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Abstracts: This paper addresses the ongoing debate regarding the social benefits of two significant
recent changes in the equity market microstructure: high-frequency trading (HFT) and trade fragmentation.
Employing a unique, extraordinarily large dataset of millisecond time-stamped trades and quotes from 2008
to 2016, enriched with data from the London Stock Exchange (LSE) and three multilateral trading facilities
(MTFs)—CHIX, Bats, and Turquoise, this study evaluates how HFT and fragmentation simultaneously im-
pact market liquidity through a cross-market simultaneous equations model approach. The analysis reveals
novel findings at the intersection of HFT and fragmentation, identifying an interlinkage that influences, at
least partially, the extent of their individual effects on liquidity. The results demonstrate that HFT enhances
liquidity across trading venues, with advanced low-latency features at the exchange level significantly nar-
rowing both quoted and effective spreads. CHIX, in particular, stands out for attracting HFT due to its
superior low-latency technology since its inception. Market fragmentation harms the primary exchange’s
liquidity while improving that of alternative trading exchanges. Further, cross-market liquidity and HFT
activities suggest that HFT market-making activities are interconnected across markets, with HFT liquidity
supply being higher at exchanges where spreads are wider. The impact of HFT is also time-invariant; it not
only sustains but also improves market liquidity during periods of financial crisis. Additionally, HFTs con-
centrate on the primary exchange during periods of higher volatility. A statistically significant market-wide
HFT component positively affects HFT activities across markets. Among other determinants, fragmentation

positively affects HFT—the higher the fragmentation, the more HFT activity.
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1 Introduction

Over the past two decades, the advent of sophisticated computing technology has brought about
pathbreaking changes in financial marketplaces (Biais and Foucault, 2014; O’Hara, 2015). Ma-
chine intelligence has empowered human civilization to perform tasks with ease, speed, and at
low cost, but it has also raised concerns about welfare-damaging, inequitable competition between
humans and machines. One such change in market microstructure that has attracted considerable
attention from regulators, practitioners, and academics is high-frequency trading (HFT). In today’s
equity market, a large share of trading volume is conducted by HFTs (Boehmer, Fong and Wu,
2021), and there has been public debate since 2009 about its effects (Menkveld, 2016). The rise of
machines has also led to the proliferation of machine-friendly trading venues and their high-speed
connecting channels. Two remarkable financial market regulation changes in the recent past, Reg
NMS (in the US) and MiFID (in the EU), broke the long-dominated concentration rule and opened
up the avenue for dispersing trades across venues. However, the effects of new exchange compe-
tition and trade fragmentation on market quality have also raised concerns (O’Hara and Ye, 2011;
Degryse, De Jong and Kervel, 2015).

As academics, practitioners, and regulators strive to address these issues, the hidden mecha-
nisms of the high-frequency trading world are becoming more visible. It has been conjectured that
HFT and market fragmentation have ridden on each other in their advancement. Menkveld (2014,
2016) argue, “...the two most salient trends in securities markets since the turn of the century—
order flow fragmentation and HFT entry—are intimately related and both driven by technology
and regulation. ... There is arguably a symbiotic relationship between new electronic venues and
HFTs. These new venues need HFTs to insert aggressively priced bid and ask quotes, and HFTs
need the new venues to satisfy their requirements in terms of automation, speed, and low fees.”
This paper explores this novel aspect of market complexity and investigates how HFT and market
fragmentation interact and impact market quality. In doing so, it focuses on the European equity
market, which has experienced both the influx of HFT and market fragmentation and, to the best of
our knowledge, has not been the subject of a study on this issue to date.

The MiFID regulation repealed the concentration rule? in the European equity market, allowing

2The concentration rule led to a situation where a single stock exchange dominated each member state in the EU.



new electronic trading venues to compete with traditional stock exchanges. Following this, ex-
changes invested heavily in technology (Linton and Mahmoodzadeh, 2018) to reduce latency3, and
several alternative exchanges were launched. As a result, order flow has become spread across mul-
tiple trading floors, leading to a fragmented market. High-frequency traders, who use low-latency
strategies (Hasbrouck and Saar, 2013), have benefited from this investment in technology. The reg-
ulation has facilitated the creation of high-frequency trading (HFT) market access across European
equity markets.

The current marketplace is highly fragmented, and market participants can employ smart order
routing (SOR) techniques to find liquidity across multiple trading venues. The potential counter-
parties for HFT market-makers have a large selection of trading venues on which they can trade.
To interact with this order flow, HFTs must be present on all these trading venues (The Netherlands
Authority for the Financial Markets, 2016). O’Hara (2015) argues that HFT is strategic because it
maximizes against market design, other HFTs, and other traders, and HFTs need to optimize in a
market that contains other HFT players. The cross-market HFT presence makes limit order books
linked across markets, and so too, order flows and price behavior. I address this added cross-market
complexity in HFT research in this paper by analyzing the impact of HFT and market fragmentation
on market liquidity. In doing so, I use a novel approach that can tackle the simultaneity of HFT
activities across markets.

I primarily examine how HFT and fragmentation affect market liquidity in a cross-market set-
ting. The research setup I use to examine the primary research question also allows me to investigate
other related issues such as the drivers of HFT within and across markets, the nature of exchange
competitions, etc. To answer these questions, I use millisecond time-stamped TRTH data from the
LSE and three alternative electronic exchanges. The dataset covers the entire post-MiFID period
until 2016. I develop daily measures for liquidity, HFT, and fragmentation across the four markets
included in the sample. I also develop some consolidated measures to reflect the level and evolution
of exchange competition over time. I estimate the simultaneous equations model using the three-
stage least squares method for the full sample as well as its suitable subsamples classified based on

both cross-sectional and time-series dimensions.

3According to Hasbrouck and Saar (2013), latency is viewed as the time it takes to learn about an event, generate
a response, and have the exchange act on the response.



The results suggest that HFT enhances liquidity across markets, significantly narrowing both
quoted and effective spreads due to lower latency at the exchange level. Particularly, CHIX stands
out in attracting HFT due to its market model and better response to the market demand for ad-
vanced low-latency technology compared to its rivals since its inception. Additionally, the findings
indicate that while market fragmentation reduces liquidity at the primary exchange, it increases it
at alternative trading venues. The evidence also suggests that trader preferences for technological
differentiation at the exchange level play a crucial role in modern markets.

The results concerning cross-market liquidity and HFT activities suggest that HFT market-
making activities are interconnected across markets, with HFT liquidity supply being higher at a
particular exchange when spreads are wider there and narrower at others. This finding is supple-
mented by the observation that a market-wide HFT component positively influences exchange-level
HFT activities. Additionally, volatility impacts HFT activity differently across trading venues: it
decreases HFT activity in alternative exchanges but increases it in the primary exchange. More-
over, fragmentation is positively correlated with HFT activity—the higher the fragmentation, the
greater the observed HFT activity. Among other factors, order sizes, relative tick sizes, and volatil-
ities have a significant impact on HFT activities. Additionally, HFTs concentrate in the primary
exchange during periods of higher volatility.

Analyses extended to large and small stocks provide evidence that HFT remains active in highly
liquid stocks even when spreads are narrow. To stay competitive, HFTs must frequently update
their quotes in these liquid stocks, necessitating that they continue to supply liquidity even when
it becomes less profitable. The time-varying analysis confirms that the overall direction of the as-
sociations between HFT and liquidity, and market fragmentation and liquidity, remains relatively
stable over the sample period, albeit with some time-varying impacts.

The rest of the paper is structured as follows. Section 2 links this study with the existing body
of literature. Section 3 describes the data and measures and presents descriptive evidence. Section

4 explains the research strategies and discusses the main results. Section 5 concludes.



2 Relevant Literature

This paper covers three related aspects: 1) HFT, its drivers, and speed competition across exchanges;
i1) market fragmentation; and iii) their impact on market liquidity. I briefly mention here some stud-
ies that are more relevant to this study.

The evidence provided in several studies (Hendershott, Jones and Menkveld, 2011; Hasbrouck
and Saar, 2013; Boehmer, Fong and Wu, 2015) on the relationship between AT/HFT and market
quality shows that AT/HFT improves liquidity. The papers studying the impact of market fragmen-
tation on market quality (O’Hara and Ye, 2011; Gresse, 2017; Degryse et al., 2015) mostly support
the view that market fragmentation improves liquidity. The novelty of my paper is that I study both
HFT and market fragmentation across markets using a panel dataset for a relatively long period
compared to those mostly used in the literature.

The spirit of this paper is close to the papers that study HFT and market fragmentation across
markets, like Upson and Van Ness (2017) and Brogaard, Hendershott and Riordan (2014), but the
approach and measures that I use are different from those they used in their research. This paper also
joins the strands of HFT literature related to: i) examining HFT liquidity supply and demand within
and across markets (Hendershott and Riordan, 2013; Carrion, 2013; Menkveld, 2013); i1) study-
ing HFT in LSE-listed stocks (Brogaard, Hendershott, Hunt and Ysusi, 2014; Jarnecic and Snape,
2014); and iii) studying exchange competition (He, Jarnecic and Liu, 2015; Riordan, Storkenmaier
and Wagener, 2011). The motivation of papers (Riordan and Storkenmaier, 2012; Frino, Mollica
and Webb, 2014; Murray, Pham and Singh, 2016; Frino, Mollica, Monaco and Palumbo, 2017;
Brogaard, Hagstromer, Nordén and Riordan, 2015) examining the impact of speed on market envi-

ronments supports the analysis conducted in this paper.

3 Market, Data, Variables and Measures

3.1 Market Background

Two of the most striking recent changes in global equity market design, which have proliferated trad-

ing venues, are the adoption of ’Regulation National Market System (RegNMS)’ in the US in 2005

4] refer to Hossain (2023) and Hossain (2022) for a detailed discussion of the literature related to this study.



and the enactment of MiFID in Europe in 2007, following the developments in the US. The adop-
tion of MiFID in 2007 (and MiFID II in 2018) has proliferated trading venues across the European
equity market. One of the vital changes it brought into effect was abolishing the monopoly power
of traditional exchanges in trading securities and liberalizing them into many trading platforms like
regulated markets (RMs), multilateral trading facilities (MTFs), and systematic internalisers (SIs).
These platforms have different market structures and reporting systems defined under MiFID di-
rectives>.

In broad terms, RMs and MTFs operate similarly, providing an electronic multilateral platform
for users. These trading venues generally match orders on a non-discretionary basis according to
pre-defined rules that establish price and time priority. RMs and MTFs are required to publish pre-
trade quotes and report details of executed trades to the market (CFA Institute, 2011). Both RMs
and MTFs can organize primary listings. However, RMs facilitate the listing of regulated instru-
ments, while MTFs do the same for unregulated ones. In practice, only RMs offer primary listing
services. MTFs prefer not to do so and may be viewed as equivalent to electronic communication
networks (ECNs) in the US (Gresse, 2017). Firms choose the RM for listing, and once listed, MTFs
may organize trading for that firm. SIs are investment firms that internalize order flow to deal on
their own account on an organized, frequent, and systematic basis. Trades executed through SIs are
reported as over-the-counter (OTC) trades. Some large RMs in the European equity market include
the LSE Group (operator of the London Stock Exchange and Borsa Italiana), NYSE Euronext (op-
erating exchanges in France, Belgium, the Netherlands, Portugal, and the United Kingdom), and
Deutsche Borse Group (operator of the Frankfurt Exchange and the Xetra trading system).

The LSE runs electronic order books on which buy and sell orders are continuously matched
from open to close according to price-time priority rules. Automated trading sessions start at 8:00
and close at 16:30 local time. As a supply-side response, significant investments have been made by
the LSE in technology to meet the growing HFT demand for low-latency® trading over the last two
decades. The implementation of the Millennium trading platform has improved its latency to 113

microseconds, compared to 600 milliseconds before the year 2000 (Linton and Mahmoodzadeh,

5In order to capture ‘dark pool’ operators and other similar trading systems, a new category of trading venue called
Organised Trading Facility (OTF) was introduced for non-equity instruments in MiFID II, which came into effect on
January 3, 2018.

6The turnaround time between a message from a trader and its receipt at the exchange platform



2018). Besides RMs, the main MTFs are CHIX, BATS, and Turquoise. These exchanges are
well-equipped with modern latency-based technologies and have become main rivals of primary
exchanges like the LSE. Significant market share has been lost by the LSE to these exchanges in
recent years (Hossain, 2023).

MTFs also run transparent order books in which anonymous orders are matched continuously
during the same trading hours as primary exchanges. MTFs differ in terms of the speed of execu-
tion, the number of securities traded, and trading fee structure (Degryse et al., 2015). Their market
models are adapted to the needs of high-frequency traders by offering low-latency trading with
high throughput rates. Most MTFs follow a so-called maker/taker fee model, offering a transaction
rebate to those who provide liquidity (the market maker) while charging customers who take that
liquidity. The LSE also followed the maker/taker fee model before switching back to a traditional
fee schedule on September 1st, 2009.

3.2 Data

In constructing the sample, the STOXX 8007 is taken as stocks’ universe, and as many samples as
possible are obtained from there®. The primary source of data is Thomson Reuters Tick History
(TRTH)®, a product of the Securities Industry Research Centre of Asia-Pacific (SIRCA), which is
compiled from the Global Thomson Reuters exchange feeds. Two resilient London-based recording
devices provide the millisecond timestamp to each recorded message. The primary analysis of the

TRTH data structure reveals that time synchronization of trades and respective quote messages is

7Please see the section ‘Tables and Figures’ at the end for the referred tables and figures.

8STOXX 800 constitutes the largest 800 market capitalized stocks in Europe. Table 1: Panel A shows the STOXX
800 composition at the end of 2016. It reports that the top 50% of stocks on the list come from only three primary trading
venues: the London Stock Exchange, Deutsche Borse (Xetra), and Euronext Paris, with LSE-listed stocks making up
more than 50%. Tablel (Panel B) shows the market share of both primary and alternative lit trading venues in European
equity markets. Among the trading venues, CHIX, BATS, and Turquoise facilitate most of the lit trading besides the
primary platforms. Remarkably, the present market share of CHIX exceeds that of any other trading venue. These three
alternative trading venues/MTFs are chosen for measuring trade dispersion outside of the listing exchange LSE.

°One of the challenges of HFT and fragmentation research across markets is identifying the same security across
trading venues. TRTH provides unique identification symbology known as the Reuters Instrument Code (RIC). The
RIC structure is complex, with several parameters—defined by a stock’s primary listing venue, trading venues, currency
denominations, etc.—arranged in a specific order to form a RIC. The International Securities Identification Number
(ISIN) provides the unique identification of a stock across exchanges. ISIN and RIC are used to identify sample stocks
across exchanges (See Table 3) for a better explanation, which illustrates how a stock with a unique ISIN but different
RICs is identified across exchanges.



not uniform across trading venues. TRTH provides better quotes and trades time synchronization
for trading venues physically closer to the IDN Collection LAN in London (e.g., LSE, CHIX, BATS,
Turquoise) compared to those located remotely outside of London (e.g., Deutsche Borse (Xetra),
Euronext Paris). This issue raises significant challenges in determining trades and quotes-based
measures of transaction cost, particularly for the effective spread.

