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Abstract

This thesis studies the use of agent-based modelling to investigate factors that can affect the
stability of an electronic trading venue. Automated trading strategies have contributed to tighter
bid/ask spread and granular liquidity in the markets. However, over the past few years, there
have been several incidents, notably the flash crash of 6 May 2010, that raised concerns about
the effect of such automated trading systems on the stability of financial markets. There have
been different views on why the flash crash happened and what can be done to prevent similar
issues in the future. Several changes have been proposed by regulators and market operators
to improve the stability of financial markets. It is essential that these suggestions are well
understood and scientifically analysed to clarify their ability to improve market stability and
understand any negative side-effects they may bring.

The study proposes an agent-based modelling framework for financial market and market
participants to allow analysing the effect of such proposed changes. The objective is to use
agent-based models to simulate and analyse the behaviour of market participants in the event
of a liquidity shock. Firstly, the study develops an agent-based model of a financial market
and its participants and corresponding simulation platform. Using this simulation platform and
market data from trading venues, the study examines the behaviour of artificial agents versus
data from a real environment. Finally, this simulation platform is used to perform extensive
experiments to understand the factors that have been claimed to contribute to a flash crash. It

further analyses the effectiveness of solutions that are proposed to prevent it.

e The study first investigates how the diversity of the trader population can change the
market’s reaction to order-flow imbalance. In particular, it focuses on two types of
market participants: high-frequency traders and fundamental traders. There have been
concerns that a high ratio of high-frequency or fundamental traders can make markets
more unstable. The experiments performed in the study confirm that having too many
high-frequency traders contributes to higher market volatility. It is observed that not
having high-frequency market makers also generates problems as long-term investors may

not be able to provide short-term liquidity when needed causing price fluctuations.

e The study examines electronic trading controls that are being implemented by trading
venues to maintain an orderly market. Trading rules are designed to provide a framework in
which a market participant is expected to behave. Circuit breakers are extra controls that

can stop trading when some safety conditions are broken. Circuit breakers are commonly



Abstract 4

triggered by a large price move in a short period and they stop trading in the venue so that
a human can review the status and decide whether to resume trading. Some of the trading
venues have automated circuit breakers that enforce a short-term suspension of trading
and automatically resume trading using an auction. There also have been suggestions
for more complex measures to trigger circuit breakers than large price shift. The study

examines how effective these measures are on increasing market stability.

e The study finally investigates the interaction between markets. It investigates how a
liquidity crisis from one security in one market can expand to other securities and other
markets. The flash crash started in one contract in the future market but soon expanded
to ETF market and equity markets. This experiment analyses the factors that can affect
that interaction by either reducing the effects of such event on other markets or amplifying

the crisis and make it worse.

The first contribution of this thesis is the introduction of an agent-based framework to
study the behaviour of a financial market with different classes of trading agents. An extensive
study of this platform is performed and it is used to simulate the flash crash. The second
main contribution of the thesis is the development of a simulation platform that is capable of
simulating an electronic trading market with high-frequency traders. The study employs the
same techniques and tools that are used in building high-frequency trading platforms to build
a platform targeted for analysing regulation and market rule changes. The third contribution
of this thesis is to analyse some of the factors that are claimed to contribute to flash crash or
methods that are designed to prevent such events. The study analyses the effect of fundamental
and high-frequency trader population on market stability. It examines studied the effect of
circuit-breakers, minimum quote life and order-to-trade ratio limits. The final contribution of
this thesis is to extend the base model further to more than one financial market and study how

liquidity issues expand from one market to another.
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Chapter 1

Introduction

1.1 Introduction

This thesis investigates the use of agent-based modelling to analyse flash crashes and the
effectiveness of regulatory changes that have been proposed to prevent such events in the future.
This chapter first provides a high-level overview of the May 2010 flash crash and concerns about
the expanding role of electronic trading systems in today’s financial markets. Next, research
objectives and an overview of the methodology used to perform this research are explained.
Finally, this chapter concludes with an outline of the thesis and a brief description of the

chapters.

1.2 Research Motivation

While it is still common to see an open-outcry trading floor with human traders on TV screens,
the reality is that most of today’s trading in equities, futures, options, and foreign exchange (FX)
happens in electronic exchanges. London Stock Exchange moved from open-outcry to electronic
screen in 1986 as part of the deregulation of the markets (Lawson et al. 2006). Most of
the other exchanges and trading venues have followed that suit and use computers to receive
orders from members, match buy and sell orders and disseminate information about trades or
un-match buy/sell orders in the orderbook to market participants. This expansion in the use of
electronic platforms by exchanges and trading venues has contributed to a rapid increase in the
automated trading strategies in the markets. One study suggests that high-frequency trading
firms accounted for 60-73% of all US equity trading volume (Aite Group 2009). Other studies
estimated 56% of equity trades (in terms of value) in the US and 38% in Europe, handled by
high-frequency trading firms (Tabb Group 2010; Nuti et al. 2011). Using computer programs to
make the investment decision and execute those decisions without involving a human trader has

affected the market microstructure and trading dynamics. Some reports suggest that electronic
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Figure 1.1: Flash Crash of 6 May 2010 (Reuters)

trading and high-frequency traders have improved liquidity and reduced bid/ask spreads and
that benefits investors (e.g. Angel et al. 2010). On the other hand, some argue that although
some of the indicators of market quality have improved, investors have not gained overall and

the total cost of trading has increased (e.g. Zhang 2010; Brogaard et al. 2013).

Use of electronic platforms by trading venues enables market participants to use computer
algorithms to manage orders and execute them on behalf of traders. Different terminology
used to refer to use of computers for trading. Among those Program Trading, Algorithmic
Trading (AT), Electronic Trading and High-Frequency Trading (HFT) are among most
commonly used terms to refer to such activity. Unfortunately, there is no commonly agreed
definition of these terms and the exact type of activity each of these refers to. Even when
CFTC was proposing regulation for high-frequency traders, it formed a working group to come
up with a definition for high-frequency trading and classify trading activities that fall into that
category (CFTC 2012). Throughout this thesis, we use FElectronic Trading as a general term
to refer to any trading activity that is performed on a computer based trading venue. It could
be originated by a human trader or a computer. We use term Algorithmic Trading to refer to
trading activity that is originated by a human or a fully independent system, but computers can
decide about details of its execution. For example, a computer can choose to slice main (parent)
order into smaller ones and determine the timing and destination of each slice. We use the
term High-Frequency Trading to refer to activities that are fully controlled by a computer and
can place and cancel orders at high speed (generally in times measured in microseconds up to

a couple of milliseconds).

Moreover, there have been incidents over the past few years that have raised concerns about
the effects of electronic trading systems on market stability. The most famous incident was the
flash crash of 6 May 2010. On this day, U.S. stock collapsed and recovered to almost the same
level within minutes (See figure 1L). This is also referred to as the May 2010 flash crash
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or simply the flash crash. During that downturn, approximately one trillion dollars were
wiped off market value; although most of this was recovered shortly. Securities and Exchange
Commission (SEC)® and Commodity Futures Trading Commission (CFTC)? conducted an
official investigation into the event (CFTC and SEC 2010b; CFTC and SEC 2010a). The
outcome of this inquiry suggests that a large sell order of E-Mini S&P Index future triggered
the event. High-frequency traders and market makers bought part of this order-flow leaving
them with significant short positions. As sell pressure continued, high-frequency traders started
selling E-Mini to get out of their risk positions and that exacerbated the decline in the price. As
prices dropped, retail order flow that is usually internalised by market makers was forwarded
to market, and stop-loss orders triggered adding to the selling pressure. This selling pressure
quickly expanded from E-Mini to SPY, the exchange-traded fund (ETF) representing that index.
It then expanded to underlying stocks in the index and other correlated stocks and indexes like
Dow Jones Industrial Average and Nasdaq Composite.

The flash crash of May 2010 was not the only time that trading venues were severely
affected because of the issues with automated trading strategies. There have been other incidents
with similar properties such as the crash of ETF markets (CNBC 2015), trading issues with
Knight Capital (Bloomberg 2012a) and Goldman Sachs (Bloomberg 2013).

Due to the speed of such trading systems, any problem affecting their behaviour can spread
across the market much faster than human traders operating and controlling those strategies.
A number of regulatory changes have been proposed to prevent such problems happening in the
future. It is important that these analyses and suggestions are scientifically analysed, and their
effectiveness and side effects are studied before they are implemented. This thesis is concerned
with the modelling and simulation of a financial market in which the majority of trading is
performed by electronic trading systems. The aim is to provide a framework for studying the
factors that contribute to a flash crash and analyse the effects of proposed regulatory changes

before they are implemented.

1.3 Research Objectives and Method

This thesis provides an agent-based model of a financial market to study a flash crash. Its first
objective is to review the related work in the literature to determine a suitable agent-based model
of an electronic market, as presented in Chapter @. Motivated by the outcomes of this review,
the study uses a Zero-Intelligent (ZI) agent-based model of the market participants (Gode and
Sunder 4993). ZI agents do not follow a strategy and do not have a memory of their past
behaviour. Instead, they use a random probability distribution to choose the direction and the
price of their orders. They have been successfully used to generate market models that replicate
some of the characteristics of the financial markets. Most of these market models are simplified

versions of real markets: i.e. each agent only trades one unit of security at a time, and orderbook

1U.S. Regulator for stocks and options market
2U.S. Regulator for future market
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is cleared after each trade. The study relaxes these constraints and allows continuous trading
in the orderbook and different sizes for the orders. This is a closer replication of conditions in a
financial market, and such a setup allows us to use agent properties studied on financial market

data to be used directly for simulation and analysis.

Its second objective is to build and study a simulation framework that can replicate a
real market and flash crash, as discussed in Chapter &. To achieve this objective, extensive
experiments are then performed extensive experiments to show that the market behaviour
emerging from these types of agents mimics the properties of a real financial market. To this end,
the research first examines if these agents can reproduce the properties shown using previous
similar models. It then places such agents in a mixed-mode simulation environment where orders
from the simulated agent interact with historical data from a financial market. It studies the
behaviour of different classes of agents placing passive and market orders. To further analyse
agent behaviour, the study examines if a market composed of such agent produces similar stylised
facts to a real electronic trading venue. Finally, it examines if this simulation setup can replicate
the flash crash on CME using the same set of trading agents and an aggressive incoming sell

order.

According to the official flash crash investigation report, a fundamental seller has been
blamed for triggering the flash crash, and high-frequency traders have been claimed to have
exacerbated the crash. Therefore, the study’s third objective is to use the simulation framework
to examine how the population of fundamental traders and high-frequency traders affects the
market’s response to a liquidity shock. To this end, it simulates a market with the population
of participants chosen to be proportional to CME on the day of the flash crash, as discussed
in Chapter 6. The study investigates whether the size of the market crash is different when
the population of fundamental or high-frequency traders changes compared to other market
participants. The focus is on the market’s response to liquidity shock and understanding how

much of the short-term flow imbalance can be absorbed by market participants.

As described earlier, there have been a number of suggestions about controls and trading
rule changes to prevent flash crashes happening in the future. The study’s fourth objective is
to analyse the effectiveness of the proposed regulatory changes and their side-effects. The flash
crash was problematic for investors not only because of its effects on S&P E-Mini futures but
because it expanded from the Futures market to the ETF, and from the ETF market to the
Equity markets. Its final objective is to study how the liquidity issue expands from one market
to another, as discussed in Chapter @. It investigates the five research objectives by carrying
out extensive experiments using the agent-based model, and on the software platform that was

specifically implemented for this thesis.

1.4 Thesis Outline

This thesis is organised as follows.



1.4. Thesis Outline 16

analysis and modelling of the flash crash by reviewing a number of previous approaches. This
chapter presents the official investigation report by market regulators on 6 May 2010 flash crash
highlighting how the flash crash happened and the behaviour of different market participants
during the flash crash. This chapter also reviews other flash crashes, technical glitches that cause
market-wide issues similar to a flash crash, and some sharp market moves that were driven by
real economic factors but present a market impact that is similar to a flash crash. These events
can be positively or negatively affected by some of the controls that are designed to prevent
flash crashes. This chapter presents the related work in the area of analysis and modelling of the
flash crash, highlighting previous research info modelling flash crash or a market that includes
high-frequency traders using agent-based modelling that influenced the study’s agent-based
framework. Finally, this chapter reviews currently available agent-based modelling software
platforms. The discussion is mainly concerned with the flexibility of these software platforms to
model a trading agent and their performance to allow running a representative model of a real

market.

concepts in out model and platform and provides the reader with the necessary background
for understanding this thesis. This chapter discusses the simulation platform that we built
to perform the experiments described in this thesis. Finally, provides technical details on the
market data that is used in the study to perform experiments. The investigations to analyse
the effects of proposed regulatory changes in the following chapters are carried out using the

platform described in this chapter.

Chapter 4: Agent-Based Model “ofthe “Flash “Crash. This chapter describes the
agent-based framework that the study has develops to model a financial market that aims
to replicate a real market. To model market participants, this research uses a zero-intelligent
agent model with two modifications: agents have a position constraint, and their limit price
is non-uniform and market-price dependent. The study conducts extensive experiments on the
effect of each of these changes to a zero-intelligent agent model using simulated markets and
mixed-mode simulation. In the mixed-mode simulation, the study performs experiments with
artificial agents interacting data from real markets such as CME and BATS. Finally, the chapter

ends with experiments replicating the market conditions of the flash crash on CME, which used

as a baseline.

population of high-frequency traders and fundamental traders compared to the rest of the market
participants affect the stability of the market and its ability to handle short-term liquidity shock.
First, it presents experimental evidence of the market behaviour when the relative population of
fundamental traders changes and its effect on the market price. This experiment investigates two

scenarios: (i) changing the population of fundamental traders (buyers and sellers together) and
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(ii) changing the proportion of fundamental buyers vs sellers while keeping their total population
fixed. Next, it experiments with changing high-frequency traders’ population while keeping the
population of other market participants fixed. This experiment also investigates two scenarios:
(i) changing population of high-frequency traders compared to other market participants and
(ii) changing the position limits of high-frequency traders.

Chapter 6: Algorithmic Trading “Controls. This chapter investigates a number of
mechanisms that have been proposed to control algorithmic trading strategies and prevent
an event similar to the flash crash or at least limit damages of such event. The study
investigates three of the most famous proposed methods: circuit breaker, minimum quote
life, and order-to-trade ratio. Circuit breaker stops trading completely either for a predefined
period of time or until it is manually resumed by human operators controlling the market. The
experiment is conducted with the single market circuit breaker and the cross-market circuit
breaker. Minimum quote life forces an incoming order has to stay in the market for a minimum
time before it can be cancelled or modified. Order-to-trade ratio puts a higher bound on the
number of order updates that can be applied by a participant compared to the number of trades
that are done by each participant. In all these experiments the study compares the response of
a market to a liquidity crisis when that control is applied to the case and when this control is
disabled.

Chapter 7: TInferactfion between Markets. Finally, this chapter studies the interaction
between two markets and how a liquidity crisis propagates from one to the other. It first
experiments with the scenario where the same security trade in multiple markets and one market
experiences a liquidity issue. Furthermore, it investigates the case where the liquidity crisis
happens in highly correlated security. In this case, the study investigates the effect of the
liquidity crisis on other securities and how the problem spreads. An example of such a scenario

will be an index future and the ETF following the same index.
Chapter 8: Conclusions_ and Fufure "Work. This chapter concludes this thesis with a

summary of the main findings and contributions. Additionally, this chapter outlines possible

directions for future research.



Chapter 2

Background

2.1 Introduction

A flash crash is a sudden fall in financial market prices followed by a quick recovery. The
best-known incident of this kind, which made the term flash crash popular, happened on
6 May 2010. On that day U.S. equities and futures markets collapsed and recovered to almost
the same levels in a short period of time. This incident and a number of similar events that
happened recently have raised concerns among market participants, regulators and politicians
about the stability of financial markets with extensive presence automated trading systems.
There have been different views on why the flash crash happened and what can be done to
prevent similar issues in the future. It is essential that these suggestions are well understood
and scientifically analysed to clarify their ability to improve market stability and to recognise
any negative side-effects they may bring. This research proposes an agent-based modelling
framework for financial markets and traders to allow the analysis of the effect of such proposed
changes.

This chapter starts by reviewing the flash crash of 6 May 2010 in detail in Section 22. It
then reviews other market disruptions that have similar characteristics to a flash crash and are
likely to be affected by the solutions that are proposed to prevent a flash crash in Section 23.
There have been many suggestions from market participants, regulators and even politicians on
what needs to be done. Section 224 looks at some of the solutions that are proposed to detect or
prevent events similar to the flash crash in the future. Section 23 provides a review of previous
research into the analysis of the flash crash and how it differs from this work. The study proposes
to use agent-based modelling to model a financial market and its participants. Section 272
provides an overview of available agent-based simulation platforms that can potentially be used

for this research. Section 23R provides a summary of this chapter.
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Figure 2.1: Detailed View of the Flash Crash (Nanex 2010)

2.2 May 2010 Flash Crash

On 6 May 2010, U.S. equities and futures markets collapsed and recovered to almost the same
level in a period of about twenty minutes. This quick drop and recovery is called a flash crash,
and as May 2010 is the most well-known case so far it is sometimes called “the flash crash”.
During this flash crash, the quick drop and recovery in securities prices occurred shortly after
14:30 EST®. It took about five minutes for markets to hit bottom and they recovered to the same
level within about twenty minutes (See Figure 27L). The Dow Jones plunged 1,000 points (almost
6%) before recovering. During the downturn, approximately one trillion dollars in market value
were wiped out, but most of this loss was recovered shortly.

The Securities and Exchange Commission? (SEC) and the Commodity Futures Trading
Commission® (CFTC) launched a joint investigation into the event. The preliminary report of
the investigation was published on 18 May 2010, just a few days after the event (CFTC and
SEC 2010b). The report notes that concerns over the European debt crisis caused a turbulent
start of the day for US markets which led to a “significant but not extraordinary down day”.
This extreme volatility in the markets suggests the occurrence of a temporary breakdown in the
supply of liquidity across the markets. The report investigated the top 10 buyers and sellers
during the time from 2:00 pm to 3:00 pm EST. The report highlighted a large fundamental
seller who traded during that time period, selling the contracts during the market going down
and during its recovery. The report mentioned that the order was issued on E-Mini contracts
as a hedge to an existing equity position; it did not name the large fundamental trader. The
media identified the fundamental trader initiating this order as the mutual fund Waddle, citing
internal documents prepared by exchange operator CME Group (Reuters 2010). The final
report, published on 30 September 2010, examines the execution of this large sell order (75,000

contracts) in E-Mini S&P Index futures. It also considers all other market participants and

IEastern Standard Time
2U.S. Regulator for stocks and options market
3U.S. Regulator for future market
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their behaviour (CFTC and SEC 2010%).

This section, mainly based on the official report investigating the 6 May 2010 flash crash,
reviews the illegal or questionable behaviours that might have caused the flash crash and their
harm to the market. To be able to discuss behaviour and interaction among market participants
we need to classify them into categories and discuss their actions as a group. This section
reviews the classification of traders by using their trading history information on the day of the
flash crash and on days prior to the flash crash on the CME. This classification is used in the
official report produced by market regulators (CFTC and SEC 2010a) and is also used by many
researchers that have investigated the flash crash. Then it looks into the regulators’ initial view
of the sequence of events that lead to the crash on that day. Finally, it summarises different
views on who was responsible for the flash crash and how they had been involved.

Because of the widespread effect of the flash crash on the market, media, market participants
and regulators immediately started investigating to identify the root cause. Initial reports that
the crash was caused by a mistyped order was proved wrong. The media, researchers and
politicians had been many follow-up discussions and investigations on why this event happened
and how it could be prevented in the future. This research examines a number of these
suggestions focusing on how these can be modelled and how their effects on the market can
be studied before implementing such changes.

Many of the studies suggest specific types of traders or interaction between different types
of traders as the cause of the crash or a contributor to its expansion. Agents participate in a
financial market with different aims and capabilities which affect their behaviour. The study first
examines at the CME market and its participants on the day of the flash crash in Section 2221
to provide further detail on the classification used in the official report by regulators. It is
a reasonable proxy to the structure of similar liquid markets. It also reviews some of the
behaviours that are considered problematic and harmful that have been blamed to cause or
contribute to the problems on the day of the flash crash in Section 2223. The sequence of events
that happened during the crash is examined in Section 2223. Finally, the current view of who

was responsible for the flash crash is discussed in Section 224.

2.2.1 Classifying Market Participants

The official investigation report uses market participant categories based on the definition

provided by (Kirilenko et al. 2011). It divides market participants into six categories:

o High-frequency traders
e Intermediaries

¢ Fundamental buyers
o Fundamental sellers

o Noise traders

¢ Opportunistic traders

It uses trading information on the CME on the day of the flash crash and three days before
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the flash crash for this classification. Initially, it splits all market participants into one of two
general classes: market makers and the rest of the market participants. It assumes market
makers would normally be active in the market every day, including the days prior to the flash
crash. As a result, any market participant that was active in the market during all three days
prior to the flash crash is marked as a market maker. Market makers buy and sell a large number
of contracts, but hold a relatively low level of inventory. Market making manifests itself in both
a low standard deviation of position holdings and a low ratio of overall net holdings to trading
volume. This report then splits market makers into two categories, High-frequency Traders and
Intermediaries, based on the data for three days before the flash crash. After removing market
participants categorised as market makers, trade data on the day of the flash crash was used to

designate traders into other trading categories.

e High-Frequency Traders are defined as market makers with very large daily trading
frequency. For classification purposes, the top 3% of the market makers sorted by the

number of trades were designated as high-frequency traders.

o Intermediaries are defined as the market makers who did not fall into high-frequency

traders category.

o Fundamental Buyers/Sellers are defined as those who were either buying or selling in one
direction during the trading day and held a significant net position at the end of the day.
They are further separated into fundamental buyers and sellers depending on both the

direction of their trade and the accumulation of their net positions.
e Noise Traders are those traders who traded fewer than 10 contracts.

o Opportunistic Traders are defined as those traders who do not fall into the other five
categories. Traders in this category sometimes behave like the intermediaries (both buying
and selling around a target position) and at other times behave like fundamental traders

(accumulating a directional long or short position).

Table 2-L provides statistics for each category of traders based on the above classification.
Panel A shows the data for the three days before the flash crash. It is used to split participants
to market makers and other participants. Panel B contains the data on the day of the flash
crash. It is used to classify the rest of the participants. Note that this classification is only
possible with privileged access to proprietary and sensitive data available only to exchanges and
regulators. One needs to know the identity of each market participant associated with each trade
to be able to make the classification above. Market data that is available to market participants
is anonymous, meaning it provides the details of the orders and trades such as price, size, and
timing but it does not reveal the identity of the market participant placing that order or making

the trade.
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Panel A: May 3-5

Limit Orders % Limit Orders %
Trader Type % Volume % of Trades # Traders Avg Trade Size Volume Trades
High Frequency
Trader 3422% 32.56% 15 5.69 100.000% 100.000%
Intermediary 10.49% 11.63% 189 4.88 99.614% 98.939%
Buyer 11.89% 10.15% 1,013 6.34 91.258% 91.273%
Seller 12.11% 10.10% 1,088 6.50 92.176% 91.360%
Opportunistic
Trader 30.79% 3334% 3.504 498 92.137% 90.549%
Noise Trader 0.50% 2.22% 6,065 1.22 70.092% 71.205%
All 2.397.639 446,340 11,875 541 9545% 94.36%

Panel B: May 6

Limit Orders %  Limut Orders %

Trader Type % Volume % of Trades # Traders Avg Trade Size Volume Trades
High Frequency

Trader 28.57% 29.35% 16 4.85 99.997% 99.997%
Intermediary 9.00% 11.48% 179 3.89 99.639% 99.237%
Buyer 12.01% 11.54% 1,263 5.15 88.841% 89.589%
Seller o 10.04% 6.95% 1,276 7.19 89.985% 88.966%
Opportunistic

Trader 40.13% 39.64% 5.808 5.05 87.385% 85.352%
Noise Trader 0.25% 1.04% 6.880 1.20 63.609% 64.879%
All 5,094,703 1.030,204 15422 4.99 92.443% 91.750%

Table 2.1: Market participants (CFTC and SEC 2010a)

2.2.2 Problematic Behaviour

There have been some questionable market participant’s behaviours. These behaviours can cause
problems for other participants during the flash crash, and some even claim these behaviours

have caused the flash crash. In this section, we review some of these behaviours.

Spoofing and Layering

Spoofing is defined as a trader placing a bid or offer on a security with the intent to cancel
before execution. Layering is a more specific form of spoofing whereby a trader places multiple
orders that he does not intend to execute. These fake orders trick other market participants by
creating the false impression of heavy buying or selling pressure. Layering is an advanced form
of spoofing because it implies there are multiple orders and market participants on one side of
the market.

For example, if a trader wanted to buy shares in ABC below the current market price, he
could layer three big sell orders above the current price. Assume ABC trades in dollar increments
and is currently trading at $100 x $101. A trader who wanted to buy 100 ABC shares and used
layering could put in a sell order of 2000 shares for sale at $102, 2000 share at $103, and 2000
shares at $104. An algorithm or a trader that is executing a sell order might see these orders,
as a selling pressure, and jump in front of them to push the shares price lower. Then the trader
would put in a buy order to pay $99 for 100 shares, a much smaller amount. After the buy order
gets executed, the trader would immediately cancel all his large layered sell orders. Spoofing
was not specifically made illegal until the 2010 Dodd-Frank bill. It has been claimed that in the
past sell-side traders would sometimes use some type of spoofing, especially in illiquid markets.

In a security that was more illiquid and didn’t trade often, a trader would put a big order above
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or below the market to see how the market reacted. In fact, doing this puts him at more risk.
Layering exposes the trader to an excessive amount of risk if he miscalculates the pressure or
speed of one side of the market. If a trader miscalculates, he can lose tens of millions of dollars
in a matter of minutes and can have an uncomfortably large position on his account. In the
example above where a trader offers 6000 ABC shares between $102 and $104, assume another
large broker could receive an order to buy 20000 ABC shares at the market. In a matter of
seconds, the market could be trading up to $104 and the spoofing trader could be short of 6000
ABC shares below the spot price even though he wanted to be long and buy 100 ABC shares
instead.

For an exchange or a trading venue, detecting and preventing spoofing and layering is a
complicated task. Compared to triggering a circuit breaker which could be automated by a
simple comparison between two numbers, detecting spoofing or layering depends on detecting
“patterns” in market participant behaviour. Even detecting spoofing off-line using market data
is not simple and requires information about the trader who placed the order. For a complex
entity like an investment bank, it is plausible that one division of the bank was looking to sell
an asset and placed an order to sell and at a later stage strategy decided not to trade and it
happened at the same time when another division of the bank placed an order to buy the same
asset.

