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1 Time to fill of Market Members

Time to fill is the time elapsing from the submission of the limit order (sent by the counterpart) to the

submission of the market order (sent from the aggressor) matching it and performing the transaction. In

Figure 1 we show deciles of the time to fill of each market member making at least 100 transactions for

three representative stocks during a month. Market members are identified with a number for LSE and

with the NASDAQ OMX code for XSTO (Stockholm venue of the NASDAQ OMX). The three stocks

are BP (traded at LSE in 12/2006) , ELUX (traded at XSTO in 12/2011) and SKF (traded at XSTO in

12/2018) respectively. The decile of the time to fill value is given with a decimal logarithm color scale.

Values are in seconds. The deciles of time to fill are slower for 2006, intermediate for 2011 and faster

for 2018. It is worth noting that deciles of time to fill are spanning more than 8 orders of magnitude in

2018. The presence of fast values for the deciles does not directly imply that the market member is a

HFT. In fact HFT can both take the role of aggressor or counterpart in the transaction and therefore

observing a fast decile provides only evidence that at least one of the two market members entering in

the transaction is a HFT.
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Figure 1: Decile of the time to fill of most active market members (trading at least 100 times in a
month) for three representative stocks. They are BP traded at LSE in 12/2006, ELUX traded at XSTO
in 12/2011 and SKF traded at XSTO in 12/2018. The decile of the time to fill value is given with a
decimal logarithm color scale. Values are in seconds. Time resolution of data is 1 second for LSE, 1

msec for XSTO 2011, and 1 microsec for XSTO 2018.
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2 List of NASDAQ OMX Market Members considered as HFTs

We consider as market members having a large fraction of activity as HFTs the following market members

active at the Stockholm venue of the NASDAQ OMX in 2010-2011 and/or 2018. KEM (KCG Europe

Limited), CDG (Citadel Securities (Europe) Limited), DBL (Deutsche Bank AG), FLW (Flow Traders

B.V.), FORA (active in 2010-2011 no more active starting from 8/2011), GEL (KCG Europe Limited),

GLE (DRW Global Markets Ltd), HRT (Hudson River Trading Europe Ltd), JMP (Jump Trading Inter-

national Limited), SIS (Susquehanna International Securities Ltd), SRE (Tower Research Capital Europe

Limited), VFA, VFB, VFG (Virtu Financial Ireland Ltd), OPV (Optiver VOF), XTX (XTX Markets

Limited). An example of web pages categorizing HFTs is: “Europe’s Top 10 High-Frequency kingmakers”,

Financial News, October 3, 2011 (see ref. 16 of the main text).
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3 Probability density function of four types of transactions be-

tween pairs of two types of market members

Here we present an example of the probability density function of the number of transactions observed

for four types of transactions occurring between pairs of two types of market members in 1000 random

realizations of the so-called configuration model associated with the empirical adjacency matrix of an AC

transaction networks (see Figure 2). The example refers to the AC transaction network for Volvo stock

traded at XTSO on 12/2018. Random realizations of the configuration model are obtained by reshuffling

the empirical adjacency matrix and the occurrences of four types of transactions are computed from the

randomized adjacency matrix. The fit of the probability density function with a Gaussian density is

quite satisfactory. To confirm the fit, we ran a Shapiro-Wilk, obtaining scores in the range [0.998,0.999]

and p-values in the range [0.570,0.572]. With these values the null hypothesis of gaussianity cannot be

rejected, confirming our claim. We also show the related QQ-plots in Figure 3.
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Figure 2: PDF of the number of transactions observed between pairs of market members of the four
types described in the text observed in random realizations of the configuration model. Type 1: both
aggressor (buyer) and counterpart (seller) are HFTs (here labeled as (1,1)); Type 2: the aggressor
(buyer) is a HFT and the counterpart (seller) is not (here labeled as (1,0)); Type 3: the aggressor
(buyer) is not a HFT and the counterpart (seller ) is a HFT (here labeled as (0,1)); Type 4: neither the
aggressor (buyer) nor the counterpart (seller) are HFTs (here labeled as (0,0)). The number of simulated
realizations is 1000. The red symbols are fits of the probability density function with a Gaussian density.

The example refers to Volvo stock traded at XSTO on 12/2018.
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Figure 3: QQ plots for the samples of Fig. 2.
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4 Activity of Market Members

As an effect of the differences in size, technological infrastructure and trading strategies, market members

are characterized by a strong heterogeneity with respect to their level of trading activity over the same

period (Figure 4,5,6). Indeed, the number of transactions performed by market members in a month

spans several orders of magnitudes, going from few hundreds to tens of millions.
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Figure 4: Individual activity of market members. Each bar represents the number of transactions
performed by market members in trading at the LSE on December 2006 (top panel), at the XSTO on
December 2011 (bottom left panel), and at the XSTO on December 2018 (bottom right panel). In
the horizontal axis, market members are ranked according to the number of transactions. HFTs are

highlighted in red.
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Figure 5: Individual activity of market members. Each bar represents the number of transactions
performed by market members operating as aggressors at the LSE on December 2006 (top panel), at
the XSTO on December 2011 (bottom left panel), and at the XSTO on December 2018 (bottom right
panel). In the horizontal axis, market members are ranked according to the number of transactions.

HFTs are highlighted in red.
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Figure 6: Individual activity of market members. Each bar represents the number of transactions
performed by market members operating as counterparts at the LSE on December 2006 (top panel), at
the XSTO on December 2011 (bottom left panel), and at the XSTO on December 2018 (bottom right
panel). In the horizontal axis, market members are ranked according to the number of transactions.

HFTs are highlighted in red.
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5 Summary statistics on stocks

Table 1 lists the ISIN codes of the 20 most traded stocks used in our analysis for each venue and time

period. For each stock, we show the average number of monthly transactions performed in the investigated

period. Figure 7 shows the number of transactions performed monthly for all selected stocks of the venue

(black line) and for each stock (colored lines) of the venue for each venue and time period.