Considering the TRTH time synchronization issue, sample choices are narrowed down to the
UK-based LSE-listed stocks included in STOXX 800. To address the fragmented environment
of these stocks appropriately, CHIX, BATS, and Turquoise are selected as their alternative venue
counterparts. These four trading venues facilitated around 99% of lit trading during the period
2014-2016 for the stocks primarily listed on the LSE, and this pattern is quite regular over the sam-
ple period (see Table 1, Panel C). Trades and quotes data have been available from TRTH since
1996 for most primary trading venues, while data for alternative trading venues in the MiFID zone
started to be available from mid-2008. Among the 220 primarily selected stocks from the LSE,
TRTH provides data support for only 204 stocks!°.

TRTH supplies quotes and trades records through two main files: the Time and Sales (TS) and
the Market Depth (MD). The Time and Sales file provides transaction records and the best quote
updates, while the Market Depth file includes the queue of bid and ask limit prices and respective
quantities (displayed in the limit order book). The records in Market Depth can be extracted to
25 best limit prices (based on their availability), of which up to the best 10 levels are extracted.
These two files are downloaded and processed for all stocks primarily selected in the sample (see
Table 2: Panel A). This process requires substantial computing resources and data processing time.
Approximately 885 files of Market Depth data, each containing 70 million records, and 300 files
of Time and Sales data, each containing 110 million records, were processed on average in several
phases before obtaining the usable output.

At this point, a primary analysis shows that among those 204 securities, some are not com-
patible for further analysis due to reasons like delisting, takeovers or mergers with other firms or
liquidation at some point or do not have enough data coverage for all four trading venues for un-
known reasons, and we set a final filter to ensure uniform data coverage of the selected stocks and

exclude them if they do not satisfy the following conditions: (i) data availability in LSE at least from

10Table 2 shows the TRTH data availability for the sample stocks across trading venues.



2006; (ii) data availability in alternative trading venues from 2008 or at least from the 1% quarter of
20091, We are left with 149 stocks after setting the final filter. To be in the safe side and to avoid
the possible econometric pitfalls of an unbalanced panel estimation, we reduce our sample again
to 132 stocks so that all stocks in our sample can confirm uniform coverage over the study period.
Our final sample is a balanced panel of 132 stocks with the coverage of 2624 days each (Table 4).
We also rely on the Thomson Reuters’s Datastream for the relevant data, which are not supported

from TRTH but used in this study (e.g. daily market capitalization).

3.3 Variables and Measures

Market liquidity measures used in this study include the spread (spread;;), the effective spread
(espread;;), the realized spread (rspread;;), the price impact (price_impact), and market depth
(depthi). Alternative proxies for measuring HFT are used, such as a modified Hendershott et al.
(2011) proxy (A ft;;) and the order-to-trade ratio (ord_to_trad,;;). The Herfindahl-Hirschman Index
(HHItrd), the most commonly used definition of market concentration in the literature, is used as
the proxy for order fragmentation across markets. All measures are developed on the four trading
venues at three different levels (where applicable) of the limit order book (BBO, 5 best, and 10 best
LOB quotes)!2. All measures are developed using intraday millisecond trades and quotes records
for the automated trading sessions (8:00-16:30 London time) of the respective exchanges. Addi-
tionally, some consolidated measures across trading venues are developed, which are explained
below.

EBBO. European Best Bid and Offer (EBBO) is a hypothetical aggregate measure of the best
bid and offer prices for LSE-listed stocks across trading venues, equivalent to the NBBO (National
Best Bid and Offer) in the US. Snapshots of the transparent limit order books of all four trading
venues are taken at 500-millisecond intervals during trading hours between 8:10 and 16:25. The
first 10 minutes and the last 5 minutes of the automated trading sessions are excluded to avoid undue
price pressure from the opening and closing sessions. At each snapshot, the best bid (the highest

among the four local bid prices) and the best offer (the lowest among the four local offer prices) are

UTable 2 (Panel B) shows the reduced list of quarterly data used to construct the panel for the period 2005-2016
2For a detailed discussion on variable measures, please refer to Hossain (2022) and Hossain (2023)



defined, and both do not necessarily have to come from the same trading venue.

%cEBBO. The % EBBO measures the frequency by which a trading venue uniquely or jointly
contributes to the EBBO. A trading venue’s contribution to both the lowest ask price and the high-
est bid price is included in the %EBBO. The joint/simultaneous trading venue participation rate
(single/double/triple/quadruple) refers to the number of trading venues contributing to the EBBO
each time. For a unique contribution, the unique venue participation rate measures which exchange
contributes to the EBBO. In the presence of HFTs, these measures are expected to reveal the order
flow competition across trading venues.

Unlike RegNMS, MiFID does not impose consolidated tape and trade-through rules for Euro-
pean markets; rather, it allows some aspects to be decided by the market. For example, MiFID
directives detail the ‘obligation to execute orders on terms most favorable to the client’. This pro-
vision requires firms to take relevant steps to ensure the best possible execution for clients and
consider ‘price, costs, speed, likelihood of execution and settlement, size, nature or any other con-
sideration relevant to the execution of the order’. The %EBBO shows the extent to which limit
order books are linked across European markets in providing competitive quotes.

Quotes update speed. The average quotes update speed shows the average time between two
quotes updates and is measured by dividing the number of quotes updates by the length of the auto-
mated trading sessions (measured in seconds). The measure is expected to reflect the speed aspect

of exchange competition.

Descriptive statistics

This section presents descriptive evidence regarding HFT and market liquidity across four markets
for the period from December 2005 to December 2016, after winsorizing the extreme 1% values
on both tails. To facilitate cross-sectional comparison, the full sample is divided into five equal
quintiles based on market capitalization. Descriptive analyses show both aggregate and quintile-
based measures (mean, median, and standard deviation) and monthly trends over the sample period.
The descriptive evidence provided on the EBBO, %EBBO, and quotes update speed is based on a
subsample of 45 stocks that became fragmented across the main four trading venues in the initial

post-MiFID period, and for which the maximum data support from TRTH is available for the period
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thereafter.

Tables 13 and 14 report the quarterly summary of the %0EBBO for the unique and joint venue
participation rates in the EBBO, and Figures 1a and 1b show the quarterly trends of the same mea-
sures, respectively. Starting from a rate of 100% in the first quarter of 2008, the unique trading
venue participation rate began to decline, while the level of joint participation in the %EBBO in-
creased over the period. During the period from 2008 to 2010, the average single, double, triple,
and quadruple venue participation rates were 54%, 23%, 13%, and 10%, respectively, and remained
perfectly symmetrical on both sides of the order book throughout the years. It is apparent that the
joint participation rate in the % EBBO increased over the period but never exceeded 50%. The
trends in venue participation rates indicate that order flow competition in European markets inten-
sified over the years.

The rivalry between the LSE and CHIX is clearly evident in Table 14, which reports how the
LSE lost its market share to alternative exchanges over the sample period. Since the competition
for order flows in European equity markets started at the end of 2007, CHIX has dominated the
provision of the best bid and ask prices. To remain competitive for HFTs, the LSE made significant
investments in low-latency technology and upgraded the trading system in several phases during
the period from 2006 to 2011. As seen in Table 14, the LSE began to regain some of its lost mar-
ket share starting in 2013. Among the competing venues, CHIX dominated the contribution to the
EBBO. Turquoise was next after the LSE and CHIX in contributing to the EBBO. The EBBO par-
ticipation rate of the exchanges was apparently symmetrical on both sides of the order book.

Figure 1c depicts the trends of quotes update speed across four markets. The trends of both
quotes update speed and % EBBO moved together consistently throughout the sample period—the
higher the quotes update speed, the more the exchanges shared in the %G EBBO—indicating that
exchanges providing better low-latency technology attract more traders/market-makers relying on
speed. Since the enactment of MiFID, the quotes update speed in CHIX was the highest until 2012,
after which the LSE started to take the lead back. Turquoise also appears to have become more
competitive over the years, in contrast to BATS, which lost its competitiveness in the same period.

The summary statistics of HFT proxies across four markets are presented in Tables 5 and 6,
and Figures 3b and 3a show the trends of the respective measures over the period. Among the ex-

changes, the average HFT intensity measured by all proxies is the highest in CHIX. The average
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per-minute message rate (hf12) for the LSE, CHIX, BATS, and Turquoise are 84, 116, 69, and 67,
respectively. The evidence also shows that HFTs predominantly relied on large stocks, a common
feature observed across exchanges. The rising trends of HFT were consistent across exchanges
throughout the sample period. CHIX was found to be more competitive than the LSE in the initial
post-MiFID period (2008-2011), and in the latter period, the LSE appeared to regain its position.
This phenomenon is also consistent with the % EBBO pattern already mentioned.

The descriptive statistics of liquidity measures are presented in Tables 7 and 8, and Figures 4
and 5 show the trends of the same measures across four markets. Among the exchanges, the LSE
provided the tightest quotes, particularly for small stocks over the period. Moreover, both quoted
and effective spreads in large stocks were low in the LSE in the initial period of market fragmen-
tation, which eventually disappeared in the latter period due to fierce exchange competition. Large
stocks are the most fragmented, and it seems that competition in order flows impacted them the
most. As can be seen, effective half-spreads for large stocks were low in almost all trading venues
other than BATS, especially in the latter period of the sample (2013-2016). Figure 9 also shows
that trends in quotes update speed and quoted spreads across trading venues moved together consis-
tently, particularly in large stocks—the higher the quotes update speed, the lower the spreads were.

Figures 7 and 8 show the trends in average quoted depth and trade size across four markets.
For the LSE, both quoted depth and trade sizes started to decrease sharply in the pre-MiFID pe-
riod (2005-2008), particularly in large stocks, and the trend continued throughout the post-MiFID
period. For alternative trading venues, both quoted depth and trade sizes were consistently smaller
than those of the LSE and declined throughout the period. Figure 8 depicts the evolution of trade
size in large stocks and shows that over the years trade size has been declining monotonically across
trading venues, indicating the increasing HFT intensity over the years.

Tables 9, 10, 11, and 12 show the decomposition of effective spreads into realized spreads and
price impacts across four trading venues, and Figure 6 depicts the trends of these measures. The
decomposition is based on four hypothetical post-trade quotes adjustment intervals (10 seconds, 30
seconds, 1 minute, and 5 minutes). As can be seen, price impacts and realized spreads decreased
across trading venues over the period, and realized spreads were negative in all markets for all
measures except for BATS. The evidence suggests that trade execution quality improved across ex-

changes over the years.
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The overall descriptive evidence shows that over the years, quoted and effective spreads nar-
rowed and HFT intensity increased across exchanges. It appears that HFT played a substantial
role in integrating the fragmented European market using the available low-latency structure. As
a result, both quoted and effective spreads converged to low levels across trading venues over the

post-MiFID period. The subsequent sections address the issue more systematically.

4 Methods, Results and Discussions

4.1 A Simultaneous Equations Model Approach

This study builds upon the analysis conducted by Hossain (2023) by employing a methodology de-
signed to address potential endogeneity among liquidity, HFT, and market fragmentation measures.
Market liquidity and HFT influence each other through at least two mechanisms: (i) the long-term
decline in spread-based transaction costs, which may be due to the low market-making costs of
HFTs, and (ii) the increasing competition among HFT firms, driven by substantial investments in
high-speed trading technology. Additionally, evidence suggests that both liquidity and volatility
levels affect HFT participation in the market. From a demand perspective, the proliferation of
modern low-latency trading venues can be seen as a response by trading venues to market demand.
The implementation of the simultaneous equations model is conducted in two phases. First, data
from the primary exchange (LSE) is used to estimate the model in this section. The next section
4.2 presents the models’ estimation across all four trading venues.

Market liquidity appears to play a significant role as one of the determinants of order flow frag-
mentation, as more liquid stocks tend to be more fragmented. While it is more likely that liquidity
influences the fragmentation decision rather than the other way around, it is widely accepted in the
literature that market fragmentation also impacts liquidity. In recent years, the most active chan-
nel affecting quoting and trading activities across markets has been HFT. In response to the rising
demand for HFT, the supply side has rapidly increased the number of electronic exchanges with
low-latency technology across the European equity market. This has resulted in a clear simultane-
ity among HFT, market fragmentation, and liquidity.

To tackle the simultaneity among HFT, market fragmentation, and market quality, a simulta-

13



neous equations model is considered, which is a relatively new approach in market microstructure
research. Buti, Rindi and Werner (2011) and Aitken, Cumming and Zhan (2014) argue that market
quality, fragmentation, and HFT are jointly determined in equilibrium, and they employed simul-
taneous equations models in their studies. Hasbrouck and Saar (2013) also uses a similar approach
in a simpler setting, attempting to determine the impact of low latency on market quality.

The argument here is that market quality (M Q;;), HFT (HFT;), and market fragmentation
(MFrag;;) are determined in equilibrium, and three equations are defined accordingly, one for
each variable. The variables MQ;;, HFT;;, and M Frag;; are included on the right-hand side as
they are found to be determinants of each other in the literature. This setup is expected to overcome

the limitations usually found in IV-GMM specifications. The three-equation simultaneous model is:

M
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+ B4y log(value);; + B5sre) log(mktcap); + B6sre) log(voltintra); + €it(frg)>

where indices i and ¢ represent stocks and days respectively, M Q;; represents one of the two log-
normalized market liquidity measures (spread_bps, espread), HFT;, represents the HFT proxy
(hft2), MFrag; represents the market fragmentation proxy (HHItrd), MQ_;, represents the av-
erage market liquidity level over all stocks in the same size group excluding stock i, MFrag_,,

represents the average market fragmentation level over all stocks in the same size group exclud-
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ing stock i, HFT_;, represents the average HFT intensity over all stocks in the same size group
excluding stock i, log(mktcap) is the log-normalized market capitalization, log(voltintra) is the
log-normalized intraday mid-price range volatility, inv(price) is the inverse of the daily average
price, log(size) is the log-normalized trade sizes, log(value) is the log-normalized trading vol-
umes, rtk;; is the relative tick size, «; is the firm fixed effects, Z%:l Ym 18 the time (month) fixed
effects, and indices (,u¢), (1f1)> and (frq) refer to the respective coefficients of the equations MQ;,
HFT;, and M Frag;; respectively.