Some of the market participants have built internal systems to prevent such activity from
going outside the bank by internalising their order-flow. Internalising the order-flow comes with
other benefits such as lower transaction cost and information leakage outside the bank. On
the other hand, there have been recent regulatory changes on the internal crossing platforms
especially in many of the investment banks which made operating such platforms more regulated
and complex which may outweigh the benefit. Either way, it is a complex problem to decide
internally within a market participant, e.g. a large investment bank on how to deal with opposing
requirements inside the system and to not to have a behaviour that when seen from outside gives

others the “impression” that it was intended for wrong reasons.

Self-crossing

When a market participant places orders on both sides of the orderbook that trade against each
other it is called “self-crossing” Self-crossing on the surface is not logical as that participant
makes no gain on the trade. It can also cause confusion for other market participants as it
produces the impression of the market trading volume where it may not exist. This behaviour
is prohibited in some markets. Although it looks meaningless on the surface, it could be that a
complex market participant, e.g. a large investment bank has different businesses with different

trading systems placing these two opposing orders that traded against each other in the market.

Smoking

Market data is an important source of information about the available liquidity and flow.

Many strategies use this information to decide about controlling their order placement. If
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this information is ambiguous, delayed or stopped, it can cause harm to their trading efficiency.
Not all market participants have the same capabilities to handle market data. Limitations
on bandwidth and latency caused by physical distance, equipment, providers connecting them
to the market, and processing power or technical capability can put some participants at a
disadvantage. This disadvantage is especially important when the market is very volatile, which
in turn increases the rate of market change and market data produced. It has been claimed that
some participants place and cancel orders at short intervals not with the intention of trading
but to produce a high volume of market data that delays or confuses other participants, and
then benefit from their wrong order placement. This behaviour is called Smoking as it limits

the visibility of other participants of what is going on in the market.

Hot-Potato Effect

Hot-Potato refers to a situation when a specific security circulates rapidly among market
participants. This effect is especially common when the market is moving in a direction against
what market makers have predicted, and there are no other participants to trade with. For
example, when the market is moving down during a flash crash and there are no fundamental
buyers, market maker A that already holds a short position becomes aggressive and trades with
another market maker B that is still trading normally. Shortly after trading, market maker
B realises it cannot hold onto this position. It becomes aggressive trying to trade out of the
position, and passes this short position to market maker C. Market maker A, now flat, is ready
to trade on both sides of the market and C' may pass the position back to A. This behaviour has
two negative effects on the market. This set of trades provides no gain for market makers as a
whole. It also negatively affects other market participants as it produces a high market trading
volume which in a normal scenario could be interpreted as a liquid market but is actually quite

the opposite.

2.2.3 Sequence of Events

The SEC and CFTC reports suggest the sequence of events causing the flash crash happened

as follows:

¢ Due to unsettling political and economic news about the European debt crisis, volatility

was unusually high, and liquidity was thin during the hours before the flash crash.

e The main trigger for the sudden decline was a large sell order in S&P 500 index
E-Mini futures by a mutual-fund group. Because this automated algorithmic trade was
programmed to take account of trading volume, not price or time, it was executed
unusually rapidly in 20 minutes instead of the several hours that would be typical for

such an order.

o High-frequency traders initially helped to absorb the selling pressure, buying E-mini

contracts. High-frequency traders usually get in and out of positions quickly, sometimes
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holding them for less than a second. Initial sell pressure pushed many of them into holding

long positions.

e Ten minutes later, however, they began forcefully selling to reduce their long positions.
High-frequency traders rapidly passed the same positions back and forth creating a
Hot-Potato effect that generated lots of trade volume but little net buying. Traditional
buyers were unable or unwilling to step in, and the depth of the buying market for E-minis

and S&P 500-tracking ETFs fell to a mere 1% of its level that morning.

e The sell algorithm used by the mutual fund responded to this increased volume by
increasing the rate at which it fed orders into the market, even though orders that it
had already sent to the market were arguably not yet fully absorbed by fundamental

buyers or cross-market arbitrageurs. This response created a positive feedback loop.

e The initial liquidity crises in index futures were expanded to individual stocks in the index

by market arbitrageurs.

e Some market makers reacted to this increased risk by widening the spreads between the
levels at which they would buy or sell, others withdrew completely, and some resorted to
manual trading but could not keep up with the explosion in volume. As price declined,
retail order flow that is normally internalised by market makers was forwarded to the

market. Stop-loss orders were triggered, adding to the selling pressure.

e New York Stock Exchange stopped trading briefly while other exchanges and alternative
trading venues kept going. As NYSE was the primary market for many of the stocks
traded, it caused some of the trading systems to stop trading or it put them on alert on
the suspension. These pauses and alerts involved human intervention in most cases and

slowed down the speed of decline allowing the market to catch up.

High-frequency traders, who have been blamed by some for the collapse in liquidity, were
net sellers at this time, but so were most other participants. However, some high-frequency

traders continued to trade throughout the crash, even as others reduced or halted trading.

2.2.4 Who was responsible
The official report suggests that the flash crash was triggered by a large order sent by a market
participant that was executed unusually fast with no regard for price. It blames high-frequency
traders for exacerbating the crash but not for starting it. It is worth pointing out that the above
points were the conclusion of the official investigation report. There are researchers and market
participants that do not fully agree with this conclusion. Some recent research argues that flash
crashes are not isolated occurrences, but have occurred quite often over the past century.
Nearly five years after the flash crash, on 21 April 2015, the U.S. Department of Justice filed
charges against Navinder Singh Sarao, a London-based trader, on 22 criminal counts, including

fraud and market manipulation for his alleged role in the flash crash. According to criminal
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charges, Sarao and his company, Nav Sarao Futures Limited, used an automated program to
generate large sell orders, pushing down prices, which he then cancelled to buy at the lower
market prices. This practice is called spoofing and is illegal. Just prior to the flash crash, he
placed orders for thousands of E-mini S&P 500 stock index futures contracts which he planned
on cancelling later. These orders amounting to about “$200 million worth of bets that the
market would fall” were “replaced or modified 19,000 times” before they were cancelled. The
CFTC investigation concluded that Sarao “was at least significantly responsible for the order
imbalances” in the derivatives market that affected stock markets and exacerbated the flash
crash. Sarao began his alleged market manipulation in 2009 with commercially available trading
software whose code he modified “so he could rapidly place and cancel orders automatically.”
Some people argued that blaming a 36-year-old small trader who worked from his parents’
house in suburban west London for sparking a trillion-dollar stock market crash is like “blaming
lightning for starting a fire” and that the investigation was lengthened because regulators used

“bicycles to try and catch Ferraris.” (Bates 2015)

2.3 Other Market Disruptions

The flash crash on 6 May 2010 was not the only time that trading was disrupted in a short
period of time because of the issues with automated trading systems and strategies. There have
been many events in recent years with similar issues. Section 2231 looks into a few examples
of flash crash where the price has moved quickly and recovered to the same level without a
clear fundamental driver. It then reviews two other types of market disruptions that share
some but not all of the properties of a flash crash. These market disruptions are of interest
for two reasons. These types of disruptive events have mostly produced large market moves
over a short period of time similar to a flash crash and affected investors in different ways.
Regulation changes that are proposed to prevent flash crashes can have adverse effects on the
ability of market participants to handle such scenarios efficiently. As a result, it is imperative
to understand these types of events and the effect that market regulation changes can have on
the market participants. Some of the market crashes and disruptions are caused by technical
or control failure by a single market participant or exchange which is reviewed in Section 2332.
But, there are market crashes that are caused by real economic factors which are discussed in

Section 223.3.

2.3.1 Flash Crashes

In recent years, there have been a number of flash crashes reported that have similar properties
to the flash crash on 6 May 2010. In this section, we look into some recent examples and their

possible causes.

India’s NSE
On 5 October 2012, India’s National Stock Exchange (NSE) Nifty Index lost 900 points (over

15%) in a matter of seconds. Almost sixty billion dollars were temporarily wiped from the stock
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market value of India’s biggest companies, listed on the NSE in Mumbai (Reuters 2012). The
stock exchange was forced to pause trading for a while. The NSE claimed that a human error

caused the crash (NSE 2012).

ETF Crash
On 10 August 2015, Exchange Traded Funds (ETF) markets observed irregular volatility.

Minutes after trading started, some ETFs and stocks sank 30% or more from the previous
day’s closing level. Prices quickly recovered later in the day after many investors had sold
at deflated prices. Trading in 327 ETFs was halted (CNBC 2015). ETFs are securities that
are designed to represent a specific mixture of underlying assets and issuers are required by
regulation to maintain a very close set of underlying assets that they have sold to their customers.
Exchanges halt trading when stock and ETF prices move violently. But different exchanges do
not necessarily rely on the same rules in deciding when and how to pause trading. As a result,
when trading in an ETF is halted by the exchange but trading in the underlying securities
continues, the issuers are in a very difficult position to match their underlying portfolio, which
in turn contributes to moving the underlying security if there is not enough liquidity, indirectly
affecting the price of the ETF. After the event, a group of top ETF issuers, traders and other
financial firms issued a public letter to the Securities and Exchange Commission saying the
industry had reached a consensus that the markets are susceptible to similar events occurring
at any time. The group argued that inconsistent rules between exchanges governing when
stocks and ETFs are halted and when trades declared invalid “contributed” to the trading
turmoil. They asked the SEC to intervene to bring those rules in sync (Reuters 2016). The
SEC approved new rules designed to protect mutual fund investors from the effects of a sudden
sell-off. Under the new rules, funds have to classify investments into the categories of highly
liquid, moderately liquid, less liquid and illiquid. The rules also exempt in kind ETFs, those
that honour redemption in securities instead of cash, from requirements on how many highly
liquid and illiquid assets they can hold. The new rules still require funds to keep a certain level

of highly liquid assets that can be converted into cash in three days.

Bank of America Merill Lynch

On 26 September 2016, the SEC reported that its investigation found that Merrill Lynch caused
market disruptions on at least fifteen occasions from late 2012 to mid-2014 causing “mini-flash
crashes” (SEC 2016). According to the SEC, the erroneous orders that passed through Merrill
Lynch’s internal controls caused certain stock prices to plummet and then suddenly recover
within seconds. Among the mini-flash crashes were 99-percent drops in the stocks of Anadarko
Petroleum Corporation on 17 May 2013, and Qualys Inc. on 25 April 2013, and a nearly 3%
decline in Google’s stock in less than a second on 22 April 2013. Their internal controls in
place to prevent erroneous trading orders were set at levels so high that in practice they were
ineffective. For example, Merrill Lynch applied a limit of 5 million shares per order to one stock

that only traded around 79,000 shares per day. Merrill Lynch had agreed to pay a $12.5 million
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penalty for maintaining ineffective trading controls that failed to prevent erroneous orders from

being sent to the markets.

E-Mini Stop-Orders

On 7 December 2016, multiple buyers purchased around 16,000 contracts of E-mini SEP 500
valued at $1.8 billion (Wall Street Journal 2016). It was the biggest E-mini trade by more than
a factor of two in 2016. The sequence of trades at new highs caused a sharp market rally for the
rest of the day and the two succeeding days. It has been reported that these trades were caused
by a series of stop orders triggered by a single contract trading at $2225.00. The contracts
traded as stop-loss orders, and traded all at the same nanosecond. Stop-orders are placed by
investors to limit their loss when the market moves far away from what they expect. One of the
problems with these orders is that they normally activate simultaneously just as a price passes
a specific point. If the market gets very close to that limit point but does not cross it, they do
not activate. Another issue is that because the limit price is commonly set by a human, it tends

to be a round number.

2.3.2 Technical Glitches

There have been recent market crashes that were not caused by trading strategies but purely
by technical problems with the trading platform. This section reviews some of the most famous

examples of such technical issues.

Facebook TPO on Nasdaq
On 18 May 2012, Facebook had its Initial Public Offering (IPO) on Nasdaq. It was valued at

$16 billion and was one of the biggest and most anticipated events in technology companies in
years. However, the Facebook IPO turned into a catastrophe. The pricing of the first transaction
took a half hour longer than planned. There were delays in trade confirmations. The order-book
had crossed quotes, and some orders were not handled as expected. About 30 minutes after
the first transaction, Nasdaq reported an issue confirming trades from the opening auction.
Although in the minutes after Facebook’s IPO issues executives at the Nasdaq stock exchange
received an e-mail pleading for a trading pause. The stock exchange decided to proceed with
trading (Bloomberg 2012b). The problem had been caused by errors in Nasdaq’s software but
because exchange decided to continue trading many of the market participants were left with
unconfirmed trades or orders. Nasdaq later established an appeals process for investors whose
instructions weren’t carried out. The SEC also conducted an investigation into the incident.
The report pointed out concerns about the design of the system and the response of exchange
officials. Nasdaq’s parent company had to pay the largest fine ever levied against an exchange

for poor systems and decision making (New York Times 2013).

Knight Capital
On 1 August 2012, trading errors happened at Knight Capital, one of the largest market makers

and high-frequency traders in the US equities market. The problem was caused by the release
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of software to enable a new feature for the Retail Liquidity Program in the New York Stock
Exchange. It caused a piece of program to be deployed into production that was intended to
be used only in a test environment for controlled testing purposes. The incident lasted only
about 45 minutes. It caused the firm to send excessive orders in stocks of 148 companies leaving
Knight Capital with a large portfolio before this program stopped (SEC 2013). The trading
incident caused the company to take a pre-tax loss of $440 million (Bloomberg 2012a). Knight
Capital Group share prices lost almost 70% as a result and sent it to the brink of bankruptcy.
This event almost put the market making firm out of business but a group of Wall Street firms
led by Jefferies later rescued the company with a cash infusion. Knight Capital Group was

acquired by Getco LLC in December 2012.

Goldman Sachs

On 20 August 2013, a programming error at Goldman Sachs caused unintended stock-option
orders to flood the U.S. Option markets. An internal system that Goldman Sachs used to
help prepare to meet market demand for equity options inadvertently produced orders with
inaccurate price limits and sent them to exchanges (Bloomberg 2013). The SEC investigation
found that Goldman Sachs did not have adequate safeguards after the firm implemented new
electronic trading functionality designed to match internal options orders with client orders. A
software configuration error inadvertently converted the firm’s “contingent orders” for various
options series into live orders and assigned them all a price of $1. During the first 15 minutes of
opening the market 405 out of the 500 biggest options trades were triggered for tickers starting
with H through L and priced at $1. Almost 130 of those were in 1,000-contract lots. As an
example, about 240 September $103 put contracts for the iShares Russell 2000 Exchange-Traded
Fund traded at $1 at 9:32, down from as much as $3.32 two minutes earlier. The next trade was
executed at $3.27 at 9:33. Many of the executed trades were later cancelled or received price

adjustments according to the options exchanges’ rules on clearly erroneous trades (SEC 2015).

The SEC’s report highlighted a number of issues. The firm employed unreasonably wide
price checks for its options orders during pre-market hours. An employee lifted several electronic
circuit breaker blocks that automatically shut off outgoing options order messages once the rate
of messages exceeds a certain level. The policies regarding these circuit breakers were not
properly disseminated or fully understood by employees with responsibilities relating to the
circuit breakers. The bank did not maintain adequate controls designed to prevent the entry
of orders that exceeded the firm’s capital threshold. The firm computed its capital usage level
only every 30 minutes, and did not have an automated mechanism to shut off orders if the
firm exceeded its capital threshold. It failed to include a number of business units in the
firm’s capital utilisation calculation, thereby underestimating the firm’s trading risk. The SEC
charged the bank with violating the market access rule in connection with the trading incident.
Goldman Sachs agreed to pay a $7 million penalty to settle the charges. For Knight Capital, a

programming error cost the firm its own existence. Goldman Sachs, on the other hand, said the
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Figure 2.2: EURCHF rate change after SNB decision (The Telegraph 2015)

error “would not be material to the financial condition of the firm.”

2.3.3 Real Market Crashes

Previously, we reviewed a number of market disruptions that were caused by a technical problem
in software or unexpected behaviour of a trading strategy or unforeseen interaction between
different trading strategies. However, there have been a number of situations where there
has been a sharp market move that has been caused by a fundamental economic factor. In
many cases, the market anticipates the change in the economic future and incorporates that
information into the pricing of the asset resulting in the longer term a slower movement in
market prices. However, there have been recent events that turned out completely opposite to
general market expectations and caused a sudden market move. These cases were based on real
and fundamental economic parameters but at the same time resulted in an outcome with many
similarities to flash crashes previously discussed in this chapter. This section reviews some of

these events.

SNB Rate Decision

During a financial crisis, the Swiss National Bank (SNB) put in place® a cap on the value of the
Swiss Franc to the Euro. Specifically, it wanted the keep the value of the Franc below 1.2 to the
Euro. On 15 January 2015, SNB announced it would stop the Euro currency cap placement.
Although this possibility had been discussed before by market participants, it was not expected
that the cap would be removed suddenly with no prior indication (Reuters 2015).

As shown in Figure 22, the market moved sharply following the announcement of the
decision. In this case, the market did not recover to the same level, but at the same time,

it triggered some of the controls placed on different banks’ internal infrastructure that were

4As of 6 September 2011
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Figure 2.3: GBPUSD rate on Brexit referendum (BBC 2016)

designed to prevent situations like a flash crash. As a result, market participants who could
not handle the situation quickly accumulated large losses. The FX market is not as regulated
as stocks or futures markets and trading happens quite differently. Most of the trading is
Over-The-Counter (OTC), meaning it is traded and settled between two counter-parties without
an exchange. As a result, available information is much more limited on the effect of the SNB

decision on the market participants.

Brexit

On 23 June 2016, the UK government held a referendum to ask the UK electorate if they wanted
to “Remain” in the European Union or wanted to “Leave”. The poll during the days before the
referendum showed a very close competition. The FTSE 100 index and pound were affected
by close opinion polls during the campaign. In the last week of referendum market sentiment
showed growing confidence in a vote to remain in the EU. The FTSE 100 rallied every day
during this week before the referendum was up 5.3%.

Before the results started to come in, the pound had risen, as traders bet on a Remain
victory. Just after polling stations closed it moved as high as $1.50. But following strong Leave
votes in north-east England, it tumbled to $1.43 reversing initial gains (The Guardian 2016a).
It took another dive to $1.33 after 03:00 BST as Leave maintained its lead (see Figure 233). The
final result saw, 51.9% of the participating UK electorate voting to leave the EU; the turnout
was 72.2% of the electorate. It pushed the pound down 10% against the dollar. The pound was
also down more than 7% against the euro. Shares were also hit. The FTSE 100 index began
falling by more than 8%, then recovered some losses to close at 2.5% lower. Some traders said
these moves were more extreme than those seen during the financial crisis of 2008. The pound

collapsed to its lowest level in over 30 years. It also suffered its biggest one-day fall in history
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Figure 2.4: GBPUSD Crash on 7*" October (BBC 2016)

as panicking investors contemplated the prospect of a vote to leave the European Union.

Uncertainty following Brexit caused more volatility and is no clarity if the follow up incidents
were caused by real economic concerns or technical issues. On 7 October 2016, the value of the
pound fell from $1.26 to $1.14 just after midnight in about 40 seconds before bouncing back to
$1.24 (see Figure 24). The pound fell by 6%, having dropped by 10% before one of the more
outlying major trades was cancelled. Traders were baffled by the overnight flash crash in the
pound, with theories emerging that pointed to possible causes including rogue computer trades,
an accidental “fat finger” transaction and tough comments from the French president, Francois
Hollande, on Brexit negotiations (The Guardian 2016b).

The Bank of England’s Prudential Regulation Authority (PRA) launched an investigation
into the crash. It announced that the October 7 crash was “set apart by the lack of a clear
fundamental trigger”. Media reported that PRA was not particularly concerned by the initial
trigger, but focused heavily on the second stage of the slide. It coincided with a large number
of rapid-fire sell orders placed in Tokyo by Japanese trading operations of Citigroup (Financial
Times 2016). Citi’s traders are not believed to have started the slide in the currency in thin
Asia trading but its Tokyo desk played a key role in sending the pound to its lowest levels in
31 years. Some claim the crash started by an algorithm that triggered the sell after it picked
up Twitter-reading traffic on the comments made by the French president, Francois Hollande.
People with knowledge of events at Citi that day said one of the US bank’s traders placed
multiple sell orders when the currency slumped in unusually fragile market conditions.

Citigroup has been forced to defend its trading business after it emerged as the world’s
largest foreign exchange bank may have contributed to the flash crash. “Sterling fell sharply
following a news event just after midnight UK time, when the GBP spot foreign exchange
market was extremely illiquid. Citi managed the situation appropriately and our systems and
controls functioned throughout the period.” a spokesman for Citi said (The Telegraph 2016).
The “news event” referred to by Citi was reports that Francois Hollande, France’s president,
wanted European leaders to take a firm negotiating stance with the UK over Brexit and said “if

Theresa May and company want hard Brezit, they will get hard Brexit.”
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However, the Bank of England’s Financial Stability Report, which examined the flash crash,
concluded that “while the story may have acted to reinforce the negative pressure on sterling, it
was not the initial trigger”. The Bank for International Settlement (BIS), an umbrella research
organisation for central banks, said that a number of factors contributed to the crash but
found no evidence of deliberate manipulation or “fat finger” mistakes by traders (The Bank
for International Settlement 2017). These factors included: significant sell orders for sterling
from traders; automatic stop-loss orders; a report containing negative news for sterling; and
inexperienced traders working at that time of night in Asia with lower risk appetite. The BIS
concludes that the October crash was not a unique or unprecedented event but a new data point
in what appears to be a series of flash crash events occurring in a broader range of fast electronic

markets than was previously the case in the post-crisis era (Independent 2017).

2.4 Proposed Solutions to Prevent a Flash Crash

Since the 2010 flash crash, there have been further incidents that have renewed concerns about
the safety of markets in a time when a large part of trading is automated. These incidents
called into question many of the regulatory and technological changes over the last decade,
which facilitated an era of high-speed trading on electronic exchanges and alternative venues.
The regulators point to a number of lessons to be learnt. In times of turmoil, automated trading
can trigger extreme price swings, especially if the algorithm does not take account of prices. The
way in which these automatic orders interact with high-frequency and other computer trading
strategies can quickly erode liquidity, even amid very high trading volume. More work also
needs to be done to understand how stock-markets and derivative markets interact, especially
with respect to index products.

US Lawmakers used the flash crash investigation report to put pressure on regulators to do
more to revise market rules. Some suggested that if necessary, Congress must “put in place new
rules of the road to ensure the fair, orderly and efficient functioning of the U.S. capital markets.”
The SEC has brought in uniform policies for cancelling trades struck at clearly irrational prices.
It eliminated “stub quotes”, which allowed market makers to buy stocks for a penny if there
were no other bids. In February 2011 an advisory panel convened to investigate the flash crash
recommended rule changes that would oblige high-frequency traders to maintain orderly markets
and limit brokerages’ ability to execute trades internally. It also recommended the permanent
adoption of circuit breakers to halt trading temporarily in an individual security if price or
volume movements caused concern. Another area that has been investigated is market data.

UK Government Office for Science sponsored a project to study the “future of computer
trading in financial markets” (UK Gov 2012) as part of Foresight Programme. The Foresight
Programme, over the long term, looks at major cross departmental, multidisciplinary projects in
key areas of policy. This project examined the technological advances which have transformed
market structures in recent years and explored how computer trading will evolve over the next

ten years. It acknowledges that the volume of financial products traded through computer
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automated trading taking place at high speed and with little human involvement has increased
dramatically in the past few years. Over one-third of UK equity trading volume is generated
through high-frequency automated computer trading while in the US this figure is closer to

three-quarters.

The studies by the regulators, government agencies, and academic researchers have proposed
different solutions to prevent events similar to the flash crash. Mechanics of trading in a market
and its trading rules affect its viability and stability as a trading venue. Some of the studies focus
on information asymmetry and the effects of fundamental traders and high-frequency traders
on market stability. They argue that directional order flow from informed traders causes noise
traders and other uninformed traders to leave the market. This departure, in turn, leaves market
makers trading with informed traders with positions in which they cannot find any counter-party
to take the other side. Some other studies focusing on high-frequency traders argue about the
problems these traders cause or benefits they bring to the market especially their effects on

market volatility.

A large amount of study by regulators has focused on trading rules and has proposed some
measures that need to be considered to prevent events similar to the flash crash. One can view
trading rules on the exchange as the equivalent of rules of the road. These rules aim to ensure
there is orderly behaviour in the market and one market participant intentionally or by mistake
does not damage the experience of other market participants. Some of the frequently proposed
measures include the use of circuit breakers, limit minimum-quote-life and order-to-trade ratio.
These are somehow similar to driving measures on the road. A circuit breaker is an intuitive
way to limit the damages of a rapid market crash by stopping the market from trading and
preventing further damage. Another important tool is speed limit control that aims to limit
the general speed of the market and reduces the chance of a rapid crash in the market and
controls its effect and spread. This is similar to speed control on the road that brings down the
speed of traffic to reduce the risk of accidents. Minimum quote life acts as a speed limit control
and places a limit on how fast a market participant can change its order in the market. A
softer version is order-to-trade ratio and is equivalent to variable speed control in the highways.
Instead of measuring and monitoring constantly, it will measure the speed over a longer range
to make sure the overall speed stays below a safe limit. It is notable that this measure does not
control or punish minor deviation from the limit if it is compensated by slower than limit speed

within two measurement points.

In the last few years, there has been a move towards fragmented trading in financial markets.
While the costs and benefits of this market structure change are beyond the scope of this
research, the move towards having multiple trading venues will likely have a meaningful impact
on the future of trading. Some markets already have restrictions on placing and cancelling
orders. But when there are competing market venues with different rules, such as whether to

have a minimum quote life or a maximum ratio of quotes per trade, investors will be able to
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choose for themselves the market they believe provides the best trade execution and service.

2.4.1 Limit High-Frequency Trading

A recent study suggests high-frequency traders participate in more than 60% of US equity
trading. This trend is closely followed in European equity markets and other highly liquid
trading venues like Futures. This heavy presence has caused concerns that any problem with
high-frequency traders can have a dramatic effect on other financial market participants. There
have been discussions that high-frequency traders pose a risk to the stability of the market.
Their technological advantage is seen by some participants to make markets unfair. The official
flash crash investigation report concluded that high-frequency traders did not cause the flash
crash, but contributed to it by demanding immediacy ahead of other market participants. Most
individual investors do not fully understand how high-frequency trading works but are concerned
by their technological advances. Some politicians and market participants see the flash crash as
confirmation that high-frequency trading is dangerous. In response, the high-frequency traders
point out that the algorithm at the centre of the story was not executed by a high-frequency
trader, but by a standard mutual fund.

