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Abstract

This paper studies the changes in market quality due to the smaller tick size in the interbank
foreign exchange market. Coupled with the lower tick size, the special composition of traders
and their order placement strategies have provided a suitable environment for high frequency
traders (HFT’s) to implement the sub-penny jumping strategy to front-run human traders.
We show that spread was reduced following the introduction of decimal pip pricing. However,
the benefit of the reduction in spread was mostly absorbed by the HFT’s. Market depth
was also reduced significantly due to the occupation of the top of the order book by HFT’s.
The new environment changed the market maker-market taker composition between different
types of traders and also altered the price impact of the order flow.
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1. Introduction

In this paper, we study changes in market quality in the Electronic Broking Services
(EBS) following the adoption of decimal pip tick size. EBS is the leading interbank foreign
exchange (FX) market, and it is used mainly to trade the major currency pairs EUR/USD,
USD/JPY, EUR/JPY, USD/CHF, and EUR/CHF in units of millions. EBS and Reuters are
the predominant sources of interbank liquidity in the FX market. In March 2011, EBS
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decided to reduce the tick size, minimum price movement, on major currency pairs from a
pip (four decimals) to a decimal pip (five decimals). For example, if the tick size is a pip,
equal to 0.0001, and the EUR/USD best bid is 1.39940, then a buyer can improve this price
by placing an order with a price of 1.39950. However, if the tick size is a decimal pip, equal
to 0.00001, the buyer can also place an order with a price of 1.39941. The decision to shift
to decimal pip pricing was mainly driven by a competitive effort to match some smaller
trading platforms to attract more HF'T’s. Reuters, the main competitor of EBS, still uses
pip pricing.

We argue how the specific structure of the EBS market has helped HFT’s implement the
sub-penny jumping strategy to take advantage of the lower tick size. Sub-penny jumping
is a type of front-running strategy in which the sub-penny jumper trades in front of and
on the same side of a large, patient trader by improving the price by the smallest possible
amount (the tick size).! In the EBS market, there are two main types of traders, human
and algorithmic traders (see Chaboud et al. (2014) and Schmidt (2012)). Human traders
are individuals who trade at the trading desks of major banks. Unlike in the equity market,
human traders play a vital role in the interbank FX market for providing liquidity. They
were either market taker or market maker in about 65% of EUR/USD transactions in 2011.%

Using difference-in-difference estimators, we find that spread, as a measure of liquidity
cost, decreased following the introduction of decimal pip pricing. However, we argue that,
due to the implementation of the sub-penny jumping strategy, the benefit of the reduction
in the spread was mostly absorbed by HFT’s. The absolute value of realized spread also
decreased toward zero meaning that the market maker would suffer less adverse price move.
HFT’s, using the sub-penny jumping strategy, occupied the top of the order book with
smaller orders, which led to the significant drop in market depth. The tick size change from
pip to decimal pip also changed the market maker-market taker composition of human and
algorithmic traders in the EBS market. While the share of the computer maker-computer
taker from total trades increased, the share of human maker-human taker decreased after

the tick size change. The new environment also altered the informational content of trades

'In equity markets, exchanges are forbidden from accepting, ranking or displaying orders in price increments
smaller than a penny. However, sub-penny trading is allowed if trades are executed on Alternative Trading
Systems such as dark pools, or internalized by broker-dealers.

2The market maker provides liquidity by posting quotes and the market taker trades at the quoted price.



influencing the relationship between returns and order flows measured by the price impact
regression. Finally, based on empirical considerations, we argue that the optimal tick size
for EUR/USD in the EBS market is between a pip and a decimal pip. Not surprisingly, the
reduction in tick size was partially reversed from a decimal pip to half pip in September
2012. Half pip is decimal pip pricing in which traders can use only ‘0” or ‘5” as the last
digit. Market quality measures improved upon adoption of half pip pricing by EBS.

The remainder of the paper is organized as follows: Section 2 provides a brief literature
review, Section 3 describes the different datasets that we have used, Section 4 provides the
tick size changes in EBS market from 2004 to 2013, Section 5 explains the structure of
the EBS market, Section 6 describes the sub-penny jumping, Section 7 provides empirical
evidence for the existence of sub-penny jumping, Section 8 discusses the effects of tick size

changes on interbank FX market quality, and Section 9 concludes.

2. Literature Review

High frequency trading practices are becoming the predominant feature in the context
of financial markets owing to the technological developments.® The increasing pervasiveness
of HFT means that it is a central issue of modern financial markets to better understand
the economic role of HF'T’s and their impact on market quality. While some studies have
supported the beneficial role of HFT (see among others, Terrence et al. (2011), Hasbrouck
and Saar (2013), Brogaard et al. (2014), and Chaboud et al. (2014)), other studies have
highlighted the harmful aspects of it (see for example Hirschey (2013), Biais and Woolley
(2011), and Kirilenko et al. (2015)).

The algorithmic trading started in January 2004 in EBS market. The participation has
grown steadily and reached 20% at the end of 2005 and around 60% at the of 2007 (see
Chaboud et al. (2014)). In 2011, computer traders were either market taker or market
maker of the EUR/USD transactions in about 85% of all trades. In this paper, we study how
the tick size changes altered the HFT strategies and consequently market quality measures.
Only a few papers have examined the effects of tick size on the interbank FX market. Using
proprietary data from EBS, Schmidt (2012) documents that human traders did not use the

last digit very often under decimal pip pricing. He also provides a taxonomy of types of

3For an overview of the literature on HFT, see the surveys by Jones (2013) and O’Hara (2015).



EBS customers and their order placement characteristics. Lallouache and Abergel (2014)
analyze the EBS data, EUR/USD and USD/JPY distributions, and report price clustering
at prices ending in “0” and “5” after March 2011. They argue that automated traders take
price priority by submitting limit orders one tick ahead of clusters. However, they do not
provide insights into why these traders take such priority. The observation that emerges
from these two papers is that the EBS market microstructure changed significantly after the
introduction of decimal pip pricing.