LSE 2004-2006 XSTO 2010-2011 XSTO 2018
ISIN Transactions ISIN Transactions ISIN Transactions

GB0007980591 80080 SE0000115446 195471 SE0000106270 238002
GB0009252882 69238 SE0000108656 176077 SE0000115446 157742
GB0007547838 67374 SE0000106270 162205 SE0000667925 136072
GB0009895292 64738 SE0000148884 134748 SE0000108656 135621
GB0007188757 64197 SE0000101032 128101 SE0000107419 123960
GB0005405286 62901 SE0000667891 127343 SE0000667891 122094
GB0000566504 60065 SE0000242455 125303 SE0000242455 120697
GB0031348658 59573 SE0000427361 124843 SE0000148884 111407
GB0007192106 55975 SE0000869646 122903 SE0000108227 99488
GB0008706128 53848 SE0000667925 105570 SE0007100599 98069
GB0004901517 52933 SE0000108227 96799 SE0000112724 95502
GB0030587504 47415 SE0000103814 92926 SE0007100581 94555
GB0002374006 46485 SE0000193120 87804 SE0000103814 91445
GB0008847096 43379 SE0000171100 82157 SE0000103699 88581
GB0007099541 41292 SE0000825820 71365 SE0000310336 87012
GB0002162385 39966 GB0009895292 69586 SE0000171100 85635
GB0031411001 38869 CH0012221716 69405 SE0008373906 84838
GB0008762899 38724 SE0000314312 68979 SE0005190238 82041
GB0002875804 37727 SE0000112724 65675 SE0000120669 80932
GB0030913577 37149 SE0000255648 63404 SE0000113250 80368
GB0002634946 36462 SE0000695876 61515 SE0000695876 79402

Table 1: Average number of monthly transactions on the 20 most traded stocks for each
venue and time period.
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Figure 7: Number of transactions performed monthly. Transactions performed for all investi-
gated stocks (black line) and for each stock (colored lines) at the LSE in 2004-2006 (left panel), at the

XSTO in 2010-2011 (center panel) and at the XSTO in 2018 (right panel).
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6 Median of time to fill of pairs of market members

In this Section we report the median of time to fill for pairs of market members trading British Petroleum

(BP) at LSE in 12/2006 (see Fig. 8), Electrolux (ELUX) at XSTO in 12/2011 (see Fig. 9) and SKF

at XSTO in 12/2018 (see Fig. 10). The figures shows all pairs of market members performing more

than 10 transactions in the considered stock and month. The median is reported with a color code scale

associated with the decimal logarithm of the time to fill given in seconds.

BP 2006 12 thr>10

Counterpart

A
gg

re
ss

or

12 13
0

14
9 15 16
4

19
5

19
7

20
8

22
5

23
4

24
3

24
6

25
1

28
2

28
3

32
6

32
8

33
2

34
0

34
8

35
1

35
5 37 37
2

37
5

38
5

38
7

38
9

40
0

41
4

41
6

42
7

45
9

47
0

48
9

49
0

49
5

50
5

52
6 54 54
6 55 55
0

56
8

57
4

57
7

59
8

61
1

63
0

63
3

63
9

64
1

65
0

67
3

70
4

71
3

73
2

73
6

73
8

74
2

74
8 78 83 97

97
92
83
78

748
742
738
736
732
713
704
653
650
641
633
630
618
614
611
598
577
574
568
550

55
546

54
526
505
495
490
489
459
427
416
414
400
389
387
385
382

37
355
354
351
340
332
330
326
307
296
285
283
282
257
251
246
243
237
234
225
197
195
164

15
149
130

12

−5.00

−4.00

−3.00

−2.00

−1.00

0.00

1.00

2.00

3.00

4.00

Figure 8: Median of the time to fill for pairs of market members. The traded stock is British
Petroleum (BP) at LSE in 12/2006. The market member indicated in the row makes transactions as
an aggressor while the market member indicated in the column acts as a counterpart. The value of the
median is indicated with a color scale spanning up to 9 orders of magnitude. The value is a decimal
logarithm of the the time to fill expressed in seconds. White cells indicated less than 10 transactions in
a month or absence of them. Time resolution of the LSE Rebuild Order Book was one second in 2006.
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Figure 9: Median of the time to fill for pairs of market members. The traded stock is
Electrolux (ELUX) at XSTO in 12/2011. The market member indicated in the row makes transactions
as an aggressor while the market member indicated in the column acts as a counterpart. The value of
the median is indicated with a color scale spanning up to 9 orders of magnitude. The value is a decimal
logarithm of the the time to fill expressed in seconds. White cells indicated less than 10 transactions in
a month or absence of them. Time resolution of the XSTO ITCH data stream was one millisecond in

2011.
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Figure 10: Median of the time to fill for pairs of market members. The traded stock is
SKF (SKF) at XSTO in 12/2018. The market member indicated in the row makes transactions as an
aggressor while the market member indicated in the column acts as a counterpart. The value of the
median is indicated with a color scale. The value is a decimal logarithm of the the time to fill expressed

in seconds.
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7 Estimating the role for the power of the test on SVNs

The power of the test used to detect the over and under expressed links depends slightly by the number of

transactions. Since stocks have different number of transactions at different venues and different months,

it is worth to assess whether the over-expressed and under-expressed density pattern observed in Figure

1 (c) of the main paper can be significantly affected by the different power of our statistical test for

different stocks and months. In order to control for this, we have investigated three stocks characterized

by a similar average number of transactions in a specific venue during a specific year. As in other

investigations presented in the main paper, the three stocks are BP for LSE 2006, ELUX for XSTO 2011

and SKF for XSTO 2018. For these three stocks and for 12 months of the investigated years we compute

the median of the time to fill and the density of over-expressed (left panel) and under-expressed (right

panel) link. The results found in this example (shown in Fig. 11) and in other similar tests have shown us

that the impact of the different number of transactions in the estimation of the density of over-expressed

and under-expressed links is rather limited.