One of the things that brought high-frequency traders into the centre of attention for
flash-crash was the “Flash Boys” book by Lewis. The New York Times Best Seller (New York
Times 2015) book focuses on the rise of high-frequency trading in the US equity market and
states that “The market is rigged” by high-frequency traders who front-run orders placed by
investors. Bradley Katsuyama, a trader, is the main character of Flash Boys. The speed of
data is a major theme in the book; the faster the data travels, the better the price of the trade.
Flash Boys mentions the construction of Spread Networks’, a $300 million project of fibre optic
cable running through mountains and under rivers, to connect the financial markets of Chicago
and New York. This link reduced the latency of data from 17 to 13 milliseconds. Lewis claims
that access to this fibre optic cable, as well as other technologies, presents an opportunity for
the market to be controlled by the big Wall Street banks. The book concludes by observing
that there is now a new microwave link between Chicago and New Jersey, which follows an
even straighter route than the Spread Networks’ 827-mile cable. Microwaves always follow a
direct path, whereas cables must, at least occasionally, detour around physical barriers. The
new route also takes advantage of the faster speed of signal travel that is possible through the
air compared to signal travel speed through glass fibres. With these two advantages, this new
link is 4.5 milliseconds faster than the Spread Networks.

A number of solutions have been proposed to control the speed of high-frequency traders
and to ensure that this does not give them an unfair advantage over other market participants.

Katsuyama co-founded a new exchange, IEX (the Investors Exchange) that opened for
trading on 25 October 2013. To counter this speed disadvantage to investors, it aims to make
the playing field for trading fairer. To overcome the latency advantage, it has its matching engine

located in Weehawken, New Jersey. While the initial point of presence is located in a data centre
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in Secaucus, New Jersey, it places a 38-mile coil of the optical fibre in front of its trading engine.
This link adds a 350 microseconds delay, a round-trip delay of 700 microseconds (0.0007 seconds),

and is designed to negate certain speed advantages utilized by some high-frequency traders.

2.4.2 Circuit Breakers

Assuming electronic trading venues are equivalent to the highways in a transport network. The
first measure, traffic control, is applied when something seriously bad happens. The traffic
movement is shut-down until the police arrive and once the situation is understood and resolved
then the traffic is allowed to move. This solution is called a circuit breaker and will stop trading
in the market. A circuit breaker is an intuitive way to limit the damages of a rapid market crash
by stopping the market from trading and preventing further damage. This trading halt allows
slow market participants to catch up with the current status of the markets and gives human
traders time to react and adjust or stop such strategies.

Circuit breakers are one of the main tools proposed to prevent a repeat of the flash crash.
Triggering a circuit breaker is an extreme measure that imposes a heavy cost on ongoing traffic
but at the same time could be considered most effective as one can think nothing bad is going
to happen after this point. Unfortunately, triggering circuit breaker in a connected world that
has high-speed connectivity may not always be the measure. Similarly, if one route going in the
direction of the problem is closed that blocked the road, but the rest are still working, actually
makes the problem worse by redirecting extra traffic to already overloaded paths. It has been
claimed that the circuit breaker trigger at NYSE was a positive tool to cool down the pressure
during the 2010 Flash Crash. Others argue that although official trading pauses can be a good
way to provide time for sanity to return to markets, uncoordinated breaks can do more harm
than good. On 6 May 2010, the New York Stock Exchange stopped trading briefly while other
exchanges and alternative trading venues were kept going. This led to a diversion of order flows
that added to the pressure on those markets. The SEC has since introduced “circuit-breakers”

for individual shares that halt trading across all markets.

2.4.3 Minimum Quote Life

Minimum Quote Life (MQ@L) can be forced by the exchange to set a lower limit on the time
an order has to stay in the orderbook before the participant can cancel or modify the order.
For example, if an exchange set MQL on an instrument to be 50 milliseconds, the participant
sending an order at time 70 cannot cancel this order or modify it before 70 4+ 50ms. This is
to make sure other market participants have at least 50 milliseconds to receive this order via
their market data platform, process the market data update in their trading strategy and react
to this order if necessary by placing new orders or modifying their existing orders before this
order is modified or cancelled by the participant. This still does not protect market participants
against other faster participants that can receive and process this market data about the order
and are likely to take action by hitting that order or changing their own orders before slower

participants have a chance to react.
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2.4.4 Order-to-Trade Ratio

Another proposed solution is to impose a maximum order-to-trade ratio. Benefits of this
solution are to increase the likelihood of a viewed quote being available to trade, and to reduce
hyper-active order book participation. Moreover, this will align quoting activity with actual
trading in the market. Many exchanges do not charge market participants for sending messages
but charge a transaction fee on trades. Each order message processed by a trading venue incurs
a cost as it requires a small amount of energy and computing power to process. Trading venues
usually carry large amounts of excess capacity as message activity can peak at several times
the rate of normal traffic flow. As a result, they need to heavily invest in high-performance
computing systems in order to process messages quickly. In addition to the cost incurred by
trading venues, other market participants that follow intraday market activities must invest
more in their computing systems and communication channels as the level of traffic increases.
A quote-to-trade maximum requires market participants to pay for some of their message activity
cost in trading fees.

But these benefits do not come for free. The potential costs associated with this approach
are: reducing depth, and increasing bid-ask spreads, and exacerbating liquidity withdrawal
in volatile times. Whereas the minimum time constraint would apply to every quote, the
order-to-trade ratio allows for greater flexibility. Given that much of the time, the order-to-trade
ratio will be a non-binding constraint, the depth and bid-ask competitiveness will not be affected.
However, when market participants near the maximum quote-to-trade ratio they will likely be
more cautious about placing quotes as they will be penalized if they withdraw too many quotes.
This hesitance is most likely to occur in volatile times. UK Government sponsored research
concludes that not enough is currently known to determine whether the benefits will outweigh
the costs of any of the proposed solutions above and, more empirical data needs to be collected

and analysed (Brogaard 2011).

2.5 Studies of the Flash Crash

This section reviews previous research on the analysis of the flash crash and the application of
agent-based modelling into the flash crash. It examines studies of the flash crash from three
aspects. Some of the previous work has focussed on detecting or predicting the flash crash before
it happens. Another aspect that is frequently investigated is the role of high-frequency traders
in the market and their involvement in the flash crash. And the last aspect it reviews is the

modelling of the flash crash.

2.5.1 Predicting a flash crash

There have been studies on the indicators that could have forecasted the flash crash. One
well-known study introduces Volume Synchronised Probability of Informed Trading (VPIN) (Easley
et al. 2010) that is designed to indicate flow toxicity. Generally, if a very high portion of incoming

order-flow to the market is from informed traders, and there are no other market participants,
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market makers will be forced to trade at a loss as they will not be able to find any other
participant with whom to trade out of their position. There have been arguments about this
measure. Studying it over a longer time, Andersen and Bondarenko claim that it has reached
high levels in the past without causing a crash (Andersen and Bondarenko 2014). Authors of
VPIN have responded to the study defending their work (Easley et al. 2014).

Aldridge also claims that flash crashes have been frequent and their causes predictable in

market microstructure analysis (Aldridge 2014).

2.5.2 The role of high-frequency trading

Research by Jacob Leal et al. uses a model that does not borrow zero-intelligence based agents
from other works. It uses an agent-based model for low and high-frequency traders (Jacob Leal
et al. 2015). Low-frequency traders work in chronological time, i.e. their activity is exogenous
and constant over time. For each agent in simulation, the trading frequency is decided using
a uniform distribution between 6,,;, and 6,,,, minutes. On the other hand, high-frequency
traders work in event time. Working in event time means high-frequency traders become more
active when the market is heavily traded. Agents submit buy or sell limit orders with equal
probability p = 0.5. High-frequency traders adopt directional strategies that try to profit from
the anticipation of price movements. To do this, high-frequency agents exploit the price and
order information released by low-frequency agents. At the beginning of each trading session t,
active low-frequency and high-frequency agents know the past closing price as well as the past

and current fundamental values. In each step the trading proceeds as follows:

o Active low-frequency traders submit their buy/sell orders to the limit order-book market,
specifying their size and limit price.

e Knowing the orders of low-frequency traders, active high-frequency agents start trading
sequentially and submit their buy/sell orders. The size and the price of their orders are
also listed in the order-book.

e Low-frequency and high-frequency agents’ orders are matched and executed according to
their price and then arrival time. Unexecuted orders rest in the order-book for the next
trading session.

¢ At the end of the trading session, the closing price is determined. The closing price is the
maximum price of all executed transactions in the session.

¢ Given the closing price, all agents compute their profits and low-frequency agents update

their strategy for the next trading session.

The research concludes that high-frequency traders front-run other market participants and they
add to market volatility.

Another research by Hagstrmer and LarsNordn aims at distinguishing different
high-frequency trading strategies and categorising them to market-making high-frequency
traders and opportunistic high-frequency traders (e.g. arbitrage and directional). It uses a

proprietary dataset that allows them to observe all limit order submissions, cancellations, and
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executions, complete with the identities of the traders from NASDAQ-OMX Stockholm. It
carries out the analysis of one highly volatile month (August 2011) and one relatively calm
month (February 2012). The study finds that market makers constitute the lion’s share of
High-Frequency Traders trading volume (63-72%) and limit order traffic (81-86%) (Hagstrmer
and LarsNordn 2013). It also reports that market-making high-frequency traders have higher
order-to-trade ratios and lower latency than opportunistic High-Frequency Traders. It uses
tick size changes as exogenous events to study high-frequency traders’ influence on short-term
volatility. On European stock exchanges, the tick size (minimum price increment) depends
on the stock price level. For example, when the price of a stock increases from SEK? 49 to
SEK 51, the tick size increases five fold from SEK 0.01 to SEK 0.05. The study hypothesizes
that an increased tick size makes market making more profitable, and other strategies, such
as arbitrage trading, more costly. This is because market makers typically earn the spread,
whereas opportunistic traders tend to pay the spread. Nordic-OMX Stokholm introduced
several changes that facilitate the activity of high-frequency traders by cutting both the cost
and the latency of trading. The changes included central counter-party clearing (October 2009),
capped trading fees (January 2010), and the INET trading platform (February 2010). A natural
experiment based on tick size changes found that the activity of market-making High-Frequency
Traders mitigated short-term intraday price volatility.

Hanson utilized an agent-based market simulation using a paradigm of zero-intelligence
traders to examine the impact of high frequency trading on various aspects of the stock market.
He adapts the model of (Gode and Sunder 1993), a continuous double auction setting, to
include algorithmic high-frequency traders who retrade by marking up their shares by a fixed
percentage and examines the effects the number of HF traders and their markup percentage on
traded volume, market efficiency, trader surplus and volatility. He concludes that all observed
properties vary directly with the number of high-frequency traders. Results also reveal that

market volatility increases with the number of high-frequency traders (Hanson 2016).

2.5.3 Modelling of the flash crash

To be able to analyse effects of proposed changes to market structure and trading rules and also
reason market behaviour using different new conditions, one needs to be able to either simulate
a financial trading market or to model it fully analytically.

Many important economic processes are complex in the sense that it is difficult to decompose
them into separate parts that can be studied in isolation and aggregated to give the whole
picture. Furthermore, economic agents do not seem to possess in reality the perfect rationality
and computation abilities that the classical economic theory attributes to them. Issues of beliefs
and prediction about the future become important and the individual beliefs and choices when
aggregated shape the economic indicators, the market prices and ultimately the world that the

agents must deal with.

5SEK is the abbreviation for the Swedish currency Krona
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Table 2.2: S&P 500 market participation description (Kirilenko et al. 2011)

Trader Type # of Traders Trade Speed Position Limits Market Volume
Small 6880 2 hr -30 - 30 1%
Fundamental Buyers 1268 1 min —00 - 00 9%
Fundamental Sellers 1276 1 min —00 - 00 9%
Market Makers 176 20 sec -120 - 120 10%
Opportunistic 5808 2 min -120 - 120 33%
High-Frequency 16 0.35 sec -3000-3000 38%

There has been a study to analyse the flash crash using agent-based modelling (M. Paddrik
et al. 2012). The study uses trader agent types defined by SEC/CFTC report with the same
order placements (Kirilenko et al. 2011). They also use a zero-intelligent agent model with
two enhancements. Firstly, instead of using a uniform distribution to determine the price of
an order, they use a normal distribution around the last traded price because they argue that
high-frequency traders, which are a large part of order-flow, place 60% of their orders within
one price tick from the last traded price (CFTC and SEC 2010&). Secondly, they add order
cancellation mechanics to the model as they argue it was a large contributor to the flash crash.

Using zero-intelligent agents with limits imposed on them based on the findings of (Kirilenko
et al. 2011) with summaries in table 22 and using the same proportion of trading agents in a
simulated environment, another paper also uses a different distribution for order size and price
distribution. The details of the price distribution and order size are not provided in the paper.
Interaction between traders happens through a limit order-book market using price-time priority
to match incoming orders in combination with a Poisson arrival and cancellation process with
a mean that is relative to the speed that a trader class is allowed to place and cancel orders.

Verification of the model is done through two factors:

e Traded volume and cancellation rate for each of the agent classes matches data provided
from the real market.

¢ The Shape of the order-book resembles a “V” shape.

The second step is to compare stylised facts between the real market price and the simulated

market. It is done on the following basis:

e Price returns follow a normal distribution with fat tails.

o Volatility clustering of “absolute” price returns is present.

e The Absence of auto-correlation of returns shows there is no predictability of price
movements.

o Aggregation of returns increases as the time scale over which the returns are calculated

increases and the distribution approaches the Gaussian form.

Another group uses a zero-intelligent agent model similar to one introduced in (Maslov
2000) with two enhancements. Firstly, instead of using a uniform distribution to determine the

price of an order, they use a normal distribution around last traded price because they argue,
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based on information from the CFTC report that high-frequency traders, which are a large part
of order-flow, place 60% of their orders within one price tick of the last traded price. Secondly,
they add order cancellation mechanics to the model as they argue it is a large contributor to

the flash crash.

2.6 Market Simulation Platforms

Although, many of research we have referred above (e.g. (M. Paddrik et al. 2012)) use general
multi-agent simulation platform like NetLogo, there are platforms specifically designed to
simulate a financial market. Many of major financial institutions have in-house platform that
allows them to replay and model trading of their own strategies to analyse their performance
before they are being deployed to production environments but they are not available to research
community. There are market simulators developed and made public in the research community
with different targets. For example (Cliff 2012) provides a limit orderbook exchange model for
educational purpose. Another example is (Booth 2013) which is designed for performing research

into predicting the orderflow.

2.7 Agent-Based Modelling and Simulation

Agent-Based Modelling is a useful method to investigate behaviour and phenomena emerging
from the interaction of autonomous agents (Macal and North 2010). Agent models are relatively
simple and their behaviour is driven by some local utility function of their own. On the other
hand, the system as a whole could show some behaviour that cannot be described using the
sum of the behaviour of its components. One may think for instance of ant or bee colonies, or
flocks of birds as well-known natural examples of the emergence of ordered, coherent collective
behaviour without any central control or authority.

The idea of agent-based modelling was developed as a relatively simple concept in the late
1940s. Because it requires computation-intensive procedures, it did not become widespread
until the 1990s. Current use of agent-based modelling is not limited to computer science. Niazi
and Hussain (2011) used scientometric analysis to study journal articles indexed in the ISI
web of knowledge, published within a twenty year period, between 1990-2010. Their study
shows agent-based modelling is widely used in a number of non-computing related scientific
domains including life sciences, ecological sciences and social sciences. Some examples of
applications include supply chain optimisation and logistics, modelling of consumer behaviour,
social network effects, distributed computing, workforce management, traffic management, and
portfolio management.

In these and other applications, the system of interest is simulated by capturing the
behaviour and interactions of individual agents. Agent-based modelling tools can be used to
test how changes in individual behaviours will affect the overall, emergent system behaviour.
Agent-based modelling is used to help understand the system as a whole or predict and assess

the effect of simple behavioural or model changes in the agent on the system as a whole.
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(Todd et al. 2014) proposes the use of data visualisation in the processes used by market
surveillance, enforcement and academic research in the area of financial market regulatory.
(M. E. Paddrik et al. 2018) present different ways of visualising the data in an electronic trading
venue to support regulators better analyse the order flow in the market. (Mark Paddrik et al.
2017) investigate the use of agent based model of the limit order book to study data available
from electronic markets to help reulators, exchanges and participants to better understand the
stability and resiliency of a market. They have confirmed these findings by comparing their
results to user identifiable order flow data from CME and NYMEX. They claim that the data
can reliably signal a high likelihood for an immediate flash crash event about one minute before

it occurs.

2.7.1 Trading Agent Models

Agent-based model has been used to study trading strategies and the performance of such
strategies. For example, Schoreels, Logan, et al. (200%) used agent-based system building
strategies using simple genetic algorithms and compared their performance against human
traders competing on building the portfolios and observed that they provided comparable
performance. They compared the behaviour of dynamic agents against static agents in trading
DAX-30 and observed that the dynamic approach has superior performance (Schoreels, Logan,
et al. 2004). They also investigated the effect of using varying amounts of training data on
the specificity and robustness of a multi-agent based solution for use in trading simulations
using historical equity market data. The results indicated that larger training data sets lead to
more general solutions and overall better performance when tested in environments with varying
conditions (Schoreels and Garibaldi 2005).

Agent-based modelling is different from designing an intelligent agent or multi-agent systems
whose goal is to implement a model for the agent with the ability to learn, perform a task, or
solve a practical or engineering problem.

(McGroarty et al. 2018) present a multi-agent model framework in python to simulate a
limit orderbook and different trading agents. This platform uses discrete time simulation with
fixed intervals to simulate the behaviour of the market. In each cycle agents are chosen to
perform an action based a probability distribution of that agent class. All the agents have

access to the limit order book information.

2.7.2 Agent-Based Simulation Platforms

The Foundation for Intelligent Physical Agents (FIPA) was formed as a Swiss-based organisation
in 1996 to produce software standards specifications for heterogeneous and interacting agents
and agent-based systems. In March 2005, the FTPA joined the IEEE Computer Society and now
is an IEEE Computer Society Standards Organisation that promotes agent-based technology and
the interoperability of its standards with other technologies.

FIPA specifications represent a collection of standards intended to promote the

inter-operation of heterogeneous agents and the services that they can represent. See (Poslad
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2007) for an overview of the FIPA approach. The complete set of specifications including the
ones that did not or have not yet made it to standardisation can be viewed in terms of different
categories: agent communication, agent transport, agent management, abstract architecture
and applications. Of these categories, agent communication is the core category at the heart
of the FIPA multi-agent system model. The most widely adopted of the FIPA standards are
the Agent Management and Agent Communication Language (FIPA-ACL) specifications (FIPA
2002).

Swarm is a multi-agent software platform for the simulation of complex adaptive systems.
It is an open source GPL (Free Software Foundation 20074) licensed simulation framework
that was initially developed at Santa Fe Institute (Minar et al. 1996). It is now maintained
by Swarm Development Group®, a non-profit organisation. In this system, the basic unit of
simulation is the swarm, a collection of agents executing a schedule of actions. Swarm supports
hierarchical modelling approaches whereby agents can be composed of swarms of other agents in
nested structures. Swarm provides object-oriented libraries of reusable components for building
models and analysing, displaying, and controlling experiments on those models. Computation
in a Swarm application takes place by objects sending messages to one another. It is written
mainly in Objective-C with some Java code for the interface. It requires the GNU C compiler,
Unix, and the X Window system.

MASON has been developed at George Mason University to meet the needs of swarm style
multi-agent systems research. MASON is a single-process discrete event simulation core and
visualisation library written in Java (Luke et al. 2005).

There are many agent-based simulation frameworks available but their execution model
does not permit efficient and distributed simulation which is becoming more important with
large-scale economic and molecular biology agent models, where either the execution time or

memory requirements outstrip single machine capabilities (Coakley et al. 2012).

JADE

Java Agent Development Environment (JADE) is a software framework that simplifies the
development of agent applications in compliance with FIPA specifications (Bellifemine et al.
2000). It has a middle-ware layer that complies with the FIPA specifications and a set of
graphical tools that support the debugging and deployment phases. A JADE-based system can
be distributed across machines (which need not share the same OS) and the configuration can
be controlled via a remote GUI. The configuration can be changed at run-time by moving agents
from one machine to another, as and when required.

JADE is completely implemented in Java. It is free software and is distributed by Telecom
Italia in open source under the terms and conditions of the LGPL (Free Software Foundation
2007b). It is still being maintained at the time of this writing. It aims to provide a platform to

describe agents, a communication mechanism compatible with FIPA-ACL, a Directory Facility

Shttp://www.swarm.org
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to announce which agents are available and an Agent Management System that controls the

platform and creates and destroys the agents (JADE 2015). It includes:

¢ A runtime environment where JADE agents can “live” and that must be active on a given
host before one or more agents can be executed on that host.

e A library of classes that programmers optionally use (directly or by specialising them) to
develop their agents.

o A suite of graphical tools that allow administering and monitoring the activity of running

agents.

Each running instance of the JADE runtime environment is called a Container as it can
contain several agents. The set of active containers is called a Platform. A single special Main
container must always be active in a platform and all other containers register with it when
they start. The first container to start in a platform must be a main container while all other
containers must be normal containers and must be told where to find their main container to
register with. JADE agents are identified by a unique name and, provided they know the names
of others, they can communicate transparently regardless of their actual location. Besides the
ability to accept registrations from other containers, the main container differs from normal
containers as it holds two special agents: the Agent Management System that provides the
naming service and represents the authority in the platform, and the Directory Facilitator that
provides a Yellow Pages service by which an agent can find other agents providing the services

it requires to achieve its goals. (Bellifemine et al. 2000)

FLAME

Flexible Large-scale Agent Modelling Environment (FLAME) is an agent-based modelling
framework designed to utilise parallel architectures (Greenough et al. 2008). It is based on the
concept of a communicating X-machine as a formal basis for the development of an agent-based
simulation framework (Kefalas et al. 2003). An X-machine is a form of a state machine with
internal memory. The framework has been used for simulating biological systems (Kiran et al.
2008), economic modelling (Deissenberg et al. 2008) and other application areas.

Agents are specified in an XML based language called XMML. FLAME is a template driven
system and parses a description of a model from XMML and applies the data to a set of standard
templates that automatically generate simulation code in C. The program that does the parsing
is called Xparser which also statically calculates the optimal execution order of agent functions
for efficient parallel processing. The modeller supplies agent functions in C which are compiled
together with the resulting simulation code generated from applying templates to XMML
definition. The final binary is then linked to the FLAME communication library, called Message
Board, to produce the simulation program. The resulting code can be compiled and executed
on both serial and parallel systems. For the parallel version, FLAME produces code that uses
the Message Passing Interface (MPI) for execution on parallel computing systems. During the

simulation, agents are able to pass only through defined state changes and communicate with
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other agents through a collection of message boards. Thus Xparser generates these message

boards to manage the community.

To illustrate FLAME we review an example from (Greenough et al. 2008). This model
as defined in XMML is a collection of point agents in two-dimensional space that interact with
neighbouring agents, within their radius of influence, by repulsion. The XMML definition of this
system consists of its environment, the X-Machine definitions and their definition of messages
that agents use to communicate. The environment block specifies essential global data for the
model such as the names of function files. This example only specifies “functions.c”, the name

of the file that contains the C code functions associated with the model.

The next step is to define the agents within the model. In this example, there is only
one very simple agent called Circle. The agent has two main elements: its memory and its
functions. All the information that an agent can maintain between execution cycles is defined
in the memory section. The functions section defines the states the agent can enter and how
they are related. The ordering of the functions in this section is important and determines
the execution sequence. Depends tags for each function specify any dependency on information
from other agents provided through the message boards. In this case, the inputdata function is

dependent on location messages from other agents.

Each state transition function has access to the internal memory of the agent, as well
as input and output streams of information. Agent transition functions take in this memory
structure and update the values, effectively transitioning the agent instance to the next state
ready to be consumed by the next function. The execution of a transition function is repeated for
all agent instances of the associated type in the relevant state. Once all the functions have been
called (in the correct order to meet dependencies) an iteration (time step) of the simulation is
complete. Each message board handles the messages of a single message type. Because message
boards are the only means by which agents communicate with other agents, the agent model is
inherently parallel. Each agent can execute independently as long as the input message board

contains the expected messages

FLAME has been extended to map a subset of its templates to Graphical Processing
Units (GPU) (Richmond et al. 2010). For computational power, GPGPUs have provided
exceptional speed-ups. To execute the same functions at the same time, ABM GPGPU
frameworks use asynchronous agent updates because they are either cellular automaton based
or are an extension of the FLAME model for GPGPUs. However, this condition means that
they are better suited for homogeneous agent models, where there is only one type of agent with
the same functionality. GPGPUs are also restricted by their amount of on-board memory they
have direct access to. This restriction can be mitigated by using multiple GPGPUs but then
the same memory independent node problem as with HPCs results. All have shown exceptional
speed increases but are very limited in the scope and complexity of the models they can run

due to the smaller amount of memory available and the homogeneous nature of the agents used
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in models.

2.8 Summary

This chapter first reviewed the flash crash of 6 May 2010 as well as a number of other market
disruptions that have many properties in common with the flash crash. We then reviewed
a number of changes that have been proposed to improve market stability and to prevent
such events happening in the future. Especially we reviewed solutions proposed to limit
high-frequency trading, introduce circuit breakers and also minimum-quote-life and maximum
order-to-trade ratio limits. We finally looked at the previous studies of the flash crash and
research that applied agent-based modelling to study the mechanics of trading in the market
and analysis of the flash crash. The next chapter describes the agent-based model of the market

that this research uses to investigate the flash crash and to study the proposed solutions.



Chapter 3

Experimental Platform and Data

3.1 Introduction

This research uses agent-based modelling to analyse market behaviour and simulate a flash
crash. To simulate trading venues at the same scale of a real financial market with different
trading agents a high-performance platform is required. This chapter discusses the details of
the trading agent simulation platform that is implemented for this research. This platform is
used in the next chapters to study the flash crash and analyse the effect of the changes to the

market structure or trading rules.

Trading is a process by which the buyer and the seller interact to agree on the details of the
securities they exchange. There are three main forms for the trading process used by electronic

trading platforms: Quote-Driven, Quote-Streaming and Order-Driven.