Empirical studies of stock exchanges generally find that a tick size reduction is associated
with a decline in both spread and depth.* Ready (1999) presents empirical evidence that
dealers on the NYSE impose adverse selection costs on standing limit orders by selectively
stepping ahead of these orders to interact with incoming marketable orders. Goldstein and
Kavajecz (2000) examine the NYSE change to sixteenths and find that even if the effective
spread generally declines, under sixteenths, depth decreases throughout the limit order book.
Bessembinder (2000) finds that spreads are reduced in NASDAQ market when tick size
decreases. Jones and Lipson (2001) show that when NYSE lowered its minimum price
increment on most stocks from eighths to sixteenths of a dollar in 1997, quoted and effective
spreads declined, but realized execution costs for institutional trades increased. Bacidore
et al. (2003) use NYSE system order data to examine changes in trader behavior, displayed
liquidity supply and execution quality around the reduction of the minimum tick size in
U.S. equity markets. Among other things, the authors find that while the inside bid-ask
spread tightens, displayed liquidity deeper in the limit order book is reduced. Bessembinder
(2003) finds that both spreads and intraday return volatility decreased after decimalization,
with the reduction in quoted spreads being stronger in heavily traded large-capitalization
NASDAQ stocks. Bourghelle and Declerck (2004) show that a relatively larger tick size
encourages traders to submit and expose limit orders, while a smaller tick size induces
frequent undercutting strategies. Ahn et al. (2007) find that the spread declined significantly
after the Tokyo Stock Exchange (TSE) introduced a change in tick size for stocks traded

within certain price ranges. Reductions in spreads are larger for more liquid stocks with

4There has been a long debate about the effects of tick size on financial markets. Recently, on June 2014, the
Securities and Exchange Commission (SEC) ordered a plan to implement a targeted one year pilot program
that will widen the tick size for certain small capitalization stocks to assess effects on market quality.
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larger tick size reductions. Cai et al. (2008) conclude that a tick size reduction has no
general effect on the TSE because trading volume, the number of shares traded, and the
average trade size react differently. In the theoretical and empirical literature on tick size
in equity markets, there is also an interesting debate on whether the effects of a tick size
reduction may depend on the liquidity of a stock (see, for example, Bourghelle and Declerck
(2004) and Goldstein and Kavajecz (2000)). Similar considerations also apply to interbank
foreign exchange markets, where tick size is always smaller for more liquid pairs. The effects
of tick size changes have led to theoretical studies of the choice of a suitable minimum tick
size. These include, among others, Harris (1994), Anshuman and Kalay (1998), Cordella and
Foucault (1999), Alexander and Zabotina (2005), Kadan (2006), and Ascioglu et al. (2010).

3. Data Description

Banks and large financial institutions trade currencies with each other on two interbank
electronic trading platforms: EBS and Reuters. In practice, EBS is the leading liquidity
provider for EUR/USD, USD/JPY, EUR/JPY, USD/CHF and EUR/CHF, and Reuters is the
primary trading venue for commonwealth and emerging market currencies. To study the

effects of tick size changes on interbank FX market, we use four EBS data sets as following:

EBS level 1, 2004-2008. This data includes one level quote (best buy and sell) and deal
records at one second frequency.® This data has been used in Section 4 to find the minimum

tick sizes in the EBS market from January 2004 to December 2008.

EBS level 10, 2009-2011. This data includes ten level quotes and deal records at 100 mil-
liseconds frequency. This data is used in Section 4 to find the minimum tick sizes in the
EBS market from January 2009 to December 2011. The most important tick size changes
have been implemented in March 2011 and the data covers that period. This data enable us
to analyze different levels of the order book and it has been used in analysis related to pip

and decimal pip tick sizes in Section 4, Section 5, Section 7, Section 8.1, and Section 8.2.

EBS level 10, 2013. This data includes ten level quotes and deal records at 100 milliseconds

frequency from January to February 2013. We obtained the tick size changes in 2012 from

°“Deal” is a term used by EBS. It is synonymous with trade.
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EBS. The tick sizes from January to February 2013 in Section 4 are consistent with EBS
2012 information. We use this data to analyze different levels of the order book related to
the half pip tick size in Section 4, Section 5, Section 7, Section 8.1, and Section 8.2.

In the three datasets above, the dealt prices are the highest buying or lowest selling
deal price between two consecutive snapshots of the order book, rounded to second or 100
milliseconds. There are 22.5 and 225 million snapshots of the order books for each year
per major currency for second and millisecond frequencies, respectively. The data do not
include dealer identifications and there are no hidden orders. In EBS terminology, EUR/USD
denotes the amount of local currency, USD, required to buy (or sell) one unit of the base
currency, EUR. Orders are submitted in units of millions of the base currency.® We excluded
thin weekend trading periods and holidays because liquidity during those periods may have
been extremely limited. We also controlled for daylight savings and standard time. Similar

conventions were adopted by Andersen et al. (2003) and Chaboud et al. (2004).

EBS Maker-Taker, 2011. This transaction data provides the minute-by-minute last price,
aggregated volume, and direction of trades broken down into categories specifying the human
(H) and computer (C) traders from January to June 2011. It provides eight categories
specifying of human and computer makers and takers: HH,, HH,, HC,, HC,, CH,, C'H,,
CCy, and CCy, where b denotes buyer initiated trade and s denotes seller initiated trade.
The market maker posts quotes before the market taker (initiator) choose to trade at the
quoted price. The sum of buyer and seller initiated volumes provides volumes attributable
to the human maker-human taker HH, computer maker-human taker C'"H, human maker-
computer taker HC, and computer maker-computer taker C'C'. The difference between the
buyer and seller initiated volumes provides the order flow. The sum of the four order flows

gives the total order flow. This data has been used in Section 8.3 and Section 8.4.

4. Minimum Tick Size

The minimum tick size is the smallest possible increment between quoted prices in the

limit order book. Tick size has important effects on liquidity provision and transaction costs.

SEBS introduced small currencies in early 2010 and allowed participants to trade in increments of 100,000
units of the base currency. The trading volume in small currencies is very minimal. Therefore, we do not
analyze them.



A large tick size increases trading costs by widening the spread. The liquidity effect arises
because small tick size makes it easier for traders to step ahead of an existing limit order,
increasing the cost for traders who provide liquidity. It is a challenge for markets to choose
the optimal tick size to balance the liquidity and transaction cost effects.

We have analyzed our datasets to find the tick size changes on EBS from 2004 to 2013.7
Figure 1 illustrates the tick size changes in the EBS market.® For instance, tick size was a
pip (4 decimal points) for EUR/USD until March 2011. It was then reduced to a decimal
pip (5 decimal points). Finally, it was changed to a half pip (4.5) in September 2012. Half
pip pricing is a special case of decimal pip pricing in which the fifth digit can only be “0” or
“57. The pip (decimal pip) tick size is 2 (3) decimal points when the local currency is JPY,
because currencies are traded versus 100 JPY. Figure 1 indicates a general pattern that goes
from pip to decimal pip pricing, then reverts to half pip pricing over a two-year period. The
original change from pip to decimal pip pricing on EBS began in September 2010 with less
active currency pairs, presumably to test the reactions of market participants. In October
2010, EBS reduced tick size for the next group of most commonly traded currency pairs:
EUR/GBP, GBP/USD, and USD/CAD. Finally, EBS reduced the tick size for the five major
currency pairs ~-EUR/USD, USD/JPY, EUR/JPY, USD/CHF and EUR/CHF- to decimal pip
in March 2011. The decision to lower the tick size was mainly driven to match some smaller
trading platforms to attract more HFT’s in a competitive market. This move generated
intense debate among the two main types of traders. Although decimal pip pricing was
welcomed by HFT’s, human traders believed that HFT’s already had an unfair advantage,
which was enhanced by the smaller tick size.” After EBS shifted to decimal pip pricing, it
eventually took the view that it risked losing more business by continuing with decimal pip
pricing. As a consequence, there was a reversion to half pip pricing for most currency pairs

in September 2012. Table 1 provides the dates for the tick size changes in the EBS market.