The analysis is conducted using a balanced panel of 132 stocks as described in the data section.
Besides the full sample, the analysis is performed separately on large and small stocks to examine
the cross-sectional impact and on three subsamples divided into equal periods: 2008-2010, 2011-
2013, and 2014-2016 to observe the time-varying impact. The estimation method employed is the
GMM approach (H3SLS), which is robust to unknown heteroscedastic error structures. This three-
stage method is asymptotically equivalent to 3SLS when disturbances are homoscedastic (Greene,
2003). It enhances estimation efficiency over the two-stage method (Zellner and Theil, 1962) and
is relevant to this study in two ways. First, the European equity market structure necessitates a
simultaneous equations model, potentially leading to non-zero contemporaneous covariance in the
structural disturbances among M Q;;, HF;;, and M Frag;;. Second, using disproportionate instru-
ments for HFT;;, MFrag;;, and M Q;; results in both identified and over-identified equations in the
system. In both cases, 3SLS maintains full information characteristics.The coefficients estimated
through three-stage least squares are also reported alongside the H3SLS (GMM) estimates to com-
pare their robustness. All estimations include monthly time-fixed effects for each of the 108 months

from January 2008 to December 2016, along with stock-level fixed effects.

Results and Discussion

Tables 15, 16, and 17 report the estimates for the whole sample, large and small stocks, and three
sub-sample periods, respectively, where only quoted spreads and effective half-spreads are used
as dependent variables. Table 15 presents two sets of estimates using GMM and 3SLS for each
liquidity measure, while the others only report GMM estimates. The discussions on estimates for

the models 1, 2, and 3 are presented in order.
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Market Liquidity (M Q;;)

Table 15 shows that all the coefficients estimated through GMM and 3SLS for each model are
highly significant. As expected, the 3SLS estimates are generally stronger than those obtained us-
ing GMM. However, there is one exception where the coefficient of MQ;; in column (III) is not
significant, but the corresponding 3SLS estimates are highly significant. Among the three equa-
tions, the first one is the most interesting, showing the impact on liquidity. Columns I, IV, VII, and
X report the estimated coefficients for quoted spreads and effective half-spreads, respectively. It
shows that higher HFT is associated with narrower quoted and effective spreads, whereas higher
fragmentation is associated with wider quoted and effective spreads. Other estimates show that the
average liquidity level in the same group of other stocks, firm sizes measured by market capital-
ization, volatility, and price level are also determinants of liquidity. Higher market liquidity in the
same size group and higher volatility are associated with wider spreads, whereas larger firm sizes
(market capitalization) and higher price levels are associated with narrower spreads. The results
confirm the evidence documented using OLS in Hossain (2022) Jwith stronger estimates.

The estimates in Table 16 (columns I, IV, VII, X) confirm the same sign of the estimates as
observed in the full sample across large and small stock groups, though with different magnitudes.
This implies that both HFT and fragmentation in smaller cap stocks seem to have a more pro-
nounced effect. The coefficients in Table 17 (columns I, IV, VII) show that the impact of both
HFT and market fragmentation on liquidity has narrowed and even turned non-significant during
2014-2016 for market fragmentation. This might be due to the fact that fragmentation has reached
its saturation stage for the employed stocks, where variations in fragmentation do not create enough

space to explain the changes in liquidity econometrically.

High Frequency Trading (HFT;;)

The coeflicient estimates of equation 2 are reported in Table 15 (columns II, V, VIII, XI). These
estimates explain the factors influencing HFT intensity and extend the understanding of the bi-
directional causality between HFT, market fragmentation, and liquidity. It can be seen that there

are some indirect impacts that channel to liquidity through HFT. The coefficient of M Q; is positive,
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implying that there are one or more mechanisms associating wider quoted and effective spreads with
higher HFT. This likely indicates the phenomenon where HFTs post non-marketable limit orders
as part of their regular market-making activities. Aitken, Harris and Harris (2015) found similar
results and argued accordingly. Evidence suggests HFT participation is not only limited to the BBO
(AMF, 2017). HFTs also post quotes around the BBO and even in the deeper levels of the order

book, depending on market conditions, consistent with the evidence provided in Hossain (2022).

The estimate of M Frag;; implies that a higher fragmentation level is also associated with higher
HFT intensity, as expected. As can be seen, market-wide factors (HFT_;;) play a significant role
in determining HFT, supporting the argument and methodology of HFT instruments development
on market-level HFT activities (Hasbrouck and Saar, 2013). Among other factors, larger firm size
and larger trading volume are associated with higher HFT. On the contrary, higher volatility, higher

relative tick sizes, and higher trade sizes are indicative of lower HFT.

Table 16 provides more insight into the determinants of HFT activities across stocks. A higher
estimate of the coefficient M Q;; for small stocks may indicate that spreads in non-marketable limit
orders become wider when HFTs post them for relatively illiquid stocks. Other results also show
that larger stocks are associated with more intense market-wide factors, relative tick sizes, and trade
sizes. Volatility in small and large stocks appears to have different impacts on HFT, though esti-
mates seem not significant in GMM. Higher volatility in large stocks tends to reduce HFT intensity,
which is consistent with the explanation of Hasbrouck and Saar (2013). It is argued that during pe-
riods of high illiquidity, HFT creates externalities by participating more in illiquid stocks. Similar
evidence is also observed in Hossain (2023) that HFT provided more liquidity during 2008-2009
when it was scarce. However, the same estimates for effective spreads are negative, implying that
mere HFT participation by providing non-marketable quotes may not benefit in reducing the actual
trading cost. Table 17 (columns III, VI, IX) shows a similar effect observed in Table 15 over the
periods, with a few exceptions. HFT appears to provide more intense non-marketable quotes dur-
ing 2014-2016, which is consistent with a less intense HFT impact on liquidity (column VII) in the

same period.
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4.2 A Cross-Market Equilibrium Analysis

In this final part of the analysis, a cross-market simultaneous equations model approach is used to
examine the relationship between HFT, market fragmentation, and liquidity. A multi-market setup
is expected to overcome the endogeneity arising from simultaneity within and across markets. The
endogeneity within a market is well-acknowledged in the HFT literature (Hendershott et al., 2011;
Hasbrouck and Saar, 2013; Boehmer et al., 2015). The concept of endogeneity within a market
suggests that an exogenous shock in liquidity might establish a more (or less) attractive environ-
ment for, and lead to an increase (or decrease) in HFT activities. However, the same argument can
be made for endogeneity across markets, which seems more intuitive considering the existing eq-
uity market structure, especially in Europe. This research design aligns with the recommendations
and evidence of recent HFT literature (O’Hara, 2015; The Netherlands Authority for the Financial
Markets, 2016)13,

The simultaneous equations model that is currently estimated expands and redefines to include
all trading venues in the sample: LSE, CHIX, BATS, and TURQ. The original model comprises
three equations (1-3), each representing one of the three endogenous variables: liquidity (M Q;,),
HFT (HFT;), and market fragmentation (M Frag;;). The market fragmentation variable (M Fragi;)
is excluded in the revised setting because equations are developed for each venue that integrate the
fragmented markets of cross-listed stocks. Consequently, the redefined model for the four trading
venues consists of eight equations. The first four equations position the liquidity variable (M Q;;)

on the left-hand side, while the remaining four position the HFT variable (H F'T;;) similarly.

The cross-market simultaneous equations model is :

M
MQlit = a/i(mq)l + Z Y(mq)im +ﬁ1(mq)1HFTlit +BZ(mq)1HHItrdit +ﬁ3(mq)1MQ—lit (4)
m=1

+ ,84(mq)lln(mktcap)l-, + :85(mq>1 In(voltintra)y;; + ,86(mq)linv(price),~t + €it (g1

3Figure 2 presents some of the evidence provided in The Netherlands Authority for the Financial Markets (2016)
regarding cross-market HFT activity in European markets
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M 4
HFTy; = a/i(hft)4 + Z Y(hft)am + ZﬁV(hf,)vMQvit + ﬁ5(11_ft)4HFT—4it + ﬁ6(hf,)4HHItrd4it
m=1 v=1
| 1)
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where indices 7, t, v represent stocks, time (days), and trading venues respectively, v takes the values
1,2, 3,4 corresponding to LSE, CHIX, BATS, and Turquoise respectively. MQ,;; represents one
of two log-normalized liquidity measures, quoted spreads (spreadjps) or effective half-spreads
(espread); HFT,;; represents the HFT proxy (hft2); HHItrd;; serves as the market fragmentation
proxy. M Q—vit denotes the average market liquidity level across all stocks in the same size group,
excluding stock i at venue v, while H FT—vit indicates the average HFT intensity for the same exclu-
sion criteria. Log-normalized market capitalization is captured by In(mktcap); In(voltintra)vit
measures the log-normalized intraday mid-price range volatility; invprice is the inverse of daily
average prices; [n(size)vit and In(value)vit represent the log-normalized trade size and trading
volume, respectively; rtickvit denotes the relative tick size. The firm fixed effect is denoted by
a;, and the time (month) fixed effects by Znﬁle vm- The coeflicients of the equations for MQ,;;
and HFT,; are indexed by (mgq) and (hft)v, respectively. Market-wide measures on liquidity
(M_Q—vit) and HFT (HFT_,;,) for each venue are based on similarly sized stock groups, classified

by market capitalization.

Model identification and the order condition. To meet the order condition, the number of
exogenous variables that appear elsewhere in the equation system must be at least as large as the
number of endogenous variables in the equation. The number of endogenous variables in equations
(4)—(7) and (8)—(11) are two and five, respectively. The control variables specified in models (4)—
(7) should be considered exogenous. Models (4)—(7) and (8)—(11) use the same control variables

as specified in section 4.1 for Models (10) and (11), respectively. All models share three com-

mon exogenous variables: [n(mktcap), inv(price), and HHItrd;;. The rest—MQ_,;;, HFT_,;,
In(size), In(voltintra), In(volume), and rtick—are based on the respective market and differ
from each other. The system has, in aggregate, more excluded exogenous variables than required

by the order condition, and therefore meets the order condition. The rank condition ensures that
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there is a unique solution to this set of equations. In practical terms, the rank condition is difficult
to establish in large equation systems. Practitioners typically take it as given (Greene, 2003).

The models in equations (4) to (11) were estimated as a system using a panel dataset that in-
cludes variables from all four trading venues (LSE, CHIX, BATS, and Turquoise) for 149 stocks
over 2060 days, from October 2008 to December 2016. Suitable subsamples classified on both
cross-section and time-series dimensions are also used. The three-stage least squares method is
employed, an approach that enhances estimation efficiency over the two-stage method (Zellner and
Theil, 1962) and possesses full information characteristics when the use of disproportionate instru-

ments results in both identified and over-identified equations in the system.

The impact of HFT and market fragmentation on market quality

The results of the simultaneous equations model estimation for the full sample are detailed in Table
18. Panel A displays the market quality equations for liquidity (equations 4—7), with Columns [-IV
detailing quoted spreads, and Columns V—VIII focusing on effective half-spreads.

The main variables of interest, HFT (HFT;;) and market fragmentation (HHItrd;;), exhibit
highly statistically significant estimates across all equations. Notably, all HFT estimates consis-
tently show a negative sign for both liquidity measures, with CHIX presenting the strongest HFT es-
timates among the trading venues. Conversely, the market fragmentation variable, while also statis-
tically significant, displays varying signs across venues: negative in alternative venue equations—
MO (chiv)its MO (batsyit» M O (1urq)ir—and positive in the primary venue equation (M Q (;se)ir)-

The results suggest that HFT enhances liquidity across trading venues, with varying impacts—
the more conducive the exchange-level environment is for HFT, the narrower both the quoted and
effective spreads become. CHIX, in particular, stands out in attracting HFT due to its advanced low-
latency technology since its inception. This evidence aligns with the findings of Hendershott et al.
(2011), Hasbrouck and Saar (2013), and Boehmer et al. (2015), who explore the causal relationship
between HFT and market quality. Additional support is provided by various studies assessing the
impact of external HFT shocks on market liquidity'4. Furthermore, our findings indicate that while

market fragmentation reduces liquidity at the primary exchange, it increases it at alternative trading

14Refer to Frino et al. (2014), Murray et al. (2016), Frino et al. (2017), Riordan and Storkenmaier (2012), and
Brogaard et al. (2015).
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venues. At the primary venue, LSE, the advantages of concentrated markets—scale economics and
network externalities—outweigh the benefits of market fragmentation seen in competitive exchange
environments. Conversely, the opposite is true for alternative exchanges. The evidence suggests
that trader preferences for technological differentiation play a crucial role in contemporary markets.
This study offers unique insights into the complex interplay between the dual impacts of exchange
co-existence from a multi-venue perspective. To the best of my knowledge, no other research to date
reconciles these opposing effects as presented here. Importantly, the findings challenge the notion,
suggested by O’Hara and Ye (2011) and Gresse (2017), that market fragmentation universally im-
proves liquidity, particularly in primary exchanges, though the analytical approach here also differs

from those in their studies.

All estimates for control variables are highly statistically significant and exhibit the expected
signs. Average exchange-level liquidity appears to have varying positive impacts on stock-level
liquidity across exchanges—the lower the exchange-level liquidity, the stronger the effect. Other
contributing factors include a lower inverse price level and intraday volatility, as well as higher

market capitalization, all of which contribute to improved liquidity.

Drivers of HFT

Columns I-IV and V-VIII of Panel B (Table 18) present the results for HFT equations (8)—(11),
estimated for quoted spreads and effective half-spreads, respectively. The estimates for liquid-
ity (M Q,;;), average market-wide HFT (HFT—-vit), market fragmentation (HH Itrdit), trade sizes
(In(size)vit), relative tick sizes (rtickvit), trade volume (In(volume)vit), market capitalization
(In(mktcap)vit), and intraday mid-price range volatility (In(voltintra)vit) are highly statistically
significant across equations, with two exceptions reported in column V. The primary variables of
interest, market liquidity (M Qvit) and market fragmentation (H HItrd;;), highlight the relationships
among HFT, market quality, and fragmentation across different markets. The estimates for market
liquidity, represented by quoted and effective spreads for LSE (M Q (;4.)i) and CHIX (M Q(chix)it),
display positive signs in equations specific to these markets and negative signs for other venues.

Conversely, all estimates for market liquidity in equations for BATS (M Q (bats)it) and Turquoise
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(MQ(turq);;) show positive signs across exchanges. For the other variables, estimates for average
market-wide HFT, market fragmentation, and trade volume are positive, while those for market
capitalization, trade sizes, and relative tick sizes are negative across all equations.

These results concerning cross-market liquidity and HFT activities suggest that liquidity levels
at the LSE and CHIX influence HFT activity across trading venues. Specifically, HFTs supply lig-
uidity to the LSE when quoted and effective spreads are wider at the LSE and narrower at CHIX,
and vice versa for CHIX. Similarly, wider spreads at BATS and Turquoise also appear to increase
HFT activities at both the LSE and CHIX. In the case of BATS and Turquoise, HFTs supply liquid-
ity to both markets when spreads are narrower at the LSE and CHIX and wider in these respective
markets.

The findings imply at least two significant conclusions: first, HFT market-making activities are
interconnected across markets; second, HFTs provide liquidity primarily when spreads are wider.
This evidence aligns with the research of Hendershott and Riordan (2013) and Carrion (2013), who
found that HFTs supply liquidity when it is scarce and demand liquidity when it is plentiful. They
observed that HFTs/ATs are less inclined to submit new orders or cancel existing ones and more
likely to initiate trades when spreads are narrow, reacting swiftly to market events, especially under
wide spread conditions. These observations also support the cross-market HFT strategies described
in The Netherlands Authority for the Financial Markets (2016) and Menkveld (2013).