Figure 11: Scatter plot of the median of the time to fill (in seconds) versus the density of over-
expressions (left panel) or under-expressions (right panel). Each symbol refers to a specific stock in a
specific month. The different colors label stocks, venues and periods of time. Blue symbols refer to
the stock BP traded at the LSE during 2006, orange symbols to the stock ELUX traded at the XSTO

during 2011, and green symbols to stock SKF traded at the XSTO during 2018.



17

8 Over-expression of the number of transactions implies over-

expression of exchanged volume

We verify that over-expression or under-expression of the number of transactions also imply over-expression

or under-expression of exchanged volume. We first verify that the ratio of the number of transactions

empirically observed divided by the number of transactions expected for a configuration model charac-

terized by the same adjacency matrix is higher than one for pairs of market members characterized by

over-expressed links and less than one for pairs of market members characterized by under-expressed

links. The statistical validation takes into account the number of transactions observed between the two

MMs and therefore the test will be more selective for high values of the number of transactions performed

by the pair. In the top panels of Fig. 12 we show the scatter plots of the ratio between empirical value

and random value of the number of transactions for all AC links as a function of the logarithm of number

of transactions observed for each link. The three panels refer to the three stocks BP, ELUX, and SKF

during months 12/2006, 12/2011, and 12/2018 respectively. Links statistically validated are blu symbols

for over-expressions and orange symbols for under-expressions. Green symbols are links not rejecting the

null hypothesis of random matching computed by assuming the hypergeometric null hypothesis described

in the main paper. The red horizontal line indicates a value one of the ratio. For the same stock and the

same month we perform a parallel simulation test of the exchange of volume occurring for each pair of

market members. In this second case the ratio of the exchanged volume is computed by considering as a

configuration model the one where the adjacency matrix has weights defined in terms of the stock volume

exchanged. The ratio is therefore the ratio of the volume empirically exchanged divided by the exchanged

volume expected for the volume version of the configuration model. The results of our simulation are

shown in the bottom panels of Fig. 12 where we show the scatter plots of the ratio of volume as a func-

tion of the logarithm of the volume exchange by each link. Again the three panels refer to the volume

exchanged in the AC transaction networks of BP 12/2006, ELUX 12/2011, and SKF 12/2018. The color

labeling of symbols is again defined by the statistical validation procedure. Figure 12 shows that the

ratio of volume of validated links is coherent with the ratio of transactions for almost all validated links.
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Figure 12: Top panels: Scatter plots of the ratio between empirical value and random value of the
number of transactions for all AC links as a function of the logarithm of number of transactions observed
for each link. The three panels refer to BP 12/2006, ELUX 12/2011, and SKF 12/2018 from left to
right. Links statistically validated are blu symbols for over-expressions and orange symbols for under-
expressions. Green symbols are links not rejecting the null hypothesis of random matching computed
by assuming the hypergeometric null hypothesis described in the main paper. The red horizontal line
indicates a value one of the ratio. Bottom panels: Scatter plots of the ratio between empirical value
and random value of the exchanged volume for all AC links as a function of the logarithm of volume
exchanged for each link. The three panels refer to BP 12/2006, ELUX 12/2011, and SKF 12/2018
from left to right. Links statistically validated are blu symbols for over-expressions and orange symbols
for under-expressions. Green symbols are links not rejecting the null hypothesis of random matching
computed by assuming the hypergeometric null hypothesis described in the main paper. The red

horizontal line indicates a value one of the ratio.



19

9 Persistence of networked relationships

In the main paper we have shown the average Jaccard index between statistically validated networks

computed at different months interval of 2006, 2011, and 2018 with values for each pair of months

averaged over the 20 stocks investigated for the venues LSE, XSTO, and XSTO in 2006, 2011, and 2018

respectively. Here we show Jaccard distance matrices for the whole system and for representative stocks.

Specifically, in Fig. 13 we show the average Jaccard index observed for AC statistically validated networks

on the 20 most liquid stock investigated at LSE 2006, XSTO 2011, XSTO 2018. In Fig. 14 we show

the Jaccard distance observed for AC statistically validated networks of BP 2006, ELUX 2011, and SKF

2018. These are the three stocks characterized by a similar number of transactions in the investigated

years. in Fig. 15 we show the Jaccard distance observed for AC statistically validated networks of BP

2006, VOLVO 2011, and H&M 2018. These are the three most traded stocks in the considered venue and

month. In both cases, the increase in persistence over time is clearly observed both for representative

and most traded stocks. As observed in the main paper the relatively high values observed for under-

expressed statistically validated networks for BP 2006 are primarily due to the limited number of validated

links observed for these networks that induces a high digitization noise in the estimation of the Jaccard

distance.

In order to highlight the increase in persistence occurred across different venues and periods, we plot

the probability density function of the persistence of each over/under expressed link detected on the 20

investigated stocks at LSE 2006, XSTO 2011 and XSTO 2018, see Fig. 16. The persistence is defined as

the number of months in which the networked link is observed.