"As far as we know, there has not been any change regarding tick sizes on EBS in 2014 and 2015.

8We have excluded currency pairs with minimal activities.

9For example, see pages 14-15 from the report by the Bank of International Settlements (BIS): http:
//www.bis.org/publ/mktc05.pdf.
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Figure 1: EBS Minimum Tick Size Changes, 2004-2013
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Notes: Figure 1 illustrates the tick size changes in the EBS market from 2004 to 2013 for different currency pairs. The vertical axis shows the decimal
points used in the exchange rates. As an example, EUR/USD tick size was 0.0001 (one pip) until March 2011. Thus, if the best bid was 1.39940, then
a trader can improve this price by adding the tick size and placing an order with the price of 1.39950. However, the trader was not allowed to place
an order with a price of 1.39941 because the added value of 0.00001 (a decimal pip) was less than the tick size of 0.0001. The pip (decimal pip) tick
size is 2 (3) decimal points when the local currency is JPY, as the exchange rates are based on 100 JPY. The 2.5 and 4.5 decimal points refer to half
pip pricing, which is a special case of decimal pip pricing in which the last digit could only be “0” or “5”. For example, the tick size of 4.5 for the
EUR/USD exchange rate means that the tick size is one decimal pip (5 decimal points), and hence, the fifth digit can only be “0” or “5”.



Table 1: EBS Minimum Tick Size Changes, 2004-2013
2010/08/30 2010/10/10 2011/03/07 2012/09/17 2012/11/25

EUR/GBP hp — dp dp — hp
AUD/USD p — dp dp — hp
EUR/AUD p — dp dp — hp
EUR/CAD p — dp dp — hp
NZD/USD p — dp dp — hp
USD/SGD p — dp

EUR/CHF p — dp dp — hp
EUR/USD p — dp dp — hp
USD/CHF p — dp dp — hp
AUD/JPY p — dp dp — hp
CAD/JPY p — dp dp — hp
CHF/JPY p — dp dp — hp
EUR/JPY p — dp

USD/JPY p — dp

GBP/USD p — dp dp — hp
USD/CAD p — dp dp — hp

Notes: Table 1 provides the tick size changes on EBS from 2004 to 2013, p refers
to pip, dp indicates decimal pip, and hp refers to half pip.

5. EBS Market Structure

In this section, we provide information about the EBS market structure to help explain
how, given the lower minimum tick size, the structure of the interbank FX market facilitated
HFT’s taking advantage of human traders. Our analysis is based on the EUR/USD currency
pair. The other major currency pairs ~USD/JPY, USD/CHF, EUR/CHF, and EUR/JPY—
are mostly similar to EUR/USD.!? There are two main types of traders in the EBS market:
“automated” traders, who use an automated interface (Al) to place orders without human
intervention; and “human” traders, who use GUI-based access for order management. Hu-
man traders are individuals who trade, using keyboard, at the trading desks of major banks.
Unlike in the equity market, these traditional traders play a vital role in the interbank FX
market for providing liquidity. As depicted in Figures 23 and 24, in about 65% of all trades,
human traders were either taker or maker of the transactions before the tick size change in
March 2011. The important role of human traders distinguishes the structure of the inter-

bank FX market from other markets. EBS first allowed Al into the market in 2004 (see

0The full results for USD/JPY, USD/CHF, EUR/CHF, and EUR/JPY are available upon request.



Chaboud et al. (2014) for more details). The main component of an Al in the EBS market is
the professional trading community (PTC), which places orders at very high frequency.'! Us-
ing propriety data Schmidt (2012) provides details regarding the ecology of the EBS market
in 2011. The PTC typically uses an order size of one million and almost never uses an order
size exceeding four million. Human traders place larger orders, for example, approximately
5% of orders submitted by them reach the size of ten million. The fill ratio is defined as the
ratio of dealt quotes to submitted quotes. This ratio is more than 50% for human traders
and approximately 8% for the PTC. The high fill ratio for human traders implies that these
traders typically do not cancel their orders. Human traders did not widely use decimal pip
pricing after the tick size change. Approximately 80% of the human traders used decimal
pip pricing in less than 20% of their orders. In contrast, Al traders adopted decimal pip
pricing widely in their quoted prices.?

Stylized Fact: Human traders (slow traders), place larger orders at prices ending in “0”
(under pip pricing) and on average do not cancel half of their orders.

There are some reasons why human traders were reluctant to use decimal pip pricing.
Prior to March 2011, the value of a tick size was $100 for an order size of one million under
pip pricing. This value fell to $10 under decimal pip pricing. Furthermore, traditional human
traders had been accustomed to pip pricing over many years and found it difficult to adapt
to decimal pip pricing. If human traders did not use decimal pip pricing and used “0” as
the fifth digit, there should be a price clustering at zero after the tick size change. Figures 2
and 3 provide distributions of the last digit of prices under pip and decimal pip pricing. The
last digit distribution is nearly uniform under pip pricing, but there is a price clustering at
zero under decimal pip pricing. A weaker price clustering is also found for prices ending
in “5”. The reason for this may be that some human traders used “5” to partially adapt
to decimal pip pricing. If human traders typically used zero for the last digit and placed
larger orders, the volume distributions of prices ending in zero and non-zero digits should

also differ.

1 Automated Traders are further divided into three subgroups: Professional Trading Community (PTC),
Bank AI, and Aggregators. PTC are high frequency market makers, usually in the market by prime
brokerage. Bank AI are algorithmic trading operations of banks. Aggregators consolidate liquidity from
multiple retail liquidity providers.

12The details of order sizes, fill ratio, and order’s last digits could be found in Figure 1, Figure 2, and Table
4 in Schmidt (2012) .
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Figure 2: EUR-USD, Last Digit Distribution, Pip Tick Size
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Figure 3: EUR-USD, Last Digit Distribution, Decimal Pip Tick Size
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Notes: Figures 2 and 3 show the limit order book prices’ last digit distributions under pip and decimal pip pricing, respectively. This distribution was
nearly uniform under pip pricing, implying that traders used all digits equally for the last digit of prices. However, human traders did not use the last
digit under decimal pip pricing, which means they often used “0” for the fifth digit. This behavior created price clustering at prices ending in zero.

Figure 4: EUR-USD, Volume Distribution, Decimal Pip, Last Digit=0
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Figure 5: EUR-USD, Volume Distribution, Decimal Pip, Last Digit£0
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Notes: Because human traders usually use zero for the last digit and place large orders, the volume distributions for prices ending in zero and non-zero
digits differ. Figures 4 and 5 show that prices ending in non-zero digits are found in smaller volumes, whereas orders with prices ending in zero are
found in larger volumes. This pattern indicates that human traders usually place larger orders at prices ending in zero.