The results in Table 18 reveal a statistically significant, market-wide HFT component that pos-
itively affects HFT activities across markets. Fragmentation is positively correlated with HFT
activity—the higher the fragmentation, the more HFT activity is observed. Order size is inversely
related to HFT—the smaller the order size, the greater the HFT activity. These findings are consis-
tent with those of Hendershott et al. (2011) and Aitken et al. (2014), who also reported a relationship
between HFT and smaller order sizes. Additionally, relative tick size significantly influences HFT
activities—the lower the relative tick size, the higher the HFT activity. Contrarily, O’Hara (2015)
found that HFTs tend to leave orders in the book longer and trade more aggressively when the rel-
ative tick size is larger. Volatility impacts HFT activity differently across trading venues: higher
volatility decreases HFT activity in alternative exchanges but increases it in the primary exchange.
During periods of high volatility, HFTs prefer executing their strategies on the primary exchange,

aligning with He et al. (2015), who noted that trading concentrates on primary exchanges during
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market stress. These results also support the findings in Hossain (2023) concerning the relation-

ships between HFT, relative tick sizes, order sizes, order volume, and market capitalization.

Large and small stocks

Significant differences in liquidity and HFT across quintiles, as shown by descriptive analyses, have
led to the division of the full sample (149 stocks) into two equal subsamples: a small-cap group (75
stocks below the median market capitalization) and a large-cap group (74 stocks above the median
market capitalization). This division allows for an examination of how firm size influences the re-
sults obtained for the full sample. The system of equations (4)—(11) is estimated for both groups
using quoted and effective half-spreads as dependent variables, mirroring the approach used for the
full sample. The results are reported in Table 19 for large stocks and Table 20 for small stocks, with
Panel A detailing market quality equations (4)—(7) and Panel B covering HFT equations (8)—(11).
Columns I-IV present estimates for quoted spreads, and columns V-VIII for effective half-spreads.
To avoid redundancy, only results that differ from those of the full sample are discussed. All
estimates are highly statistically significant for both groups of stocks, showing almost identical co-
efficient signs as those obtained for the full sample. The market liquidity equations for both large
and small stocks reveal no significant differences in the main variables of interest—HFT and mar-
ket fragmentation—compared to the full sample results. However, the estimates for large stocks
against quoted spreads in Panel B (Table 19) for the LSE and CHIX, which appear in columns I and
I1, differ from those of the full sample, displaying a consistent negative sign across equations. The
estimates for effective half-spreads remain aligned with those of the full sample.

These results indicate that HFT remains active in highly liquid stocks, even when spreads are
narrow. Descriptive evidence reveals that the average quoted spreads in large stocks are approxi-
mately 60% smaller than in small stocks. To stay competitive, HFTs must frequently update their
quotes in these liquid stocks, necessitating that they continue to supply liquidity even when it be-
comes less profitable. It is also important to note that the stocks included in the samples are among
the highest market capitalized stocks on the LSE, predominantly from the FTSE 100 and FTSE 250
indices. The small stocks classified in the subsamples do not necessarily exhibit the characteristics

of typical small stocks mentioned in the literature, which may account for the similar estimates
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observed across different stock groups

Time-varying effects

The analysis is expanded to assess whether the effects of high-frequency trading and market frag-
mentation on liquidity, as well as the determinants of HFT liquidity supply, vary over time. The
original sample is segmented into three subsamples (2008-2010, 2011-2013, and 2014-2016),
each consisting of 149 stocks and covering a three-year period. The system of equations (4)—(11)
is estimated for each subsample using the same liquidity measures as in previous sections. These
subsamples are uniformly classified over the sample period without any specific motivation. The
results are reported in Table 21, with Panel A presenting the estimates for market quality equations
(4)—(7) and Panel B for HFT equations (8)—(11). Columns I-IV and V-VIII provide estimates for
quoted spreads and effective half-spreads, respectively. To conserve space, only the estimates for
the primary variables of interest are reported; however, the unreported estimates are also significant
at the 1% level and exhibit the expected signs

The coeflicient estimates for equations (4)—(7) in Panel A across the three subperiods are all
statistically significant at the 1% level and exhibit the same signs as those reported in Table 18
for the full sample, with the exceptions occurring in columns II and VI. Notably, during the initial
period of alternative trading venues’ operations (2008—2010), one estimate for CHIX is significant
only at the 5% level. This outlier does not impact the overall findings. In the latter period of the
sample (2014-2016), the estimates for HFT appear stronger, while those for market fragmentation
show weaker associations across markets.

The results indicate that the overall direction of the associations between HFT and liquidity,
and market fragmentation and liquidity, remains relatively stable over the sample period, albeit
with some time-varying impacts. Panel B presents the coefficient estimates for HFT equations,
revealing several time-varying effects. For LSE, notable estimates include MQ (4.);; for the pe-
riod 2014-2016 (column I). For CHIX, MQ (;5¢)i; (column II) and M Q (¢ix)ir (columns IT and VI)
during 2008-2010, and M Q (cpix)i; (column II) for 2011-2013 stand out. BATS shows variability
in MQ 4e)i; estimates (columns III and VII) for 2008-2010, and similar estimates (column VII)
for 2011-2013 and 2014-2016. For Turquoise, MQ (cpix)i; in column VIII for 2011-2013 is sig-
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nificant. These fluctuations are primarily associated with LSE and CHIX, suggesting that varying
spread levels at these competitive exchanges influence HFTs’ liquidity supply across markets over
time

The estimates for the period 2008-2010 highlight the intense market competition in European
equity markets following the adoption of MiFID. During these years, CHIX, BATS, and Turquoise
emerged as key alternative trading venues, beginning to compete directly with the incumbent LSE.
Among these Multilateral Trading Facilities (MTFs), CHIX was particularly advanced in offering
low latency trading platforms. Descriptive evidence indicates that during this period, spreads at
CHIX were the narrowest for large stocks, maintaining this position until the end of 2013, when
LSE regained the lead. In response to early losses in market share in 2008, the LSE undertook sev-
eral initiatives between 2007 and 2011 to upgrade its trading system. Consequently, results from
2008 to 2010 show that HFT liquidity supply was positively correlated with the narrower spreads
observed at CHIX across markets. Conversely, during the same period, liquidity at LSE, as mea-
sured by quoted spreads, did not similarly influence HFT liquidity supply across markets.

However, from 2011 to 2013, narrower spreads at LSE began to positively affect HFT liquid-
ity supply across alternative trading venues, while the impact of CHIX’s quoted spreads weakened
across other markets. Between 2014 and 2016, narrower spreads in both LSE and CHIX were

associated with increased HFT liquidity supply across trading venues.

5 Conclusion

To establish the interrelationship between high-frequency trading (HFT), market fragmentation, and
market liquidity, the study employs a unique cross-market simultaneous equations model that in-
corporates measurement variables from all venues with cross-listed stocks where HFTs are actively
engaged as part of their market strategies. This methodology aims to assess the impact of HFT on
market liquidity, acknowledging the symbiotic relationship between HFT and market fragmenta-
tion, as well as the endogeneity that exists between HFT and market liquidity. Using a millisecond
time-stamped intraday dataset, a panel of 132 LSE-listed stocks spanning from 2008 to 2016, this
study provides evidence that HFT enhances liquidity across markets, significantly narrowing both

quoted and effective spreads due to lower latency at the exchange level. Particularly, CHIX stands
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out in attracting HFT due to its market model and better response to the market demand for ad-
vanced low-latency technology compared to its rivals since its inception. Additionally, the findings
indicate that while market fragmentation reduces liquidity at the primary exchange, it increases it
at alternative trading venues. The evidence also suggests that trader preferences for technological
differentiation at the exchange level play a crucial role in modern markets.

The results concerning cross-market liquidity and HFT activities suggest that HFT market-
making activities are interconnected across markets, with HFT liquidity supply being higher at a
particular exchange when spreads are wider there and narrower at others. This finding is supple-
mented by the observation that a market-wide HFT component positively influences exchange-level
HFT activities. Additionally, volatility impacts HFT activity differently across trading venues: it
decreases HFT activity in alternative exchanges but increases it in the primary exchange. Moreover,
fragmentation is positively correlated with HFT activity—the higher the fragmentation, the greater
the observed HFT activity.

Analyses extended to large and small stocks provide evidence that HFT remains active in highly
liquid stocks even when spreads are narrow. To stay competitive, HFTs must frequently update
their quotes in these liquid stocks, necessitating that they continue to supply liquidity even when
it becomes less profitable. The time-varying analysis confirms that the overall direction of the as-
sociations between HFT and liquidity, and market fragmentation and liquidity, remains relatively
stable over the sample period, albeit with some time-varying impacts.

HFTs employ a diverse range of trading strategies (Biais and Foucault, 2014; Hagstromer and
Nordén, 2013). The HFT proxy used in this study does not necessarily reflect the activities of any
specific HFT but rather captures a mixture of strategies. The evidence provided here suggests the
relative dominance of a subset of HFTs who employ strategies that strengthen market environments,
particularly those indicative of market-making HFTs. The evidence from this study holds significant
implications for regulators and trading platform providers, particularly in Europe. Indiscriminate
regulations aimed at hindering HFT activities could severely harm the trading environment and the
welfare of market participants. Encouraging exchanges to enhance HFT-friendly platforms and im-
prove high-speed connectivity could increase market competition and reduce trading costs, while

advancing low-latency technology may enable exchanges to capture greater market share.
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Table 1: The universe of Sample Stocks

This table shows the decomposition of large-cap stocks across European countries (Panel A) as presented in the STOXX 800 index at the end of
year 2016, and relative position of the European lit trading venues based upon total European equity trading volumes (Panel B) and trading volumes
of LSE listed stocks (Panel C).

Panel A : STOXX 800’s Composition

Country (primary listing No. of In- (%)
venues) struments

UK (LSE) 220 27.50
France (Euronext Paris) 95 11.88
Germany (Xerta) 84 10.50
Switzerland (Six Swiss) 61 7.63
Sweden 60 7.50
Italy 47 5.88
Spain 37 4.63
The Netherlands 28 3.50
Denmark 25 3.13

Panel B: Market Share of European Lit Trading Venues (Jan 2014 to Dec 2016)

Exchanges Turnover (%)
(Eurobn)

Batx CXE 5500.47 18.48
LSE 3514.16 11.81
Paris 3239.61 10.89
Deutsche Borse 3060.42 10.28
Turquoise 3051.43 10.25
Milan 2111.71 7.10
Bats BXE 1732.77 5.82
SIX Swiss 1531.50 5.15
Amsterdam 1474.64 4.96
Madrid 1020.24 343
Stockholm 954.50 3.21
Swiss Exchange 424.97 1.43
Copenhagen 352.76 1.19
Brussels 322.49 1.08

Panel C: Market Share of Europen Lit trading Venues for LSE listed stock (Jan 2014 to Dec 2016)

Exchanges Turnover (%)
(Eurobn)

LSE 2736.05 56.19
Bats CXE 1003.66 20.61
Turquoise 729.17 14.97
Bats BXE 355.05 7.29
Aquis 30.96 0.64
Equiduct 8.04 0.17
ICAP Securities 6.4 0.13

Source: Fidessa (https://fragmentation.fidessa.com/)



Table 2: TRTH’s data support over the sample period

This table shows the data availability (from TRTH) for the LSE listed stocks primarily selected for the sample (across major trading venues). Panel
A reports the data availability for the LSE and other three alternative trading venues, BATS, CHIX, Turquoise (TURQ), since 2008. Panel B reports
the data availability for the stocks finally selected for the sample.

PANEL A
Post MiFID TRTH DATA availability for LSE stocks included in STOXX 800

Year BATS CHIX LSE TURQ

Jan05-Dec07 0 0 180%* 0

Jan-08 n.a.** n.a. 182 n.a.

Jan-09 159 159 184 156

Jan-10 160 160 185 162

Jan-11 165 166 190 167

Jan-12 183 183 192 171

Jan-13 189 189 194 174

Jan-14 197 197 198 197

Jan-15 204 203 204 203

Jan-16 205 204 205 204
* availability varies over the period
** pot available

PANEL B
Unbalanced panel constructed by taking eligible stocks from PANEL A

year Qtr LSE CHIX BATS TURQ
2005 1 118 n.a n.a n.a
2005 2 122 n.a n.a n.a
2005 3 131 n.a n.a n.a
2005 4 136 n.a n.a n.a
2006 1 138 n.a n.a n.a
2006 2 139 n.a n.a n.a
2006 3 140 n.a n.a n.a
2006 4 142 n.a n.a n.a
2007 1 143 n.a n.a n.a
2007 2 146 n.a n.a n.a
2007 3 149 n.a n.a n.a
2007 4 149 n.a n.a n.a
2008 1 149 n.a n.a n.a
2008 2 149 138 n.a n.a
2008 3 149 143 n.a 70
2008 4 149 149 136 75
2009 1 149 149 148 85
2009 2 149 149 149 147
2009 3 149 149 149 148
2009 4 149 149 149 148
2010 all 149 149 149 149
2011 all 149 149 149 149
2012 all 149 149 149 149
2013 all 149 149 149 149
2014 all 149 149 149 149
2015 all 149 149 149 149

MMN1 & 1 110 110 110 110



Table 3: Reuters Instrument Code (RIC) structure

This table explains how a stock is identified across exchanges in the TRTH data request environment. This illustration is based on an excerpted
TRTH data request snapshot of HSBC HOLDINGS, an LSE listed UK based company. Under uniform symbology, RIC structure of a stock comprises
two parts: the unique root part which is "HSBA’ in this example and the listing/trading venue extension (upper case ‘L’,‘BS’, ‘TQ’ and ‘CHI’ for
LSE, BATS, Turquoise and CHIX respectively ) that comes after a period .. If a stock is traded in the primary exchange, the first part of the RIC
only includes the ticker root while an additional lower case letter referring an unique primary venue (lower case ’1’ for LSE) is added with the root
if it is traded on any other exchanges. Accordingly, ‘HSBA.L, refers the RIC of the primary exchange LSE, and ‘HSBAIL.CHI’, ‘HSBAIL.BS’ and
‘HSBALTQ’ refer that for alternative exchange CHIX, BATS and Turquoise respectively. The ISIN is unique for a stock and can be used to link all

RICs defined against a stock. The lower section of this table shows a real TRTH data request environment.