Figs. 17, 18 show the persistence of single over-espressed and under-expressed links respectively for

BP in 2006 and ELUX in 2011. In the case of ELUX, statistical validations are grouped in three

sets, distinguishing between couples of market members that are not HFTs, couples of market members

composed by one HFT interacting with a non HFT, and couples of two HFTs.
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Figure 13: Average Jaccard distance between AC statistically validated networks computed for each
calendar month. For each pair of months the average is computed on the values obtained for the 20 most
liquid stocks traded in each venue. Top panels refer to over-expressions and bottom panel to under-
expressions. Left panels refer to LSE venue in 2006, center panels to XSTO venue in 2011, and right
panels to XSTO venue in 2018. Matrices are symmetrical. Month labels runs from 0 to 11 indicating

January to December respectively.
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Figure 14: Jaccard distance between AC statistically validated networks computed for each calendar
month. Top panels refer to over-expressions and bottom panel to under-expressions. Left panels refer
to BP traded at LSE in 2006, center panels to ELUX traded at XSTO venue in 2011, and right panels
to SKF traded at XSTO venue in 2018. Matrices are symmetrical. Month labels runs from 0 to 11

indicating January to December respectively.
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Figure 15: Jaccard distance between AC statistically validated networks computed for each calendar
month. Top panels refer to over-expressions and bottom panel to under-expressions. Left panels refer
to BP traded at LSE in 2006, center panels to VOLVO traded at XSTO venue in 2011, and right panels
to H&M traded at XSTO venue in 2018. Matrices are symmetrical. Month labels runs from 0 to 11

indicating January to December respectively.
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Figure 16: Probality mass function of the persistence of over expressed (top row) and under expressed
(bottom row) links as a function of the number of months of persistence for the 20 investigated stocks

at LSE in 2006 (first column), XSTO 2011 (second column) and XSTO 2018 (third column).



24

3

6

9

12

m
on

th

0 100 200 300 400 500 600 700
non high-frequency

couples

3

6

9

12

m
on

th

Figure 17: Time persistence of over-expression or under-expression of each aggressor − > counterpart
couple observed in the AC statistically validated networks of BP in the twelve months of 2006 (vertical
scale of the panels). For top panels, the presence of a vertical segment indicates over-expression of the
number of transactions of the market member couple (labeled by a numerical index) whereas in the

bottom panels under-expressions are highlighted.
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Figure 18: Time persistence of over-expression or under-expression of each aggressor − > counterpart
couple observed in the AC statistically validated networks of ELUX in the twelve months of 2011 (vertical
scale of the panels). The statistical validations are grouped in three sets. The left sets includes couples
of market members that are not HFTs, the middle sets include couples of market members composed
by one HFT interacting with a non HFT, and the right sets includes couples of two HFTs. For top
panels, the presence of a vertical segment indicates over-expression of the number of transactions of the
market member couple (labeled by a numerical index) whereas in the bottom panels under-expressions

are highlighted.
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10 Summary statistics for BP, ELUX and SKF transaction net-

works of market members.

In this section we present the summary statistics for both the full and the over/under expressed networks

of market members for BP at LSE in 2006, ELUX at XSTO in 2011 and SKF at XSTO in 2018. Specifi-

cally, we report monthly number of market members, the global clustering coefficient, the average degree

and the average strength for the full network of transactions (Tables 2,5,8). For the over (Tables 3,6,9)

and under (Tables 4,7,10) we report number of market members, clustering coefficient and average degree.

month nodes clustering coefficient avg degree avg strength

200601 145 0.59 56.13 1179.91
200602 143 0.59 54.68 1192.22
200603 139 0.61 60.35 1415.75
200604 138 0.61 57.47 1238.72
200605 144 0.61 59.66 1830.48
200606 131 0.62 62.71 1860.13
200607 132 0.62 58.10 1497.30
200608 137 0.63 62.75 1615.81
200609 146 0.63 62.24 1551.87
200610 135 0.65 67.02 1617.74
200611 138 0.65 63.84 1670.82
200612 144 0.61 60.58 1257.40

Table 2: Monthly summary statistics for the full network of market members active on BP in 2006.
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month nodes clustering coefficient avg degree

200601 48 0.04 2.29
200602 56 0.00 2.35
200603 53 0.03 2.37
200604 49 0.06 2.53
200605 57 0.07 2.73
200606 58 0.05 2.96
200607 49 0.04 2.65
200608 52 0.02 2.30
200609 59 0.02 2.20
200610 50 0.09 2.44
200611 57 0.04 2.52
200612 54 0.02 2.00

Table 3: Monthly summary statistics for the network of over expressions for the market members
active on BP in 2006.

month nodes clustering coefficient avg degree

200601 13 0.00 2.00
200602 13 0.60 2.15
200603 17 0.11 2.82
200604 19 0.17 2.73
200605 22 0.13 3.09
200606 22 0.21 3.45
200607 18 0.24 2.33
200608 20 0.06 2.80
200609 15 0.35 3.46
200610 21 0.00 2.76
200611 18 0.24 2.88
200612 18 0.21 2.66

Table 4: Monthly summary statistics for the network of under expressions for the market members
active on BP in 2006.
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month nodes clustering coefficient avg degree avg strength

201101 65 0.82 70.30 2928.61
201102 66 0.79 70.27 3452.15
201103 69 0.78 61.36 2546.00
201104 73 0.77 59.91 2263.56
201105 70 0.79 63.40 2412.40
201106 67 0.79 58.53 2623.94
201107 70 0.77 64.42 2739.20
201108 71 0.74 57.83 4086.87
201109 73 0.78 59.72 3179.69
201110 72 0.77 64.50 3701.47
201111 68 0.76 64.44 3527.58
201112 71 0.74 53.57 2146.90

Table 5: Monthly summary statistics for the full network of market members active on ELUX in 2011.

month nodes clustering coefficient avg degree

201101 48 0.15 4.70
201102 50 0.12 5.20
201103 48 0.14 5.20
201104 51 0.06 4.54
201105 49 0.13 5.26
201106 47 0.13 5.87
201107 51 0.11 5.45
201108 47 0.17 6.76
201109 56 0.19 7.00
201110 54 0.14 6.62
201111 58 0.13 6.51
201112 46 0.08 5.30

Table 6: Monthly summary statistics for the network of over expressions for the market members
active on ELUX in 2011.
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month nodes clustering coefficient avg degree

201101 35 0.20 4.34
201102 34 0.18 3.76
201103 37 0.22 5.83
201104 33 0.20 5.21
201105 33 0.28 5.51
201106 29 0.22 4.96
201107 36 0.23 5.44
201108 39 0.30 8.15
201109 40 0.30 8.55
201110 44 0.27 7.40
201111 40 0.33 8.60
201112 35 0.24 5.94