In a Quote-Driven setup, trading is considered a service provided to a counter-party acting
as a client (e.g. an individual investor or asset manager) by a dealer (e.g. an investment bank or
a broker-dealer). When the client wants to buy (sell) = shares of a stock, it sends a Request for
Quote (RFQ) to a dealer and asks for a quote for that quantity. If the dealer is willing to trade,
it responds with a quote specifying the price at which it is willing to sell (buy). After receiving
the quote, if the client accepts the provided quote, it places an order and a trade happens. To
obtain a better price, a client may want to ask more than one dealer for a quote and choose
the best one. In a quote-driven market, detecting the current fair trading price of an security
(price discovery) and availability of counter-parties with whom to trade (liquidity discovery) is
not straightforward. Placing an order comes with the risk of information leakage about pending
intention to trade and dealers can provide different price for the same request from different
clients. A modified version of the quote-driven system is Quote Streaming where a dealer sends

a continuous stream of quotes to its clients. This model of streaming quotes is popular for FX
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and fixed-income trading.

Commonly used trading mechanism that can address the problems stated above with price
and liquidity discovery. In an Order-Driven market, buyers and sellers have similar roles and
all market participants send their request to buy or sell a stock to the market as an order. An
order specifies the stock to be traded, the buy or sell direction, and the minimum or maximum
price that participant would accept for the trade. If an existing order matches these criteria,
a trade happens. Otherwise, the new order is placed in the orderbook to match against future
incoming orders. If more than one order matches the incoming order, the market chooses the
order(s) to trade from orders in the orderbook using its order matching algorithm. Most stock
and future exchanges (e.g. London Stock Exchange, New York Stock Exchange, and CME) use
this form of trading. In the rest of this thesis we focus on order-driven markets and in the next
section we describe how an order-book driven market works.

To simulate an agent-based model of a financial market, a multi-agent simulation framework
is needed. This framework should be able to simulate an electronic trading market and its
participants’ behaviour. This chapter starts by describing the different parts of an electronic
financial market in Section 82. Section 83 reviews existing agent-based modelling frameworks
in further details. Next, we introduce our proposed model of an electronic financial market
in Section 84. This section provides a high-level description of how this research models a
financial market and presents the main components of the system and how they interact with
each other. Section 83 provides details about the implementation of this simulation platform.
This research uses very detailed orderbook level data from financial markets to evaluate the
behaviour of different trading agents when they interact with a real market. Section 81
describes the market data used in this research. Finally, Section 827 provides a summary of

this chapter.

3.2 Electronic Financial Markets

In the rest of this thesis we focus on order-driven markets and in this section we describe how
an order-book driven market works. An order-driven market works as a central point to match
buy and sell orders. The common form of this market is to have a continuous double-auction
of remaining buy and sell orders in the book. A continuous double-auction means that as soon
as an incoming order arrives and the orderbook has a matching order, a trade happens. The
alternative is to have scheduled auctions. In the latter form, orders are received and kept in the
orderbook for the duration of an auction, even when matching orders exist. At the end of the
auction, all orders are matched on a single price. For the purpose of this research, we consider
continuous double-auction markets.

Most order-driven markets publish information about unmatched orders in the orderbook
and trades that happened to market participants. This information is called market-data, and
we describe it in further detail in Section 327, Market-data makes liquidity and price discovery

simpler. There is a delay from the time that market publishes the state of the orderbook to the
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time a market participant receives that data and processes it. Then again, there is a delay for
a potential order from that participant to reach the trading venue, and as a result by that time
the orderbook state may have changed in between.

As described previously, the participant sending an order can specify the price, and size.
We now look into these characteristics in more detail as well other common characteristics we

may mention in this thesis.

3.2.1 Trading Platform

An electronic trading platform refers to a wide range of software and hardware systems,
network infrastructure and communication protocols that enable computer-based systems to
communicate with one another and execute orders. An electronic trading market has its
participants with their own internal structure connecting to the market to place orders and
receive market data. Systems inside the participants could be structured in different layers.
Such a platform, especially in a large financial institution, could be quite complex because
many internal systems with different requirements need to connect to a number of external
markets.

It consists of market gateways that communicate with each market using their dedicated
protocols. Because some trading systems need to communicate and trade in more than one
market, these internal gateways can form a market access layer to abstract differences between
markets and provide a uniform interface to internal trading systems. On the downside, such
abstraction may not be able to provide all the functionality in detail that direct access can
make available. Another issue with such a layer is the extra latency it adds that may not be
acceptable for some of the trading systems, such as high-frequency market making systems. An
example architecture of such a system inside an investment bank is shown in figure 8-L.

Similar arguments hold for market data published by any of the financial markets. Because
the communication protocol used by each of these markets could be different, a feedhandler
is required to decode and normalise it to provide a unified view of all external markets in
a consistent and similar form to the internal systems. There is also a possibility that this
normalisation is done by an external market data vendor. Similarly to market access, trading
systems that are latency sensitive may need to connect to each market directly.

To understand these layers, let’s look at an example. Let’s assume the portfolio trading
system decides to buy a large number of shares in company ABC. Sending such an order directly
to the market would result in a huge market impact. Instead, it sends the order to an execution
strategy that trades based on a benchmark, e.g. VWAP. The execution strategy splits the order
into slices and then sends the slices in a time window to the market. For each slice, especially if
it is an aggressive order, the strategy looks for different sources of liquidity such as MTFs, dark
pools, and the exchange, and may decide to split the slice into further chunks and send them to
different venues.

These layers in the system provide an abstraction for the higher levels and allow them to
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Figure 3.1: An example of a electronic trading platform

focus on their target rather than details of trading. On the other hand, for a high-frequency
trading strategy, going through these different layers of abstraction may not be beneficial because
each layer adds latency for its processing and communication. A latency sensitive strategy like
statistical arbitrage may lose an opportunity because of the latency. A market making strategy
may rely on detailed information about its market that is not easy to abstract. Such strategies

may directly communicate with the trading venue instead of using this stack.

3.2.2 Market Connectivity

A high-frequency trading system requires fast market data and execution access. Market-data
feeds are one of the main inputs to a high-frequency trading system. Having accurate and fast
market data allows the trading strategy to react to any market movements faster than other
participants and grab opportunities while they exist. There are a number of ways to get access

to market data feed from a trading venue.

The traditional option would be to receive the data via a market data vendor such as
Thomson-Reuters or Bloomberg. These vendors connect to all trading venues, translate the
trading venues’ information to their normalised form and then dpublish this data to their clients.
The benefit of such a solution is that only one physical connection to the market data vendor is
required. Also, the data are normalised and provided via the same messaging protocol or API,
which means faster time to market and easier maintenance because any changes to the trading
venue protocols are handled by market data vendor and are hidden from the clients. On the
negative side, there is a higher latency involved in the connectivity from the trading venue to

market data vendors and back to the clients compared to a direct connection from the trading



3.2. Electronic Financial Markets 51

venue to the client. The normalisation and publication layer by the vendor also adds latency.

The second option is to have a direct connection to all trading venues. Market data feed
handlers can be implemented in-house or could be provided by third-party vendors. This
option reduces the connectivity latency and can improve on the layers of software involved
with normalising and publishing the data too. Another benefit is that whereas normalisation
could lose some valuable information that can be useful for a trading strategy, implementing
the trading venue protocol could keep this information.

Finally, one could save on the latency by locating the trading application in the trading
venue data centre (co-location) or somewhere physically very close (proximity). The choice of
each of the options above depends on many factors. The sensitivity of the trading strategy to
latency, the speed of other players in the market, and the speed of the trading venue’s matching

engine are the most important ones.

3.2.3 Market Gateways

Participants need to use a protocol to communicate with the trading venue to send orders,
modify them, or cancel them. The trading venue also notifies the participants about order
status such as the current status and its execution. For example, a sequence of events could be

as follows:
e A participant sends an order to buy 200 shares of ABC at the price of 100.20.

e At the time of submission, there is no sell order that can be matched at that price. As
a result, it is placed in the orderbook and the market sends an acknowledgement back

confirming that the order has been placed in the orderbook.

e An order is received to sell ABC at a price that can be matched against. This order (or
the portion of the order matching against this one) is 50 shares. An execution report is
sent back to the agent confirming that 50 shares have been matched and there are still 50

shares open in the market.

e The trading venue informs the participant that the remaining 1000 shares of its order are

also executed, and the order is fully filled and removed from the market.
e Finally, the participant decides to cancel its remaining open shares in the market.

Trading venues use different protocols to communicate with their participants. Financial
Information eXchange (FIX) is a standard protocol that has been traditionally used between
clients and brokers. Trading venues are adopting this standard as their communication protocol
either as their default protocol or as a protocol along with their default protocol. Versions FIX
4.2 (FIX Protocol Limited 2000) and FIX 5.0 (FIX Protocol Limited 2006) of the standard are
the most common versions at the time of this writing.

Figure 82 shows an example of interaction between a participant and the market. In this

example, the participant places a limit order to buy 200 shares of ABC at $10.70. At the time
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Figure 3.2: Interaction between a participant and market

of submission, there is no sell order that can be matched at that price. As a result, it is placed
in the orderbook and the market sends an acknowledgement back confirming the order is placed
in the orderbook. Sometime later, an order is received to sell 100 ABC at a price that can be
matched against (to sell at $10.70 or lower). It could have also been a bigger order that the rest
of its shares are matched with orders with higher priority in the orderbook, e.g. have higher
limit price or have the same limit price but arrived before this order. An execution report is
sent back to the agent confirming 100 shares are executed, and there are still 100 shares open
in the market. Exchange receives another order to sell 50 shares at $10.70 or lower. Note in
this case this order is on top of the priority queue and will be matched against any incoming
order now. Finally, the participant decides to cancel its remaining open shares in the market
and trading venue acknowledges that order has been cancelled and removed from orderbook.
It is also possible that this order has been executed just before trading venue has received the
cancel request. It may have sent another execution report notifying of the filled amount which
is not received by the market participant yet. In this case trading venue sends a cancel reject

instead of acknowledging the cancel request.

3.2.4 Trading Venues

An order-driven market works as a central point to match buy and sell orders. The common
form of this market is to have a continuous double-auction of remaining buy and sell orders in
the book. A continuous double-auction means that as soon as an incoming order arrives and the
orderbook has a matching order, a trade happens. The alternative is to have scheduled auctions.
In the latter form, orders are received and kept in the orderbook for the duration of an auction,
even when matching orders exist. At the end of the auction, all orders are matched on a single
price. For the purpose of this research, we consider continuous double-auction markets.

Most order-driven markets publish information about unmatched orders in the orderbook
and trades that happened to market participants. This information is called market-data, and

we describe it in further detail in Section 827, Market-data makes liquidity and price discovery
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simpler. There is a delay from the time that market publishes the state of the orderbook to the
time a market participant receives that data and processes it. Then again, there is a delay for
a potential order from that participant to reach the trading venue, and as a result by that time
the orderbook state may have changed in between.

As described previously, the participant sending an order can specify the price, and size.
We now look into these characteristics in more detail as well other common characteristics we

may mention in this thesis.

3.2.5 Order Specifications

The first characteristic is the order price. If the participant is willing to sell or buy at the
best price available on the market without specifying a limit, it sends a market order. If the
participant knows the maximum price it is willing to pay to buy or the minimum price at which
it is willing to sell at, it sends a limit order and specifies a limit price. A limit order is called a
passive order if the limit indicated on the order to buy (sell) is below (above) the current best
price available in the market. A passive order is not executed immediately and is placed in the
order book. A limit order is called aggressive or marketable if the limit price of the order is
equal or greater (less) than best price available on the orderbook and therefore results in a trade
immediately. Some markets also support an order price to be specified relative to a reference
price. Such an order is called a pegged order. The reference could be the best buy (sell) price in
the order book or the mean of the best buy and sell order (mid) price.

The second characteristic of an order is the order size. For a stock, the order size is the
number of shares the participant is willing to buy or sell. If the order is not executed, the
trading venue notifies other participants of the order and its size, and the price is published on
the market data feed. Trading venues allow participants to make a choice about the visibility of
their orders. An order could be fully hidden. If a hidden order does not match against another
order, it will reside in the orderbook but no information about it will be published on the market
data feed. To compensate for the fact that these participants are hiding their intentions, hidden
orders normally have lower priority than visible orders at the same price. An order could be
partially hidden, called iceberg order. An iceberg order has just some portion of it visible to
other participants. If the visible part is executed, the invisible part becomes visible up to the
visible size limit. It is a common practice in trading venues to give the hidden part of an iceberg
order lower priority than visible orders at the same price. Some trading venues have limitations
about which orders can be hidden orders or icebergs. For example, LSE does not support fully
hidden orders and accepts iceberg orders only if the order size is above a certain limit and its
visible size also has a minimum.

The last characteristic we describe here is the order lifetime. It specifies how long the
participant is willing to leave the order in the orderbook if it is not matched. A participant
can decide to cancel its order or modify it before the lifetime of the order expires. If an order

is not matched or cancelled by participants, the market automatically cancels the order at the
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end of the specified lifetime and notifies the participant that its order has been cancelled and
is no longer in the orderbook. The lifetime of an order is also called its Time-in-Force. If
no expiration time for an order is specified and the order can remain in the book until it is
matched or cancelled, it is called Good-Till-Cancel (GTC). If a specific expiration date/time
is specified, it is known as a Good-Till-Date (GTD) order. Good-Till-Date orders are used
by slow traders to send orders that stay on the book for multiple days, which could be useful
to maintain order priority for low liquidity instruments that do not trade often. On the other
hand, Good-Till-Cancel orders are also used by high-frequency traders to specify a short window
(sometimes only a few seconds) to make sure the order is cancelled even if the trading engine has
technical issues or loses connectivity to the market and cannot cancel it. A Day order is a type
of order that stays in the book until the trading day ends. Finally, Immediate-or-Cancel (I0C)
is a type of order that has zero lifetime. It should be either matched with an order currently in
the orderbook or cancelled otherwise. Such an order never stays in the orderbook.

There are other characteristics that could be specified on an order, e.g. minimum size of
the trade etc., but the properties described above are the most important ones and the ones

needed for understanding the rest of this thesis.

3.2.6 Matching Algorithm

The orderbook at each point in time contains all the unmatched orders. The bid side of the
orderbook includes all buy orders, and the ask side includes all sell orders. Each side lists orders
with their identifier, the time they were sent to the market, their size, and their price. Electronic
order books normally maintain price and time priority. If a buy order comes to the book, it
matches all orders at the lowest ask price before matching them against any order at a higher
price. For orders at the same price, it matches against orders that were sent to the market

earlier than others. Figure 83 shows a sample orderbook with four orders.

Bid Ask
Orderld Time Size | Price Price | Size Time Orderld
x002 08:00:00.003 | 500 | 160.90 | 161.00 | 1000 | 08:00:00.001 x001
161.00 | 1500 | 08:00:00.006 x004
161.10 | 500 | 08:00:00.004 x003

Figure 3.3: Sample orderbook

In our sample orderbook, assume a new order x005 to buy 2000 shares at 161.20 is received
at 08:00:00.009. The best ask price is 161.00, and there are two orders x001 and x004 at that
price. Because x001 is sent five milliseconds before x004, it has higher priority. Order x001 has
just 1000 shares, while the incoming order is for 2000 shares. A trade will happen against this
order and x001 will be removed from the book. The remaining 1000 shares of x005 are now
matched against x004. Because the size of x004 is 1500 shares, 1000 shares will be executed
and 500 shares will remain in the book. Note that price is the highest priority and although
x003 was in the book before x004, x004 has price priority. Figure 84 shows the state of the
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orderbook after two executions. Note that the trade happens at the price of the order in the
orderbook and not the price of the incoming order. In our example, the incoming order had a
limit of 161.20 but because the current orders were at 161.00, the resulting trade was priced at

161.00.

Bid Ask
Orderld Time Size | Price Price | Size Time Orderld
x002 08:00:00.003 | 500 | 160.90 | 161.00 | 500 | 08:00:00.004 x004
161.10 | 500 | 08:00:00.004 x003

Figure 3.4: Status of orderbook after matching of incoming order

Some trading venues maintain price/size priority and not price/time priority. When
processing a new order, such a venue matches all orders at the same price regardless of their
time. The orders at the same price on the book get executed against a slice of the incoming
order in proportion to their size. If the state of the book were as described in Figure 83 and a
new order x005 were received to buy 2000 shares at 161.20, it would be matched against both
x001 and x004. The total number of shares available at 161.00 would be 2500 shares, and the
order would be requesting 2000 shares, which is 80% of that total size. As a result, 80% of
x001 (800 shares) and 80% of x004 (1200 shares) would be executed. The remaining shares from
both orders would stay in the orderbook. The state of the orderbook after processing order x005

is shown in Figure 83.

Bid Ask
Orderld Time Size | Price Price | Size Time Orderld
x002 08:00:00.003 | 500 | 160.90 | 161.00 | 200 | 08:00:00.001 x001
161.00 | 300 | 08:00:00.006 x004
161.10 | 500 | 08:00:00.004 x003

Figure 3.5: Status of sample orderbook with price/size priority after the execution

Most trading venues and securities cannot trade in fractional size. For example, one cannot
own half a share of a company on most of the trading venues. Trading venues using price/size
priority have detailed rules about the allocation of fractional sizes to orders residing in the
orderbook to deal with such cases. For our research and experiments, we use price time priority

matching rules.

3.2.7 Market Data
To maintain fairness, trading venues publish information about the current unmatched orders
in the orderbook to their participants. A trading venue can provide this information at different

levels of detail. Below we look into common forms of market data provided by trading venues.

Market by order
Market by Order is the highest level of information available to participants. Such a market data
feed notifies the participants of every single unmatched order entering the orderbook and all

order modifications and executions. Let’s consider the sample orderbook described in Table 323.
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As soon as order x001 enters the book, the venue sends a message informing other participants
that there is a new order x001 to sell 1000 shares at a limit price of 161.00. It does the same for
all other orders x002, x003 and x004 when they arrive. When an aggressive order x005 comes
into the venue and matches x001 and part of x004, the venue sends two new messages specifying
that 1000 shares of x001 and 1000 shares of x004 have been executed. The market by order

information published on the market data feed for our sample scenario is shown in Figure 33.

Time OrderId | Action | Side | Size | Price
08:00:00.001 x001 Add Sell | 1000 | 161.00
08:00:00.003 x002 Add Buy | 1000 | 160.90
08:00:00.004 x003 Add Sell | 500 | 161.10
08:00:00.006 x004 Add Sell | 1500 | 161.00
08:00:00.009 x001 Execute 1000
08:00:00.009 x004 Execute 1000

Figure 3.6: Market by order

Some venues provide an extra execution identifier field on the execution messages, which
is unique for each matching. In our example, such an execution identifier would be the same,
e.g. t001 for both x001 and x004 executions. This identifier informs the participants that both
orders have been executed against one incoming order rather than two separate orders. On
the other hand, some venues send the same message for the case that x001 is matched against
incoming order x005 and order x001 is cancelled by the participant itself. They just send a
modify notification of the size of the order to zero or a delete message. Many such venues send
information about the trades separately too, but matching the orderbook feed against the trade
feed is imprecise, and if one of them (normally the trade feed) is slower, it cannot be used in

real-time because it adds latency.

Market by level

The different prices on each side of the orderbook are called price-levels. Instead of publishing
the details of individual orders, a trading venue may just provide information about price levels
of the book. Such a market data feed is called Market by Level. Some venues also publish the
number of orders forming that price level. Figure 8% below shows the view of the book obtained
from such a market data feed. Understanding what is actually happening in the orderbook is
more difficult from this feed than from a Market-by-order feed. The accuracy of any logic used
to analyse the orderbook behaviour highly depends on the availability of the number of orders

and also the frequency at which the price level update is published.

Bid Ask
# of orders Time Size | Price | Price | Size Time # of orders
1 08:00:00.003 | 500 | 160.90 | 161.00 | 2500 | 08:00:00.006 2
161.10 | 500 | 08:00:00.004 1

Figure 3.7: Market-by-level view of orderbook
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Top of the book

If the trading venue just provides information about the best bid and ask price and the total
size available at each best price, it is called a top of the book or a Level 1 feed. This type of data
feed also provides information about the trades. Figure 838 shows a level 1 feed corresponding

to the orderbook in Figure 83 with corresponding changes after order x005 is processed.

Quote Trade
Time Bid Size | Bid Price | Ask Price | Ask Size | Trade Price | Trade Size
08:00:00.001 500 160.90 X 0
08:00:00.002 500 160.90 161.00 1000
08:00:00.005 500 160.90 161.00 2500
08:00:00.007 500 160.90 161.00 500 161.00 2000

Figure 3.8: Top of book market data

Dark pools

Dark pools are trading venues that run an electronic orderbook but do not provide any visibility
into the current state of the orderbook. They just inform the market of the trades after they
happen. No information about the orders in the book is published before they are executed.
The market data feed from a dark pool is a level 1 feed that does not provide information about

quotes and just publishes trades.

3.3 Evaluation of Existing Platforms

Most of the financial trading systems are event-driven and react to incoming orders, market
data feeds and other sources of information like economic announcements, news and social
media. CEP systems provide a generic platform to implement such trading systems and allow
the designers to focus on designing the strategies and trading engine. The volume of data being
processed by a trading system is very high and latency in processing such data is critical. This
means the cost of communication in such systems is considered to be very high as it introduces
latency. Financial firms use co-location to place their trading strategies in the same data centre
as the trading venues’s matching engine to avoid communication delays.

In next section we looks at some of the available agent-based modelling and complex event

processing platforms and evaluates their suitability for this research.

3.3.1 Agent-Based Modelling Frameworks

To study a financial market using agent-based modelling, a software framework is required to
simulate trading agent models and trading venue model. Initially, a number of agent-based
modelling frameworks were investigated to be used as the core platform for this research. These
frameworks were introduced in Section 222. This section reviews the use of these frameworks
for this research and reports on the results of this step.

Swarm was the first platform to be investigated. Swam has an advantage point that it

allows swarm style multi-level agent models, 7.e. an agent can be composed as a swarm of other
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agents. On the other hand, its source code is not updated recently and its practical capabilities
were not enough to simulate a market with a large number of trading agents. Mason was
investigated next. Mason is more flexible in terms of capabilities of individual agents compared
to Swarm although it does not provide the same multi-level swarm view of the system. Its
source code is not also actively maintained.

Because of the limitations of Mason and Swarm, the next option investigated was JADE.
JADE does not provide the multi-level swarm view but provides enough capabilities at the
agent level to implement trading agent models. A prototype model was implemented using this
JADE. Unfortunately, it failed to provide sufficient performance to allow simulating different
scenarios with large number of trading agents. Specially implementing high-frequency trading
agents that trade at high speed and produce large number of orders in short period of time
presented a challenge in the communication performance of JADE.

FLAME is a agent-based modelling platform which was designed for performance and
supports running on GPU. Its modelling view is a bit different as instead of modelling a trading
agent in a program its modelling framework is XML file defining the agent and environment as
X-machines. It allows providing user-defined functions to the model in C and C++. After some
trial the efforts to convert a trading agent model to X-Machine and its limitation out-weighted

the possible gain on the platform availability and performance.

3.3.2 Complex Event Processing Engines

Each strategy needs to listen to set of events received from different sources and then if needs
to react (e.g. place a new or order or cancel/amend an existing order) it will generate another
event to send to trading venue. There are platforms available to make building such systems
much easier and flexible.

Complex Event Processing (CEP) provides methods and tools to describe and detect
patterns of events occurring on a number of event streams. These patterns could be specified
by data content, correlation between events, timing and frequency of events. CEP systems
are shown to be useful in many areas including finance, health-care, sensor networks, business
process management, and network monitoring. The amount of data in many of these areas is
very high, it needs to be processed in real-time and the rate of the data is variant. This study
reviewed a number of research CEP systems to evaluate if such a system could be used as a core
for for simulating agent-based model of a financial market.

Aurora (Carney et al. 2002) at Brandeis University, Brown University, and MIT models
queries using a network of building blocks and supports eight primitive operations in these
building blocks. It starts with unoptimised network and gathers statistics about the cost of the
nodes and their activities and implements a number of heuristics to optimise the heavily loaded
sub-networks. Medusa (Cherniack et al. 2003) and its next generation Borealis (Abadi et al.
2005) are distributed versions of Aurora. They monitor the load of machines running Aurora and

balance the load of queries on the machines. STREAM (Arasu et al. 2003) at Stanford, defines
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queries using an extended version of SQL called CQL (Continues Query Language) (Motwani
et al. 2003). It generates a query plan that consists of operators and queues connecting them. It
optimises memory requirement by considering constrains on data streams and uses an scheduling
algorithm to reduce inter-operator queue sizes. TelegraphC(@Q (Chandrasekaran et al. 2003) at
Berkeley, considers the query plan as a set of modules communicating through an API. The
system routes data touples through query modules and constructs a query plan that consists of
adaptive routing modules. These adaptive modules can re-optimise the plan as it is running.
Cayuga (Demers et al. 2007) at Cornell uses a non-deterministic finite automata to define the
model and uses algebraic optimisation on the automata. NeztCEP (Schultz-Moeller et al. 2009)
also uses the same model to define queries and introduces optimisation techniques for next and
union operators.

In recent years, CEP on is not an active area of research and as a result most of the
platforms listed above are not maintained or supported anymore. A number of commercial
products were also studied that are designed specially for CEP. Coral8® was founded by Dr.
Rajeev Motwani, who was from STREAM project at Standford. StreamBase, was founded by

2 are the most notable

Dr. Mike Stonebraker, from Aurora project at MIT. and Apama Progress
products. Although some of these platforms were available to the author has worked, licensing
of them for the purpose of this research would not have been straightforward.

Esper (EsperTech 2017) is an open source CEP with commercial support from
EsperTech Inc. Its initial version was written in Java but later release added support for
.Net platform as well. Esper and Java was used to build the first generation of the platform for
this research. As better integration with other platforms especially Python was needed to be
able to use the tools for running different setups in parallel and interacting with data analysis
tools the implementation was moved to C++ as it is a native language producing binary code
which can be easily wrapped in Python and R. As Java compile to byte code instead of machine
binary codes and runs on JVM, interaction between JVM and other languages specially python
is not that simple and efficient compared to C++. In the second iteration we have implemented
our event processing engine in C++ similar to many high-frequency trading core platforms used

in real-markets.

3.4 Simulation Model

An agent-based model of a system consists of autonomous agents interacting with each other
within an environment. Performance of an economy is a joining result of its market structure
(the rules that governs exchange), its environment (agent’s taste and endowment of information)
and agent behaviour (trading strategy). The model presented here considers both market
participants and the trading venue itself as autonomous agents. This model of a financial market

constitutes of a number of trading agents (market participants) and a single or multiple trading

Itaken over by Aleri and now both part of Sybase
2taken over by Software AG
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Figure 3.9: An example of a financial market

venues. The topology of this model is like a star, meaning trading agents only communicate to
the trading venue and there is no direct interaction between trading agents. Trading agents can
only trade a single asset. In our initial experiments agents only receive information from the
same market they are trading on. The last experiment that looks at the interaction between
markets, it is assumed that the agents receive information from more than one market but still
trade on a single market. For a real-world trading agent, the concept of environment could
be quite complex and the agent interacts with many sources like news, human psychology, etc.
But for the purpose of our experiment, it is assumed all the information is translated into the
market price and it is the only source of information. For the trading venue, the model is an
order-driven market which uses a price-time based priority for matching.