Figures 4 and 5 show that orders with prices ending in non-zero digits come in smaller
volumes, whereas orders with prices ending in zero come in larger volumes. A human trader
who utilizes a price ending in “0” and trades in larger volumes is a patient market maker,
given his high fill ratio. The described structure of the EBS market creates an ideal set-
ting for HFT’s to front-run human traders, using the sub-penny jumping strategy. This
has been discussed in details in the following section. Sub-penny jumping is not the only
strategy implemented by HFT’s to front-run other traders. However, the particular order
management strategy employed by human traders greatly facilitates the implementation of

sub-penny jumping by HFT’s.

6. Sub-Penny Jumping

Human traders are slow traders, they submit larger orders at prices ending in zero under
decimal pip pricing, and do not cancel their orders very often. In this section, we explain
how HFT’s use this information to implement the sub-penny jumping strategy to exploit the
smaller tick size. Figure 6 depicts possible sub-penny jumping in the EBS market. Suppose
that a human trader places a 9 million buy order for EUR/USD at a round price of 1.39940.
A sub-penny jumper, who can place an order at very high frequency, would then place a
small order, such as a 2 million buy limit at 1.39941. The difference between this price and
the human trader’s price is equal to the tick size, i.e., a decimal pip. Prior to March 2011,
the minimum cost of unwinding against a standing one million limit order was $100 and fell
to $10 afterwards. If the sub-penny jumper buys at his placed order, he will move to the
sell side and can place a sell order at 1.39945. There are then three possibilities. If another
trader places a buy market order at 1.39945, the sub-penny jumper’s profit would be $80.
If a 2 million buy limit order comes in at a price of 1.39943 (which is higher than 1.39941),
the sub-penny jumper could cancel his order and place a sell market order at 1.39943. If the
sub-penny jumper is successful in selling his share, then his profit would be $40. However,
if the sub-penny jumper thinks that the market is drifting away from his position, he can
sell back to the human trader at a price of 1.39940, and his loss would be $20. If there is
competition between HFT’s to front-run human traders, this would limit potential profits.
HFT’s also use other order anticipation strategies. We have found empirical evidence that

HFT’s used the sub-penny jumping strategy frequently under decimal pip pricing.
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Figure 6: Sub-Penny Jumping, HT- HF T
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Notes: Figure 6 provides an example of sub-penny jumping strategy implemented by HFT’s in
EBS market after the introduction of decimal pip pricing. HT stands for human trader and HF'T
refers to the high frequency trader.

Let us now consider the general case of sub-penny jumping in the interbank FX market.
Suppose that a human trader and a sub-penny jumper place buy orders at p and p + 7 or
sell orders at p and p — 7, where 7 is the minimum tick size. When the sub-penny jumper
buys or sells his order, he will move to the other side of the order book. If the human trader

does not cancel or adjust the order and other traders do not fill the human trader’s order,

then the loss is bounded at the rate of return, a = 2 ;(f:ﬂ = = for the buying sub-penny
jumper and b = —% = —p%T for the selling sub-penny jumper. However, if prices move

in favor of the sub-penny jumper, such a favorable price change would be profitable. We will
discuss the case of a buying sub-penny jumper, as the selling case is very similar. Suppose
that the rate of return has a standard normal distribution: x ~ N(u,c?). This is a simple

reduced-form model and not the equilibrium model since the distribution of the return on
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the foreign currency is assumed to be exogenously given. This is a reasonable assumption
given the liquidity of FX markets and the fact that the focus of our analysis is empirical
rather than theoretical. Once the sub-penny jumper trades, the orders he front-runs protect
him from serious losses. If prices move in his favor, the sub-penny jumper profits to the

full extent of the price changes. The returns are unbounded above and limited below by

p— (p""T) _ T

a = T = prr

Proposition: If the minimum tick size decreases, then the conditional expectation of returns

increases and the conditional variance of returns decreases.!?

dE(x|z > a)

<0
dr

E(z|x > a) > E(z) and

dVar(zlx > a)

>0
dr

Var(z|x > a) < Var(zx) and

With a smaller tick size, the sub-penny jumper must improve prices by a smaller price
increment to trade ahead of the human traders. Therefore, the tick size is the price that the
sub-penny jumper must pay to front-run the human traders. However, sub-penny jumpers do
not pay this price to the human traders; instead, they pay it to the traders with whom they
trade to establish their positions. These traders would have traded with the human traders
if the sub-penny jumper had not front-run them. A sub-penny jumper will trade profitably
only if the standing orders that they front-run do not cancel their orders, adjusting them
quickly, and other traders do not fill the human trader’s order. If these options are no longer
available, the sub-penny jumper will have difficulty when prices move against him. Based on
the EBS market structure presented in Section 3, HF'T’s know that orders with prices ending
in zero and larger order sizes indicate the presence of human traders to front-run. These
orders are not canceled or adjusted very often, and due to the larger volume, they cannot
be filled quickly. In general, HF'T’s post inside quotes by front running the best prices, and
human traders post outside spread. Then, when the sub-penny jumper trades, if the market
starts to move against him, he trades with human trader. This occurs systematically, due to
the order management strategy employed by human traders, which differentiates this market

from the equity market.

13We refer the reader to Appendix A for the proof of this proposition.
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7. Sub-Penny Jumping, Deal and Quote Distributions

We study tick sizes in the EBS market in three periods. Tick size was a pip until March
2011, when it was reduced to a decimal pip. It was then changed to a half pip in September
2012. As shown in Figure 7, distributions of orders’ last digits were almost uniform with pip
tick size for both the bid and ask sides. The x axis shows the last digits ranging from “0”
to “9”7. The y axis indicates the limit order book level, ranging from level “1” to level “10”.
The term “level” refers to occupied price levels, which implies that the difference between
two levels is not necessarily the minimum tick size. For example if the best price is 1.3994 at
the best buy (level 1), the next price (level 2) could be 1.3996 where the difference is more

than the minimum tick size. Frequency distributions are given on the z axis.

Figure 7: EUR-USD, LOB Last Digit Distributions, Pip Tick Size
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Notes: The price’s last digit distributions were almost uniform for all levels of the bid and ask sides
of the order book with pip tick size, as shown in Figure 7.

Because human traders were reluctant to use decimal pip pricing, there is price clustering
of quotes in all limit order book levels at prices ending in zero. Furthermore, if a buying
human trader places an order with a price ending in “0” (e.g., 1.39940), then the buying
sub-penny jumper who wants to front-run the human trader should place an order with a
price ending in “1” (1.39941). If there are other sub-penny jumpers, they would place their
orders with prices ending in “2”, “3”, etc. However, greater distance from “0” means less

expected profit; therefore, we would anticipate a decreasing distribution of the number of
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orders for the buy side of the limit order book at all levels. Figure 8 shows such distributions
for the ten levels of the order book with different last digits. For example, at the level-one
buy side of the limit order book, 28% of orders have a last digit of “0”, and 18% of the
orders have a last digit of “1”. This ratio starts to fall and reaches 2.5% for orders with a
last digit of “9”. The shapes of the distributions at other levels of the bid side are similar
to the shape at level-one.