Table 7: Monthly summary statistics for the network of under expressions for the market members
active on ELUX in 2011.

month nodes clustering coefficient avg degree avg strength

201801 57 0.72 48.98 3710.35
201802 58 0.74 52.82 4718.79
201803 59 0.73 52.27 3910.74
201804 59 0.73 50.23 3977.28
201805 64 0.73 48.46 2962.53
201806 59 0.75 47.62 2738.06
201807 59 0.72 48.37 3483.25
201808 62 0.74 45.29 2592.41
201809 60 0.73 43.06 2410.86
201810 62 0.71 52.74 3876.96
201811 61 0.72 48.16 3047.93
201812 61 0.73 45.63 2439.54

Table 8: Monthly summary statistics for the full network of market members active on SKF in 2018.
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month nodes clustering coefficient avg degree

201801 40 0.13 6.65
201802 42 0.18 7.90
201803 48 0.07 6.95
201804 41 0.14 6.68
201805 43 0.10 5.90
201806 42 0.08 6.38
201807 41 0.08 6.53
201808 41 0.07 6.53
201809 35 0.17 6.00
201810 47 0.16 7.40
201811 44 0.12 6.22
201812 40 0.09 5.75

Table 9: Monthly summary statistics for the network of over expressions for the market members
active on SKF in 2018.

month nodes clustering coefficient avg degree

201801 27 0.35 7.77
201802 31 0.48 9.80
201803 32 0.46 9.25
201804 29 0.42 8.75
201805 32 0.35 6.87
201806 33 0.39 6.42
201807 31 0.44 7.22
201808 31 0.44 7.67
201809 30 0.38 6.40
201810 34 0.36 7.82
201811 29 0.44 9.03
201812 28 0.39 6.64

Table 10: Monthly summary statistics for the network of under expressions for the market members
active on SKF in 2018.



31

11 Networked relationships and exchanged volume

In this section we show how the increase over time in over/under expressed relationship involves larger

fractions of the exchanged volume. Figure 19, reveals that the overall fraction of volume exchanged in

networked relationships is increasing over time. Given the contextual increase of both over and under

expressions in the investigated periods, we normalized the results of Figure 19 by looking at the distribu-

tion ofthe fraction of volume that is exchanged by each networked couple (Figure 20). The Figure shows

how on average, each over expressed couple is exchanging an increased share of volume over time, while

the volume exchanged by under expressed couples remain constant (and is much lower in value). These

results suggest that the establishment of networked relationships is significantly impacting liquidity flow,

on a scale that has been increasing over time.
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Figure 19: Fraction of volume exchanged through over/under expressed links. Violin plots of
the distributions of fraction of the overall volume exchanged through over (top row) and under (bottom

row) expressed links in the different venues and periods.
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Figure 20: Fraction of volume exchanged by over/under expressed couples. Violin plots
of the distributions of fraction of the overall volume exchanged by a single over (top row) and under

(bottom row) expressed couple of market members in the different venues and periods.
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12 Strategic liquidity provision

In this section, we investigate the changes observed in the market interactions of market members acting

in the investigated venues. The aim of this section is to highlight widespread types of strategic decisions

of two categories of market members acting in the Stockholm venue in 2011 and 2018. The two categories

are HFTs and non HFTs. As already discussed in the main text, we use public information present in

news, web pages, and technical literature to identify market members that have the technical ability to

act as HFTs at the Stockholm Stock Exchange. The list of these market members is given in Section 2

of this SI. Unfortunately, a similar information is not accessible for our data of the LSE because we only

know anonymized identity of market members for this venue. For the LSE we will present results that

are obtained by analyzing all market members without dividing them in different categories.

In Figure 21 we show several scatter plots of the median of the time to fill for all transactions observed

between all pairs of market members acting as aggressor or counterpart on BP (at LSE during 12 2006),

ELUX (at XSTO during 12 2011), VOLVO (at XSTO during 12 2011), SKF (at XSTO during 03 2018),

and HM (at XSTO during 03 2018) shares. In addition to the scatter plot, each panel of the Figure also

shows histograms of the median time to fill for both directions (market member 1 acting as aggressor and

market member 2 as counterpart (x-axis) and market member 2 acting as aggressor and market member

1 as counterpart (y-axis)). The trading activities of these stocks are representative of the two venues

because BP was the most liquid stock at LSE in 2006 whereas Volvo and HM were the most liquid stocks

at XTSO in 2011 and 2018 respectively. ELUX and SKF had approximately the same number of monthly

transactions as BP in 2011 and 2018 respectively. The x-value of each symbol of the scatter plot is the

median of the time to fill observed between market member i acting as an aggressor and market member

j acting as a counterpart whereas the y-value of the same symbol is the median of the time to fill observed

when the role of the two market members is reversed, i.e. market member j is acting as an aggressor

and market member i is acting as a counterpart. Red symbols highlight median of time to fill of pairs of

market members that have an over-expressed number of transactions in at least one of the two directions

whereas blue symbols highlight pairs with an under-expressed number of transactions in at least one of

the two directions. Green symbols label the market member pair characterized by over-expression in one

direction and under-expression in the opposite one. Gray symbols indicate median of time to fill of pairs

of market members with a number of transactions compatible with the null hypothesis of random pairing
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expected in terms of the heterogeneity of the trading activity. The scatter plot uses logarithmic scales in

both axes to approximately cover ten order of magnitudes.