The simulation platform consists of two main components, trading agents and trading
venues. Each of these components its built using smaller modules. These modules communicate
internally using a generic event processing core. This allows each module to be designed and
tested independent of other modules. On top of these core components, some extra glueing
system is needed to define and configure simulation scenarios and record required output data
for further analysis. The next sections provide further detail on each of these components of

the system.

3.4.1 Topology

Figure 81 is an example of a financial market with seven trading agents and a single trading
venue. Trading agents are divided into classes (highlighted by its colour and name prefix) based
on their behaviour. We assume agents in the same class share a similar behavioural, i.e. their
response to market events follows a similar path. Trading agents communicate to the trading
venue using an order channel (shown in black) which allows them to place a new order, modify
or cancel an existing order. Trading venue also notifies the trading agent via the same channel

if/when agent’s order gets executed or forcibly rejected or cancelled by the trading venue. The
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trading venue publishes the current state of orderbook to all of its participants via market
data channel (shown in green). This model assumes trading venue is publishing order-by-order
market data (For further details on order-by-order market data see Section 8227).

Order channels are point-to-point and can transport NewOrder, ReplaceOrder, and
CancelOrder events from a market participant to trading venue and responses like order
acknowledgement or execution reports back. Market data is supposed to be a broadcast® channel
that supposed to provide timely information to all market participants. In reality, there is always
a delay and no matter what technology is used there could always be a difference between the
time that each market participants receives the data compared to others. In our model, these

delays are indirectly incorporated to speed of trading of each class of market participants.

3.4.2 Communication

A trading agent is a component that is going to publish NewOrder and CancelOrder events
and is interested in OrderFill messages that are addressed to itself and also different type of
MarketData updates. On the other hand, the trading venue is interested in receiving NewOrder
and CancelOrder messages and registers to publish OrderFill and MarketData. The framework
handles all the bindings and passing of messages between components.

Also, in a real world all these communications happen via networking mechanism which
is subject to delay and fault. Depending on the technology used by each market participant
they may actually experience a different delay. This delay may not also be fixed or linear as
it was shown for the case of the flash crash. For example if the network pipe used by market
participants has capacity of transferring only 1,000 messages per second, when market is very
volatile resulting in exchange to publish 1,500 messages per second for a few minutes, depending
on the setup market participant is going to either miss some of the intermediate updates or is
going to experience an increasing delay on its market data messages on this peak traffic (burst).
Either way, that participant is not going to have an up to date view of available liquidity in the
market.

Even if the capacity of the connection is enough, but one participant is physically located
in the same data centre or city as the trading venue and another one is in a different country
(e.g. a market participant based in New York and trading in London Stock Exchange) the
second participant is always going to have a delayed view of the market. So, when it sends
an order hoping to get matched against liquidity seen on market data published by exchange,
another participant with faster access to the market may have observed this earlier and taken

that liquidity.

3.4.3 Trading Agent

A trading agent is a system that follows a trading strategy based on some control parameters or
incoming orders from other systems or human traders. Its actions are based on its inputs plus

current and historical market data and its previous actions and current state. To implement

3in reality it is a multicast channel
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Figure 3.10: Trading Agent Architecture

such a system, a few building blocks are required: strategy, predictor(s), order manager,
position manager, order gateway(s) and market data processor(s). A diagram of a trading
agent architecture used in this platform is shown in Figure 3211 that has three predictors and

consumes market data from three trading venues but only trades on two of those trading venues.

Strategy

Strategy is the core component of a trading agent. Strategy listens to input from predictor(s),
aggregate this information and also looks at its current position and risk and open orders in
the market and makes a decision to place a new order, amend its existing order or cancel it.
Depending on the complexity and type of predictors, the strategy sometimes could be simpler
and only decide about how much exposure it wants to have to the market at one or more price

level and leave the decision about the details of the orders to order manager.

Signals

Signals® are components that provide processed information to strategy. They listen to different
sources including market data from the trading venue that strategy is trading on and related
trading venues, trading history of the strategy, economic announcements, and other sources like
twitter, etc. and produce an output value that indicate a prediction. For example, a signal can
predict the market move in the next 5 minutes or next 30 second and provide an output value
between -1 and 1 to show the market is expected to go down or up in the predicted time horizon.
This is used by the strategy to decide to buy or sell the asset. The output values of the signals
may not be a single number. For our example above, signal can join the output (-1,1) value

with another number (0,1) to indicate signal calculator’s confidence in its prediction. Signal

4also referred to as predictors or alphas
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prediction can be generic about the instrument or market or very detailed and specific. For
example can produce an output to indicate if market in general is in the Bullish or Bearish
mode. On the other hand, signal predict that placing a buy (or sell) order at specific price for

a specific security is expected to return N dollars in the next 5 minutes.

Order Manager

Order manager is a component that handles the details of placing and managing orders to the
trading venue. It makes sure that the number of open orders and their behaviour is in-line with

the requirement from the trading venue.

Risk Manager

Risk manager controls the current position of the trading agent plus limits and control on its
risk. In some cases, risk manager is also more complex and behaves as risk control component
and can protect trading agent not only from breach of its configured limits but also its open

exposure in order manager and potential position it may take in the future.

Order Gateway

Order gateway provides an abstraction layer for sending orders to and processing responses
from different trading venues. There are different protocols used by trading venues to
communicate with their participants. One of the most common protocols is Financial
Information eXchange (FIX) protocol. But even this protocol has different versions and allows
optional tags on the messages. As a result, a trading strategy, it would be simpler to use an

abstraction layer.

Market Data Processor

Market data processor performs normalisation on market data and provides a uniform view for

the strategy regardless of the market that it is receiving data from.

3.4.4 Trading Venue

Each trading venue has three main modules: a matching engine, a number of client gateways
and one or more market data publishers. Additionally, it includes a market control module
that watches agents and market behaviour. It can impose high-level market controls
like circuit-breaker or participant-specific controls like order-to-trade ratio limits. Different

components of a trading venue is shown in Figure 87IL.

Matching Engine

A matching engine is the core component of a trading venue and handles trading for a single
security. It maintains an orderbook and processes new orders, replace and cancel request and
based on its matching rules and available orders in the orderbook can either match orders existing

orders and report the fills back to participants or add or modify the orders in the orderbook.



3.5. Platform Implementation 64

-

2 | Market Control
—» Participant 01 \ %
s
Orders 1 O 4 Matching Engine
> -
5 (ABC)
g : .
| Participant 02 g ) Matching Engine
Order; S g (XYZ)
> Participant 03 5
O
- /
Market Data

Figure 3.11: Trading Venue Architecture

Client Gateway

Client gateway handles the communication between market participants and matching engine.
It enables the trading venue to support multiple communication protocols with the participants.
For example, it can provide support for FIX protocol for general participants as well as OUCH
protocol support for high-frequency and algorithmic trading participants. Gateway also handles
low-level communication details like sequencing of messages, heartbeats, and replay of lost
messages. Additionally, it can provide extra features like cancel on disconnect, i.e. cancel
participant’s existing orders in the orderbook if its communication link to the trading venue is

disconnected.

Market Data Publisher

Market data publisher is responsible to publish the changes in the orderbook after any incoming
order or update to the book back to the market participants and other listeners. While everyone
communicating with matching engine is a market participant, there are agents listening to
market data that to do not trade on that market and use this information to either calculate

their PnL and risk or trade on other trading venues or markets.

3.5 Platform Implementation

This section discusses the implementation detail of the simulation platform that is developed
for this research. Our research investigates how we can have an agent-based model that is as
close as possible to a real market. As a result, it is important that the agent-based modelling
framework is flexible enough to model agents that mimic the behaviour of market participants as
close as possible. As we will be modelling a mixture of trading agents including high-frequency
traders, it is also important that the platform has performance and scalability to simulate such

models efficiently.



3.5. Platform Implementation 65

Listing 3.1: Strategy Initialisation

ZeroIntelligenceTrader: :ZeroIntelligenceTrader ()

{
registerSubscriber(mg: :0rderFill, &Strategy::onOrderFill, this);
registerSubscriber(mg: :0rderReject, &Strategy::onOrderReject, this);
registerSubscriber(md: :0rderbookUpdate, &Strategy::onOrderbookUpdate, this);
registerSubscriber(md: :Trade, &Strategy::onMarketdataTrade, this);
registerPublisher (mg: :NewOrder) ;
registerPublisher (mg: :ReplaceOrder) ;
registerPublisher(mg: :CancelOrder) ;

}

void ZeroIntelligenceTrader: :onStartup()

{
Strategy: :onStartup();
registerTimer (getNextPlacementTime (), this);

}

3.5.1 System Architecture

Because of high performance requirements of analysing tick by tick market data and the time it
took for currently available platform to run the simulation, an specific platform has been build
to run these simulation.

A trading engine designed for a high-frequency and low latency platform needs to meet a
few requirement. Firstly, it needs to have high-throughput and be able to process high amount
of information. Secondly, it needs to do its operation in very short amount of time, ideally
in single digit micro-seconds. Thirdly, its code-base needs to be clear and testable. Recent
events as shown in previous chapters have shown any mistake in a trading platform operating
at high-speed could be very costly. Regulators have also increased their due-diligence and
requirements on such platforms.

There is a trade-off between first two requirement; to increase throughput one can use
multiple CPUs/cores on the same machine and distribute the operation on different cores. On
the other hand, this can introduce latency. Distributing the operation on more than one core
requires. At very high-speed each of the operation at very low-level matters. Two CPU cores
running to same address page of the memory can cause performance hit because of cache miss
on different memory cache levels. A simpler but high-performance version of such system has

been implemented for this research.

3.5.2 Event Processing Core

Listing 8L shows a code snippet of such a setup showing how and strategy could be defined.
All the strategies subscribers for order filled messages from exchange as well as market data
updates published by trading venue. Exchanges also subscribe to reverse set of events and
topics. Communications on the order channel (e.g. a OrderFill message) are one to one and
messages are only received and processed by its target strategy who generated the original
order. Market data messages (e.g. OrderbookUpdate) is a multicast message from exchange to

all participants trading on that venue.
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3.5.3 Simulation Platform

The agent-based simulation framework implements an event driven simulation core. Events
are the only mechanism that trading agents and trading venue can interact with each other.
Events are messages passed between two component in the system. To make market data more
efficient, platform also support broadcast messages that are published to all components that
are interested in that message type. Initially, each component registers type of events it is going
to publish and type and source of events it is interesting in receiving. Each component in this
system is going to be activated at start of the system to do an init step to initialise its internal
state or send an message. System core also support special timer event which component
can register to receive. System supports basic timer which means it only happens once. If a
components needs to repetitive timer, it needs to register for another timer on the processing
of each event. Simulation core itself is the source of these timer events. To allow a component
to have different timer, each timer registration can include a closure® so that component can
differentiate between different timers that it has registered.

This is similar to real-world algorithmic and automated trading platforms used by market
participants. Trading strategy may have more inputs to subscribe to. It may subscribe to
market data from other trading venues or other instruments trading on the same venue as well

as news and other macro indicators.

3.5.4 Simulation toolkit

In our platform, each scenario is defined in a JSON file. To make our experiments repeatable,
all the random variables use the same generator which initialised from a fixed seed. To assist
managing these simulation configurations, they are all automatically generated from a scenario

definition. The simulation setup used for an example case is shown in listing 32.

3.6 Exchange Data

To test our strategies we have used data from CME, NYSE and BATS Europe. This test data
allows us to compare our results from a simulated market with similar measures for a real
market. It is also used to test how good our zero intelligence trading agents behave in a more
realistic environment against other intelligent traders.

To test our strategies, some market data from real markets is needed. This test data allows
us to compare our results from a simulated market with similar measures for a real market. It is
also used to study how good our zero intelligence trading agents may behave in a more realistic
environment against real market trading agents. To test these strategies this research has used
market data from Chicago Mercantile Exchange (CME), New York Stock Exchange (NYSE)
and BATS Europe. This data is used to test trading agent strategies to compare the results
from a simulated market with similar measures for a real market. This section provides only an

overview of how this data is used in this research.

Shttps://en.wikipedia.org/wiki/Closure ~ (computer ~programming)
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Listing 3.2: Simulation ZI config

67

"simulation" : {
"start_time" : "2010-05-10 14:00:00",
"end_time" : "2010-05-10 14:30:00",
"runs" : 10

},

"symbols": [ { "ticker": "ABC", "tick_size": 1 } ],
"exchanges": [ {

"type": "price_time_priority_exchange",
"name": "EX",
"symbols" : [ "ABC" ]
1,
"agents": [
{
"type" : "zero_intelligence_trader",
"name" : "zit",
"count" : 12,
"symbol" : "ABC",
"side" : { "type" : "fixed", "value" : {
"type" : "bernoulli", "p": 0.5, "values", [-1,1] }},
"size" : { "type" : "fixed", "value" : 1 },
"price" : { "type": "uniform", "min" : O, "max" : 200 }
"order_lifetime" : { "type": "fixed", "value" : 1 },
"position_manager": { "mode" : "risk_reducing" 7},
1,
1,

"event_logger": { ... I},
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Bid Ask
Order Count | Quantity | Price Price | Quantity | Order Count
1 100 9427.50 | 9428.00 40 2
19 500 9427.00 | 9428.50 600 35
34 750 9426.50 | 9429.00 850 55
25 400 9426.00 | 9429.50 350 21
14 300 9425.50 | 9430.00 150 12

Figure 3.12: 5-Level deep orderbook

3.6.1 CME

Chicago Mercantile Exchange (CME) is the largest future exchange in the world (Statistica
2016). It is also of particular interest to our research because the flash carash of May 2010
started at CME.

CME Market Data Platform supports three market data formats. This research uses MDP
market data feed which is designed for algorithmic trading and high-frequency traders. MDP
is sent to market participants over UDP® Multicast which means market data update will be
sent to all market participants almost at the same time subject to network and connectivity
delays. MDP messages are published with Simple Binary Encoding (SBE). SBE is based on
simple primitive encoding, and is optimised for low bandwidth, low latency, and direct data
access.

MDP is an event-driven messaging platform. Events can result from activities such as:
Order Entry/Acceptance, Market State Changes, Start of Week Book Population. A single
event will be represented by a series of messages sent per market data entry type, and the end
of each event will be indicated in the last message for that event.

CME provides a multiple-depth book for most products. Figure 8712 illustrate the
mechanics of a 5-deep book. The book is represented by an equal number of rows in a table for
each of the bid and ask sides. The rows indicate the quantity and order counts available at each
price level.

CME maintains the Aggregate Depth view with the following data blocks:

o Add - create/insert a new price at a specified price level

e Change - change quantity for a price at a specified price level

e Delete - remove a price at a specified price level
— An instruction of “Delete Through” - Deletes all book levels on one side of the book.
— An instruction of “Delete From” - Deletes top 'n’ levels on one side of the book.

An Aggregate book is built from a series of data blocks which indicate whether an entry
is to be inserted (Add), changed (Change), or removed (Delete). The Bid and Ask sides are
updated independently with separate data blocks. The Trade Summary data is the first type
of message sent on the market data feed for a trade. A Trade Summary message represents a

distinct match comprised of all orders that traded together as the result of a single aggressing

6User Datagram Protocol
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order. In general, if a trade occurs, CME will send a delete or change data block to update the

book. The trade data block itself is not used to update the order book.

Beginning in January 2017, CME Globex enabled Market by Order functionality along with
the Market by Price (MBP) functionality. Market by Order disseminates individual orders and
quotes at every price level for the given instrument. This research does not use Market by Order

data from CME.

Market Data Platform (MDP)

MDP 3.0 includes the introduction of Simple Binary Encoding (SBE) and Event Driven
Messaging to the CME Market Data Platform. Simple Binary Encoding (SBE)(FIX Protocol
Limited 2016) is based on simple primitive encoding, and is optimised for low bandwidth, low
latency, and direct data access. SBE and event-driven messaging provide: Independence between
number of events, messages, and packets, including: - Multiple messages per packet - A single
event over multiple packets. Each packet contains a complete message as defined by the FIX
specification, which allows client systems to start processing the message once the first packet
is received. Fixed-length fields, which allow direct data access to fields in the message based on

offsets and eliminate the need to parse entire messages.

It is an Event Driven Messaging platform. Events can result from activities such as: Order
Entry/Acceptance, Market State Changes, Start of Week Book Population, Channel Resets and
Recovery, and Statistics Generation. As market events occur, messages are sent in the real-time
market data feed in packets containing FIX messages. Event-based market data is sequential
per event (i.e., all messages for Event 1 will be processed and sent before any messages for Event

2 are processed and sent).

A single event will be represented by a series of FIX messages sent per market data entry
type, and the end of each event will be indicated in the last message for that event. Messages
within an event will be disseminated in a specific order by market data entry type. Each
message will include an indicator which identifies whether there is more information for that

type of message in the following packet(s).

Trade Summary

The Trade Summary data is the first type of message sent on the market data feed for a trade.
A Trade Summary message represents a distinct match comprised of all orders that traded
together as the result of a single aggressing order, elected stop order, mass quote, or a market
state event. Under certain circumstances, there exists the possibility of multiple rounds of order
matches in a given event, and as a result, separate Trade Summary messages sent for each round
as described below. A single Trade Summary message can be split across multiple packets if the

total number of related entries cannot be fit in a single UDP packet.
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Multiple Depth Book

Figure 8712 illustrate the mechanics of a 5-deep book. All books that are not top-of-book
will use the same mechanics. CME provides a multiple-depth book for most products. Client
systems must determine the book depth for an instrument from Security Definition message.
The aggregate book reports summarised order quantities and order counts at a given price level.
The depth represents the number of price levels supported via the market data feed. The book
is represented by an equal number of rows in a table for each of the bid and ask sides. The
rows indicate the quantity available at each price level. An aggregate depth book is sequenced

by price, descending for bid and ascending for ask.

Bid Ask
Order Count | Quantity | Price Price Quantity | Order Count
1 100 9427.50 | 9428.00 40 2
19 500 9427.00 | 9428.50 600 35
34 750 9426.50 | 9429.00 850 55
25 400 9426.00 | 9429.50 350 21
14 300 9425.50 | 9430.00 150 12

Figure 3.13: Example of CME 5-level deep orderbook

CME maintains the Aggregate Depth view with the following data blocks:
e Add - create/insert a new price at a specified price level
e Change - change quantity for a price at a specified price level
e Delete - remove a price at a specified price level
— An instruction of “Delete Through” - Deletes all book levels on one side of the book.
— An instruction of “Delete From” - Deletes top 'n’ levels on one side of the book.

An Aggregate book is built from a series of data blocks which indicate whether an entry
is to be inserted (Add), changed (Change), or removed (Delete). All data blocks are issued for
a specified entry type, price, and price level. The incremental instruction approach assumes
the use of the Market Data Incremental Refresh message. The Bid and Ask sides are updated
independently with separate data blocks. The practice of sending separate data blocks provides
efficiencies by allowing only the bid or ask to be sent, based on which side has changed, rather
than both sides.

CME sends an add data block if there is a new price level. Client systems should then
shift price levels down, and delete any price levels past the defined depth of the book. CME
sends a delete data block to remove a price level in the book. Client systems should shift prices
below the data block up to the price level vacated by the deleted price level. If available, an add
data block will be sent to fill in the last price level. The change data block is sent to update
characteristics of a price level without changing the price itself, or impacting any other prices
on the book. The change data block is sent to update the order count and / or quantity for a
price level. The change data block is not sent when the price changes at a given price level.

In general, if a trade occurs, CME will send a delete or change data block to update the
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book. The trade data block itself is not used to update the order book.

Beginning in January 2017, CME Globex will enable Market by Order (MBO) functionality
along with the current Market by Price (MBP) functionality. MBO disseminates individual
orders and quotes at every price level for the given instrument. MBO will improve transparency
of markets and allow customers to view position(s) while preserving market participant

anonymity.

3.6.2 NYSE

New York Stock Exchange (NYSE) is the major US equity exchange. NYSE is currently owned
by Inter-Continental Exchange (ICE). NYSE provide a number of different market data feed,
for historical reasons or feeds targetted at different class of users (NYSE 2016). Two of the
major feeds used for algorithmic trading are Arca Integrated Feed and ArcaBook. Other than
live data feed for real-time trading, it provides extra information overnight known as Trade and
Quote or TAQ which could be used for research and optimization of the algorithms.

NYSE ArcaBook shows the full limit order book for NYSE Arca traded securities on a real
time basis as well as information to NYSE Arca opening, closing, halt auctions, and indicative
match price/volume, auction imbalance, and market imbalance data. NYSE ArcaBook is
disseminated through a direct data feed originating from NYSE SFTI network utilising a
multicast feed.

NYSE Arca Integrated Feed is a real time data feed that provides a unified view of events,
in sequence as they appear on the NYSE Arca matching engine. The data feed includes depth
of book (with add, modify, delete orders), trades (with corrections and cancel/errors), order
imbalance data, and security status messages. This product was introduced in 2011 and was
not available at the time of May 2010 flash crash.

New York Stock Exchange (NYSE) is the major US equity exchange and is currently owned
by Inter-Continental Exchange (ICE). It provide a number of different market data feed, for
different historical reasons or feeds targetted at different class of users (NYSE 2016). Two of the
major feeds used for algorithmic trading are Arca Integrated Feed and ArcaBook. Other than
live data feed for real-time trading, it provides extra information overnight known as Trade and

Quote or TAQ which could be used for research and optimization of the algorithms.

NYSE Arca Integrated Feed

NYSE Arca Integrated Feed is a real time data feed that provides a unified view of events, in
sequence as they appear on the NYSE Arca matching engine. The data feed includes depth
of book (with add, modify, delete orders), trades (with corrections and cancel/errors), order
imbalance data, and security status messages. The product is not shaped nor throttled, so
this value added data feed requires customers to establish connectivity that is sufficient to
support a substantial increase in data content and bandwidth. NYSE Arca Integrated Feed
helps customers overcome the challenges of determining event sequences from disparate NYSE

Arca data products, increasing transparency of the specific quotes that drive trades.
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NYSE ArcaBook

NYSE ArcaBook shows the full limit order book for NYSE Arca traded securities on a real time
basis. Also included in this product are data elements providing information to NYSE Arca
opening, closing, and halt auctions, as well as indicative match price, match volume, auction

imbalance, and market imbalance data.

All of the data is disseminated through data vendors or through a direct data feed
originating from NYSE SFTI network utilising a multicast feed. This product enhances market
transparency and provides consumers with a complete liquidity picture from one of the leading

US marketplaces.

3.6.3 BATS

BATS is one of the recent exchanges registered in US and also owns BATS Europe which is one of
the largest MTFs in Europe. It is famous for its state of the art technology, and fast matching
engine which makes it an interesting trading venue for high-frequency trading participants.
BATS publishes detailed information about their trading infra-structure performance and its

latency.

BATS publishes market data via two interfaces, PITCH and Multicast PITCH. They are
similar in terms of the content and differ mainly on the technology used for publication. BATS

also publishes detailed information about their trading infra-structure performance.

PITCH vs Multicast PITCH Feed

PITCH feed is distributed via TCP protocol, which is point-to-point and each customer need to
make a connection to one of the assigned market data publishers at BATS. On the other hand,

multicast PITCH is published on UDP multicast which is one to many protocol.

First difference is on the encoding of the fields in the messages. PITCH feed encodes fields
in fixed-length string format while Multicast PITCH uses binary encoding. For example price
in a PITCH message is a string of ASCII numbers with four decimal points; a price of 100.21 is
encoded as string “1002100” on the PITCH feed while it is encoded as binary form on Multicast
PITCH. This makes Multicast PITCH faster to decode as participant does not have to parse
strings to convert it to numbers and it is also smaller. Table 814 shows an “Add Order”
messaage sent on the PITCH feed. This message is 45 bytes long while the equivalent message

on the Multicast feed is only 25 bytes long and needs less parsing of strings (See Table 8718).

The second difference is on timestamp of the messages. PITCH uses millisecond resolution
timestamps from midnight on the messages and each message carries full timestamp. On the
other hand, multicast PITCH uses a nano-second resolution timestamp but instead of sending
the full timestamp in each message, it sends “Time” (See Table 8718 messages periodically and

each message only has the offset from last time message in nano-seconds.
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Field Name Offset | Length | Value Description

Timestamp 0 8 Timestamp Timestamp

Message Type | 8 1 A" Add Order Message

OrderID 9 12 Base 36 Numeric | Day-specific identifier assigned to this order.

Side Indicator | 21 1 Alpha B = Buy
S = Sell

Shares 22 6 Numeric Number of shares being added to the book
(may be less than the number of shares en-
tered).

Symbol 28 6 Alphanumeric Symbol, right added with spaces. Common
Symbology Format.

Price 34 10 Price Order price.

Display 44 1 Y Always “Y”. Maintained for compatibility
reasons.

Figure 3.14: Multicast PITCH Add Order Message

Time

Field Offset | Length | Data Type | Description

Length 0 1 Binary Length of this message including this field

Message Type | 1 1 0x20 Time Message

Time 2 4 Binary Number of whole seconds from midnight London

time
Total Length = 6 bytes

Figure 3.15: Multicast PITCH Time Message

Orderbook Update Messages
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In this section we introduce important messages sent by BATS. The aim of this section is to

provide enough details to understand the semantics of the feed and as a result this is not a

comprehensive list of messages.

The full details of the messages and fields can be found in

the PITCH feed specification (BATS Europe 2017b) or Multicast PITCH specification (BATS

Europe 2017a).

Add Order Message Add order message informs participants that an order by a participant

has been added to orderbook. This is sent when an incoming order from participant cannot be

matched against existing orders in the orderbook. It has a “long” used on European market

that has a longer price (8 bytes) and quantity (4 bytes) fields.

Add Order — Short

Field Offset | Length | Data Type Description
Length 0 1 Binary Length of this message including this field
Message Type | 1 1 0x22 Add Order Message — Short
Time Offset 2 4 Binary Nanosecond offset from last unit timestamp
Order Id 6 8 Binary Day-specific identifier assigned to this order
Side Indicator | 14 1 Alphanumeric B = Buy Order
S = Sell Order
Quantity 15 2 Binary Number of shares being added to the book (may
be less than the number entered)
Symbol 17 6 Alphanumeric Symbol right padded with spaces
Price 23 2 Binary Short Price | The limit order price

Total Length = 25 bytes

Figure 3.16: Multicast PITCH Add Order Message

Order Executed Message Order executed message informs participants that an order that

was in the orderbook has been matched against an incoming order. This message does not specify

the price as it is assumed that participant are aware of the price of this order from previous
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add order or modify messages. This message also specifies only quantity that is matched in
this specific occasion. Market can send different order executed messages at different time when
an order is partically matched against incoming smaller orders. It is up to market participants
to maintain the remaining size of the order in the orderbook from the sequence of messages

received from market.