RIC ISIN Exchange Name First Date Last Date  Underlying RIC
THOMSON REUTER ORY oin G
Home Request+ Schedule~ Settings+ Usage SpeedGuide Help
New Request
Fields  Oufput Settings
—_—
Wentfer: | 1S (v | Ereraniosmment | (Gall)
Exchange: ‘ AllExchanges v
0 RIC ISIN CUSIP  SEDOL  GICS Exchange Name Type Currency FirstDate  LastDate  ExpiryDate  StrikePrice Optior
O WA CDUNMILD A WA WA MaDL MULLANGD 1 L v R 7 R WA WA
0 Hsaaro GBI00S405286 WA WA A MIL->ALB-> HSBC HOLDINGS 113 GBp 1062004 10722008 A NA WA
0 HSBAEUR.DEp GBI005405286 Njh WA WA GER HSBC HOLDINGS 13 ER 19102007 %0007 NA NiA A
[ Hsaigs GBOQ0S405286 ) WA WA BTE HSBC HOLDINGS 113 GBp BOB  B0007  NA NiA A
0 HSBALTQ (GBAV0S405286 /A NA WA TR HSBC HOLDINGS 13 GBp 01/082008 10007 NA WA A
O Hsaarz (GB005405286 [l A WA [ HSBC 13 GBp 207 7400 NA NiA Ui
[0 Hsaaku GB005405286 N WA A LSE>Nj# HSBC HLDG ORD 13 CBp>EU B0 305208 NA Nk A
[ HsBaLCHI GBO005405286 A NA A CLO->CHI  HSBC HOLDINGS->HSBC HOLDINGS OR 113 GBp 05042008 610007 N WA WA
' HKBLHA (GB005405286 NfA A WA HAN HSBC-HOLDING PLC->HSBC HOLDINGS 113 ER 200 1900008 NA N WA
0 HreLD GBO005405286 N WA A DUs HSBC-HOLDING PLC->HSBC HOLDINGS->**SEE <HSBA 113->225  EUR 10/02000 200082009 NjA NiA WA
[ HKBLH (GBAQ0S405286 NfA WA WA HaM HSBC-HOLDING PLC->HSBC HOLDINGS->SEE <HSBA, 113->225  DEM-SEWR 01/01/19% 20082009 NjA WA A
0 HeLF (GB005405286 A WA WA FRA HSBC-HOLDING PLC->HSBC HOLDINGS->*#SEE <HSBA 1135225 DEMM-SEWR 010Lf1996 200082009  N/A NA WA
[ HKeLEE GBI005405286 N WA WA BER HSBC-HOLDING PLC->HSBC HOLDINGS->*SEE <HSBA, 113->225  DEM->EWR 04/12/1997  20/08/2009 N Nk A
[ Hecvrek GBAQ0S405286 ) WA WA PNK->PKC-: HSBC HOLDING->HSBC HOLDINGS 113 s A07/199 W07 NA WA A
[0 ooosstatHK (GBI00S405286 ) WA WA HKG HSBC HOLDINGS 13 HKD 014206 H/02007  NA NA A
[ HKeLDE GBI005405286 jh WA WA GER HSBC-HOLDING PLC->HSBC HOLDINGS->*SEE <HSBA, 113->225  DEM->EWR 12/10/1998  20/08/2009  NjA NiA A
[ ots0Hk HK0000046344 NfA WA WA HKG HSBC HOLD-GBP->ALLIED PPTWO209->KINGBOARD WO 113->97  HKD 0Lf01/199% 2805009 WA 0.2->0->03 NA
0 Hecpa GBOV0S405286 A WA A PAR->NKT-/ SGA:BIC CC->HSBC HOLDING PLC->HSBCHOLDING-> 2295113 ELR W9 BT SN0 NA WA
O HreLMy (GB005405286 A A WA HUN HSBC-HOLDING PLC->HSBC HOLDINGS->*SEE <HSBA, 113->225  DEM-SEWR 25/05/19%8  20/08/2009  NjA NiA A
[ Hsaamap GBO005405286 ) WA WA BDS HSBC HOLDINGS->**SEE <HSBAMB> 113525 GBp WH0007 062014 NA NiA A
[ HsgaL GB005405286 A WA A LSE HSBC HLDG ORD75p->HSBC HLDG ORD->HSBC HOLDIN 113 GBp 0/01/19% 0007 NA WA A
[0 HsaaxGep (GB005405286 ) WA WA DS->TDS | HSBC HOLDINGS->*#<IC6_UEUR xbo>->+*<HSBAGBP. 113225  GBp->GBP 20102007 05/022009  NjA N WA
O Hsest A A WA WA SES HSBC HOLD - 400 13 HKD 19002004 18102004 0032003 NA A
[ HKeLsc GBAV0S405286 NfA WA WA ST HSBC-HOLDING PLC->HSBC HOLDINGS->**SEE <HSBA, 113->225  DEM->EWR 01/01/19%  20/08/2009  NjA A iy
00 o0osHk (GB005405286 A A A HKG HSBC HOLDINGS 13 HKD 0/01/19% 10007 NA A WA
8 Items.
From: - 2102017 B 1 gm0 B ar Request are: | |

00:00:00.000 ‘ 1:59:59.9%




Table 4: List of the sample securities

The table lists all 132 LSE listed securities (by their RICs) included in the sample for the period 2005 to
2016 with the number of trading days coverage.

RIC Days RIC Days RIC Days RIC Days RIC Days RIC Days

AAL 2624 BWY 2624 GOG 2624 JMAT 2624 PZC 2624 SPX 2624
ABF 2624 BYG 2624 GPOR 2624 KGF 2624 RAT 2624 SRP 2624
ADN 2624 CCL 2624 GRG 2624 KIE 2624 RB 2624 SSE 2624
AHT 2624 CLLN 2624 GRI 2624 LAND 2624 RBS 2624 STAN 2624
ANTO 2624 CNA 2624 GSK 2624 LGEN 2624 REL 2624 SVS 2624
AV 2624 CNE 2624 HIK 2624 LLOY 2624 RIO 2624 SVT 2624
AVV 2624 COB 2624 HLMA 2624 LSE 2624 ROR 2624 SXS 2624
AZN 2624 CPG 2624 HMSO 2624 MCRO 2624 RR 2624 TATE 2624
BAB 2624 CPI 2624 HSBA 2624 MGGT 2624 RRS 2624 TLW 2624
BARC 2624 CRDA 2624 HSV 2624 MKS 2624 RSA 2624 TPK 2624
BATS 2624 DGE 2624 HSX 2624 MRW 2624 RTO 2624 TSCO 2624
BBA 2624 DOM 2624 ICP 2624 MTO 2624 SBRY 2624 UBM 2624
BDEV 2624 DRX 2624 IGG 2624 NEX 2624 SDR 2624 ULE 2624
BLND 2624 DTY 2624 IHG 2624 NG 2624 SGC 2624 ULVR 2624
BLT 2624 ECM 2624 1l 2624 NXT 2624 SGE 2624 UTG 2624
BNZL 2624 ELM 2624 IMI 2624 OML 2624 SHB 2624 UU 2624
BOY 2624 EMG 2624 INCH 2624 PFC 2624 SHP 2624 VOD 2624
BP 2624 EZ) 2624 INF 2624 PFG 2624 SMDS 2624 WEIR 2624
BRBY 2624 FGP 2624 INVP 2624 PNN 2624 SMIN 2624 WG 2624
BT 2624 GFS 2624 ITRK 2624 PRU 2624 SMWH 2624 WMH 2624
BVIC 2624 GKN 2624 ITV 2624 PSN 2624 SN 2624 WPP 2624
BVS 2624 GNK 2624 JLT 2624 PSON 2624 SNR 2624 WTB 2624
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Table 13: The simultaneous trading venue participation rate (quarterly) in the EBBO

This table shows the joint venue participation rate (%) in the European Best Bid and Offer (EBBO), a hypothetical aggregate measure of limit order
books across LSE, CHIX, BATS and Turquoise, builded on 500 milliseconds snapshots. The single, double, triple and quadruple refer the number
of venue(s) which each time contributes in the EBBO. The EBBO is measured on a subsample of 45 stocks which were fragmented across four main
exchanges immediately after the event of MiFID, and on which TRTH provides the maximum data support for the period 2008-2016.

% EBBO (The highest bid price) % EBBO (The lowest ask price)
year qtr single Double triple quadruple total single Double triple quadruple total

2008 1 100.00 - - - 100  100.00 - - - 100
2008 2 83.83 16.17 - - 100  83.48 16.52 - - 100
2008 3 73.56  25.78 0.66 - 100 7334  25.88 0.78 - 100
2008 4 69.58  24.27 549  0.67 100 68.13 2475 6.29  0.83 100
2009 1 5943  25.11 12.53 2.93 100 5737 2547 13.63 3.53 100
2009 2 5022 27.49 16.50 5.79 100 4930 2697 17.34  6.40 100
2009 3 56.77  23.18 13.36  6.70 100 5639  23.18 13.58 6.85 100
2009 4 55.96  23.53 13.44 7.07 100 5579 2353 13.48 7.19 100
2010 1 50.19  26.46 16.12  7.24 100 50.02 2641 16.14 7.44 100
2010 2 4754  26.07 16.92 9.47 100 4724  26.10 16.96 9.70 100
2010 3 48.13  24.26 1595 11.66 100 48.13  24.25 1593 11.69 100
2010 4 50.80  23.26 15.32  10.62 100 50.65  23.22 15.35 10.78 100
2011 1 51.63  22.83 14.69 10.86 100 5152 2284 14.68 10.96 100
2011 2 56.56  22.10 11.79 9.56 100 56.66  22.08 11.71 9.56 100
2011 3 58.02 2222 10.61 9.16 100 58.01 2221 10.59 9.19 100
2011 4 51.71 2471 13.59 9.99 100 51.83  24.66 13.53  9.99 100
2012 1 42.60 26.72 18.90 11.79 100 4245  26.71 1894 11.90 100
2012 2 48.61  23.65 14.09 13.65 100 48.71  23.65 14.07 13.56 100
2012 3 4992 2290 15.14 12.04 100 49.89  22.84 15.12  12.15 100
2012 4 49.15 2348 14.47 1290 100 49.33 2345 14.41 12.82 100
2013 1 5395 2274 12.44  10.87 100 54.00  22.78 12.37 10.85 100
2013 2 52.58  23.08 1292 1142 100 52.81  23.13 12.80 11.26 100
2013 3 5421  22.26 12.76  10.76 100 5438  22.27 12.73  10.61 100
2013 4 5225 2293 13.86 10.96 100 5229 2297 13.88 10.85 100
2014 1 54.65  22.15 12.89 10.30 100 54.85  22.20 12.82 10.13 100
2014 2 53.54  22.29 13.85 10.31 100 53.47 2231 13.89 10.33 100
2014 3 54.45  23.47 13.82 8.26 100 54.43  23.44 13.80 8.33 100
2014 4 51.73  24.21 15.06 9.00 100 5170 24.21 15.04 9.06 100
2015 1 4822 2280 1524 13.74 100 4831  22.79 1521 13.69 100
2015 2 4791 23.19 15.06 13.84 100 4797  23.16 15.03 13.84 100
2015 3 46.82  23.66 15.47 14.05 100 46.68  23.71 15.52 14.09 100
2015 4 4505  23.65 1538 1592 100 4491 23.66 15.45 1598 100
2016 1 46.00  24.26 15770 14.04 100 4585 24.18 15.75 14.22 100
2016 2 46.25  23.80 15.69 14.26 100 4634  23.80 15.66 14.20 100
2016 3 48.78  22.33 15.00 13.88 100 48.64 2231 15.06 14.00 100
2016 4 4823 2224 14.55 14.99 100 48.11 22.23 1453 15.14 100




Table 14: The unique trading venue participation rate (quarterly) in the EBBO

This table shows the unique venue participation rate (%) in the European Best Bid and Offer (EBBO), a hypothetical aggregate measure of limit
order books across LSE, CHIX, BATS and Turquoise, builded on 500 milliseconds snapshots. LSE, CHIX, BATS and TURQ refer the percentage
of time each venue uniquely contributing in the consolidated best bid/offer (EBBO). The EBBO is measured on a subsample of 45 stocks which
were fragmented across four main exchanges immediately after the event of MiFID, and on which TRTH provides the maximum data support for the

period 2008-2016.

% EBBO (The highest bid price)

% EBBO (The lowest ask price)

year qtr LSE CHIX BATS TURQ total LSE CHIX BATS TURQ total
2008 1 100.00 - - - 100 100 - - - 100
2008 2 68.88  31.12 - - 100 67.94 32.06 - - 100
2008 3 4241 55776 - 1.83 100 41.68 5633 - 1.99 100
2008 4 34.66 5339 1.85 10.10 100  34.08 53.58 1.92 1042 100
2009 1 38.69 36.85 3.85 20.60 100 3821 36.43 4.05 21.31 100
2009 2 48.15 36.79 11.05 4.01 100 47.05 37.18 11.54 423 100
2009 3 41.83 3049 10.77 1691 100 41.79 3037 1093 1691 100
2009 4 3244 3733 9.86 2037 100 3239 37.32 9.87 20.43 100
2010 1 3845 37.08 11.78 12.69 100 3838 37.01 11.80 12.81 100
2010 2 36.98 41.19 1065 11.18 100 3659 4133 10.72 1135 100
2010 3 3793 4036 1042 11.29 100 37.82 4051 1038 11.30 100
2010 4 3427 3979 16.72 9.22 100 3427 3995 16.60 9.17 100
2011 1 35.53  40.15 1443 9.89 100 3548 4040 1430 9.83 100
2011 2 15.00 71.67 7.14 6.18 100 1498 71.73 7.12 6.17 100
2011 3 8.98 81.00 4.84 5.17 100 8.84 81.23 4.74 5.19 100
2011 4 13.71 61.93 1354 1082 100 1354 62.12 1354 10.79 100
2012 1 1873  47.61 1576 1791 100 18.69 47.71 15775 17.84 100
2012 2 32.88  40.89 11.57 14.67 100 32.87 4091 1154 1469 100
2012 3 32.19  41.11 11.69 15.01 100 32.12 41.14 11.70 15.04 100
2012 4 37.11 3285 13.19 16.85 100 37.25 3279 13.15 16.81 100
2013 1 41.16 2984 9.29 19.71 100 4122 29.80 9.35 19.63 100
2013 2 4744  27.07 8.15 1735 100 47.47 27.13 8.18 17.21 100
2013 3 4535 2890 7.88 17.87 100 4522 29.05 7.89 17.84 100
2013 4 4385 27.65 9.08 19.41 100 43.83 27.72 9.05 1939 100
2014 1 54.98 19.63  8.38 17.01 100 5535 1947 8.34 16.84 100
2014 2 5789 1815 9.12 1484 100 58.13 17.98 9.12 1477 100
2014 3 47.13  29.11 9.15 1460 100 47.23 29.07 9.15 14.55 100
2014 4 4822  25.80 8.60 1739 100 4825 25.72 8.60 17.43 100
2015 1 4777 2489 10.60 16.73 100 4790 24.69 10.59 16.82 100
2015 2 50.70 2298 10.78 1554 100 51.06 2274 10.77 1544 100
2015 3 48.63  25.64 9.82 15.91 100 4896 2540 9.79 15.84 100
2015 4 47.14 2825 793 16.69 100 4698 2836 7.99 16.67 100
2016 1 38.94 2720 12777 21.09 100 38.62 27.13 1290 2135 100
2016 2 4142 2334 1391 21.33 100 4145 2330 1393 21.33 100
2016 3 53.50  20.69 8.49 17.33 100 53.35 20.62 8.50 17.53 100
2016 4 57.91 1793  7.49 16.66 100 5792 17.89 17.5l1 16.69 100
"~ mean 42 35 10 13 42 35 10 13