The panel of Figure 21 showing results for BP in 2006 presents a marginal distribution of the median

of the time to fill that is relatively localized (it covers approximately four orders of magnitude) and

approximately bell-shaped (suggesting a lognormal profile). Only a limited number of pairs shows values

of the median at the minimal time resolution of the date (at that time one second). The large majority

of over-expressed and under-expressed pairs present a value of the median of the time to fill of the order

of 100 seconds. The behavior is pronouncedly different for XSTO in 12 2011 and in 03 2018 for a large

set of stocks covering the most liquid stocks (as VOLVO in 2011 and HM in 2018) and more generally

highly traded stocks (we present as typical examples ELUX in 2011 and SKF in 2018). The interval

of the median time to fill broads dramatically in XSTO covering more than eight order of magnitudes

affecting deeply the shape of the marginal distribution. In the new settings market members able to act

on a very fast time scale take both roles of liquidity providers (i.e. acting as counterparts present in the

limit order book) and as liquidity takers (i.e. acting as aggressor when sending market orders to the limit

order book). The typical time of their action depends on the role they take. Scatter plots of transactions

occurring at XSTO in 2011 and 2018 are deeply different from scatter plots observed at LSE in 2006.

Specifically, we observe a pronounced increase in heterogeneity of the median time to fill observed for

the two directions of each pair of market members, with the scatter plot evolving from a circular blog

observed in 2006 to a cross-like broad shape observed in 2011 and 2018. We interpret this deep change

as a sign of diversification of the statistical choices available to market members accessing the technology

and information typically available to HFTs.

In Tables 11-13, we report the number of transactions and the median of the time to fill for transactions

of four representative stocks ELUX (Tables 11,13), SKF (Tables 12,13), VOLVO (Table 13) and HM

(Table 13). In the first group of transactions (set 1) both the aggressor and the counterpart are classified

as non HFT. In set 2 the aggressor is a non HFT and the counterpart is an HFT. In set 3 aggressor is

classified as HFT and the counterpart as non HFT. Both market members are classified as HFTs in set

4. In Table 11 and in Table 12 we show number of transactions and median of the time to fill for the

four sets of market members trading ELUX and SKF during each month of 2011 and 2018 respectively.

In Table 13, we compare the results obtained for ELUX and SKF with the results observed for the most

traded stocks of the corresponding period, i.e. VOLVO in 2011 and HM in 2018.
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The results summarized in Table 11 show a major regime change between July and August 2011.

July 2011 is an important date for the policy followed at the NASDAQ OMX venue. In fact on July 1,

2011, a fee on excessive order entry was introduced and applied in case of order to trade ratio exceeding

250:1. This policy change clearly affected both the total number of transactions and the time scales of

interaction between market members of the two categories. An analysis of the number of transactions

shows that the fraction of transactions occurring between pairs of non HFTs was on average 52.4% of

all transactions. The median time to fill was different for the different sets of transactions executed by

different categories of market member pairs. Specifically, in the first time period with the policy about

no fee related to the order to trade ratio (i.e. for the period before July 2011) the transactions with

the shortest median time to fill were the transactions executed by pairs of HFT MMs. In the second

time period (i.e. after July 2011) the shortest median time to fill was observed when HFT acted as

counterparts providing liquidity to non HFTs (set 2). In both time periods, transactions whit a HFT

acting as an aggressor and a non HFT acting as a counterpart (set 3) show an average value of median

of the time to fill shorter, or just slightly shorter than the median time to fill observed for transaction

occurring between non HFTs (set 1). In summary, our aggregate analysis shows a role of the HFT MMs

as liquidity providers but also a systematic and persistent activity as liquidity takers. The impact of the

change of policy decided by NASDAQ OMX on July 2011 shows empirically that the typical time scale of

the interactions between the two categories of MMs is strongly affected by policy decisions of the market

venue.

The results summarized in Table 12 show the same quantities for SKF in 2018. During this year major

policy changes were absent and in fact no change of regime is detected from the data. We have selected

BP in 2006, ELUX in 2011 and SKF in 2018 to have a case study with approximately the same average

number of transactions. It is therefore worth noting that the fraction of transactions of set 1 significantly

decreased from 2011 to 2018. In fact in 2011 the percent of set 1 transactions was 52% whereas in 2018

the same percentage was just 34%. Another pronounced change is observed for set 3 (HFT acting as

aggressor and non HFT acting as counterpart). For this other set the percentage of transactions increases

from 19% in 2011 to 38% in 2018.

In summary, in 2018 HFTs were acting less as liquidity providers and increased their activity as

liquidity takers. In 2018, the average values of the median time to fill are as follows. The shortest value

is observed for set 4 where both MMs are HFTs. When HFTs are acting as liquidity providers (set 2)
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the median time to fill is also pretty short. However, when HFTs are acting as liquidity takers of a non

HFT counterpart (set 3) the median time to fill is comparable with the time to fill of a pair of non HFTs

(set 1). In other words, when HFTs are acting as liquidity takers they act in a way very similar to non

HFTs.

The results observed for ELUX and SKF are representative for several highly liquid stocks. In Table 13,

we compare the behavior observed for ELUX and SKF with those of the most liquid stocks that were

present in the market during a quarter of the same investigated time period. As already shown, the most

liquid stocks (in terms of number of transactions) were VOLVO in 2011 and HM in 2018. The decline of

the fraction of transaction of set 1 is also present for the most liquid stocks. In fact this fraction was 66%

for VOLVO in 2011 and just 37% for HM in 2018. As for ELUX and SKF, in parallel to the decrease of

the number of transactions of set 1 we observe a pronounced increase of the fraction of transactions of

set 3 and set 4.

Our observations are consistent with the hypothesis that MMs acting as HFTs perform transactions

with a portfolio of strategies that can be roughly classified in four types of strategies sketched as follows:

(a) HFTs act as market makers, i.e. as intermediary to facilitate the exchange between non HFTs

(the classic description of this role can be found in Grossman, S.J. and Miller, M.H., 1988. Liquidity

and market structure. the Journal of Finance, 43(3), pp.617-633.); (b) perform proprietary statistical

arbitrage; (c) perform predatory trading during the execution of a large order of an institutional investor

sequentially executed (as discussed in Brunnermeier, M.K. and Pedersen, L.H., 2005. Predatory trading.