Order Executed

Field Offset | Length | Data Type Description

Length 0 1 Binary Length of this message including this field

Message Type 1 1 0x23 Order Executed Message

Time Offset 2 4 Binary Nanosecond offset from last unit timestamp

Order Id 6 8 Binary Order Id of a previously send Add Order Message

Executed Shares | 14 4 Binary Number of shares executed

Execution Id 18 8 Binary Bats generated day-unique execution identifier
of this execution. Execution Id is also referenced
in the Trade Break Message.

Execution Flags | 26 4 Alphanumeric | Type flags based on MMT v3.04 standard

Total Length = 30 bytes

Figure 3.17: Multicast PITCH Execute Order Message

Reduce Size Message Reduce size message informs participants that an order size has reduced
by the participant. Reducing quantity maintains order priority in the queue. It has a “long”

used on European market that has a longer shares (4 bytes) field.

Reduce Size — Short

Field Offset | Length | Data Type | Description

Length 0 1 Binary Length of this message including this field
Message Type 1 1 0x26 Reduce Size Message — Short

Time Offset 2 4 Binary Nanosecond offset from last unit timestamp
Order Id 6 8 Binary Order Id of a previously send Add Order Message
Cancelled Shares | 14 2 Binary Number of shares cancelled

Total Length = 16 bytes

Figure 3.18: Multicast PITCH Reduce Size Message

Modify Order Modify order message informs participants that an order size or price has
changed. This message affects the priority of orders in the orderbook. It has a “long” used

on European market that has a longer price (8 bytes) and shares (4 bytes) fields.

Modify Order — Short

Field Offset | Length | Data Type Description

Length 0 1 Binary Length of this message including this field

Message Type | 1 1 0x28 Modify Order Message — Short

Time Offset 2 4 Binary Nanosecond offset from last unit timestamp

Order Id 6 8 Binary Order Id of a previously send Add Order Message

Shares 14 2 Binary Number of shares associated with this order after
this modify (may be less than the number of
shares entered)

Price 16 2 Binary Short Price | The limit order price after this modify

Total Length = 18 bytes

Figure 3.19: Multicast PITCH Modify Order Message

Delete Order Message Delete order cancel message informs participants that an order has

been cancelled in full by the participant.
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Delete Order

Field Offset | Length | Data Type | Description

Length 0 1 Binary Length of this message including this field
Message Type | 1 1 0x29 Delete Order Message

Time Offset 2 4 Binary Nanosecond offset from last unit timestamp
Order Id 6 8 Binary Order Id of a previously send Add Order Message

Total Length = 14 bytes

Figure 3.20: Multicast PITCH Delete Order Message
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Trade Message Trade message is sent to inform market participants that an incoming order

has been match against an order that has not been visible on market data feed before. For

example when an incoming order is matched against a hidden order. It has a “long” used on

European market that has a longer price (8 bytes) and shares (4 bytes) fields.

Trade — Short

Field Offset | Length | Data Type Description

Length 0 1 Binary Length of this message including this field

Message Type | 1 1 0x2B Trade — Short

Time Offset 2 4 Binary Nanosecond offset from last unit timestamp

Order Id 6 8 Binary Obfuscated Order ID or Order ID of the non-
displayed executed order

Side Indicator | 14 1 Alphanumeric Always B for hidden trades.

Shares 15 2 Binary Incremental number of shares executed

Symbol 17 6 Alphanumeric Symbol right padded with spaces

Price 23 2 Binary Short Price | The execution price

Execution Id 25 8 Binary Bats generated day-unique execution identifier
of this trade. Execution Id is also references in
the Trade Break Message.

Trade Flags 33 5 Alphanumeric Type flags based on MMT v3.04 standard

Total Length = 38 bytes

Figure 3.21: Multicast PITCH Trade Message

Trading Status Message Trading status message is sent to inform market participants that

security’s trading status has changed; for example when it starts “trading” or when it is

“suspended”.

Trading Status

Field Offset | Length | Data Type Description
Length 0 1 Binary Length of this message including this field
Message Type | 1 1 0x31 Trading Status Message
Time Offset 2 4 Binary Nanosecond offset from last unit timestamp
Symbol 6 8 Alphanumeric | Symbol right padded with spaces
Status 14 1 Alpha T = Trading

R = Off-Book Reporting

C = Closed

S = Suspension

N — No Reference Price

V = Volatility Interruption

0 = Opening Auction

E — Closing Auction

H = Halt?

M = Market Order Imbalance Extension

P = Price Monitoring Extension
Reservedl 15 3 Alpha Reserved

Total Length = 18 bytes

Figure 3.22: Multicast PITCH Trading Status Message
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3.7 Summary

This chapter discussed the details of the trading agent simulation platform used in this research
to perform different experiments. First, it described the general system architecture providing
details on the internal design of trading agents and trading venues. Then, is reviewed available
agent-based modelling and complex event processing platforms. The aim was to evaluate their
suitability for this research. Those frameworks proved to be either lacking performance needed
to simulate trading of an exchange with many market participants and high rate of orders. In
case of FLAME, we lacked on the flexibility of matching to our use-case and the cost benefit
balance pushed us in the direction of developing a new platform. This platform is based on the
same design patterns that a high-frequency trading platform or a high-speed exchange matching
engine use. The review of available platform resulted in a decision to build a new system and this
chapter provided information on the design of that platform. Finally, it discussed the market

data that is used in this research.



Chapter 4

Agent-Based Model of the Flash Crash

4.1 Introduction

This study proposes to use agent-based modelling as a tool to analyse the flash crash. Section 227
provides an overview of agent-based modelling and previous research into its applications into
financial markets. We briefly touch upon using intelligent agents for trading as it provides a
basis for our models of market participants. The main focus of this section is research that

focuses on modelling a whole market and specifically modelling the flash crash.

This chapter describes how this research uses agent-based modelling to analyse the collective
behaviour of trading agents in a financial market setting. The focus is to understand how a
flash crash happens and what properties in the agents and market affect it. It aims to provide
a model that not only represents the properties of the financial market itself but also trading
agents provide a reasonable proxy to market participants and their behaviour in a real financial
market. The target of this modelling is to provide a base for the next chapters where this
research investigates the changes in properties of agent and market model and studies how

these changes affect the financial market.

Section 42 describes the agent model that is used as a base and studies its characteristics.
Market participants are classified into a number of categories that represent their different
behaviours. To show our models are representative of a real trading agent, Section 433 verifies
artificial agent-based models using data from the real market. Section 424 builds a market using
only simulated agents and show such a model presents similar properties that can be observed
on a real trading venue. Section 433 presents how this model can be used to simulate the flash

crash. Section 41 provides a summary of the discussions presented in this chapter.
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4.2 Agent Model

We want to come up with a model for a trader agent would be as simple as possible but at the
same time replicate market properties as closely as possible. We start by the simplest model of
an agent, a zero intelligent trading agent with no limitation. One of the simplest agent-based
models of trading market is presented by (Gode and Sunder 1993). It was designed to analyse
how much of efficiency of the market can be attributed to human traders and how much comes
from rules of the market. It is based an agent-based model to test if hypothesis presented
by (Becker 1962) that “Households may be irrational but yet markets quite rational” and that
we should not impute all observed irrationalities of individuals to markets or to impute all
rationality of markets to their participants.

It compares three scenarios: In the first group it has human traders trading rationally
driven by profit and having strategy; a second group consists of artificial “zero intelligence”
(Z1) machine traders with no strategy that are trading randomly, and the last group of zero
intelligence traders with “budget constraints” (ZI-C). This experiment was performed on a double
auction market which is not continuous, i.e. as soon as a trade happens, all outstanding orders

in the orderbook will be cleared and trading resumes from an empty orderbook.

4.2.1 Budget-Constrained Zero-Intelligent Traders

To have a baseline we have implemented similar agents both with and without budget
constraints. For simplicity, we assume one agent can place an order of size one unit. Agents
trade in fixed time intervals and at each step, a random trader is chosen. The chosen trader will
place a buy or sell order (with equal probability). The price of the order is uniformly distributed
in a range of possible prices for the asset (0-200 in our experiment). All orders are considered to
be limit orders. Figure 4-L shows a sample data from a run of the model. As can be seen from
the graph, price movement seems to be quite random in a very wide range, it does not seem to
stabilise to an equilibrium price.

In a budget-constrained zero-intelligence trader, the trading agent already has a long or
short position and can only trade toward reducing its position. For example, if it has a long
position, it also has a cost associated with each unit of asset acquired and cannot trade at a
loss. As a result, if it is long and selling the unit u; with associated cost p;, it can place a sell
order asking at a price that has to be greater than p;. Gode and Sunder experiments, put an
order into units of asset that each agent holds and agents are forced to trade (Gode and Sunder
1993). Agents are limited to trade units in that specific order. That experiments allocates
positions from a liquidity curve that represents the whole of the market. In our experimental
setup, agents can place their order at random times but can only trade one unit of asset at a
time.

Figure 42 shows a sample data from a run of the constrained model. The price constraint
limits the higher-bound for offer price for buyers or lower-bound for the ask price for sellers as

trading agents are prevented by the constraints from trading at a loss. As can be seen from
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Figure 4.1: An example of a market with ZI traders with no constrains

the graph, the range of price movement is significantly smaller compared to the non-constrained
graph. Also, trading price converges to an area around the equilibrium.

Figure 43 shows total liquidity available by limit price of each agent. This gives an
indication that if we were to trade all the orders in a single auction, what would be the volume
of this crossing auction.

Looking at a few more examples of the liquidity constraint graph, we can see this behaviour
is almost repetitive even when we have imbalanced liquidity curves. In this experiment, each
trading agent is either a buyer or seller and not both at the same time. Their decisions about
the direction of the trade is taken regardless of current trading price, and even when there is
liquidity imbalance, e.g. there is more liquidity to sell than there are buyers, trading cannot
happen with this simple model. Also, as the agents do not take into account last trading price
(as they do not have memory) price movement does not put a feedback look into the future

decision of trading agents.

4.2.2 Price-aware Zero-Intelligent Traders

Models we have tested so-far can produce a market that has some characteristics that are close

to real-markets but still lack some of the requirements of modelling agents that previously
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Figure 4.2: An example of market with ZI traders and price constrains

described as contributing to flash crash. One of the missing characteristics is the lack of view
from the current trading price of the market. In this section, we look at the ways that current
trading price can be incorporated into a zero-intelligence model. There are two ways that market
price can be included in a simple trading agent. First option is to trigger its decision to trade
and possibly its direction. The second option is to choose price of new order relative to current

market trading price.

For the first case, one well-suited example from real market is stop-loss or take-profit orders.
Stop-loss orders have been claimed to be one of the contributors of the flash crash. An stop-loss
order is issued by a trading agent who has already bough an asset and has a long position. This
trade has been done with the view that the price of that asset is more likely to go up in the
future bringing in profit for the trader that holds that long position. This prediction may not
always happen and and the price may as well go down against the prediction. On the other
hand, this agent would normally had bough with a long term view and it is acceptable to have
comparably small price fluctuations but need a way to hedge its risk against market moving
completely in a different direction. Such trader can issue an stop loss order which is (possibly

multi-day, long term) limit order far below current trading price of the market. This would put
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Figure 4.3: Cummulititative liquidity at each price level for price constraint ZI

a lower bound on the price this asset would be sold at and limits the agent’s loss. For example,
if trader is buying ABC at $100 assuming this will go to about $110. To limit its risk, it will
put an stop-loss order at $85. This means if the prediction about price going up turns out to be
in-correct, trader will sell its holding at $85 and will limit its loss at $15 per asset unit. There
are opposite, take profit orders that trader can also put a take profit order at $115 for example,
assuming that the price will not go above this and this is very good profit to make as if this
order is not there automatically and trader misses the time to sell its holding it may loose the
chance and price may go down again.

In our investigations, stop loss orders are more important than take profit orders. Stop loss
orders are in the same direction as the market price move. If price is going down, it normally
means there are more agents willing to sell than agents willing to buy. When the price passes
below the limit on stop loss orders, it triggers more sell orders adding to the market pressure.
Take profit acts on the opposite direction as when the price is going up, this will issue a sell order
and can provide more liquidity to the market. When the market goes above/below stop-loss
price the trading agent holding that position will issue a market order to trade that position
and limit its risk. The stop-loss limit is assumed to be the same for all the orders with has
similar cost associated with them, as a result in out example it is a line shifted below or above
the liquidity constrain line.

Figure 44 shows data from a sample run of the constrained model with stop-loss limits.
As it can be seen from the graph, range of price movement is wider with more spikes for this
model of trading compared to the model were there were no stop-loss constraints.

Second way that a trading agent can incorporate current market trading price into its
decision making process. For example, many of market participants place their orders relative
to current best available orders in the market. It has been reported for example that,

high-frequency market makers place most of their orders at the best bid/ask price or within
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Figure 4.4: An example ZI-C with stop-loss trader

one price-tick away from last traded price. Current trading price and its history can also be
used by a market participant as a source of information to decide no only on the limit price of
the new order it is going to place but also on the decision to trade and its direction as well. We
have previously reported about a research into modelling of flash crash that uses momentum
and mean-reversion based signals for non-high-frequency trading agents based on the history of
traded price. These are methods with no memory from their past behaviour.

Before we go into more complex models, we want to investigate whether the market model
arising from such trading agents we discussed so-far have representation of real-market agents.

For this purpose, we will look into the behaviour of our simple trading agents in a real market.

4.3 Verification of Agent Model

In this section, we perform experiments to investigate how agent models we have for each type
of traders behave when they are placed in a real market environment. Regulation does not allow
an agent with no strategy or purpose to be put into a real trading environment and we need
to come up with a way of co-simulating our agent models with data from real-markets. To this
end, we need to make some assumptions about the data and behaviour of other participants in
a real market. Making assumptions for execution of an agents order is not specific to our case.
When a financial institution develops a new strategy or algorithm for trading they need to have
a reasonable idea about its performance in real-market before they put that into trading. As
part of this, it needs to be back-tested against previous market data. As the first step, this
implies an assumption that an strategy that could have worked in the past is going to work in
the future as well. It also needs to make assumptions about the feedback and change in the
behaviour of other market participants which is not going to be easy to simulate. Normally,
these initial assumption would be compensated by confidence interval around projected profit
and loss (PnL) or adjustment of the expected fill ratio. In the next two sections, we show a

number of methods that can be used for this purpose.

4.3.1 Execution of Market and Aggressive Limit Orders

As described before, market order is a type of order when participant does not specify a price

and is willing to trade at the price available on the other side of the orderbook. A limit price is
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considered aggressive, when its prices is higher/lower that the orders available on the opposite
side of the orderbook. Simplest case to simulate an agent interacting with market is to limit
the artificial agent to place only market orders. When a participant places a market order, we
can fill that order with available liquidity on the opposite side of the book. This indirectly
assumes that we have zero latency receiving market data from the market and also on the
outgoing market orders into the market. These assumptions are not realistic. There is latency
on receiving and processing market data and also one way back when placing an order into the
market. There is also latency in calculating of the decision in the trading strategy. If this agent
and its communication channels to receive market data and send orders to exchange is not zero
or at-least the fastest compared to other market participants, there is a chance that another
market participant has placed an order in the same direction and has traded against available
orders in the orderbook before our order arrives at trading venue. The result could be that the

order will be rejected or could possibly trade at worse price than initially expected.

Another complexity with this method of mixing real market data with artificial agent is
that the data needs to be kept consistent in the view of agent placing the order and other agents
that are watching and processing the orderbook. We need to make sure market data received by
the trading agent placing that market order changes in-line with the model deciding about the
execution of the order. If an trading agent has an strategy to place an order in a certain scenario
in the market and places an order and gets filled; it should also see the corresponding market
data change, i.e. that top of the price or the quantity related to its executed in the market
should be deducted from the orderbook that is visible to strategy. Otherwise, it could end-up
with an infinite loop of repetitive orders. This is also a problem for high-frequency trading
systems as they receive and process their fill message on the order channel before trading venue
itself has a chance to update its market data. Such trading systems needs to incorporate their
order placement into their market data feed to have a consistent view of orders available in the

orderbook.

For our simulation, we assume that all of the orders of this agent is going to be fully
executed. To keep agent view of orderbook consistent, We modify the orderbook visible to
the agent and reduce the corresponding quantity and price levels from the orderbook visible
to the strategy. We are also making assumption that this execution (which could be different
to the execution that happened in the market for the corresponding order) does not change
the behaviour of other market participants. This means we are not going to modify any other
market data other than executed quantity. Figure 223 shows a sample orderbook with 4 orders.
If our artificial trading agent places a market order x010 to buy 400 shares, its order will be
executed straight-away and order x001 will be reduced to 600 shares remaining in the orderbook

(as it is visible to our strategy).
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Bid Ask
Orderld Time Size | Price Price | Size Time Orderld
x002 08:00:00.003 | 500 | 160.90 | 161.00 | 1000 | 08:00:00.001 x001
161.00 | 1500 | 08:00:00.006 x004
161.10 | 500 | 08:00:00.004 x003

Figure 4.5: Sample orderbook

4.3.2 Execution of Passive Orders

The approach discussed above works for market orders or aggressive limit orders that can be
traded straight-away. For limit orders that are passive, interacting with data from a real market
is more complex.

One solution that we are going to use is to consider orders from our artificial agents like
hidden liquidity in the orderbook. When we add our order to the book, it will be added to the
orderbook at its proper position based on the matching algorithm of the orderbook. In case
of a price-time priority matching algorithm, the order will be added to the end of orders with
the same price. The order will be then executed inline with the orders after this order. This
model is also making same assumptions as above about the effect of our order in the behaviour
of other market participants.

Assuming the same orderbook as in Figure 43, if the strategy places a passive sell order
x010 with limit price of 161.00 to sell 500 shares, it will be placed in the orderbook after order
x004. Then if we receive orders on the other side, for example two market orders for 1500 and
2000, assuming nothing else has changed in the meantime, the first order would be executed
against orders x001 and 500 shares from x004 and the second order of 2000 shares will be
matched 1000 shares with x004 and also executes our order x010 of 500 shares before going to

match against x003.

4.3.3 Market Data as Super Trader

One final option for mixed simulation of data from real-market with artificial agents is to run a
normal orderbook and process all the orders from market data similar to orders from real-market.
In this example, if we place a passive order into the book similar to the case we discussed in
the previous section. When there is an aggressive order x021 to match against the orderbook, it
will execute against order x004 which was before our order and as it will be fully filled matching

against our order, order x005 sitting behind our order will not be executed.

4.4 Verification of the Market Model

Second step is compare stylised facts between real market price and simulated market (Cont
2001). The first set of properties are on the trading price of the asset in the market. We have
verified that Absence of autocorrelations: (linear) autocorrelations of returns are insignificant,
except for time scales less than 10 minutes for which microstructure effects come into play. The

unconditional distribution of returns is normal and seems to display a fat tail. As we increases
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the time scale 0t over which returns are calculated, their distribution looks more and more like
a Gaussian distribution. In particular, the shape of the distribution is not the same at different
time scales.

On the other hand when we look at the available liquidity in the orderbook, the shape of

order-book resembles “V” shape

4.5 Simulation of Flash Crash

Simulation of flash crash is done as follows: An agent is introduced to the model, which tries to
sell a large number of contracts. The agent examines the previous minute of trading and executes
an aggressive sell order for 9% of the trading volume. Market makers and high-frequency traders
are constrained by a rule, which forces them to lower their position level if they reach their
position limit. Additionally, market makers were calibrated to withdraw from the market if the
price falls 24 ticks below the moving average. Furthermore, fundamental traders withdraw from
the market and stop loss orders are triggered if the price drops 70 ticks below the starting price.

It is shown that this event provides similar volume and price profile to actual flash crash.

4.6 Conclusion

Later we looked the modelling of the agents and how a zero-intelligence agent model can be
used to simulate different classes of market participants. Finally we looked at how a flash-crash

can be replicated in our simulated environment.



Chapter 5

Diversity of Trader Population

5.1 Introduction

A financial market is a place where possible buyers and sellers of an asset (e.g. stocks or bonds)
are brought together to allow them to trade with each other. A financial market is designed
to facilitate the allocation of resources in society by matching the needs of different market
participants with each other. In a primary market, a company that needs to spend the capital
to develop a product and bring revenues in the future is matched with an investor that has
the capital and is looking for income in the future. A secondary market allows participants to
exchange the assets they have invested in. Investors participate in the secondary mark because
either their needs have changed or they are looking to switch to a new asset because that asset
better meets their investment targets. Such investors that participate in the market with a

long-term view are fundamental traders.

Any trade involves a buyer and a seller that need to be available at the same time and
can agree on the size and price for the trade. For a financial market to perform efficiently, it
needs to bring together fundamental buyers and sellers that are getting in or out of a position.
The needs and investment targets of such fundamental traders do not change very fast. Thus,
when a fundamental trader decides to trade may not match the exact time another fundamental
trader is available on the opposite side of the trade. Market makers are supposed to fill this
timing gap by providing liquidity to market when needed which in turns can help to improve
both price discovery and lower transaction costs for fundamental traders. There are also market
participants that see such short-term supply and demand imbalance as an opportunity that they
can benefit from and trade with the aim of profiting from this situation. If there is no other
participant that is willing to participate on the opposite side of the transaction, no trading can

happen. Therefore, it is important there are a diverse set of market participants to maximise
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the possibility of trades happening.

During the flash crash, this supply and demand between buyers and sellers broke down. The
official report by (CFTC and SEC 2010a) argues that a fundamental seller that was trading at
unreasonably high speed was responsible for starting the flash crash. It pushed a large number
of sell orders in a short period of time when there were not enough buyers. It also names
high-frequency traders as a type of participants that contributed to the flash crash by becoming
aggressive sellers when their portfolio reached their risk limits, and their sell pressure pushed
the market further down. In this chapter, we are going to investigate if the diversity of traders’
population can affect a financial market’s ability to deal with a liquidity crisis similar to the
flash crash.

A fundamental trader has been claimed to be responsible for starting the flash crash.
Section 62 investigates how an increase in the population of fundamental traders compared to
rest of market participants can affect the behaviour of a financial market. We also study the effect
of the change in the population of fundamental buyers vs. fundamental sellers on the market’s
response to a liquidity crisis. High-frequency traders have been reported to have exacerbated
the flash crash by becoming aggressive sellers when they hit their risk limits. A recent study
by TABBS group suggests more than 60% of US equity trading happens with high-frequency
traders. That trend is closely followed in European equity markets and other highly liquid
trading venues like Futures. This heavy presence has caused concerns that any problem with
high-frequency traders can have a dramatic effect on the financial market and its participants.
We study the effects of an increase in the population of high-frequency traders compared to rest
of market participants on the market’s response to a liquidity shock in Section 623. During the
flash crash, high-frequency traders became aggressive sellers when their risk-limit have breached.
To this end, we further investigate the effect of high-frequency trader risk-limit on the market’s

response to a liquidity crisis. Section 64 summarises the findings of this chapter.

5.2 Fundamental Trader Population

We have previously categorised traders based on their trading pattern during the flash crash into
six categories: high-frequency traders, intermediaries, fundamental buyers, fundamental sellers,
noise traders and opportunistic traders (See Section 2221 for details). Fundamental traders
(buyers/sellers) in that classification were traders that have been trading in the same direction
all day and have accumulated a significant position in that direction by the end of the day. This
is based on the assumption that fundamental traders have an investment horizon of more than
a day and large capital to invest.

In general, fundamental trading refers to investors that evaluate securities by attempting to
measure the intrinsic value of a security by looking at economic factors, known as fundamentals.
Such a trader decides on buying or selling shares of a company by studying financial reports
of the company to understand its earnings, expenses, tangible/intangible assets and liabilities.

Tangible assets include land, equipment or buildings that a company owns. Intangible assets, on
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the other hand, include non-physical assets such as trademarks, patents, branding or intellectual
property. A fundamental trader also looks into the overall global economy, country and industry
condition, as well as the company’s management and product line to estimate a true value for
the shares. This analysis results in a value assigned to the security that is compared to the
security’s current price. Fundamental traders use the comparison to determine is underpriced

or overpriced and based on that they decide to buy or sell it.

Technical trading is used as opposite of the fundamental trading. Technical traders, on
the other hand, believe there is no reason to analyse a company’s fundamentals because they
assume this information is incorporated in the company’s share price. Technical traders evaluate
securities using statistics generated by market activity, such as past prices and trading volume.
Technical traders do not attempt to measure a security’s intrinsic value. Instead, they use
historical price movements of the security and overlay charts to identify patterns and trends to

predict its future price movements.

Fundamental analysis and technical analysis are normally used for different timeframes.
Technical analysis can be utilised on a timeframe of weeks, days, and even minutes. On the
other hand, fundamental analysts often look at data over a number of years as it takes time for
a company’s value to be reflected in is share price. Thus, when a fundamental analyst estimates
intrinsic value, it needs to wait until the stock’s market price changes to its “correct” value
to gain from its investment. It assumes that the short-term market is wrong, but the market
will correct itself over the long run which in some cases can be as long as several years. Also,
fundamentals are the actual characteristics of a business. New management cannot implement
changes overnight, and it takes time to create new products, run a marketing campaign, build
supply chains, etc. Furthermore, the data that a fundamental analyst use is generated much
more slowly than the price and trading volume data used by technical analysts. Financial
statements are filed quarterly, and changes in earnings do not emerge on a daily basis like price
and trading volume information. Not only the means of deciding about buying a security could
be different; the goal could be different too. One can buy an asset because they believe it can
increase in value, while on the other hand, one can buy the asset because they think they can

sell it to somebody else at a greater price.