Table 15: The effects of HFT and market fragmentation on liquidity: a simultaneous equations
model estimation

This table presents the simultaneous equations model estimation of the equations (1)—(3) using both GMM (H3SLS) and 3SLS estimations for
time weighted quoted spreads (s pread_bps) and volume weighted effective half-spreads (espread). Indices i and ¢ represent stocks and day
respectively, M Q;; represents one of the two log normalized market quality (liquidity) measures (s pread_bps, espread), HFT;; represents
the HFT proxy (hft2), M Frag;; represents the market fragmentation proxy (HHItrd), M Q _;, represents the average market liquidity level over
all stocks in the same size group excluding stock i, M Frag_;, represents the average market fragmentation level over all stocks in the same size
group excluding stock i, H F'T_;; represents the average HFT intensity over all stocks in the same size group excluding stock i, Log(mktcap) is
the log normalized value of market capitalization, Log (voltintra) is the log normalized value of intraday mid price range volatility, invprice is
the inverse of daily average price, Log(size) is the log normalized average value of trade size , Log (value) is the log normalized value of trading
volume, indices ((;nq))» ((hf1))s ((frg)) refer the respective coeflicient of the equations M Q;,/(1), HFT;/(2) and M Fragi/(3) respectively. The
regression is based on a balanced panel of 132 stocks and 2240 days ( January 2008—December 2016), have both time (monthly time dummy for
each of the 108 months) and stock fixed effects. Coefficient estimates are GMM (H3SLS) and 3SLS, t-statistics shown in the parentheses below the

coeflicient . *** ** * denote significance at 1%, 5%, and 10% levels, respectively.

spread_bps espread
H3SLS (GMM) 3SLS H3SLS (GMM) 3SLS
Log(MQ)ir  Log(HFT);y Mfragiy  Log(MQ)i Log(HFT)i Mfragii  Log(MQ)ii Log(HFT)i Mfragi  Log(MQ)i Log(HFT); M fragi
I I 1T v A\ VI ViI VI IX X XI XII
Log(HFT);; -0.317#%* -0.376%#* -0.31 1% -0.384%#*
(-87.92) (-249.1) (-80.6) (-242.44)
MFrag;; 0.1897# 0.23 1% 0.0733 0.063%*
-22.9 -56.24 -8.35 -14.54
l()g(@),i, 0.45%#* 0.372%%% 0.311%%% 0.239%#*
-54.94 -100.48 -31.2 -51.98
Log(mktcap);; — -0.187+%%* -0.1827%#* -0.143 %% -0.118%#*
(-44.18) (-104.03) (-30.2) (-63.84)
Log(volintra);, — 0.183%%* 0.185%# 0.219%* 0.208%*
-64.82 -170.98 -65.67 -182.68
inv(price)i 14.086% % 14.979% 16.373%%%* 18.568%#*
-17.36 -67.92 -17.13 -80.84
Log(MQ);; 0.726%#% 0.685%#% 1.253%#% 1.378%#%*
-21.87 -47.3 -15.69 -39.02
MFragi; 0.149%* 0.1067%#* 0.138%#% 0.113%:*
-8.14 -10.61 -6.13 -9.45
Log(HFT)_;; 0.4297#% 0.463 7% 0.371 %% 0.51%%%
-48.19 -113.05 -26.12 -82.05
Log(mktcap);; 0.2967% 0.317%#* 0.405%* 0.458%%
-26.43 -69.65 -20.03 -53.06
rtki -462.761% % -386.573%#* -712.829%#% -582.874 %
(-29.26) (-115.61) (-23.14) (-55.95)
Log(size);; -0.762%+* -0.774%# -0.949%* -0.954 %
(-44.64) (-120.39) (-27.92) (-67.74)
Log(volume);; 0.7027%%% 0.691%#%% 0.769%#% 0.797%%*
-58.18 -136.6 -37.48 -90.91
Log(volintra);; -0.049%#* -0.043 7 -0.142%% -0.1727%%#%
(-6.85) (-14.19) (-9.01) (-26.01)
Log(MQ)i 0.01 0.2485 0.1 1+ 0.24 1555
-1.04 -51.29 -12.03 -53.1
Log(HFT);, 0.209* 0.267%%* 0.246%* 0.284:+:
-41.53 -85.6 -46.27 -85.4
MFrag_ 0.6297#% 0.613%%* 0.627#% 0.6247#7
<711 -124.25 -70.69 -123.35
Log(mktcap);; 0.216%#* 0.262%* 0.238 0.261%#*
-50.01 -126.24 -55.27 -126.12
Log(volume);; -0.242%** -0.218%#* -0.249%#* -0.2427%%%
(-81.98) (-146.77) (-86.01) (-156.93)
Log(volintra);; -0.005* -0.049%#* -0.024 -0.051 %%
(-1.83) (-31.54) (-8.65) (-32.45)
observations 295680 295680 295680 295680 295680 295680 295680 295680 295680 295680 295680 295680
adjrsq 0.87 0.86 0.83 0.83
adjrsq 0.91 0.91 0.85 0.83
adjrsq 0.78 0.77 0.78 0.78




Table 16: The effects of HFT and market fragmentation on liquidity (large and small stocks): a
simultaneous equations model estimation

This table presents the simultaneous equations model estimation of the equations (1)—(3) for large and small stocks using GMM(H3SLS )estimation
for log normalized time weighted quoted spreads (s pread_b ps) and volume weighted effective half-spreads (es pread). Indices i and ¢ represent
stocks and day respectively, M Q;; represents one of the two market quality (liquidity) measures (spread_bps, espread), HFT;; represents
HFT proxy (hft2), M Frag;, represents market fragmentation proxy (HHItrd), M Q _;, represents average market liquidity level over all stocks
in the same size group excluding stock i, M Frag _;, represents average market fragmentation level over all stocks in the same size group excluding
stock i, HFT_;; represents average HFT intensity over all stocks in the same size group excluding stock i, Log(mktcap) is the log normalized
value of market capitalization, Log (voltintra) is the log normalized value of intraday mid price range volatility, inv price is the inverse of daily
average price, Log(size) is the log normalized average value of trade size , Log(value) is the log normalized value of trading volume , indices
(mq)> ((hft))s (frg) refer the respective estimates of the equations M Q;;/(1), HFT;¢/(2) and M Frag;;/(3) respectively. The regression is based
on a balanced panel of 6 stocks and 2240 days ( January 2008—December 2016) for each group of stock, have both time (monthly time dummy for
each of 108 months) and stock fixed effects. Coefficient estimates are GMM (H3SLS), t-statistics shown in the parentheses below the coefficient .
#kk EE ¥ denote significance at 1%, 5%, and 10% levels, respectively.

spread_bps espread
LARGE SMALL LARGE SMALL
Log(MQ)i Log(HFT), Mfragi, Log(MQ) Log(HFT), Mfragi Log(MQ) Log(HFT), Mfragy Log(MQ)i Log(HFT), M/fragu
I I 11 v v VI viI VIIT X X XI XII
Log(HFT);, -0.2775% -0.379%# -0.266%* -0.382%#
(-60.69) (-71.68) (-51.04) (-68.43)
MFragi; 0.08 17+ 0.268%#* -0.074##% 0.101%#*
-7.31 -22.35 (-5.92) -8.19
Log(MQ)_i; 0.585%#* 0.3657%#* 0.3337#% 0.316%%*
-41.71 -31.72 -16.35 -25.97
Log(mktcap)i;  -0.189%%% -0.176%#* -0.14 1%k -0.119%#
(-35.43) (-27.3) (-23.25) (-16.9)
Log(volintra);, — 0.13%%* 0.2397%#% 0.161%+#* 0.284% %
-35.56 -73.69 -35.27 -79.64
inv(price) 13.963%: 10,738 12,2395 20.848#*
-13.42 -10.32 -10.98 -15.82
Log(MQ)is 0.355%#% 0.535%#* 0.563%#* 0.6897+7
-12.33 -10.64 -8.27 -9.17
MFragi; 0.094# 0.325%# 0.097x* 0.36%*
-5.29 -9.08 -4.78 -10.41
Log(HFT)_; 0.5327%% 0.325%# 0.523% 0.28 1%
-64.65 -22.82 -48.58 -14.94
Log(mktcap)i; 0.335%#% 0.2027#* 0.406%#* 0.219%#%
-28.89 -12.52 -17.8 -12.4
rtkis -292.35%#* -484.626% -409.578%:* -597.873%#*
(-13.84) (-32.05) (-10.88) (-25.72)
Log(size) -0.89%%* -0.525%#* -1.009%** -0.541%%%
(-44.52) (-26.5) (-25.1) (-23.59)
Log(volume);; 0.577%#* 0.6617%%#* 0.585%# 0.666%+*
-56.94 -38.08 -40.42 -33.15
Log(volintra);, -0.01 0.018 -0.029% -0.022
(-1.54) 164 (-2.81) (-1.28)
Log(MQ)i 0.113%# 0.063%:* 0.141 %5 0158
-12.3 -3.78 -15.77 -10.75
Log(HFT);; 0.186%+% 0.272%%% 0.214#%% 0.306%#%*
-33.78 -32.31 -36.38 -35.43
MFrag_i 0.661 7% 0.373%:% 0.653* 0.372%:%
-57.33 -29.69 -56.71 -29.33
Log(mktcap)i 0.219%#+* 0.194%%%* 0.237%#% 0.216%#*
-43.02 -30.62 -44.74 -33.55
Log(volume);; -0.228*#* -0.255%#* -0.249%#% -0.259%#*
(-62.03) (-60.57) (-65.82) (-66.41)
Log(volintra);, -0.016%#* -0.025%#* -0.015%** -0.051#%*
(-4.49) (-5.06) (-4.37) (-10.74)
observations 147840 147840 147840 147840 147840 147840 147840 147840 147840 147840 147840 147840
adjrsq 0.82 0.77 0.78 0.74
adjrsq 0.9 0.82 0.88 0.8
adjrsq 0.81 0.76 0.81 0.76




Table 17: The time-varying effects of HFT and market fragmentation on liquidity: a simultaneous
equations model estimation

This table presents the simultaneous equations model estimation of the equations (1)—(3) using GMM (H3SLS) estimation for the sub periods
(2008-2010), (2011-2013) and (2014-2016) for log normalized time weighted quoted spreads (s pread_bps) and volume weighted effective half-
spreads (espread). Indices i and ¢ represent stocks and days respectively, M Q;; represents one of the two market quality (liquidity) measures
(spread_bps, espread), HFT;, represents HFT proxy (hf12) , M Frag;, represents market fragmentation proxy (H HItrd), MQ_;, repre-
sents average market liquidity level over all stocks in the same size group excluding stock i, M Frag_;, represents average market fragmentation
level over all stocks in the same size group excluding stock i, H F'T_;; represents average HFT intensity over all stocks in the same size group ex-
cluding stock i, Log (mktcap) is the log normalized value of market capitalization, Log (voltintra) is the log normalized value of intraday mid
price range volatility, invprice is the inverse of daily average price, Log(size) is the log normalized average value of trade size , Log(value)
is the log normalized value of trading volume , indices (mq), (nft), (frg) refer the respective estimates of the equations M Q;,/(1), HF T;¢/(2)
and M Frag;;/(3) respectively. The regression is based on a balanced panel of 132 stocks and 2240 days (January 2008—-December 2016), have
both time (monthly time dummy for each of the 36 months in each sub period) and stock fixed effects. Coeflicient estimates are GMM (H3SLS),
t-statistics shown in the parentheses below the coefficient . ***, **_ * denote significance at 1%, 5%, and 10% levels, respectively.

ef fective half — spread
2008-2010 2011-2013 2014-2016
Log(MQ)i: Log(HFT)iy Mfragiy Log(MQ)ir Log(HFT);; Mfragi: Log(MQ)i Log(HFT);; M fragi
1 I I v v VI VII VIII IX
Log(HFT);; -0.25 % -0.253 sk -0.22] %
(-47.54) (-45.09) (-31.81)
MFrag;; 0.239%** 0.095%* 0.01
-18.62 -9.94 -0.95
Log(MQ)_i 0.391#** 0.477%%* 0.486%**
-30.13 -31.7 -28.47
Log(mktcap);;  -0.222%%* -0.25%s#:# -0.23 ] s
(-25.81) (-28.15) (-22.63)
Log(volintra);;  0.204%%* 0.175%** 0.151 %%
-41.98 -56.27 -44.7
inv(price); 19.067%** 6.573% %% 46,527
-16.63 -9 -16.81
Log(MQ);; 0.297%%* 0.297#* 0.39%*
-6.36 -6.46 -10.47
MFrag;; 0.206%** 0.304 % 0.249%#*
-9.85 -10.57 -11.34
Log(HFT)_; 0.514%%* 0.587#%* 0.457%%*
-46.12 -55.7 -52.42
Log(mktcap)i: 0.237%* 0.175%* 0.18%#*
-14.22 -10.42 -10.48
rtki -221.216%#* -1006.162%3* -875.426%#*
(-17.64) (-30.09) (-24.12)
Log(size);: -0.618%#* -0.3 14 -0.517%%:*
(-33.04) (-24.33) (-37.47)
Log(volume);; 0.527%%* 0.452%% 0.552%%*
-42.38 -45.08 -66.02
Log(volintra);; 0.053%** 0.041%#%* 0.001
-5.87 -5.09 -0.15
Log(MQ);; 0.199%:* 0.105%* 0. 173
-15.88 -6.89 -13.73
Log(HFT)j; 0.212%%* 0.273%%* 0.382%#3
-29.38 -35.21 -40.26
MFrag_;; 0.685%* 0.544 % 0.557
-59.75 -36.63 -36.51
Log(mktcap)s 0.2 0.219%** 0.357%#%*
-23.71 -19.94 -33.92
Log(volume);; -0.185% -0.3% -0.376%#*
(-47.39) (-75.46) (-74.72)
Log(volintra); -0.054%#3%3 0.01%* -0.01 1%
(-12.48) -2.53 (-3.28)
observations 97284 97284 97284 99528 99528 99528 98868 98868 98868
adjrsq 0.85 0.84 0.83
adjrsq 0.92 0.93 0.95
adjrsq 0.83 0.44 0.46




Table 18: The cross-market impact of high frequency trading and market fragmentation on liquid-
ity: a simultaneous equations model estimation

This table presents the simultaneous equations model estimation for the system of equations (4)—(11) using the three-stage least squares methods
for two liquidity measures: log normalized time weighted quoted spreads and log normalized volume weighted effective half-spreads. Indices ¢ and
t represent stocks and time (days) respectively, v represents one of the four venues: LSE, CHIX, BATS and Turquoise, H FT,,;; represents the HFT
proxy (h ft2) developed on quotes update upto the fifth depth level, HHItrd;, represents the market fragmentation proxy, M Q _,,;, represents
the average liquidity level over all stocks in the same size group excluding stock i at venue v, HFT _,,;; represents the average HFT intensity at
venue v over all stocks in the same size group excluding stock i, In(mktcap) is the log normalized market capitalization, In(voltintra),;; is
the log normalized intraday mid price range volatility, inv price is the inverse of daily average price, In(size)y;; is the log normalized trade size,
In(value),;; is the log normalized trading volume, rzk,;; is the relative tick size. The estimation is based on a panel dataset of 149 stocks and
2060 days (October 2008-December 2016) and includes both time (the monthly time dummy for each of 99 months included in the panel) and stock
fixed effects. Coefficient estimates are 3SLS , t-statistics shown in the parentheses below the coefficient. ***, ** * denote significance at 1%, 5%,
and 10% levels, respectively. Panel A presents the estimates for market quality equations (4-7) and Panel B presents those for HFT equations (8—11).