The Journal of Finance, 60(4), pp.1825-1863.) and (d) execute back-run on a detected ongoing large

institutional order (as discussed and modeled in Yang, L. and Zhu, H., 2020. Back-running: Seeking and

hiding fundamental information in order flows. The Review of Financial Studies, 33(4), pp.1484-1533.

and as shown with empirical evidence in Van Kervel, V. and Menkveld, A.J., 2019. High-frequency

trading around large institutional orders. The Journal of Finance, 74(3), pp.1091-1137.).

Our results show that HFTs interacting with distinct MMs are characterizing their action taking

into account the probable identity of the counterpart (obtained from access to dedicated data sold by

data providers and/or accessing data of different venues used in parallel in real time) and classifying the

possible trading strategy of the considered MM. Once a proxy is reached for the identity and scope of

MMs acting on a given stock a decision is taken whether the HFT should provide liquidity or extract

liquidity from the selected market member. When these actions are repeated several times to complete
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Month Number of transactions Median of the Time to fill
Month Set 1 Set 2 Set 3 Set 4 Set 1 Set 2 Set 3 Set 4

Nhft>Nhft Nhft>Hft Hft>Nhft Hft>Hft Nhft>Nhft Nhft>Hft Hft> Nhft Hft>Hft

2011 01 53293 14769 22527 4591 17.29 15.88 10.53 8.18
2011 02 64078 23286 20763 5794 17.44 12.16 9.16 3.63
2011 03 47137 17300 18639 4761 24.06 10.73 19.64 8.20
2011 04 50673 14638 14331 2978 35.46 18.59 22.84 6.95
2011 05 44696 22334 13284 4120 36.70 19.30 17.68 4.41
2011 06 41356 25124 15746 5676 26.87 11.83 17.19 2.71
2011 07 43357 21606 16237 4655 18.59 8.88 12.96 2.62
2011 08 66732 39413 31426 7513 9.96 2.98 8.77 7.04
2011 09 57537 31348 21690 5484 10.67 6.05 9.33 9.28
2011 10 69245 33917 25200 4891 11.01 5.01 11.92 12.36
2011 11 61552 29730 23750 4906 12.00 5.58 11.94 11.66
2011 12 39721 17067 15644 3783 20.68 9.31 18.53 11.81

avg 01-12 53281 24211 19936. 4929 20.06 10.52 14.21 7.40
avg 01-06 50206 19575 17548 4653 26.30 14.75 16.18 5.68
avg 08-12 58957 30295 23542 5315 12.86 5.79 12.10 10.43

Table 11: Number of transactions and median of the time to fill for all transactions of
ELUX in 2011. The transactions are divided in 4 groups. In the first group (set 1) both the aggressor
and the counterpart are classified as non HFT. In set 2 the aggressor is a non HFT and the counterpart is
an HFT. In set 3 aggressor is classified as HFT and the counterpart as non HFT. Both market members

are classified as HFTs in set 4.

large orders in the electronic order book these repeated preferences or avoidances end up into networked

relationships (or avoidances) that can last for several months.

In Figure 22 we show a summary of the over-expression (indicated with red box) or under-expression

(blue box) detected between non HFT (listed in the x-axis) and HFTs (listed in the y-axis) for the repre-

sentative stocks ELUX and VOLVO traded on December 2011. The two top panels refer to transactions

where the aggressor is an HFT and the counterpart is a non HFT whereas the two bottom panels refer

to transactions where the HFT is a counterpart and the non HFT is an aggressor. Market members are

ordered in terms of the total number of transactions of VOLVO from left to right for the x-axis and from

top to bottom for the y-axis. The figure shows that different HFTs present a pattern of over-expression

and under-expression of transactions both when they are acting as aggressors (top two panels) and when

they are acting as counterpart. In December 2011 the degree of deviation from the null hypothesis was

more pronounced for transactions performed by HFTs as counterparts.

In Figure 23 we show the same information for the stocks SKF and HM traded on March 2018. In

this figure market members are ordered in terms of the total number of transactions of HM from left

to right for the x-axis and from top to bottom for the y-axis. The number of over-expressions have
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Month Number of transactions Median of the Time to fill
Month Set 1 Set 2 Set 3 Set 4 Set 1 Set 2 Set 3 Set 4

Nhft>Nhft Nhft>Hft Hft>Nhft Hft>Hft Nhft>Nhft Nhft>Hft Hft> Nhft Hft>Hft

2018 01 27750 19604 44378 13696 17.64 5.254 18.24 0.3602
2018 02 43971 25050 54856 12712 10.08 3.114 10.23 0.9608
2018 03 42907 25454 38634 7659 14.35 3.246 15.22 0.9705
2018 04 45816 23537 39640 7888 12.11 2.970 11.45 1.0103
2018 05 34921 16652 36819 6144 14.85 2.557 15.75 1.0108
2018 06 27459 12387 36091 4355 15.77 2.737 16.56 1.0246
2018 07 37580 16849 41107 6337 14.22 1.791 16.24 0.2714
2018 08 27197 17468 28848 6258 21.98 2.626 23.18 1.0397
2018 09 24121 15319 26284 6214 20.34 1.925 21.91 0.1102
2018 10 40361 24083 43497 11387 12.62 1.536 14.15 0.1380
2018 11 30080 17767 34976 9255 13.36 2.790 14.59 0.4685
2018 12 24935 12431 29933 6081 16.75 2.608 17.99 0.2123

avg 33925 18883 37922 8166 15.34 2.76 16.29 0.631

Table 12: Number of transactions and median of the time to fill for all transactions of SKF
in 2018. The transactions are divided in 4 groups. In the first group (set 1) both the aggressor and the
counterpart are classified as non HFT. In set 2 the aggressor is a non HFT and the counterpart is an
HFT. In set 3 aggressor is classified as HFT and the counterpart as non HFT. Both market members

are classified as HFTs in set 4.

significantly increased especially when the HFTs act as aggressors (top two panels). Under-expressions

are still present and their presence is in some cases distinct depending whether the HFT is acting as an

aggressor or a counterpart (see the cases of market members AVA and NON for HM, it is worth noting

that both AVA (Avanza Bank) and NON (Nordnet Bank) are brokers proving market access to retail

investors).