Some consider a trading venue as a place that is originally designed for fundamental traders.
Any other type of traders is seen as either facilitating the work for fundamental traders or
parasite trying either gain on the side of such traders or eat into fundamental trader’s profits.
From such point of view, a market should only consist of fundamental traders that have long-term
and real interest in the underlying asset rather participants that are looking to benefit from
trading or market fluctuations. In Section 62T we investigate characteristics of a financial
market that has more fundamental traders compared to rest of market participants and analyse
its response to a liquidity crisis. In Section 5222 study the case where only the population of

fundamental buyers or fundamental sellers increases.
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Figure 5.1: fundamental trader Market draw-down by population

5.2.1 Changes in Population of Fundamental Traders

If a fundamental trader, e.g. an asset manager is buying stocks of a technology company, it
is expecting this company to grow and produce profit and asset manager is expecting to profit
from either its share price increase or its dividend payments. As the number of shares that such
a trader is looking to buy is not likely to be available at the orderbook at a price they are willing
to pay, they normally execute this order via an algorithmic execution system. These algorithmic
execution systems will break that parent order into a number of child orders and send those
orders to market or markets that they can trade in them. Algorithmic execution strategies share
some of the characteristics of high-frequency trading algorithms, but the main difference is that
the initial decision to buy or sell, its price limits and quantity is already decided either by a
human trader or another high-level asset management or portfolio management system. Based
on the official report by (CFTC and SEC 2010&) an execution algorithm used by a fundamental
seller was a major factor in starting the flash crash. The algorithm in question has traded a
large volume at a fast speed with no limit on the price. Similar quantities of the same asset have
been traded before the flash crash with no error but on previous occasions, the time limit for the
execution of the order has been much longer allowing it to execute in much smaller quantities

and slower speed.

To understand how fundamental traders affect the market, we will run the experiment with
the same setup we used to re-generate flash crash and keep all the parameters the same but
will change the number of fundamental traders. At this step, we do not alter the proportion of
fundamental buyers and fundamental sellers but only increase their relative population to the

rest of the market participants.

Figure 5213 shows the maximum market draw-down for each of the scenarios. As can be
seen from the graph, the relative population of fundamental traders did not significantly change

the response of the market the short-term liquidity shocks.

Figure 511 shows the trade volume for each of the scenarios in our experiments. It can
be seen that the trading volume will increase with the increase in the number of fundamental
traders as they are looking to get in or out of their target positions and can tolerate minor price

costs.
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5.2.2 Fundamental Trader Population Imbalance

As we discussed in the previous section, an increase in the number of fundamental traders as
long as they exist on both sides of the orderbook and willing to buy and sell, will not particularly
increase the chance of a market crash. Although, it will increase the total trading volume of the
market for the same period. We now want to look into what happens if we change the balance
of the fundamental traders and have more buyers or more sellers and investigate if that will
affect market stability.

First, we run the same set of the simulation without the aggressive fundamental trader.
Figure 52 shows the market price movements from a sample run from each set of population
parameters we used. It can be seen that the fundamental trader imbalance have a small
longer-term trend to price movements and can push the price up or down depending on the
type of imbalance in the flow. This is a well-known phenomenon in market microstructure.

Now, we run the same set of experiments, but with the existence of an aggressive
fundamental seller as we used in our previous sections. Figure 623 maximum market draw-down
in each set of parameters. It shows when a market has already imbalance toward a sell, adding
another aggressive fundamental seller will increase the chance of a market crash. Similarly,
when there is an imbalance toward a buy, the market is more resistant toward short-term
liquidity imbalance, and some of the shock generated by the aggressive seller is absorbed by the

fundamental traders willing to buy and thus limiting market price swing.

5.3 High-Frequency Trader Population

High-frequency trading can contribute to price discovery and lower bid/ask spread. On the
other hand, the amount of volume being traded by high-frequency traders is a cause of concern
to some of the market participants and regulators. (CFTC and SEC 2010&) highlights the fact
that most of the volume in CME is generated by a small number of trading firms. Some of
the investigations on the event of May 2011 flash-crash have blamed high-frequency traders
for both initiating and speeding up of the market crash (e.g. Nanex 2010). In Section 53T
we investigate how the change in the population of high-frequency traders compared to other

market participants affects the response of the market to a liquidity crisis.
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Figure 5.3: Market draw-down by the imbalance of fundamental traders

High-Frequency Traders have limited capital, and their gain comes from turning that capital
around in short period of time. As a result, these type of traders get in and out of positions
very quickly and often close their position at the end of the day to prevent carrying overnight
risk. This capital limit implies, if the market is moving in one direction locking such traders
in a position, they may become aggressive in trying to balance their portfolio and contribute
to the moving market. In Section 632, we experiment with different capital constraints on
high-frequency trading agents to investigate if such a limit is a contributing factor to market

instability.

5.3.1 Changes in Population of High-Frequency Traders

We start the experiment with the same setup as we used in the previous section but going to
change the population of market makers between 20% of the market and 70% of the market. In
each scenario, we are going to run the simulation for the same period, i.e. one hour of trading;
have a fundamental market maker starting a one-directional sell order at a fast pace and observe
how the market reacts to this incoming flow. For each size of the population, we repeat the
same experiment 20 times and look at the max market draw-down. We use maximum market
draw-down as a measure of the market crash and use this to compare the behaviour of the
market between each of these scenarios. Figure 64 shows box plots of max market draw-down
for each of the points that we have experimented with. As we can see, as the graph moves to the
right meaning population of high-frequency traders is growing, it improves the market reaction
for a bit and then it goes down, and after about 65% it stabilises.

We can interpret this behaviour as follows. If there are very few high-frequency market
makers who provide liquidity around current market price level, a big one-directional order flow
can move the market price very quickly as there is less liquidity at the current level to trade.
As a result, when market makers are updating their price, they will use the currently moved

market price, and the market goes down quicker. This behaviour is reversed when the number of
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Figure 5.5: Earnings of US equities high-frequency traders (Bloomberg 2017)

high-frequency market makers grow as they start to provide a positive market feedback look. In
this scenario, market even small market moves are exacerbated by many market makers fighting
for the same order-flow. When many of these market makers themselves become aggressive,
they push the price down by their competition for the liquidity. However, as can be seen, there

is a limit to this fight and market reaches a kind of equilibrium meaning it cannot get any worse.

In real market condition, there is a natural limit on the higher bound of high-frequency
market makers that can trade profitably in the market. Figure 63 shows the change in the
earning of high-frequency market makers in U.S. equities markets. As can be seen from the
graph, their revenue has been shrinking over the past few years. This is due to the fact that
they can only benefit from either small market moves or market spread, they can benefit if
there is a fundamental trader on the other side of their trade too. Trading in a market that is
only filled with high-frequency traders fighting to capture the spread is a zero-sum game for all
of them. In reality, it is a loss to those market makers as one need to consider the high cost
of ultra-fast connectivity, powerful infrastructure, and best of breed software developers and

quantitative analysts they need to make that system work.
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Figure 5.6: Market draw-down by high-frequency traders capital limits

5.3.2 Capital and Risk Limits

Most of the high-frequency traders have limited capital and make gain comes from turning that
capital around in short period of time and making small profits on each trade. Such investment
style limits amount of risk high-frequency traders are happy to hold onto for a longer time.
Their target is to get in and out of positions quickly and close their book flat or at least market

neutral at the end of the day.

This capital limit implies, if the market is moving in one direction and such traders have an
opposite position, they may become aggressive in trying to balance their portfolio and contribute
to moving the market even further in that direction. Imagine a high-frequency trader that has
bought ABC stock at $100.05, expecting to sell it at $100.07 but the market moves and currently
trades at $100.02 and it is staying at that price for a period of time, or even worse looks like it is
moving down further. At some point, such trader may decide to close the position at $100.02 to
limit its loss and free-up its capital to be able to get involved in other trades which it expects to
make a profit on. Whatever the reason, the move to get out of position, can further contribute
to moving the price down.

To investigate the effect of the capital and risk limits of high-frequency market makers
on market’s ability to handle liquidity crisis, we have repeated our experiment with the same
number of high-frequency traders and other market participants and provided the same level
of liquidity shock but changed the limits we have exposed on the positions that high-frequency
market makers can hold onto. Figure 68 shows the market draw-down per each experiment.
For each of these scenarios, we have run the simulation for 20 runs.

The default level we used in previous experiments has been 3,000 contracts both on the
long and short positions. We have reduced that to 1,500 and increased that to 6,000. As it can
be seen on the simulation results increasing the capital limit helps to improve the ability of the

market to handle short-term liquidity issues.
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Although this is good news, the main issue with this approach is that in reality, it is not
practical to directly force market participants to increase their risk limits. In general, it would
be much simpler to set an upper bound on the risk a market participant can take onto its book
than limiting the lower bound. Exchanges have introduced programmes that give market makers
incentives like lower fees or extra information about the flow. In return, they are required to
provide some guarantees about the level of service they provide. Some of those requirements
include being present at the best bid/offer price for a minimum amount of time (e.g. %95),
minimum trading volume (e.g. 4% of daily volume) or minimum life-time for their quotes on
the book. This will indirectly force market makers to hold larger positions when the market has

liquidity issues to be able to pass the metrics mentioned above.

5.4 Conclusion

In this chapter, we experimented with the different ration of population of high-frequency traders
and fundamental traders compared to the population of the rest of market participants to see
how they affect the stability of the market and its ability to handle short-term liquidity shock.

We saw that high-frequency trader population increase could be helpful up to a point as
they provide more liquidity but at some point this advantage will be reversed by their aggressive
behaviour when they cannot hold onto their position and become liquidity takers rather than
liquidity providers. We also investigated their risk limit exposure increase and observed that
increasing their appetite to hold onto larger position could improve the market’s ability to handle
short-term liquidity shock. This is not something that can be enforced, but exchanges and other
trading venues can provide incentives in return ask for statistical behaviour that would have
similar implications.

We also looked at fundamental traders and how their population can affect market price.
We observed that an increase in the population of fundamental traders does not significantly
change the market’s ability to handle short-term liquidity shock. Later, we looked into changing
the proportion of fundamental traders. This change will produce a buy or sell bias into order-flow
and can push the price of the asset up or down. We also saw that such a market could have a
worse response when there is a liquidity shock that is in the same direction as the order-flow
imbalance. Respectively, it can handle the shock better if there is already an imbalance in the

opposite direction as some of the shock would be absorbed by the fundamental traders.



Chapter 6

Algorithmic Trading Controls

6.1 Introduction

Lack of sufficient control mechanism for high-speed trading by exchanges has been blamed as a
source of problems with events such as the flash crash. Such controls aim to make sure there
is orderly behaviour in the market, and one market participant intentionally or by mistake
does not damage the experience of other market participants. There have been claims that
high-frequency traders are making markets unfair by putting human traders and slower market
participants with less technical abilities at a disadvantage. A number of mechanisms have been
proposed to control algorithmic trading strategies and prevent an event similar to the flash
crash or at least limit the damages of such event. It is essential that these suggestions are well
understood and scientifically analysed to clarify their ability to contribute to their goal and to
recognise any negative side-effects they may bring.

This chapter investigates three of the most famous proposed methods (Brogaard 2011):
circuit breaker, minimum quote life, and order-to-trade ratio. We examine the effectiveness
of these mechanisms using an agent-based model of a financial market and report on positive
and negative effects of introducing such controls that we have observed in our simulations.
Circuit-breakers are a simple way to limit the damages of a rapid market crash by stopping the
market from trading and preventing further damage. This trading halt allows slow market
participants to catch up with the current status of the markets and gives human traders
monitoring and managing automated trading strategies time to react and adjust or stop such
strategies. On the other hand, minimum quote life and order-to-trade ratio aim to limit the

general speed of the market and reduce the chance of a rapid crash in the market.

Triggering a circuit breaker will stop trading in the market completely either for a predefined

period of time or until it manually resumed by human administrators controlling the market.
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This control is similar to the mechanisms that are used in many systems that people use in daily
life. Electric supply into a building is controlled by a similar system, and if the current used goes
above a safe limit the supply of electricity to the building is cut until it is manually triggered
back. When there is heavy congestion, accident, or similarly disturbing event in a transport
network it is common to block the roads going in the direction of the problematic area. The
area will remain blocked until police arrive and the situation is understood, and then traffic is
allowed to move again. It could be considered that such a measure is the most effective way
of dealing with this problem as one can think nothing bad is going to happen after this point.
Unfortunately, triggering circuit breaker in a connected world that has high-speed connectivity
may not always be the right solution and can even make the situation worse. Similarly, if one
route going in the direction of the problem is closed, but the rest are still working, that blocked
road is making the problem worse by redirecting extra traffic to already overloaded paths. It
has been claimed that the circuit breaker trigger at NYSE was a positive tool to cool down
the pressure during the 2010 Flash Crash. Circuit breakers are one of the main tools have
been proposed to prevent the repeat of the flash crash. In Section 62 we will investigate how
forcing circuit breakers in different scenarios can affect market stability and its response to a
short-term liquidity shock. To this end, we investigate two scenarios. We first examine how
activating circuit breaker in one market while other markets are trading that asset can affect
its price fluctuations. Then we will look into circuit breakers applied on all the markets at the

same time and effects of a trading halt on the market response to a liquidity crisis.

There have been discussions that high-frequency traders pose a risk to the stability of the
market. Their technological advantage is seen by some participants to make markets unfair.
“Flash Boys” a book by (Lewis 2014), a New York Times best-seller (New York Times 2015),
brought wide public attention to high-frequency traders. The book focuses on the rise of
high-frequency trading in the US equity market. Lewis states that “The market is rigged”
by high-frequency traders who front-run orders placed by investors. The speed of data is a
major theme of the book; focusing on Spread Networks fibre optic cable connecting the financial
markets of Chicago and New York. This link reduced the latency of data from 17 to 13
milliseconds but soon was overtaken by microwave link that reduced the latency by another
4.5 milliseconds. Lewis claims access to this fibre optic cable, as well as other technologies,

presents an opportunity for the market to be controlled by the big Wall Street banks.

A number of solutions have been proposed to control the speed of high-frequency traders
and ensure that the technological advantages of high-frequency market makers do not give them
an unfair advantage over other market participants. The most common solutions proposed to
deal with speed advantages that we will investigate are minimum quote life and order-to-trade
ratio. Minimum Quote Life puts a lower bound on the time that an incoming order has to stay
in the market before it can be cancelled or modified. This minimum time gives higher latency

market participants a chance to receive and process market data for this incoming order and
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take action if needed. Section 633 investigate if enforcing Minimum Quote Life can be helpful
in dealing with a liquidity crisis similar to the flash crash. A softer version of this control is
order-to-trade ratio which puts a higher bound on the number of order updates that can be
applied by a participant compared to the number of trades that is done by that participants.
As it does not have a limit per specific order, it allows some order to be cancelled or modified
very quickly but enforces a higher level of speed control as these ratios are commonly measured
on longer periods, e.g. per day. Section 64 experiment with different levels of such controls and

their effect on market stability during a flash crash. Section 623 concludes this chapter.

6.2 Circuit Breakers

A circuit breaker in a trading venue will similarly limit the movement of the asset price within
pre-defined boundaries. These boundaries are commonly set around the previous closing price of
that asset. This mechanism is useful in very liquid securities as their respective price volatility
is low. For less liquid stocks such limits are much more complicated, e.g. mid-cap or AIM-listed
stocks in London or penny stocks in the US. Because the prices of such securities are more
volatile, setting the price boundaries too tight triggers circuit breaker frequently, and produce a
lot of false negatives. On the other hand, setting it too wide will also defeat their purpose and
it will allow almost free price swings.

A Circuit-breaker is a mechanism that will stop trading when it detects something in the
market has gone wrong. The simplest form of circuit breakers which are also the ones currently
used by many exchanges is the one that triggered by market price movements. It will trigger
the circuit breaker if the trading price moves outside a pre-set boundary around known good
reference price. This reference price is often the previous closing price of the asset. For example,
NYSE may set its rules to trigger the circuit breaker and stop trading of stock ABC if its trading
price moves more than %5 above or below the previous day’s closing price.

It has been claimed that the circuit breaker triggers at NYSE helped to cool down the
pressure during the 2010 Flash Crash. As the trading only stopped at NYSE and same stocks
could be traded on other trading venues, the order-flow that would have gone to NYSE were
also routed to other markets by many of the market participants’ smart order routeing engines
adding to the liquidity issues on the alternative trading venues that were still trading the stock.
After the flash crash, the SEC has put new rules in place to synchronise the circuit breaker

triggers among all the US equity trading venues.

6.2.1 Experimental Setup

In this section, we will investigate how circuit breakers interact with market participants during
a flash crash and how they affect market participants and order flow. We experiment with two
scenarios: one where only one of the markets triggers the circuit breaker, and others continue
trading. Next, we look into circuit breakers triggered on multiple venues.

For this experiment, we assume that the same security is trading in four markets MA, MB,
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MC, and MD. An example of such a market is shown in Figure 6-L.

Figure 6.1: Cross-market circuit-breaker setup

One complexity we have in this experiment is that after circuit breakers are triggered, there
could be manual intervention on market participants trading parameters and targets. Because
this is ad-hoc and not a systematic change, it would be difficult to model. If only a single market
were shut-down by the circuit breaker, one could expect that market can start trading straight
away after the end of trading halt using the price from other venues that trade the same asset.
Unfortunately, this is not a wise idea as the reason that the circuit breaker was triggered in the
first place was that the price of the asset seemed unreasonable. The most common form used by
many exchanges, e.g. LSE and NYSE, it to reopen the market using an auction. This is similar
to the mechanism that is used at the start of the trading day to determine the opening price
of the market. For our experiment, we also use the same mechanism that we use at the start
of trading to set the last known price. Any order that existed in the orderbook before circuit
breaker was triggered will be removed from orderbook. Note that the target and the current

position of trading strategies will not change as it is the case in a real market.

6.2.2 Single Market Circuit Breakers

To analyse the effect of triggering circuit breakers in a single market on other trading venues
trading the same asset we have used three exchanges with the same setup as the previous
experiment. Traders and their limits are kept the same with the exception of high-frequency
market makers. This is due to the fact that the high-frequency market makers monitor
different trading venues closely and mainly trade in multiple markets with a shared inventory.
Fundamental traders, on the other hand, are trading to reach a specific position use algorithmic
trading platform to slice their orders for them and send those slices to best markets. Thus,
when one market stops trading, fundamental traders would need to trade more on the available

venues while high-frequency market makers are going to keep their order flow at the same or
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similar levels as they have already accounted for this and show close to most of the liquidity
they are willing to trade on all the available venues to increase their chance of trading.

We set a %3 trade price limit move to trigger circuit breaker and stop trading on one of
the venues out of three available exchanges and continue trading with the other two remaining
exchanges. Figure 62 shows the difference between running our simulation with and without

triggering circuit breakers.
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Figure 6.2: Max draw-down of the market with and without circuit breaker

As can be seen from the graph, triggering of circuit breaker on a single market only has an

adverse effect on the price move in the other markets trading the same asset.

6.2.3 Cross-Market Circuit Breakers

When a single market triggers the circuit breaker, it is based on its own price moves and is a
local decision. To be able to trigger cross-market circuit breakers we need to make sure they
are all looking at the same source to decide when to trigger circuit breaker and stop trading.

US stock market regulated by the SEC is the market that has rules to trigger cross-market
circuit breakers now. It also has a cross-market source of market data called National Best Bid
and Offer (NBBO). All of the US stock exchanges send their best available price and the quantity
available at that price level to a central repository and this central repository will calculate a
national best bid and best offer and publishes back to exchanges and market participants. Prices
on this NBBO feed can be used to trigger national-level circuit breakers across markets.

Figure 63 shows the same simulation with multiple markets as we used in the previous
section but this time with a national level circuit breaker being triggered if the price moves
beyond our %3 limit. For the basic scenario, we have assumed that the orderbook in all the
venues will clear and ever participant will start from that.

In reality, though what happens in the market after such market-wide trading halt also
depends on the reaction of the humans controlling or watching these automated trading agents.
We are assuming here that there has not been any fundamental news change about the asset
we are trading and all the pressure to move the market price has come from a liquidity crisis. If

this the same interpretation that humans make during such events, then we might expect to get
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Figure 6.3: Cross-market circuit-breaker results

a similar reaction in the market. With the complex nature of human being, they may not all see
this as we expect them too and may interpret this differently, and markets may still continue

falling.

6.3 Minimum Quote Life

Minimum Quote Life (MQL) can be set by the exchange to set a lower limit on the time an
order is going to stay on the orderbook before the participant can cancel or modify this order.
For example, if an exchange set MQL on an instrument to be 50 milliseconds, the participant
sending an order x005 at time 70 cannot cancel this order or modify it before 70 + 50ms. This
is to make sure other market participants have at least 50 milliseconds to receive this order via
their market data platform, process this market data update in their trading strategy and react
to this order if necessary by placing new orders or modifying their existing orders.

To investigate the effect of MQL on the market behaviour during a liquidity shock, we
have set up our experiment with exchange enforcing MQL on its matching engine side. We
have not modified any of the strategies but enhanced our platform to be able to handle order
reject and order replace rejects. MQL is, in particular, relevant to high-frequency market
participants because the average time between order updates of other classes of traders in our
system is normally larger than MQL. Figure 64 shows the result from our experiment running
with different values of MQL. When MQL is zero, we get the same behaviour as our baseline
experiments. As MQL increases, we can see that there is a slight change in the magnitude of
the market move as this limits the ability of high-frequency traders to aggressively trade faster
than other participants to get out of their positions.

In reality, we need to remember that market participants will adjust their strategy
behaviours by considering market rules and limitations.  So, although in our model
high-frequency traders get a large number of their cancel and replace requests rejected, such
traders have considered this into their trading model and market connectivity software platform
and unlikely to try sending replace or cancel-request at the time they know for sure this is going

to be rejected because of MQL. On the other hand, our simple model reflects this change in
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Figure 6.4: Market draw-down with different values of MQL

behaviour in terms of the successful orders, cancel and replace request applied to the exchange

matching engine should reflect their real-world counterparts.

6.4 Order to trade ratio

In addition to the cost that exchanges incur from processing high quote traffic, other market
participants that follow intra-day market activities must invest more in their computing systems
as the level of traffic increases. This negative externality produced by those generating the
highest traffic will be reduced with the order-to-trade limits. Enforcing minimum quote life on
an exchange will limit the ability of market participants to react to market events. There are
events in other markets that affect a participants desire to trade, its direction of trade or the
quantity it is willing to trade. If a participant will not be able to react because of the market
rules like MQL it will affect its initial desire to commit to a large amount of liquidity in the
market. Some markets enforce their limits in a different style to give participants more flexibility
but still ensure that there is a good amount of liquidity to slower market participants. One of
those mechanisms is limiting order-to-trade ratio.

Order-to-trade ration means a market participant has an upper limit on the number of
orders it is submitting to the market or number of times it is updating its existing order in the
market compared to the number of trades it has done in the market. For example, if the order
to trade ratio is limited to ten, it means that a market participant cannot submit and cancel or
replace more than ten orders before at least of them is executed.

These limits could be applied in different ways. Exchange can enforce this limit linearly,
meaning after each trade the participant is allowed to submit or modify ten times and after
that its requests will be rejected. Another option is to apply these limits at a higher level, e.g.
on a daily basis, of considering all the order requests sent by market participants compared to

its trade for the day. If this ratio goes above that limit, it could end up either paying a higher



6.5. Conclusion 102

Boxplot grouped by ratio

maXx_move
8- | — -
+
I _—
7 - 1 ‘ : I -
I
; L s ‘ | ‘
— | I !
o 8- | i I I I [ ‘ -
B | | | 1 1 i
c 1 | !
% 5- | -
? T 1
2 I T
s 4 - I T T I _
o° | | I I
x | I
© T | 1 I
= | | I I =
3- ‘ | 1 —— -
! | i
+
2- = == & -
1 | | | + | | | -
10.0 20.0 50.0 100.0 500.0 1000.0 inf
ratio

Figure 6.5: Market draw-down by order-to-trade ratio

transaction fee as a penalty or another form of fine. For example, participants failing to comply
with order-to-trade ratio could be barred from the market for some time. Exchange can apply
a mixture of these measures applied as well. It can have a soft limit (e.g. 10) that would result
in the participant paying higher fees and a second level hard limit (e.g. 20) that ignoring that
will result in the participant being barred from the market.

We have experimented with the simple model of rejecting the request from the market
participant, if it fails to comply with the maximum order-to-trade ratio. Figure 63 shows the
result of our experiment with different values of order-to-trade ratio. Similar to the previous
example, this affects our high-frequency trading agent more than it affects any other type of
trading agent model.

As can be seen in the figure, this can also slow down the market crash but its effect is less
visible. This is expected as this measure is designed to provide market participants with more

flexibility. As a result, market participants can still react quickly to market changes.

6.5 Conclusion

Exchanges and market regulators can enforce a trading emergency mechanism to halt trading
of instruments when they think the market volatility is caused only by demand imbalance or
a technical error to prevent this short term issue costing market participants. We investigated
the single market and multi-market circuit breakers. We observed that a single market circuit
breaker does not improve market response to a liquidity shock when that instrument continues
to trade on alternative venues. Cross-market circuit-breakers are better tools for this purpose.
We have also seen that the mechanism used to start trading after such pause is important to
set the market price at a meaningful level.

We then looked at two other limitations that can be enforced by exchanges on their

participants. Minimum Quote Life, can reduce the speed of market crash in the time of a
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liquidity shock but on the other hand might be a limiting factor for the market makers, especially
high-frequency market makers in the amount of liquidity they can provide into the market in
the first place. Order to trade ratio limits can provide an alternative mechanism which targets
the same behaviour but provides the market participant with more flexibility. This will also
slow down market going down on liquidity shock but will its effect would be visible less than

MQL.



Chapter 7

Interaction between Markets

7.1 Introduction

This chapter investigates how a liquidity crisis from one security in one market can expand to
other securities and markets. The flash crash is a major concern to many market participants
and regulators not only because there was a problem with the liquidity in the S&P E-Mini future
contract on CME but also the problem on E-Mini expanded to ETF representing S&P 500 and
followed to constituent stocks of the index. A similar situation happened during the ETF crash
in 2014. There was a liquidity issue on some of the ETFs. The traders of those ETFs were
forced to sell the underlying stocks to resolve the issues. This, in turn, created liquidity issues
on the underlying stock. Some of constituents were not as liquid as the rest of them and as a
result, experienced worse price swings than the ETF itself or other constituents of that ETF.
Section 72 studies the case where same security trades on different electronic market, e.g.
US and European equity market. During the flash crash inconsistencies between trading rules
in these exchanges and ECNs was one of the sources of problems. Then, Section 723 investigates
securities that are not the same but are highly related and analyse how liquidity issues can

expand from one to another. Section 74 concludes this chapter.