Figure 8: EUR-USD, LOB Last Digit Distributions, Decimal Pip Tick Size
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Notes: Figure 8 illustrates the bid and ask prices’ last digit distributions for the ten levels of the
limit order book with decimal pip tick size.

If a sub-penny jumper improves upon the order of a human trader by one tick while
bidding, he would place an order with a last digit of “1”. However, if an HFT improves
on a human trader’s price (e.g., 1.39940) on the ask side, he should place a price ending
in “9” (1.39939). Therefore, we would expect an increasing distribution (excluding “0”) for
all levels of the sell side of the limit order book. For example, in Figure 8, we see that
approximately 28% of the orders have a last digit of “0”, but only around 2.7% of the orders
have a last digit of “1”. This ratio starts to rise and reaches 19.5% for orders with a last
digit of “9”. We observe the same distributions at other levels of the ask side. Distributions
for decimal pip pricing also show weaker price clustering at prices ending in “5”. It appears
that some human traders placed such orders to adopt decimal pip pricing partially without
the complexity of using all the digits. However, the volume sizes used with this digit are

smaller, and there was no opportunity for HFT’s to front-run the digit “5”. The different
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patterns on the ask and buy sides provide evidence of sub-penny jumping in the EBS market
under decimal pip pricing. When the tick size changed to a half pip, traders had only two
options, “0” and “5”, for the last digit of their orders. If the last digit of the best order is
“0”, then the last digit of the second best would be “5”. Consequently, we observe more

clustering at “0” at odd levels in Figure 9.

Figure 9: EUR-USD, LOB Last Digit Distributions, Half Pip Tick Size
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Notes: Figure 9 shows the bid and ask prices’ last digit distributions for the ten levels of the limit
order book with half pip tick size

Volume distributions also provide evidence of sub-penny jumping. When HFT’s front-run
human traders, they secure their positions by placing orders with smaller sizes. We know
from Section 3 that HFT’s typically use one million orders and almost never use an order
size exceeding four million. As a result, we should observe smaller volumes at the top of the
order book under decimal pip pricing. The order book volume distributions under pip and
decimal pip pricing are given in Figures 10 and 11, respectively. At level one of the buy side
under pip pricing, 16% of orders had a size of one million, and 11% had a size of more than
ten million. However, under decimal pip pricing, 61% of orders had a size of one million,
and only 0.7% of orders had a size of more than ten million. Changes at the other levels are
more significant. At level two with pip pricing, 3% of orders had a size of one million, and
44% had a size of more than ten million. However, under decimal pip pricing, 62% of orders
had a size of one million, and only 1% of orders had a size of more than ten million. The

changes on the sell side of the order book are similar to those on the bid side.
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Figure 10: EUR-USD, LOB Volume Distributions, Pip Tick Size
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Notes: Figure 10 illustrates the order book volume distributions with pip tick size change. The
existence of human traders at the top of the book provides larger volumes.

Figure 11: EUR-USD, LOB Volume Distributions, Decimal Pip Tick Size
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Notes: The order book volume distributions with decimal pip tick size are given in Figure 11.
HF'T’s have occupied the top of the order book by smaller volumes.

Comparing Figures 10 and 11, we observe that large volumes nearly disappeared from
the top of the order book. Along with other reasons, some human traders might also use
smaller orders with decimal pip pricing which could partially explain the change in the order

book. However, based on Section 5, human traders did not stop using larger orders.
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Figure 12 indicates that there are more large volumes at the top of the order book after
reversion to half pip pricing in September 2012 comparing to decimal pip pricing. The strong

symmetry between the ask and bid sides is an interesting empirical finding.

Figure 12: EUR-USD, LOB Volume Distributions, Half Pip Tick Size
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Notes: Figure 12 provides the order book volume distributions with half pip tick size.

Patterns similar to those of the order books are present in the deal prices. We examine
the trades and split them into trades initiated by buyers and sellers. Figure 13 shows the
distribution of the last digit of deal prices for buyer-initiated and seller-initiated transactions
for different tick sizes. The z axis shows the last digits of deal prices ranging from “0” to
“9”. The y axis indicates tick sizes: pip, decimal pip, and half pip. Frequency distributions
are given on the z axis. The distributions of the last digits of deal prices are nearly uniform
under pip pricing for both buyer- and seller-initiated deals. This is seen in the uniform order
book last digit distribution in Figure 7. This distribution is increasing for buyer-initiated
trades and decreasing for seller-initiated trades under decimal pip pricing, a finding that is
consistent with the decreasing buy side last digit distribution and the increasing sell side last
digit distribution shown in Figure 8. There is also price clustering at prices ending in “5”
under decimal pip pricing. More deals occur at prices ending in “0” under half pip pricing.
The patterns for half pip tick size are consistent with Figure 9. The shape of the order book
has also changed the distributions of deal volumes. Figure 14 shows that in buyer-initiated

trades, 57% of deals occurred with a volume of one million under pip pricing, 72% under
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decimal pip pricing, and 65% under half pip pricing. We observe the same pattern in seller-
initiated trades. Figure 14 shows that more deals occurred with larger volumes under pip

pricing, as they were available at the top of the order book.

Figure 13: EUR-USD, Deal Last Digit Distributions with Different Tick Sizes
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Notes: The deal last digits’ distributions for pip, decimal pip, and half pip are given in Figure 13
for both buyer and seller initiated deals.

Figure 14: EUR-USD, Deal Volume Distributions with Different Tick Sizes
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Notes: The deal volumes distributions for pip, decimal pip, and half pip are given in Figure 14
for both buyer and seller initiated deals.
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8. Market Quality

In this section we study the maker quality measures, spread, realized spread and mar-
ket depth. The change in the market maker-market taker compositions also changed the

permanent price impact measured by VAR model of Hasbrouck (1991).

8.1. Spread € Realized Spread

Spread, defined as the difference between the best ask and the best bidding prices, is
a measure of liquidity cost. Table 2 provides summary statistics for spread under different
tick sizes. The average spread, which was (0.00015 under pip pricing, decreased to 0.00013
under decimal pip pricing. Interestingly, it further decreased to 0.00010 when EBS adopted
a half pip tick size, which is considered a larger tick size than decimal pip tick size.

Table 2: Spread Summary Statistics
Min Max Median  Mean  Std.dev

Pip (p) 0.00010 0.00250 0.00010 0.00015 0.00006
Decimal Pip (dp) 0.000010 0.00400 0.00012 0.00013 0.00007
Half Pip (hp) 0.000050 0.00995 0.00010 0.00010 0.00005

We test the following hypotheses regarding the spread mean under different scenarios.

All test are strongly rejected with all p-values less than 0.00001.