In summary networked interactions are detected by our complex network methodology in all the in-

vestigated venues. Their role has been dramatically increasing since the diffusion of HFTs and market

fragmentation. It was very limited at LSE in 2006, quite pronounced at XSTO in 2011 and very pro-

nounced at XSTO in 2018. The degree of networking between different pairs of market members observed

at XSTO in 2011 and 2018 is compatible with trading decisions that have been more and more tailored

depending on information on market decisions performed by different classes of investors. The method-

ology of detection of over-expressed and under-expressed interactions occurring in a market allows us to

highlight and localize in time the choices of some market members. Our results allow us to conclude

that HFTs over time choose to switch between an activity as market maker providing liquidity to the

market to an alternative parallel activity as back-runner when the process of information arriving from

the order book and/or from other venues indicates a potential revision of market views with respect to the
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Month Number of transactions Median of the Time to fill
Set 1 Set 2 Set 3 Set 4 Set 1 Set 2 Set 3 Set 4

Nhft>Nhft Nhft>Hft Hft>Nhft Hft>Hft Nhft>Nhft Nhft>Hft Hft> Nhft Hft>Hft

Elux

2011 10 69245 33917 25200 4891 11.01 5.01 11.92 12.36
2011 11 61552 29730 23750 4906 12.00 5.58 11.94 11.66
2011 12 39721 17067 15644 3783 20.68 9.31 18.53 11.81

Volvo

2011 10 208977 66328 35486 5200 5.98 2.98 6.87 5.27
2011 11 177944 60150 26569 3368 6.53 3.76 4.60 3.56
2011 12 140734 45768 22446 3035 8.52 7.77 4.90 4.25

SKF

2018 01 27750 19604 44378 13696 17.64 5.254 18.24 0.3602
2018 02 43971 25050 54856 12712 10.08 3.114 10.23 0.9608
2018 03 42907 25454 38634 7659 14.35 3.246 15.22 0.9705

HM

2018 01 89470 55841 91863 31383 11.60 2.14 11.55 1.02
2018 02 117250 64836 92897 27387 8.61 2.07 8.25 0.87
2018 03 112999 63403 95297 26516 9.13 1.97 10.02 1.01

Table 13: Number of transactions and median of the time to fill for all transactions of for
the four representative stocks ELUX ( 10-12 2011), Volvo (10-12 2011), SKF (01-03 2018)
and HM (01-03 2018). The transactions are divided in 4 groups. In the first group (set 1) both the
aggressor and the counterpart are classified as non HFT. In set 2 the aggressor is a non HFT and the
counterpart is an HFT. In set 3 aggressor is classified as HFT and the counterpart as non HFT. Both
market members are classified as HFTs in set 4. The number of transactions and the median of time

to fill of different stocks investigated show similar patterns in the same time period.

fundamental price of the traded asset. The market members with technological and information access

allowing them to perform as HFTs are therefore using a portfolio of strategies that might improve or de-

prive liquidity provision depending on the market state and market decisions of other market participants.

Such conditional liquidity provision might be one of the reasons for the empirically detected increase of

micro flash crashes during the last ten years. In conclusion, it is worth noting that our complex network

approach based on the detection of statistically validated links allows highlighting over-expression or

under-expression of the number of market transactions observed between pairs of market members on a

time scale of a few days without knowing detailed information about the trading strategies performed by

specific market members (an information that was essential in other studies providing evidence of back

running as, for example, the study of Van Kervel, V. and Menkveld, A.J., 2019. High-frequency trading

around large institutional orders. The Journal of Finance, 74(3), pp.1091-1137.).
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Figure 21: Scatter plot of the median time to fill for all pairs of market members acting
both as aggressor and counterparts. The value of the x-axis is the median time to fill when market
member 1 is acting as an aggressor and market member 2 is acting as a counterpart whereas the value of
the y-axis is the median time to fill when market member 2 is acting as an aggressor and market member
1 is acting as a counterpart. The time unit is second. A red symbol indicates over expression of the
number of transactions in at least one direction, a blue symbol under under expression of the number
of transactions in at least one direction, a green symbol indicates over-expression in one direction and
under-expression in the opposite one, and a gray symbol indicates a number of transactions compatible
with the null hypothesis taking into account the heterogeneity of the trading activity of market members.
Each panel also presents the histogram of the median of time to fill in both directions. The representative
stocks analyzed are BP in December 2006 (left panel), ELUX in December 2011 (middle top panel),
VOLVO in December 2011 (middle bottom panel), SKF in March 2018 (right top panel) and HM in

March 2018 (right bottom panel).
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Figure 22: Over-expression (red box) or under-expression (blue box) observed between a
HFT (y-axis) and a non HFT (x-axis) for the stocks ELUX and VOLVO during December
2011. The top two panels show results obtained when the HFT is acting as an aggressor and the non
HFT is acting as a counterpart whereas the bottom two panels show results obtained when the non
HFT is acting as an aggressor and the HFT is acting as a counterpart. Marked members are ranked in
terms of the total number of their transaction from top to bottom for HFT (y-axis) and from left to

right for non HFT (x-axis).
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Figure 23: Over-expression (red box) or under-expression (blue box) observed between
a HFT (y-axis) and a non HFT (x-axis) for the stocks SKF and HM during March 2018.
The top two panels show results obtained when the HFT is acting as an aggressor and the non HFT
is acting as a counterpart whereas the bottom two panels show results obtained when the non HFT is
acting as an aggressor and the HFT is acting as a counterpart. Marked members are ranked in terms
of the total number of their transaction from top to bottom for HFT (y-axis) and from left to right for

non HFT (x-axis).