7.2 Multi-Venue Trading

Some the securities can be traded in more than one trading venue. This can be done in different
ways. The simplest case is where the same stock with the same financial characteristics can be
traded on more than one trading venue. Most of US Stocks are primarily listed in one exchange
but can also be traded on other exchanges and Electronic Crossing Networks (ECN) as well. For
example, IBM is primarily listed on New York Stock Exchange (NYSE) but the same stock can
be traded on NASDAQ, BATS, and DirectEdge. In this case, there is no economic reason for the
price of IBM on BATS or NASDAQ to diverge from its price on NYSE. All these venues trade
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Figure 7.1: IBM New York and Frankfurt listing

IBM shares in the same currency (US Dollar), they have the same minimum price increment (one
cent), follow the same settlement calendar, and trading in all of these venues are cleared in via
the same central counterparty. These are fungible; 7.e. one can buy a share in any of these venues
and sell in another venue on the same day and end the day with a flat position. As a result, it is
expected the price of IBM shares to be the same on all of these venues and any price changes in
one venue is followed by other venues in real-time. It is also required by RegNMS (SEC 2005)
that all the trading venues in the US have to forward the order to another trading venue if
the other venue has a better price available at the time of the trade. European stocks used to
trade only on their primary listing exchange. On 1 November 2007, European Union introduced
MiFID" to increase competition and consumer protection in investment services. One of the
concepts introduced by MiFID was Multilateral Trading Facility (MTF) which is a self-regulated
financial trading venue. It means European stocks can be traded on more than one venue which
resulted in most of the European large-cap stocks that are part of major national indexes to
become available for trading on MTFs and other exchanges. For example, British Telecom (BT)
can be traded on its primary listing on the London Stock Exchange but can also trade on other
MTFs like BATS Chi-X Europe or Turquoise. Although they still trade on the same currency
and follow the same settlement agreement, they may use a different clearing house as a central
counterparty. EuroCCP?, LCH.Clearnet, SIX x-clear and although are fungible it is slightly
more complicated than the US.

Another method where a stock can be made available on multiple trading venues is
cross-listing. Cross-listing of a company stock is when a firm lists its equity shares on one
or more foreign stock exchange in addition to its domestic exchange. Cross-listing is especially
common for companies that started out in a small market but grew into a larger market. Royal
Dutch Shell, IBM, and Siemens are all examples where the same issue is traded in multiple

markets. However, in Frankfurt and Paris, they are traded in EUR, London in GBP and on

IMarkets in Financial Instruments Directive
2Formed by merger of EuroCCP Ltd and European Multilateral Clearing Facility (EMCF)
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Figure 7.2: Deutsche Bank Frankfurt and New York ADR

NYSE in USD. Prices are subject to local market conditions, as well as FX fluctuations and
are not kept in perfect parity between markets (see Figure 7L as an example). Cross-listing
is expected to benefit the company by providing a lower cost of capital because the allows a
company’s shares to gain access to more investors whose access would otherwise be restricted
because of international investment barriers. Cross-listing on markets with stringent disclosure
requirements also signal the company’s quality to outside investors, potential customers and
suppliers. The main disadvantages are additional listing fees, increased reporting and disclosure
requirements, and increased pressure on executives due to closer public scrutiny (Miller 1999;

Roosenboom and Dijk 2009).

Another method that allows a stock to become available in more than one market for
trading without the company itself making additional listing is through mechanisms such as
American Depositary Receipt (ADR) or variants for other markets like European Depositary
Receipt (EDR) and International Depository Receipt (IDR). ADR is a mechanism to repackage
a security primarily listed on an Exchange (e.g. on Frankfurt in Germany) to enable it to be
purchased by an investor outside of that market (e.g. within the US on the NYSE). ADR
denominated and pay dividends in U.S. dollars and can be traded like regular shares of stock
during U.S. trading hours, through U.S. broker-dealers. They simplify investing in foreign
securities by having the depositary bank manage all custody, currency and local taxes issues.
This is a distinct instrument, as not all the rights may come with the ADR, and the ADR is
subject to the fluctuations of the underlying currency. The original issue (on Frankfurt) would
be priced in EUR, while the ADR is priced in USD. In most cases, the ADR is convertible back
into the original instrument (but needs to go through a process). Figure 72 shows an example

of Deutsche Bank ADR trading on NYSE compared to its original listing on Frankfurt.

During the flash crash, multiple trading venues trading the same stock have experienced
the liquidity problem. Similar issues can happen for cross-listed stocks and ADR. Next section
provides details on the experiment that has been set up to replicate and analyse the problem.
This experiment is designed to replicate multi-venue trading of the same instrument. This setup

can be generalised to cover those scenarios by including currency conversion into this model.
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Figure 7.3: Multi-venue trading

7.2.1 Experimental Setup

To investigate the effect of a liquidity shock in one market on other markets that trade the same
instrument trading agents are enhanced so that some of them can trade on multiple markets. In
this setup, the aggressive fundamental trader that pushes the sell orders were allowed to trade on
one of the four markets (i.e. M A). They share the same trading parameters as before, but their
order placement is slightly different as they decide about their orders based an aggregated view
of the orderbook among multiple trading venues. Fundamental market makers trade aggressively
on the venue that offers them the best price. Market makers, including high-frequency market
makers, still trade on both sides of the orderbook but they will use the most conservative price

on each side of the aggregated orderbook to trade.

7.2.2 Results

Figure 733 shows the result of running the simulation on the primary venue that has the liquidity
issue and other markets which did not initially have the problem. As can be seen the extent of
the crash is a bit less compared to a case when everyone was trading on the same venue. This
is due to the fact that when there is a price discrepancy market participants are not sure which

side is the correct one and it takes time for them to realise the market that is wrong.

7.3 Highly Related Securities

During the flash crash, the initial problem started with S&P E-mini future contract on CME.
However, it soon expanded and affected many other securities in other markets. This section
reports on the experiments that are performed to analyse how liquidity problem expands from
one market to a different security in another market.

Indexes are synthetic instruments that would give an investor synthetic exposure to a set of
other instruments. Exchange Traded Fund (ETF) is a weighted basket of securities, commonly

stocks or bonds. In the case of ETF, the provider often required by regulation to hold a portfolio
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of underlying instruments with the quantities proportional to the weightings.

Both Index and ETF prices depend on the other underlying securities. When a participant
is trading, it can consider either constituents are driving the price of the index or ETF meaning
there is a liquidity issue in one of the constituents and that asset price moves, it is expected that
the price of index or ETF that contains that instrument to move as well with the corresponding
weight.

If there is a liquidity issue on the Index Future or ETF itself, it can cause price fluctuations.
Price movements could be interpreted in different ways by market participants. One common
view would be that this price move is related to a macro environment that this index or ETF
is representing. For example, if S&P E-Mini future contract price goes down, it could be
interpreted that there is some information about US economy as this index is representing large
US companies. In this scenario, participants may also trade underlying instruments down using
this information with the expectation that those instruments will be moving down as well with

some delay.

7.3.1 S&P 500 E-Mini

S&P 500 Index by Standard & Poor is the weighted price of 500 largest US companies listed
on New York Stock Exchange or NASDAQ. The weights are calculated by Standard & Poor
based on their weighting strategy for this index. CME trades a future contract on that index
called S&P 500 E-Mini or sometimes referred to as just E-Mini. Indexes are commonly traded
via their future contracts, and both parties of the trade normally settle by the cash equivalent
of that market move.

Before continuing to the issue a brief background on S&P 500 E-Mini contract is presented
and why its liquidity problem has expanded that far. The Standard & Poor’s 500, often
abbreviated as the S&P 500, or just “the S&P?”, is an American stock market index based
on the market capitalizations of 500 large companies having common stock listed on the NYSE
or NASDAQ. It is one of the most commonly followed equity indices, and many consider it one
of the best representations of the U.S. stock market, and a bellwether for the U.S. economy.
The S&P 500 is widely used as a measure of the general level of stock prices, as it includes both
growth stocks and value stocks. The “Composite Index”, as the S&P 500 was first called when
it introduced its first stock index in 1923, began tracking a small number of stocks. Three years
later in 1926, the Composite Index expanded to 90 stocks and then in 1957 it expanded to its
current 500. The S&P 500 index components and their weightings are determined by S&P Dow
Jones Indices. It differs from other U.S. stock market indices, such as the Dow Jones Industrial
Average or the Nasdaq Composite index, because of its diverse constituency and weighting
methodology. The components of the S&P 500 are selected by a committee. This is similar to
the Dow Jones Industrial Average, but different from others such as the Russell 1000, which are
strictly rule-based. When considering the eligibility of a new addition, the committee assesses

the company’s merit using eight primary criteria: market capitalization, liquidity, domicile,
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public float, sector classification, financial viability, the length of time publicly traded and stock
exchange. The committee selects the companies in the S&P 500 so they are representative of
the industries in the United States economy. In order to be added to the index, a company
must satisfy these liquidity-based size requirements: (i) market capitalization is greater than or
equal to US$6.1 billion (ii) annual dollar value traded to float-adjusted market capitalization
is greater than 1.0 (iii) the minimum monthly trading volume of 250,000 shares in each of the
six months leading up to the evaluation date, and (iv) the securities must be publicly listed on
either the NYSE or NASDAQ. It is a free-float capitalization-weighted index. The index value

is updated every 15 seconds during trading sessions and is disseminated by Reuters America.

Chicago Mercantile Exchange (CME) offers futures contracts that track the index and trade
on the exchange floor in an open outcry auction, or on CME’s Globex platform, and are the
exchange’s most popular product. E-Mini S&P, often abbreviated to “E-mini” (despite the
existence of many other E-mini contracts) and designated by symbol ES, is a stock market
index futures contract traded on the Chicago Mercantile Exchange’s Globex electronic trading
platform. The notional value of one contract is 50 times the value of the S&P 500 stock index
The contract was introduced by the CME on September 9, 1997, after the value of the existing
S&P contract (then valued at 500 times the index, or over $500,000 at the time) became too
large for many small traders. The E-Mini quickly became the most popular equity index futures
contract in the world. Hedge funds often prefer trading the E-Mini over the big S&P since
the older (big) contract still uses the open outcry pit trading method, with its inherent delays,

versus the all-electronic Globex system for the E-mini.

Investors may also invest in all the stocks of the S&P 500 directly, which is usually called
index replication. Many index funds and ETFs attempt to replicate the performance of the
S&P 500 by holding the same stocks as the index, in the same proportions. Many other mutual
funds are benchmarked to the S&P 500. Consequently, a company whose stock is added to the
list of S&P 500 stocks may see its stock price rise, as index funds must purchase that company’s
stock in order to continue tracking the S&P 500 index. Mutual fund managers provide index
funds that track the S&P 500, the first of which was The Vanguard Group’s Vanguard 500 in
1976. In addition to investing in a mutual fund indexed to the S&P 500, investors may also
purchase shares of an ETF which represents ownership in a portfolio of the equity securities that
comprise the Standard & Poor’s 500 Index. These exchange-traded funds track the S&P 500
index and may be used to trade the index. SPDR® funds are a family of ETFs traded in the
United States, Europe, and Asia-Pacific and managed by State Street Global Advisors. The
name is an acronym for the first member of the family, the Standard & Poor’s Depositary
Receipts, now the SPDR S&P 500 (NYSE Arca: SPY), which is designed to track the S&P 500

stock market index. For a long time, this fund was the largest ETF in the world

3SPDR is a trademark of Standard and Poor’s Financial Services LL.C, a subsidiary of McGraw Hill Financial
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Figure 7.4: Crash expansion from index to a stock

7.3.2 Experiment Setup

This experiment is interested in the second scenario as this is what happened both during the
flash crash and the ETF market crash. It models this by allowing traders to trade in two
separate markets independently and listen to market data from both. It uses the information
from the future market to place orders into the stock market. So, the order placement of the
agents in the stock market would depend on the last trading price of the stock market plus a

delta representing short-term price moves of the future market.

7.3.3 Results

Figure 724 shows the result of the experiment with this setup. As it can be seen, even with this
simple setup, liquidity issue in one instrument expands to another instrument that is not pricing
directly from the problematic instrument but is only using its short-term price movement as an

indicator that affecting the direction of its price movement.

7.4 Conclusion

This chapter investigated the interaction between different instruments during a liquidity crisis.
The first experiment studied how the same instrument trading on multiple venues can be affected
when one of the trading venues impacted by liquidity issues. It was observed that liquidity issue
in one venue expands very rapidly into other markets that are trading the same instrument but it
is still slightly better than the case where everything is trading on the same trading venue. This
is due to the fact that not all market participants are connected to the same venue and interpret
everything the same, so this would provide a smaller window for prices to fluctuate. The second
experiment examined how correlation in the future price movement between two instruments
can contribute to price fluctuations. The level of fluctuation was considerably smaller than the

previous experiment.



Chapter 8

Conclusions and Future Work

This research has investigated the use of agent-based modelling to analyse flash crashes. This
chapter presents the contributions and conclusions of this thesis and outlines possible directions

for future research.

8.1 Contributions and Conclusions

In recent years there have been a number of incidents in financial markets caused by electronic
trading systems. One of the most famous incidents happened on 6 May 2010, when U.S. stock
and future markets experienced a flash crash. During the flash crash, markets collapsed nearly
6% and recovered to almost the same level in a short period of time. This flash crash temporarily
wiped one trillion dollars in market value during the downturn. The flash crash of May 2010
and similar incidents have raised concerns among market participants, regulators and politicians
about the stability of financial markets in the presence of electronic trading systems. A number
of regulatory changes have been proposed to prevent such problems happening in the future. It
is important that the effectiveness and side-effects of these proposed changes are studied before
they are implemented.

This research proposed an agent-based modelling framework and corresponding simulation
platform to study market behaviour and effects of proposed regulatory changes. This framework
is used to analyse and argue about emergent market behaviour resulting from (i) the behaviour
of market participants, (ii) trading rules, and (iii) controls imposed by the market. The first
step was to devise a system model that is as close as possible to a real market. Such model
enabled us to compare the results from simulation with that of real market and use the effects of
regulations and control changes shown in the simulation to contend what is expected to happen
in a real market as a result of a similar change. To model market participants, a zero-intelligent

agent model with two improvements is used. Firstly, agents have a position constraint instead of
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a budget constraint. Secondly, the price of orders placed by the agent comes from a non-uniform
distribution that depends on last traded market price instead of a uniform distribution limited
by agent’s budget constraint.

The characteristics of such probabilistic agents were studied by using a market model with a
limited number of agents. Furthermore, agent’s behaviour was validated by placing each type of
agents into a real market and study its performance when interacting with historical data from
a real market. At the next step, a market was built composed only of such artificial agents and
shown that this model produces the comparable stylised facts to a real market. This framework
was used in the rest of the thesis as a baseline to simulate and analyse some of the proposed
regulatory changes. To decide about the population of agents and their type that compose the
simulated market, the same class of trading agents and population as the one reported in official
investigations by CFTC and SEC into May 2010 flash crash was used. The characteristics of
the baseline model are presented in Section 871-1.

Using this baseline framework, the population of the different class of traders was
investigated, especially focussing on high-frequency traders and fundamental traders. Main
findings of that investigation are reported in Section 821°2. This framework was then used
to experiment with regulation changes and controls that have been proposed to improve the
fairness and stability of electronic trading venues. Results of these experiments are presented in
Section 87123. Sections 824 reports findings regarding the interaction between markets. Finally,

Section 82 discusses future work.

8.1.1 Agent-Based Model of the Flash Crash

Regarding the agent-based model of the flash crash, as presented in Chapter @, first a model of
a financial market was devised using agent-based models of market participants. Each market
participant modelled as a zero-intelligent agent. The trading venue itself is also implemented as
a type of agent rather than being part of the environment. Trading agents can only communicate
with trading venues, and there is no communication channel between trading agents. The initial
baseline includes only one trading venue, but in later experiments, that model was expanded
to have a system with multiple trading venues. Because trading venues are a type of agent in
the system and not part of system environment, modelling a multi-venue trading environment
can be done by instantiating more trading venues in the system model and configuring trading
agents to connect to more than one trading venue.

A system model was devised using a zero-intelligent model of market participants that are
modified to have position constraint and place their orders using a probability distribution that
depends on the last market traded price. The model was further expanded for market-making
agents so that these agents can trade on both sides of the market, i.e. place both buy and sell
order, at the same time. The main findings are stated below.

First, this implementation of the framework was verified. To this end, a market was

simulated consisting of fundamental, i.e. agents that only trade in one direction and place
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either buy or sell order, traders with position constraint and used a wide set of liquidity profiles.
The results confirmed that the trading price converged to a price that was close to equilibrium
price for that liquidity profile. Then, zero-intelligence agents that were aware of the current
market price were introduced, and their order placement picked a price from a distribution that
is more likely to produce a price that is close to the previous trading price. Results indicated
that this extra change to the agent model increases market volatility.

We then examined the behaviour of a zero-intelligent trading agent interacting with
historical order-flow from a real market. To this end, this study proposed methodologies to
handle passive limit orders and aggressive orders placed by the artificial agent into an orderbook
that has the mixture of orders from an artificial agent as well as historical data from a real
market. We used this setup to verify the behaviour of the two most important classes of trading
agents: fundamental traders and market makers. For fundamental traders that always trade in
one direction, this study investigated agent’s execution performance compared to a benchmark,
and for market makers that trade in both direction, this study analysed agent’s profit and loss.
The results indicated that these agents are a reasonable representation of their counterparts
considering that these agents do not follow any trading strategy and use simple probabilistic
models for order placement.

Furthermore, a market was constructed with agents that were proportional to the agents
on the day of May 2010 flash crash. For this purpose, this study used the same classification of
trading agents that is used by CFTC and SEC report and composed a market model with six
classes of traders, 7.e. fundamental buyers, fundamental sellers, market makers, high-frequency
traders, opportunistic traders, and noise traders. For each of these trading agents, the position
limits and order placement speed from that official investigation report was used. We studied
the stylised facts that this model produced compared to the same stylised fact reported for
different financial markets. We finally introduced a fundamental trader trading at a high-speed
and placing orders that its size is proportional to the trading volume of the market for the
previous period and observed that the artificial model also produces a flash crash.

Overall, the main finding in Chapter & was that the agent-based models can be used to
model and study the flash crash. Therefore, this model was used as a baseline in Chapter & to
analyse the behaviour of a market when the relative population of market participant changes.
We used this model to discuss some of the controls proposed for electronic systems Chapter 6

and to reason about the interaction between markets in Chapter .

8.1.2 Diversity of Trader Population

CFTC and SEC report blames a fundamental trader to be responsible for starting the flash
crash. A recent study suggests more than 60% of US equity trading happens with high-frequency
traders. That trend is closely followed in other highly liquid trading venues like Futures and
European Equity markets. High-frequency traders have been blamed for exacerbating the flash

crash and even in some views for causing the flash crash. Chapter & used an agent-based model
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of a financial market to examine the different sets of the population of high-frequency traders
and fundamental traders compared to the rest of market participants to see how they affect the
stability of the market and its ability to handle short-term liquidity shock.

First, fundamental traders were examined to study how their population can affect market
price. It was observed that the increase in the population of fundamental traders does not
significantly change the market’s ability to handle short-term liquidity shock. Then, the change
in the proportion of fundamental buyers and sellers were investigated. This change produces a
buy or sell bias into order-flow and can push the price of the asset up or down. We also observed
that such a market could have a worse response when there is a liquidity shock that is in the
same direction as the order-flow imbalance. Respectively, it can handle the shock better if there
is already an imbalance in the opposite direction as some of the shocks would be absorbed by
the fundamental traders.

The study then experimented with high-frequency trader population and shown that an
increase in their population can be helpful in dealing with a liquidity crisis if its scale is limited
up to a point because they provide more liquidity. At some point, this advantage was reversed by
their aggressive behaviour when they cannot hold onto their position and become liquidity takers
rather than liquidity providers. The study also investigated their risk limit exposure increase and
observed that increasing their appetite to hold onto larger position could improve the market’s
ability to handle short-term liquidity shock. This is not something that can be enforced, but
exchanges and other trading venues can provide incentives in return ask for statistical behaviour

that would have similar implications.

8.1.3 Algorithmic Trading Controls

High-speed of trading and lack of sufficient control mechanism by exchanges has been blamed
as a source of problems with events such as the flash crash. Such controls aim to make sure
there is orderly behaviour in the market and intentionally bad behaviour or mistake by a market
participant does not damage the experience of other market participants. There are claims that
high-frequency traders are making markets unfair by putting human traders and slower market
participants with less technical abilities at a disadvantage. A number of mechanisms have been
proposed to control algorithmic trading strategies and prevent an event similar to the flash crash
or at least limit damages of such event. It is essential that these suggestions are well understood
and scientifically analysed to clarify their ability to contribute to their goal and to recognise any
negative side-effects they may bring. Chapter B investigated three of the most famous proposed
methods: circuit breaker, minimum quote life, and order-to-trade ratio.

Circuit breaker, when triggered, stops trading in the market completely either for a
predefined period of time or until it is manually resumed by human operators controlling the
market. It has been claimed that the circuit breaker at NYSE was a positive tool to cool down
the pressure during the 2010 flash crash. The study experimented with two setups: single-market

circuit breaker, and cross-market circuit breaker. In a single market circuit breaker, one of the
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markets triggers a circuit breaker, and the rest of the markets continue to trade. Our results
indicate that the triggering of the circuit breaker in a single market worsens the effects of a
liquidity crisis rather than improving it. The study then examined a similar setup by triggering
circuit breakers across all markets at the same time, and it was observed that this is a helpful
tool to control the effects of a liquidity crisis.

Minimum quote life puts a lower bound on the time that an incoming order has to stay
in the market before it can be cancelled or modified. This will give other market participants
with higher latency the chance to receive and process market data for this incoming order and
take action if needed. The results indicated that introducing minimum quote life can reduce the
speed of market crashes but increasing the time window for this control slowed down the whole
market with no significant effect on its response to the liquidity crisis. In reality, one needs to
remember that, market participants will adjust their strategy behaviours by considering market
rules and limitations. So, although in this model high-frequency traders get a large number of
their cancel and replace requests rejected, such traders have considered this into their trading
model and market connectivity software platform and unlikely to try sending replace or cancel
request at the time they know for sure this is going to be rejected because of minimum quote
life. On the other hand, this simple model reflects this change in behaviour in terms of the
successful orders, cancel and replace request applied to the exchange matching engine should
reflect their real-world counterparts.

Order-to-trade ratio limit is a softer version of the control which puts a higher bound on
the number of order updates that can be applied by a participant compared to the number of
trades that is done by that participants. As it does not have a limit per specific order, it allows
some order to be cancelled or modified very quickly. The results confirmed this could also slow
down the market crash, but its effect is less visible compared to minimum quote life. This is

expected as this measure is designed to provide market participants with more flexibility.

8.1.4 Interaction between Markets

Flash crash happened not only because of the problem with the liquidity in the E-Mini future
contract on CME but because the problem on E-Mini expanded to ETF representing that ETF
and followed up to constituting stocks that form that index. A similar situation happened
during ETF crash in 2014. There was a liquidity issue on some of the ETFs. The traders of
those ETFs were forced to sell the underlying stocks to resolve the issues. This, in turn, created
liquidity issues on the underlying stock. In Chapter @ the study investigated how a liquidity
crisis from one asset in one market can expand to other securities and markets.

We first experienced with the same asset trading on multiple electronic markets. This setup
is similar to US and European stock markets. In the first scenario, this study looked into how
the same instrument trading on multiple venues can be affected when one of the trading venues
affected by liquidity issues. We observed that liquidity issue in one venue expands very rapidly

into other venues trading the same instrument, but it is still slightly better than the case where
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everything is trading on the same trading venue. This is due to the fact that not all market
participants are connected to the same venue and interpret everything the same, so this would

provide a smaller window for prices to fluctuate.

In the second experiment, this study investigated securities that are not the same but
highly correlated and how liquidity issues can expand from one to another in such scenarios.
The study has shown how correlation in the future price movement between two instruments
can contribute to price fluctuations. The level of fluctuation is considerably smaller than the

previous experiment.

8.2 Future Work

This section discusses several directions for future work which are motivated by the findings of

this thesis.

8.2.1 Study of stop-less

One of the factors that has reported to have affected flash crash is the additional flow of retail
stop-loss orders. Stop-loss orders are designed to limit the financial loss for retail and other
investors. As most of these limits are set by humans, their distribution is biased toward round
numbers and specific price points. As a result, market trading price crossing those points have an
adverse and sudden affect on the volume of liquidity available in the market. In a scenario where
there is already a problem with liquidity, this additional flow provides another extra push in the
direction of the crash. It would be interesting to study how setting of these limits distributed
more evenly can affect this phenomena. There has been also discussion on soft stop-loss orders
that instead of waiting for the price to hit a trigger point and then trading all of the position
at once, they start trading out of the position slowly when the price gets closer to pre-defined

limit. This can be further studies using this platform.

8.2.2 Modelling Dynamic Delay in the Platform

Market participants and communicate with each other using computer networks. They also use
software systems to process incoming orders and market data and make a decision. Experiments
in this search have used latency information from flash crash to model speed of trading agents
which implicitly includes the latency of their communication with exchange and processing
power. In reality, both communication speed and response time can be affected during a crisis
as the amount of traffic is high and can cause larger than normal delays or even missing data
and slow down computers running trading strategies or trading venue matching engine. Our
framework is capable of modelling delay elements in the communication channels connecting
market participants to trading venues. Its current random but fixed speed of order handling

can be modified to include a traffic or trading volume based delay model.
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8.2.3 Swarm Model of Trading Agents

Each market participant is a complex organisation with different teams and trading desks that
have different trading strategies (for an example see Figure 87L). Instead of modelling each
participant as a simple agent, one should experiment with a multi-level structure where each
market participant is in itself a system compromised of smaller trading agents interacting with

each other in a limited-way and interact externally with other market participants.

8.2.4 Adaptive Trading Strategy

The trading strategies used in this research have fixed behavioural parameters that come from
the analysis of real-life trading strategies. When performing experiments with changes to market
trading rules and regulations, these new rules are not considered into strategies of trading agents.
One can study a feedback mechanism that strategy can adapt to market limitation and analyse

the response of the market regulation on the strategy itself.

8.2.5 Incorporating Market Impact into Mixed-mode Simulation
To analyse the behaviour of artificial trading agents this study has used a mixed-mode simulation
platform. This model and platform can be extended to include market impact and can be used

for applications outside the analysis of market regulation assessment.

8.2.6 Adding external signals into trading agents

We envision a simulation model where a central signal is fed to all the agent with an error
depending on the agent type and prediction horizon. For example, a fundamental agent can
predict long term price movement with high-probability but its prediction of short time horizon
would be more noisy. On the other hand, a market maker has a more accurate prediction of
short term price move but noisy perdition on the long term movement of the stock. The point
about all agent having similar prediction of the future, e.g. all market makers predicting similar

price move is an interesting question to investigate.

8.2.7 Studying high-frequency trader’s budget constraints

High-frequency traders trade large volumes but they keep their positions small and near zero
and mostly try to close the trading day flat. It has been reported that during flash-crash these
type of traders became aggressive liquidity takers when they hit their position limit. It would
be interesting to study how each of the position and PnL limit parameters affect the behaviour

of these types of trading agents.
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