1 11 111 v A% VI VII VIII
MQ,i;: = Log(quoted spreads),; MQ it = Log(ef fective half —spreads),;
Panel A
MQ (ise)ir MQ (chixyit  MQwars)it  MQ(turq)it MQ (15e)it MQ (chixyit  MQuwarsyit  MQ(turq)it
const 4.134%%% 4.662%%* 3.876%** 4.146%%* 3.24 %% 3.656%** 3.198%** 3.168%**
(198.68) (211.7) (150.98) (165.36) (159.75) (168.25) (128.16) (128.45)
HFT,;; 20.375%%% 20.4325%%% -0.344 %% -0.343%%% -0.309%** _0.344 %% L0.261 %% L0.266% %+
(-283.7) (-320.37) (-230.15) (-231.81) (-235.37) (-255.86) (-173.56) (-177.83)
HHItrd;; 0.05%** -0.032%** -0.098*%** -0.11%%% 0.056%*%* -0.036%** -0, 1#** -0.103%#%*
(34.16) (-18.69) (-50.1) (-57.85) (36.05) (-20.66) (-50.53) (-52.97)
FQ,V[, 0.162%** 0.186%** 0.208%#* 0.274%%* 0.065%** 0.125%** 0.245%** 0.233%#%
(67.44) (100.59) (142.32) (130.59) (22.81) (56.47) (104.72) (94.31)
inv(price) 13.148%%:* 12.775%%* 15.018%*:* 15.219%3%* 15.8%%*:* 16.006%** 17.75%%* 19.071%*%*
(61.9) (52.1) (52.66) (54.88) (70.04) (61.86) (60.31) (66.32)
In(mktcap); -0.1497%#% -0.162%%* -0. 1347k -0.159%:#% -0.169%#* -0.178%%* -0.167%%* -0.162°%#*
(-79.21) (-76.77) (-54.94) (-67.11) (-85.68) (-81.85) (-67.52) (-66.14)
In(voltintra),;; 0.066%#* 0.028%** 0.034%#* 0.026%*** 0.052%** 0.02%** 0.031%** 0.027%#%*
(80.9) (79.53) (92.51) (77.03) (67.14) (60.88) (84.33) (57.42)
Panel B

HFT(lxe)ir HFT(chix)lft HFT(bats)it HFT(turq)it HFT(lse)[l HFT(clu'x)it HFT(bats)ir HFT(rurq)[!

const 6.604 6.242 %% 7.687#k* 7.9575#* 6.079%:#* 5.684#k:k 5.97sk:k 6.213%:#*
(191.96) (152.71) (164.69) (178.3) (167.18) (142.15) (124.56) (129.78)
MO (i5eyir 0.077%%* <0477 -0.634%%* -0.726%** 0.359 % -1.281 %% -1.246%* 1,843k
(6.08) (-40.99) (-47.13) (-56.45) (15.53) (-67.39) (-62.92) (-93.2)
MO (chix)it -0.561%%* 0.07 1% -0.662%%* -0.36%** -0.782%%* 0.608 -0.636%** 0.031%*
(-78.77) (6.13) (-62.59) (-36.39) (-64.93) (37.05) (-41.72) (2.07)
MO (bars)ir 0.199%#* 0.156%#* 0.328%#* 0.3%%* 0.308##* 0.268%##* 0.944 %% 0.494 %%
(47.63) 31.4) (38.4) (52.52) (52.37) (41.17) (81.08) (62.73)
MO (turq)it 0.179%:#* 0.302%%* .33k 0.181 %% 0.259%#:* 0.518%#* 0.458 0.83 ] #kk
(38.55) (53.87) (49.1) (21.02) (39.46) (67.19) (48.95) (67.26)
HFT _,; 0.36%** 0.434 k% 0.428:kk 0.4] 3%k 0.372 k% 0.445%4:* 0.506%:* 0.488:#k*
(183.93) (199.33) (183.41) (186.26) (161.51) (196.87) (203.51) (199.9)
HHItrd;, 0.145%k* 0.1 14 0.152 %k 0.086%** 0.15] ek 0.244 54k 0.274 k% 0.29%#*
(51.67) (35.75) (38.93) (23.18) (41.19) (60.71) (56.82) (61.17)
In(mktcap);; -0.074%%* -0.106%** -0.275%%* -0.32] %% 0 -0.083 %% -0.228%%* -0.268%**
(-19.17) (-24.99) (-60.39) (-75.61) (-0.09) (-19.23) (-46.76) (-57.15)
In(volume)yi 0.506%#* 0.492%## 0.349%#* 0.393%#* 0.552%#% 0.53 14 0.412%%% 0.458%s#:%
(172.27) (198.29) (160.08) (172.89) (162.7) (226.49) (186.08) (192.92)
In(size)yis -0.536%** -0.571 %% -0.3497%%% -0.3327%%% -0.6%** -0.522%%% -0.374%%% -0.377%%%
(-125.84) (-120.14) (-102.07) (-89.74) (-98.16) (-127) (-108.02) (-93.64)
rtickyi -203.879%k%k  _199.162%** 2 578%** -1.168%** -296.621%**  _193.904%*% -2 476%:k:* -1.018##*
(-62.46) (-60.71) (-7.63) (-12.38) (-46.92) (-49.98) (-6.94) (-9.88)
In(voltintra),; 0.01 [##* -0.015%** -0.006%** -0.007%%** -0.005 -0.023 %% -0.022%#% -0.025%#*
(5.28) (-19.85) (-9.92) (-11.83) (-1.53) (-29.69) (-31.38) (-37.24)
observations 277563 277563 277563 277563 277563 277563 277563 277563
second-stage 0.84 0.86 0.84 0.83 0.79 0.81 0.80 0.79
adj_Rsqr (MQ,;;)
second-stage 0.90 0.88 0.82 0.83 0.89 0.87 0.80 0.80

adj_Rsqr (HFT,;;)
system weighted Rsqr 0.80 0.76




Table 19: The cross-market impact of high frequency trading and market fragmentation on liquid-
ity: a simultaneous equations model estimation for large stocks

This table presents the simultaneous equations model estimation for the system of equations (4)—(11) using the three-stage least squares methods
for two liquidity measures: log normalized time weighted quoted spreads and log normalized volume weighted effective half-spreads. Indices ¢ and
t represent stocks and time (days) respectively, v represents one of the four venues: LSE, CHIX, BATS and Turquoise, H FT,,;; represents the HFT
proxy (h ft2) developed on quotes update upto the fifth depth level, HHItrd;, represents the market fragmentation proxy, M Q _,,;, represents
the average liquidity level over all stocks in the same size group excluding stock i at venue v, HFT _,,;; represents the average HFT intensity at
venue v over all stocks in the same size group excluding stock i, In(mktcap) is the log normalized market capitalization, In(voltintra),;; is
the log normalized intraday mid price range volatility, inv price is the inverse of daily average price, In(size)y;; is the log normalized trade size,
In(value),;; is the log normalized trading volume, rzk,;; is the relative tick size. The estimation is based on a panel dataset of 74 large-cap
stocks (above the median market capitalization stocks group) and 2058 days (October 2008—December 2016) and includes both time (the monthly
time dummy for each of 99 months included in the panel dataset) and stock fixed effects. Coefficient estimates are 3SLS , t-statistics shown in the
parentheses below the coefficient. **%*, **_ * denote significance at 1%, 5%, and 10% levels, respectively. Panel A presents the estimates for market
quality equations (6—7) and Panel B presents those for HFT equations (8-11).

I 11 III v \'% VI VII VIII
MQ,it = Log(quoted spreads),; MQ it = Log(ef fective half —spreads),;
Panel A
MQ se)it MQchivyie  MQwars)it MO urg)it MQuseyie  MQchivyit  MOwarsyic MO urg)ir
const 4.22]%%* 4.54%%% 4.203%** 4.087%%* 3.617#%* 3.765%%%* 3.527%%%* 3.093%#%*
(163.13) (181.53) (150.67) (150.65) (144.1) (148.97) (131.66) (111.24)
HFT,; -0.369%** -0.381#** -0.314%** -0.326%** -0.301%** -0.309%** -0.238%** -0.247%**
(-227.36) (-263.81) (-193.47) (-215.16) (-195.45) (-216.11) (-151.72) (-160.68)
HHItrd;; 0.02%%*3% -0.014%** -0.099%** -0.109%** 0.018%** -0.014%** -0.091%#** -0.097%**
(9.31) (-6.33) (-40.41) (-44.86) (7.83) (-5.91) (-36.15) (-37.68)
FQ,V[, 0.174%%* 0.143%** 0.24 %% 0.232%%* -0.059%*** -0.01%*** 0.149%** 0.16%#*
(51.33) (48.51) (82.97) (83.41) (-13.56) (-2.7) (43.66) (43.37)
inv(price); 14.125%%* 13.192%#%** 15.231%#** 16.904%#** 16.078%*** 16.317%%* 16.835%** 21.897%#**
(53.81) (48.39) (49.3) (57.79) (57.03) (55.27) (53.46) (66.47)
In(mktcap)i; -0.136%** -0.163%** -0.157%** -0.139%** -0.173%%* -0.186%** -0.189%*%* -0.142%*%*
(-59.59) (-70.89) (-60.61) (-55.03) (-72.39) (-75.48) (-72) (-52.14)
In(voltintra),;; 0.035%%** 0.024%#%* 0.033%#%* 0.019%%** 0.031%#%* 0.012%%* 0.027%*%* 0.013%*%*
37) (45.86) (72.63) (50.51) (36.92) (25.23) (62.5) (35.08)
Panel B

HFT(se)ir HFT(chixyie  HFTwarsyie  HFT(urq)ir HFTse)it  HFT(chixyie HFTwars)ii  HFTurg)ir

const TN 7683 6008 B4k 7303w 7066%E 55048k 6753%
(199.54) (169.58) (106.49) (165.22) (176.9) (170.08)  (88.76) (106.82)
MO (se)ir 00785 L0184k L0336%EE  0,639% 0.188%%% ] 366%k%  -1.320%% ) 50RE
(-5.05) (-11.65) (-14.16) (-31.7) (4.57) (-39.7) (-26.33) (-52.69)
MQ (chixyit S0.673%% 04T 12528 L0 4765 20.909%5 0272 L0.918%k  (.508%
(-54.48) (-28.07) (-57.02) (-24.91) (3207) (878 (-21.55) (13.98)
MO (bars)ir 020455 (075 0.758%%%  (.447%%% 0214585 0.079%% 1243k (478%x
(30.81) (9.26) (48.52) (45.78) (24.38) (8.55) (63.94) (33.06)
MO (turg)ic 0.118%8% 0201k (3735 -0.214%%% 0.136%%%  0.541%5%  (0.648%% (886
(17.57) (37.82) (32.12) (-16.36) (13.15) 47.71) (36.96) (37.51)
HFT it 0318%+%  03201%%k  (393kkx  (305% 0316+ 0321%%%  0408%%k  (.377%
(145.44) (128.84) (125.62) (113.83) (127.62)  (136.3) (12872)  (12132)
HHItrd; 0108+ 0045 01325 .009% 0.102%%% (14355 0.233%8%  (.204%
(31.76) (12.08) (23.53) (1.74) (23.59) (31.3) (33.61) (32.06)
In(mktcap)i C0.18%RE L0139 L0 169%EE 03] 1% A0.087H%  016%kF  -0.106%F  -0.236%
(-27.21) (-28.31) (-25.32) (-60.82) (14.63)  (-34.47) (-15.11) (-39.66)
In(volume)yir 0457%8% 0481k (435 0,403+ 049285 (.502%%%  (.49% 0.516%%
(160.28) (169.02) (128.73) (139.82) (165.8) (209.32)  (160.74)  (153.96)
In(size)yir 0511 LQABgHEEE L0303kkE 0300k 20.563%%  0AT9REE  L0A414%EE 0308w
(10373)  (-93.43) (-70.99) (-62.56) (-78.29)  (-98.48) (-76.34) (-66.04)
rtickyir S148.319%5%  (152.950%%%  _[24.478%k% -] 308%x S163.34%55 49 812k 150,005k | (3T
(-24.89) (-23.38) (-15.06) (-4.87) (-14.1) (-6.87) (-5.67) (-3.22)
In(voltintra)y:, 0.022%#%  -0,003%* 20,025 0.001 002555 0 -0.033%%% 0,025k
(10.91) (-2.38) (-16.9) (1.57) (7.54) 0.1) (-26.66) (-21.78)
observations 147501 147501 147501 147501 147501 147501 147501 147501
second-stage 0.80 0.82 0.79 0.82 0.78 0.78 0.75 0.78
adj_Rsqr (MQi1)
second-stage 0.90 0.88 0.79 0.82 0.89 0.88 0.79 0.78

adj_Rsqr (HFT,;;)



Table 20: The cross-market impact of high frequency trading and market fragmentation on liquid-
ity: a simultaneous equations model estimation for small stocks

This table presents the simultaneous equations model estimation for the system of equations (4)—(11) using the three-stage least squares methods
for two liquidity measures: log normalized time weighted quoted spreads and log normalized volume weighted effective half-spreads. Indices ¢ and
t represent stocks and time (days) respectively, v represents one of the four venues: LSE, CHIX, BATS and Turquoise, H FT,,;; represents the HFT
proxy (h ft2) developed on quotes update upto the fifth depth level, HHItrd;, represents the market fragmentation proxy, M Q _,,;, represents
the average liquidity level over all stocks in the same size group excluding stock i at venue v, HFT _,,;; represents the average HFT intensity at
venue v over all stocks in the same size group excluding stock i, In(mktcap) is the log normalized market capitalization, In(voltintra),;; is
the log normalized intraday mid price range volatility, inv price is the inverse of daily average price, In(size)y;; is the log normalized trade size,
In(value),;; is the log normalized trading volume, rtk,;; is the relative tick size. The estimation is based on a panel dataset of 75 small-cap
stocks (below the median market capitalization stocks group) and 2048 days (October 2008—-December 2016) and includes both time (the monthly
time dummy for each of 98 months included in the panel dataset) and stock fixed effects. Coefficient estimates are 3SLS , t-statistics shown in the
parentheses below the coefficient. **%*, **_ * denote significance at 1%, 5%, and 10% levels, respectively. Panel A presents the estimates for market
quality equations (4-7) and Panel B presents those for HFT equations (8—11).

