entropy,
stands as an appropriate tool for the treatment of non-linear time series –ubiquitous in
the ﬁeld of econophysics, and social systems in general [57]. It is also important to highlight the adaptation of such method for the symbolization of market position series. In
the original description of the symbolization technique [44] identical numerical values,
which are a very often event in investor position series, were not considered. Our method
suggested here improves this weakness for such kind of time series and could be useful for
further studies using Symbolic Transfer of Entropy applied on investor position series or
similar.
The use of this method allows to map and link investors according to their behavior in
a alternative manner than some recent studies [29, 33, 38]. Thus, far from observing random networks, we are able to detect groups of synchronized investors as well as’leaders’
that anticipate with respect to the others looking at the synchronization and anticipation networks. As mentioned above, the price as a driver and the reaction of the investors
to it have a strong inﬂuence in the creation of these links between investors. But since
the relationship between investors is measured considering their empirical performance,
this method could also be useful to measure other kind of important behavioral eﬀects
in ﬁnancial markets and economy, such as herding behavior [40, 49, 58, 59]. Accessing
those maps of investors communities connected by similar behavior complements previous studies [11, 31, 33, 38] and it is also of interest for investment ﬁrms and ﬁnancial
institutions: to begin with, for better sampling –identifying key actors in the network, and
studying their behavior in depth, could eventually enable their use as a proxy to estimate
the behavior of the entire community. Secondly, they could also improve the prediction
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of the reaction of their clients, and therefore anticipate and respond eﬃciently to their
impact. In fact, we demonstrate a substantial improvement in accuracy prediction when
using the information of behavioral networks.
Further studies along this line could consider the heterogeneity in the investment horizons that investors actually have [33], by extending the symbols to shorter and longer
periods or testing predictions at diﬀerent time horizons. However, data resolution and activity patterns of investor population in our dataset is restricted to daily time windows.
Thus, future work would include the validation of our results for shorter and longer trading time windows, for longer time series, and for a larger collection of investors. Such
study would demonstrate our hypothesis that synchronized investors are in fact anticipated/delayed even in a shorter time-scale. Finally, another possible improvement to better understand how price modulates the interaction between investors could consist on
considering triplets of variables (two investors and price) when calculating Transfer of Entropy, rather than only doing it for pairwise investors behavior. This technique has already
presented promising results in neuroscience when applied to time-series of cortical data
[60, 61].
Additional material
Additional ﬁle 1: Supplementary information (PDF 2.7 MB)
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