Hy iy = iy Ho  pinp = pp Hy  pinp > pap

Ho o pap < pp Hy o pinp < pip Ho o pinp < fhap

Figure 15 indicates whether the spread was binding under pip and decimal pip pricing.'*
The results show that on average, the spread was binding (equal to 0.0001) more than 50%
of the time under pip pricing. This means that there was pressure on the spread to decrease,
which could partially justify the adoption of decimal pip tick size. Figure 15 also illustrates
that approximately 1% of the time, the spread was binding and equal to 0.00001 under
decimal pip pricing. This suggests that the decimal pip tick size was too small for EUR/USD
in the EBS market. Empirically, this means that the optimal tick size for EUR/USD should

be between a pip and a decimal pip, namely, a half pip, where the fifth digit can only be

14Tf the tick size is 7 and the spread is equal to 7, spread is binding.
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“0” or “5”. In Figure 16, we demonstrate the binding spreads with half pip tick size. On
average, between 15% and 20% of the time, the spread was binding. Compared with other
tick sizes, the binding spread under half pip pricing is not as high as 50% or as low as 1%.

Figure 17 shows the one-hour average spread for 2011. In the graph, each dot represents
a one-hour average spread, and we have depicted all 24 observations (hours) across the day.
The gaps represent weekends which we have excluded. When EBS changed the tick size
from pip to decimal pip in March 2011, indicated by the dashed line in the graph, there
was a significant draw down in the spread. Technically, traders had more options inside the
spread, which was under greater pressure before. Figure 18 provides the one-hour average
spread for January-Feburary 2013 under half pip tick size.

To test the effects of the lower tick size on the spread, we use difference-in-difference (DID)
estimation. DID is typically used to identify the effects of a specific policy intervention or
treatment. The idea behind the DID approach is that if an intervention has an effect, the
difference between the unaffected group (the control group) and the group directly affected
by the intervention (treatment group) should change after the policy intervention. Then, one
compares the difference in outcomes between the two groups before and after the intervention.
We chose EUR/USD as a treatment group to test our hypothesis. The best control group
would be the same currency pair in the Reuters market on the condition that the spread in
Reuters was not affected by the tick size change in the EBS market. Unfortunately, we do
not have access to this data set. Our next best options are the next most commonly traded
currency pairs in the EBS market, namely, EUR/GBP, AUD/USD and GBP/USD. The tick
size did not change for these currency pairs in the time period under consideration. The
control groups are not perfect since these currency pairs are primarily traded at the Reuters,
and hence may have low liquidity at EBS. We could not study the change in the spread from
decimal pip to half pip because, as shown in Figure 1, EBS simultaneously changed the tick
size for both our treatment and control groups. We have considered other factors that may
have changed in or around March 2011 that may potentially impact our analysis. One of
those factors is changes in the tick size on other venues. Furthermore, If the HFT’s moved
activities from the control to the treatments groups, the control groups would have been
affected indirectly by the tick size change. We did not find significant changes in the deals

and the state of the limit order book of the control groups.
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Figure 15 illustrates the binding EUR/USD spread under pip and decimal pip tick sizes. The dashed line indicates the time of the tick size

change in March 2011. Figure 16 shows the binding spread for the same currency under half pip tick size.

Notes:

Figure 18: EUR-USD Spread, Half Pip Tick Size
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Figure 17 illustrates the one-hour frequency EUR/USD spread under pip and decimal pip tick sizes for 2011. Figure 18 illustrates the one-hour

frequency EUR/USD spread under half pip tick size for 2013.

Notes:



Assuming that the treatment effect is stationary over time, we define the DID model by:

Sy = Po+ P+ BT + B3PT + ¢ (1)
where 7' is a treatment variable equal to one for EUR/USD and zero for the control group;
P is the post-treatment indicator, equal to one after the tick size change and zero before the
change. T controls for permanent differences between the treatment and control groups, with
[y capturing this variation. Similarly, P controls for trends common to both the control and
treatment groups, and ; captures this variation. The variation that remains is captured by
[3. Conditional means corresponding to the four combinations of T and P produce Table 3.

Table 3: Conditional Mean Estimates from the DID Regression Model
After Tick Size Change Before Tick Size Change Difference

Treatment Bo + B1 + P2 + B3 Bo + B2 B1+ B3
Control Bo + b1 Bo B1
Difference B2+ B3 B2 B3

The DID regression results for the one-hour EUR/USD average spread are provided in
Table 4 with different control groups. In all cases, the estimates of 3 are negative and
significant at the one percent level. We also used the one-minute average spread frequency
in robustness checks. The results, presented in Table 5, show that the estimates of 83 are
significant at the one percent level. The estimates are close to the difference between the
average spread, with the pip and decimal pip equal to -0.00002. The DID regression results
indicate that the spread decreased after the tick size change due to the lower minimum
tick size. Reduction in the minimum tick size from pip to decimal pip enables HFT’s to
post more aggressively priced limit orders in the EBS market, leading to tighter quoted
spreads. However, by reducing the cost of implementing sub-penny jumping strategies,
HFT’s occupied the top of the order book and the benefit of the reduction in the spread was
mostly absorbed by them. We then estimate the realized spread defined as:

RSy = 2q,(pr — M) (2)
Where p; is the deal price at time ¢, m;. ¢ is the midpoint at time ¢+ s and ¢, is the trade
indicator, equal to 1 for buyer-initiated trades and -1 for seller-initiated trades. We chose

the s = 5 seconds window for the midpoint.
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Table 4: Difference-in-Difference Regressions of EUR-USD Spread, 1 Hour Frequency

Control Group

EUR-GBP (T'=4,236)

AUD-USD (T'=4,012)

GBP-USD (T=3,670)

Bo
&3}
P2
Bs

Estimate Std. Error  t-value  Pr(>|t|) Estimate Std. Error t-value Pr(>|t]) Estimate Std. Error t-value Pr(>|t|)
0.000262 2 %1076 128.77 210716 0.000224 2 %1076 119.82 210716 0.000348 2 %1076 146.58 210716
0.000015 3% 10~° 5.65 251078 0.000013 2% 10~° 577 8x107° -0.000012  3%10°%  -4.06 5%107°
-0.000113 251076 -53.69 2% 10716 -0.000076 251076 -38.78 210716 -0.000203 2%1076 -83.65 2% 10716
-0.000030 3% 107° -10.32  2%10716 -0.000032  2%107°%  -13.19 2x107'° -0.000007  3%107%  -217 31072

All coefficients are significant at the 1 percent level.

Table 5: Difference-in-Difference Regressions of EUR-USD Spread, 1 Minute Frequency

Control Group

EUR-GBP (T'=250,880)

AUD-USD (T'=242,544)

GBP-USD (T'=219,448 )

Bo
&3}
P2
Bs

Estimate Std. Error  t-value  Pr(>|t]) Estimate Std. Error t-value Pr(>[t|) Estimate Std. Error t-value  Pr(>[t])
0.000258 3%1077 918.53 2% 10716 0.000219 2% 1077 946.95 2% 10716 0.000340 3%1077 1048.10 210716
0.000015 4% 1077 40.00  2x10716 0.000016 ~ 3%1077 5543 2x107'6 -0.000007  4%10"7  -16.58 2x107'¢
-0.000110 3x107 -364.32  2%10716 -0.000072 3%1077 -279.44 2%10716 -0.000196 3x1077 -572.04 210716
-0.000031 41077 7452 2x10716 -0.000034  3%1077  -101.64 210716 -0.000011  5%1077  -2425 2x107'6

All coefficients are significant at the 1 percent level.