1 I 111 v \ VI VII VIII
MQ,it = Log(quoted spreads),;; MQ (it = Log(ef fective half —spreads),;
Panel A
MO (se)it MO chixyie  MOwars)yit MO urqyit MQ (ise)ir MO chixyie  MOwars)yii MO urq)it
const 4.333%%* 5.486%** 4.398%%* 5.2897% % 3.311%%* 4.3]15%%* 3.771%%* 4.234%%*
(124.24) (134.9) (91.27) (115.87) (97.39) (111.59) (80.82) (97.37)
HFT,; -0.453%:%% -0.557%%* -0.459%:# -0.422%%% -0.364 %% -0.43 ] -0.35] sk -0.32sksk%
(-205.2) (-227.73) (-166.63) (-152.8) (-163.03) (-178.48) (-124.2) (-114.83)
HHItrd;, 0.068%#* -0.049%** -0,k -0.105%** 0.07 [ *** -0.063%#** -0.12%%3% -0, 111 %%
(31.69) (-18.14) (-32.15) (-35.5) (31.8) (-23.36) (-37.87) (-36.96)
FQ,V[, 0.075%%** 0.119%** 0.212%%* 0.166%** 0.016%** 0.069%*%* 0.158%** 0.121%%*
(20.56) (41.79) (61.83) (48.86) (3.83) (21.26) (42.87) (32.28)
inv(price) 10.01 3% 9.285%*:% 13.3897%3* 9.465%** 13.2]%%* 11.921%#%* 15.39 ] *** 12.68%#**
(29.04) (20.96) (25.5) (18.8) (35.38) (26.41) (28.64) (25.19)
In(mkicap)s 0071020288 01628 0,27 0.202%k 024288 022FkE (288
(-49.04) (-49.97) (-33.12) (-57.68) (-55.52) (-57.28) (-44.07) (-61.44)
In(voltintra),;; 0.097%%*%* 0.028%** 0.034%%#%* 0.028*%#%* 0.078%** 0.021 %% 0.034%%#* 0.02%:**
(70.88) (53.87) (59.09) 47.76) (58.07) (42.89) (56.18) (34.67)
Panel B

HFT(Ise)it HFT(('hix)it HFT(burx)it HFT(turq)it HFT(lsc)it HFT(L'hix)it HFT(hutA‘)it HFT(turq)it

const 6.245%#* 5.603%#* 6.025%#* 5.47 7% 5.633%#* 5.157 %% 4.566%#* 4,121 %%
(114.4) (85.62) (76.31) (71.03) (102.54) (83.47) (57.29) (52.82)
MO (i5e)it -0.114%%* -0.377%%* -0.68%* -0.735%k 0.325%* -0.81 1k -1.232%k -1.593 %k
(-5.61) (-22.62) (-34.61) (-38.59) (9.79) (-34.23) (-47.37) (-61.43)
MQ (chix)it -0.41%%* 0.112%* -0.563 % -0.343 %k -0.669%%* 0.361%* -0.645%* -0.202%*
(-49.55) (7.19) (-42.12) (-27.1) (-49.46) (18.91) (-35.27) (-11.77)
MO (bars)it 0.151 %% 0.079%** 0.326%** 0.223%* 0.255%#* 0.138%#* 0.853 %k 0.427%%*
(28.59) (11.43) (24.83) (27.27) (35.07) (16.41) (52.23) (41.78)
MO (1urq)it 0.197%%* 0.318%** 0.54#% 0.649%* 0.269%* 0.517%#% 0.778%% 1242
(30.24) (37.19) (51.32) (43.38) (29.12) (47.31) (55.84) (65.32)
HFT_,; 0.253 %% 0.378%** 0.414%%* 0.406%** 0.286%#* 0.4071##* 0.507##* 0.471 %%
(75.77) (100.3) (93.86) (94.98) (67.89) (104.61) (107.11) (102.93)
HHItrd;, 0.171%%* 0.105%#* 0.181%** 0.152%%%* 0.159%#* 0.2 0.325%#%* 0.348%#*
(41.7) (21.25) (29.48) (25.79) (29.5) (33.61) (43.67) (47.75)
In(mktcap); -0.058%*%* -0.072%** -0.194%** -0.143%** 0.032%#* -0.054 % -0.154%%% -0.0873%*
(-8.89) (-10.44) (-23.86) (-17.53) (3.57) (-7.86) (-17.71) (-10.13)
In(volume)ys 0.486%** 0.484 %% 0.34%+** 0.4227%** 0.56%** 0.502%#* 0.386%* 0.455%*
(96.66) (119.98) (92.23) (101.81) 97.4) (146.9) (107.23) (114.38)
In(size)vir -0.476%** -0.463%%* -0.326%** -0.385%#* -0.557#%* -0.459% % -0.349%* -0.415%%*
(-78.2) (-73.8) (-63.54) (-65.05) (-69.74) (-80.65) (-68.8) (-70.17)
rtickyi; S171.337%8%  _175.994%%% D 463%** -1.273%%* -270.638%%*  -182.192%** .2 6]3%** -1.162%%*
(-45.1) (-45.87) (-6.52) (-11.77) (-37.32) (-40.91) (-6.57) (-10.13)
In(voltintra),;, 0.028##* -0.018%** -0.012%** -0.023#** -0.016%** -0.022%k -0.026%* -0.035% sk
(7.36) (-18.69) (-12.91) (-23.87) (-2.74) (-23.17) (-25.35) (-33.5)
observations 127864 127864 127864 127864 127864 127864 127864 127864
second-stage 0.70 0.76 0.70 0.72 0.66 0.71 0.6 0.68
adj_Rsqr (MQvir)
second-stage 0.80 0.74 0.58 0.60 0.78 0.74 0.53 0.55

adj_Rsqr (HFT,i;)
system weighted Rsqr 0.7 0.63




Table 21: The cross-market time-varying impact of high frequency trading and market fragmenta-
tion on liquidity: a simultaneous equations model estimation

This table presents the simultaneous equations model estimation for the system of equations (3.1)—(3.8) using the three-stage least squares methods
for two liquidity measures: log normalized time weighted quoted spreads and log normalized volume weighted effective half-spreads. Indices i
and ¢ represent stocks and time (days) respectively, v represents one of the four venues: LSE, CHIX, BATS and Turquoise, H F'T,,;; represents the
HFT proxy (hft2) developed on quotes update upto the fifth depth level, H HItrd;; represents the market fragmentation proxy. To conserve space,
coefficients for MO _,,;;, HFT_yi;, In(mktcap), In(voltintra)yi;, In(size)yir, In(value),ir, and rtky;; are not presented. Estimations
are based on three subsamples (2008-2010, 2011-2013 and 2014-2016) divided over the sample period with 149 stock each and include both time
(the monthly time dummy for each months) and stock fixed effects. Coefficient estimates are 3SLS , t-statistics shown in the parentheses below the

coefficient. *** ** * denote significance at 1%, 5%, and 10% levels, respectively. Panel A presents the estimates for market quality equations
(3.1-3.4) and Panel B presents those for HFT equations (3.5-3.8).

1 II 1 v \ VI VII VIII
MQ,i: = Log(quoted spreads),i; MQ (vir = Log(ef fective half —spreads),;
Panel A
MQ(lse)it MQ(chix)it MQ(batx)it MQ(turq)it MQ(Ise)it MQ(chix)it MQ(bats)it MQ(turq)it
2008-2010
HFT,;; -0.318%**  (.37]%** -0.34%%* -0.238%** -0.254%*%*  -(.288*** -0.261%** -0.152%**
(-117.89) (-146.07) (-120.38) (-80.5) (-88.02) (-110.07) (-90.27) (-50.96)
HHItrd;; 0.102%%%* 0.034%#%%* -0.047%** -0.096%*** 0.107*%** 0.008** -0.056%** -0.098%**
(32.1) (9.88) -11.07) (-22.58) (29.13) (2.14) (-12.74) (-22.29)
2011-2013
HFT,; S0.288%%% L0366 KF  0322%kk  0295%kk F0.234%%%  L0265%FF  L0235kEE 0207wk
(-147.18) (-155.96) (-115.06) (-103.92) (-108.78) (-112.89) (-80.68) (-77.5)
HHItrd;, 0.064*%** -0.062%** -0.097%** -0.114%%* 0.065*** -0.066%** -0.115%** -0.107%**
(30.97) (-24.35) (-30.05) (-35.07) (28.83) (-25.68) (-34.77) (-32.35)
2014-2016
HFT,; 0405555 LQAI8FEE 034THREE 0 304%kk -0.306%%  -0326%%  026%kE 0312k
(-176.55) (-207.51) (-152.09) (-202.31) (-155.86) (-164.86) (-115.52) (-161.38)
HHItrd;, 0.027%#%* -0.046%** -0.11%%* -0.083%** 0.016%** -0.058%*** -0.117%** -0.09%%*
(11.95) (-18.79) (-39.99) (-34.44) (1.27) (-22.58) (-41.65) (-35.99)
Panel B
HFT(lse)it HFT(chix)it HFT(bats)it HFT(zurq)iz HFT(Ise)ir HFT(chix)it HFT(bats)it HFT(turq)it
2008-2010
MQ (15e)it 0.152%%%* 0.125%%%* 0.387%*%* -0.732%%* 0.858 -0.204%%** 0.2027%%%* -1.498%**
(4.57) (4.13) (9.23) (-17.99) (11.67) (-4.44) (3.17) (-22.55)
MQ (chixyir  -1.075%%* -0.848%** -1.617%** -0.86%%%* -1.953%%* -0.886%** -2.415%%* -1.08%%*
(-39.52) (-23.7) (-37.47) (-20.91) (-37.96) (-16.68) (-36.2) (-16.1)
MO (bars)ir 0.39%** -0.002 -0.002 0.546%%* 0.715%%%* 0.036* 0.654%#%%* 0.9271*%**
(29.3) (0.1) (-0.06) 7.1 (32.53) (1.67) (16.14) (28.56)
MO (turqyir  0.235%%* 0.46%** 0.576%%* -0.041%%* 0.209%** 0.773%*% 0.977%%* 0.865%**
(23.12) (40.03) (36.66) (-2.05) (12.4) (45.59) (39.21) (26.1)
2011-2013
MQ (15e)it 0.611%%* -0.225%** -0.927%** -0.495%** 0.696%** -0.797%%* -1.442%%* -0.876%**
(23.67) (-10.63) (-35.84) (-19.6) (19.67) (-23.91) (-40.5) (-23.6)
MQ (chixyir  -0.474%*%  -0.059%** -0.065%** -0.015 -0.756%** 0.366%** 0.045 0.099%#
(-32.49) (-2.77) (-3.35) (-0.79) (-35.45) (12.47) (1.59) (3.62)
MO (parsyir  0.067%%* 0.097%#%%* 0.688*** 0.053#%%* 0.138*** 0.151%%* 1.035%*%* 0.13%**
(8.93) (12.5) (47.26) (5.52) (15.48) (15.6) (63.52) (11.13)
MO turqyir  0.203%%* 0.23%%* 0.203%** 0.416%%* 0.316%** 0.379%** 0.325%#% 0.689%**
(25.47) (27.75) (19.15) (33.38) (31.03) (34.35) (24.83) (44.98)
2014-2016
MQ (ise)ir -0.058%**  -0.105%** -0.375%** -0.161%** 0.967%%*%* -1.167%%* -1.705%** -1.133%**
(-4.73) (-7.09) (-22.07) (-10.27) (25.1) (-36.46) (-54.34) (-34.95)
MQ (chixyir  -0.284%%* 0.4%** -0.421%** -0.312%** -0.584%** 1.139%%:* 0.0927%%%* -0.04%*
(-37.09) (26.65) (-31.46) (-26.52) (-35.8) (48.66) (4.35) (-2.24)
MO . . - 0O 154%%% 0O ()7 *k*k 0 071* ) 1853:*kkk ) 3D Rkkk ) D1 Reksksk ) 7D R*kkk ) R40%k*k*%
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Figure 5: After one partial order of the investor hits Chi-X and leads to a transaction, the co-located HFT
then reacts by cancelling duplicate orders on other trading venues. Because HFT have invested in ultrafast
connections to trading venues, these cancellations arrive at these trading venues before the remaining
partial orders of the investor do.

(a) Cross-market quote updating

WS
>

Step 2: close
position

Step 2: again
close position

Figure 7a to 7d: Cross-rmarket trading visualization of one HFET firm. Each box shows the trading conduct of
this HFT on one trading vernue. The horizontal axis denotes tirme and the vertical axis the price (axis values
not shown). The green/red bars represent buy/sell orders from start (left-hand side) to end (right-hand side).
whereas the green/red dots represent buy/sell transactions. Larger dots represent larger sized transactions.
We only show orders and transactions for the one HFT. The grey area represents the spread for the entire
market. The blue, vertical lines in each box represent the tirme at which the HFT performs its first transaction
on that specific trading venue. The orange vertical lines. on the other hand, represent the time of the first
transaction over all trading venues (i.e.. the first signal it can react to).

(b) Cross-market trading visualization
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Figure 8a to 8d: A more typical example (compared to the a-typical one in Z7a to 7d) of HFT trading

conduct. In Figure 8a the HFT passively builds up a position with the large investor being the counterparty. It
then closes the position aggressively on other trading venues (Figures 8b to 8d), typically earning a few cents
profit per share. There were no additional trades with the incoming (partial) orders of the investor.

(c) Cross-market positioning
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Figure Sa to 9c: Figure 9a illustrates all orders and trades orn one trading venue. The oramnge dotted line
represents the tirme at which the first partial order of the investor is matched orn another trading venue. The
blue dotted line represents the exact time whern the partial order of the investor hits this specific trading
venwue. The red /green bars represent sellbuy orders. from begin (left-hand side) to end (right-hand side).
The purple dots represent trades by firms other thar the investor., whereas the greern dots represent the buy
traodes of the investor. Figure 9b and 9c respectively represent the order book during the orange dotted line
and bBlue dotted line. Each bar represents the volurme orn a particular price level. The vertical axis denotes the
price and the horizontal axis the volume. Red/greern bars represent sell buy liguidity. whereas the grey area
represents the spread (which is sirmilar to the grey area in Figure 9a).

(d) Cross-market order matching time

Fig. 2: A typical HFT firm’s market making across markets (source: The Netherlands
Authority for the Financial Markets (2016))
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