Notes: Table 4 provides the difference-in-difference estimation results for the one-hour EUR/USD spread average. We have used EUR/GBP,

AUD/USD and GBP/USD as control groups because they are the busiest currency pairs after the major currency pairs. Activities in other currency

pairs are usually sparse, which makes them inappropriate for use in our control group. The estimates of 83 are negative and significant at the one

percent level, which indicates that the spread decreased after the introduction of decimal pip pricing. Table 5 shows the DID results for the one-minute

EUR/USD spread average. All 33 coefficients are negative and significant at the one percent level.



In case of buyer-initiated trade, a positive realized spread means that the market maker
can unwind his short position to make a profit. A negative realized spread means that
he has suffered an adverse price move and must revise his estimate of the fundamental
value accordingly. Similar reasoning applies to seller-initiated trades. The absolute value of
realized spread has decreased toward zero meaning that the market maker would suffer less
adverse price move. Figure 19 provides the realized spread under pip and half pip pricing in
2011. The graph shows the one-hour average realized spread of EUR/USD exchange rates.
Figure 20 provides the realized spread under half pip pricing in 2013.

8.2. Market Depth

Market depth is the amount available in the limit order book. This quantity could also
be interpreted as the size an order must reach to move the market’s best available price by a
given amount. Generally, traders prefer a deep market because then there will be less price
impact. In analyzing both the bid and ask sides of the market, we have calculated EUR/USD
market depth of 0.0001 and 0.0002 under pip, decimal pip and half pip pricing. This means
how much volume is available between and including the best bid, or sell, and the next price
with 0.0001 and 0.0002 differences. Figure 21 shows the daily averages of ask side depth.
As before, the dashed line indicates the tick size change from pip to decimal pip in March
2011. Each circle indicates the market depth of 0.0001, and each triangle shows a market
depth of 0.0002. For example, orders of $15-$20 million were necessary to move the best bid
by 0.0001 under pip pricing before March 2011. However, an overall order size of §10-$15
million was sufficient to move the best price by the same amount after the introduction of
decimal pip pricing. Figure 21 shows that the introduction of decimal pip pricing reduced
market depth significantly. We found similar results for the buy side of the order book.

There are some reasons why market depth worsened after the introduction of decimal
pip pricing. First, the HFT’s implemented the sub-penny jumping strategy and occupied
the top of the order book with smaller volumes. Second, some human traders may also have
switched from larger to smaller orders to adapt to the tick size change. When EBS changed
the tick size to a half pip, there was a significant improvement in market depth, as shown in

Figure 22.
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Figure 20: EUR-USD Realized Spread, Half Pip
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Figure 19: EUR-USD Realized Spread, Pip & Decimal Pip
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Figure 20 shows the realized spread

Notes: Figure 19 indicates the one hour realized spread average under pip and decimal pip pricing in 2011.

under half pip pricing in 2013.
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Figure 21 shows EUR/USD daily average buy side depth under pip and decimal pip pricing in 2011. Each circle shows which order size is
necessary to move the best price by 0.0001, and each triangle shows a market depth of 0.0002. Figure 22 illustrates sell side depth under half pip

pricing in 2013.
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8.3. Maker-Taker Structure

In this section, we use the transaction data broken down into categories specifying the
human (H) and computer (C') traders. The data provides eight categories HH,, HHj,
HCy,, HC,, CH,, CH,, CC%, and C'Cy, where b denotes buyer initiated trade and s denotes
seller initiated trade. By adding both buyer and seller initiated volumes, we construct the
four groups: human maker-human taker H H, computer maker-human taker C'H, human
maker-computer taker HC, and computer maker-computer taker C'C'. This enables us to
investigate if there is a change in market maker-market taker composition between humans
and algorithmic traders after the introduction of the decimal pip pricing.

Figure 23 shows the human maker-human taker -H H- and computer maker-computer
taker -C'C- ratios. The trade between only humans decreased from about 15% under the
pip tick size to about 10% under the decimal pip tick size. Meanwhile, the trade between
only computers has increased gradually from 30-35% to 40-45%. The decreasing trend of
H H means that humans trade less with each other, or, they have less access to each other
in the market. At the same time, increasing C'C' indicates that computers trade with each
other more often. One possible explanation for the mentioned observations is as follows:
lower minimum tick size enabled HFT’s to implement sub-penny jumping strategies and
post more aggressively limit orders. As a result, HFT’s occupied the top of the order book
and trade more with each other (higher C'C'). Human traders did not adopt the decimal
pip pricing as much as HFT’s and consequently were placed more at the back of the order
book. This means that HFT’s lowered the execution probability of human maker-human
taker trades (lower HH).

Figure 24 provides the computer maker-human taker -C'H- and human maker-computer
taker -HC- ratios. The CH decreased from about 25% under pip pricing to 15-20% under
decimal pip pricing. At the same time period, HC had an increasing trend. The volumes
of C'H trades did not change considerably after the tick size change. With higher total
volume after the tick size change, the decline in C'H share is therefore due to the fact that
the shares of other groups have increased overall. The findings regarding HC needs more
careful considerations. Our results in previous sections and Schmidt (2012) indicate that
the manual traders were placed more at the back of the order book, indicating possibly a

decreasing trend for HC'.
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One possible answer for increasing HC' is that the manual traders’ resting orders get
hit when the price moves, and then they become the market maker because they are slow
in revising their prices. However, the limit order book data with trader identification, if

available, should be used to explain this empirical finding in further depth.

8.4. Permanent Price Impact

To examine the permanent price impact under which information is incorporated into
prices, we use the VAR model of Hasbrouck (1991). The goal is to find if the tick size
change has altered the information contents of trades. We use the data categorized to H H,
HH, HC,, HC,, CH,, CH,, CC}, and CCj, where b denotes buyer-initiated trade and s
denotes seller-initiated trade. The difference between the buyer and seller-initiated volumes
provides the order flow. The sum of the four order flows gives the total order flow in a given
minute. Let r;, the log return of the price at time ¢, denote the change in the market maker’s
estimate of fundamental value. For simplicity, we multiply r; by 10,000 times so that the
returns could be interpreted as the percentage change in the exchange rate multiplied by
100. OF; is the aggregated order flow equal to the net of buyer and seller-initiated trading
volumes. We start with the basic assumption that trades have linear price impact (see Kyle
(1985) for example):

re = BiOF; + & (3)

where ¢; is information available to the market maker in addition to information from order
flow. Emnsuring exogeneity of €; and its interpretation as the market maker’s information
uncorrelated with order flow requires controlling for microstructure frictions. For exam-
ple, inventory-control effects may cause past trades to influence the market maker’s current
trade price. Furthermore, delayed adjustment to information on the part of the market
takers means order flow may have lagged effects on trades. This suggests an infinite-order

autoregressive specification:
r=ag+ > ami_i+ Y BOF_;+ ByOF, +yOF * D, + ¢, (4)
i=1 i=1

where D, is a dummy variable equal to one if the tick size is decimal pip and zero if the

tick size is pip. Including an intercept means that the regression demean the variables. The
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coefficient v captures the price impact of the tick size change. The negative sign would
means the lower price impact and the positive sign means the higher price impact of the tick
size change. To find the number of lagged variables, we compare the Akaike Information
Criterion (AIC) and Bayesian Information Criterion (BIC) up to 30 lags of past returns and
order flows. Figure 25 reports BIC for the lags of order flow and Figure 26 provides the BIC
for the lag of returns. Based on the values of AIC and BIC, we choose the 18 lags for the

returns and 8 lags for the order flows. This provides us the following equation:

18 8
T :OéovLZaﬂ“t—i—FZﬁiOEt—i+500Ft+70Ft*Dt+€t (5)
i1 =1

Table 6 reports estimated coefficients and Heteroskedasticity and autocorrelation adjusted

p-values for the VAR specification in Equation (5).

Table 6: Estimated Coefficients for the Order Flow Equation in the VAR

Estimate  Sd. t-value  Pr(>[t]) Estimate ~ Sd.  ¢-value Pr(>[t])
o 0.0292 0.0062  4.729 0.0000 a5 -0.0063  0.0031 -2.024 0.0430
o -0.0783  0.0056 -13.966  0.0000 a1 -0.0060  0.0031 -1.960 0.0500
Qa2 -0.0194  0.0046 -4.261 0.0000 ajy - -0.0082  0.0030 -2.786 0.0053
as -0.0144  0.0044 -3.282 0.0010 as -0.0052  0.0030 -1.720 0.0854
oy -0.0128  0.0043  -2.987 0.0028 Bo 0.0507  0.0010 51.820  0.0000
as -0.0102  0.0042 -2.444 0.0145 51 -0.0030  0.0005 -6.480 0.0000
o -0.0078  0.0040 -1.957 0.0504 Ba -0.0012  0.0004  -3.158 0.0016
oy -0.01056  0.0040 -2.658 0.0079 B3 -0.0008  0.0004 -2.273 0.0230
osg -0.0020  0.0039 -0.515 0.6067 B4 -0.0007  0.0004 -2.064 0.0390
Q9 -0.0088  0.0040 -2.229 0.0258 Bs -0.0006  0.0004 -1.568 0.1169
ajp  -0.0059  0.0036 -1.661 0.0967 Bs -0.0007  0.0003 -2.183 0.0291
ap; - -0.0089  0.0033 -2.730 0.0063 b7 -0.0002  0.0003 -0.585 0.5589
a1z -0.0067  0.0031 -2.168 0.0302 Bs -0.0011  0.0003  -3.175 0.0015
aiz  -0.0068  0.0031 -2.235 0.0254 0% -0.0039  0.0017 -2.324 0.0201

aqg - -0.0073  0.0032 -2.269 0.0233

Notes: n = 127,531. Table 6 reports estimated coefficients and heteroskedasticity and

autocorrelation adjusted p-values for the VAR specification in Equation (5).

As expected, the estimate of By (0.0507) is positive and significant at one percent level.
This means that the positive order flow (excess demand) increases the rate of the return in

the market. The coefficient of the tick size effect, v (-0.0039), is negative and significant
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at one percent level. This indicates that the price impact of the trades decreased after the
introduction of the decimal pip pricing. The lower price impact is always interpreted as an
improvement in the market quality. However, one may argue that the lower price impact

comes with a cost of human trades being front-run by HFT’s.

9. Conclusions

EBS is the main interdealer market for the currency pairs EUR/USD, USD/JPY, EUR/JPY,
USD/CHF, and EUR/CHF. EBS decided to change the tick size, the minimum price improve-
ment, from pip pricing (four decimal points) to decimal pip pricing (five decimal points)
in March 2011. This decision changed the EBS market structure significantly. Our analy-
sis shows that the new environment enabled HFT’s to front-run human traders using the
sub-penny jumping strategy. Unlike the equity market, human traders play a vital role in
the interbank FX market for providing liquidity. They were either market taker or market
maker in about 65% of EUR/USD transactions in 2011. Using a difference-in-difference re-
gression, we find that the spread decreased after the introduction of decimal pip tick size.
However, the benefit of the reduction in the spread was mostly absorbed by HFT’s. The
absolute value of the realized spread also decreased meaning that the market maker would
suffer less adverse price move. There was also a significant drop in market depth. The tick
size change altered the market maker-market taker composition of human and algorithmic
traders. While the share of the computer maker-computer taker from total trades increased,
the share of human maker-human taker decreased after the tick size change. The new market

structure also changed the informational content of trades leading to less price impact.
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Appendix A.

We consider the general case of sub-penny jumping in the interbank FX market. Suppose
that z is the rate of return and x ~ N(u,0?). We will discuss the case of a buying sub-
penny jumper, as the selling case is very similar. Once the penny jumper trades, the orders

he front-runs protect him from serious losses on his position. The returns are unbounded on

one side and limited on the other side at ¢ = 2= — =T
p+T p+T
f(zx) f(x) () a— [
_ _ — h —
f(zle > a) Prob(z >a) 1—F(a) 1—o(a) where @ o
Return

a H
The sub-penny jumping leads to higher conditional expectation of returns with smaller vari-

ance.

E(z|r > a) = p+ o), where M a) = 1125(—3()@) >0

AMa)>0—= p+oia)>p— E(zlz > a) > E(z)
Var(z|z > a) = 0*(1 — 6(a)) where d(a) = Aa)[A(a) — a]
0<d(a) <1 —=Var(zlx >a) < Var(z).

If the minimum tick size decreases from pip pricing 71 to decimal pip pricing 7o, the loss
limit will shift from a(7;) to a(my) since
p—(p+7)  —7  da(7) —p

= — = < 0.
p+T p+T dr (p+71)2

Return
a(mi) a(7y)
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dE(z|lx > a) dE(x|r >a)dada  d\a) —p

dr dov dadr — da (p+71)?
_ (o) dA\(@) _ —ag(a)[l = S(a)] + d(a)d(a)
MO =15 7 “da 1= d(a)?
- diz(;) —Ma)Ma) —a] =0 < §(a) <1 — W <0
dVar(zlr >a) dVar(z|lr >a)dada  dé(a) —p
dr B da dadr ~ ° da (p+71)?

D) _ Oy a) — o] + 12— 110(0) = M) (A(@) ~ @) + Ma) (M) ) ~ 1]

Case 1: AM(a) >1
do()

— AMa)—a>1and Ma)—a+ Aa) >1 since a <0 — i >0
Case 2: 0 < Aa) < 1
5(a) = A@)(A(@) —a) <1 = (A(a) —a) > A(la) > 5 _1a - dizij) .
dod(a) dVar(z|lx > a)
do >0— o >0 O
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