THESIS DECLARATION

The undersigned

SURNAME WEN

NAME Yuanji
PhD Registration Number 1287648
Thesis title:

Essays on Information, Learning, and Trading

PhD in Finance
Cycle XXIII
Candidate’s tutor Barbara Rindi
Year of discussion 2013
DECLARES

Under his responsibility:

1) that, according to the President’s decree of 28.12.2000, No. 445, mendacious
declarations, falsifying records and the use of false records are punishable
under the penal code and special laws, should any of these hypotheses
prove true, all benefits included in this declaration and those of the
temporary embargo are automatically forfeited from the beginning;

2) that the University has the obligation, according to art. 6, par. 11, Ministerial
Decree of 30th April 1999 protocol no. 224/1999, to keep copy of the thesis
on deposit at the Biblioteche Nazionali Centrali di Roma e Firenze, where
consultation is permitted, unless there is a temporary embargo in order to
protect the rights of external bodies and industrial/commercial exploitation
of the thesis;

3) that the Servizio Biblioteca Bocconi will file the thesis in its ‘Archivio
istituzionale ad accesso aperto’ and will permit on-line consultation of the
complete text (except in cases of a temporary embargo);

4) that in order keep the thesis on file at Biblioteca Bocconi, the University

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



requires that the thesis be delivered by the candidate to  Societa
NORMADEC (acting on behalf of the University) by online procedure the
contents of which must be unalterable and that NORMADEC will indicate
in each footnote the following information:

- thesis (thesis title) Essays on Information, Learning, and Trading;

- the thesis is protected by the regulations governing copyright (law of 22
April 1941, no. 633 and successive modifications). The exception is the right
of Universita Commerciale Luigi Bocconi to reproduce the same for
research and teaching purposes, quoting the source;-

5) that the copy of the thesis deposited with NORMADEC by online procedure
is identical to those handed in/sent to the Examiners and to any other copy
deposited in the University offices on paper or electronic copy and, as a
consequence, the University is absolved from any responsibility regarding
errors, inaccuracy or omissions in the contents of the thesis;

6) that the contents and organization of the thesis is an original work carried
out by the undersigned and does not in any way compromise the rights of
third parties (law of 22 April 1941, no. 633 and successive integrations and
modifications), including those regarding security of personal details;
therefore the University is in any case absolved from any responsibility
whatsoever, civil, administrative or penal and shall be exempt from any
requests or claims from third parties;

7)  choose hypothesis 7a or 7b indicated below:

73) that the PhD thesis is not the result of work included in the regulations
governing industrial property, it was not produced as part of projects
financed by public or private bodies with restrictions on the diffusion of the
results; it is not subject to patent or protection registrations, and therefore
not subject to an embargo;

Or

7b) that the thesis meets one of the temporary embargo hypotheses included in
the declaration “TEMPORARY EMBARGO REQUEST OF THE PhD
THESIS” undersigned elsewhere.

Date 31/10/2012

SURNAME Wen ‘ | Yuanji

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



ESSAYS ON
INFORMATION, LEARNING, AND TRADING

A dissertation presented

By

Yuanji Wen

In partial fulfillment of the requirements for the Degree of

Doctor in Finance

Bocconi University

October 2012

Tesi di dottorato "Essays on Information, Learning, and Trading"
di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013
Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).
Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



Dedicated to my parents
Yulin Wen and Qunying Xie

Tesi di dottorato “Essays on Information, Learning, and Trading"
di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013
Latesi e tutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).
Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



Acknowledgments(]

My plan to pursue PhD took shape while I interned at a
securities company during the course of my masters degree at
Nankai University. The internship had ample opportunity for
researching trading activities. I wrote a paper that was
published in a CSSCI journal. This encouraged me to
undertake research as a career. Under the encouragement of
my friend Pinghan Liang and his generous help, I attended
the PhD program at Bocconi University.

I want to take this unique opportunity to thank several
people who were very important during my PhD study. I
would like to acknowledge my advisors Barbara Rindi and
Vincent Crawford for their patience, guidance, and advice.
Barbara exposed me to the frontiers of market
microstructure (her book is a very good text for the
advanced topics in market microstructure) and aroused my
interest to pursue further in this field. When I got an
opportunity to visit Vincent Crawford at University of
Oxford, Barbara fully supported me in my endeavor. At

Oxford, Vince helped polish my raw ideas patiently. Under

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



his guidance, I developed an experimental design and started
writing the paper which is the second chapter of this thesis.
Though my stay at Oxford was short but it was extremely
enriching experience. It had great influence on my future and
it was the turning point for me to grow up as a researcher.
When 1 started preparing my job market paper, Barbara
kept reading drafts and provided useful comments and
constant encouragement. Without her gentle "nudges”, I
would have taken much longer to finish the thesis.

I am also thankful to my co-author Sabrina Buti. She
shared the first sample code written in Mathematica from
where I programmed my own codes; she guided me in solving
the model when we worked on the co-authored paper and
later I applied the same techniques in my job market paper.

I would like to express my gratitude to my tutor
Francesco Corielli, Carlo Favero who supported me at my
late stage, and Paolo Colla whom I worked for and discussed
related research with. I would like to thank also all those
who helped me with my experimental work. I am grateful to
Jason Shachat who hosted me at Xiamen University to run
the experiments and provided feedback on my research ideas.

I have fond memories of the short visit at Xiamen University;

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



it was very precious and joyful. Prior to visitng Xiamen,
Michele Belot and Wojteck Prezepiorka at Nuffield (Oxford)
helped me to get hands on the experiments and discussed
some of the experimental details. After Xiamen, at Bocconi I
closely followed the group of experimental economists and I
thank Pierpaolo Battigalli, Joshua Miller, and Debrah Meloso,
who discussed my work.

I thank my friends at Bocconi Allya Koesoema (now at
UNSW, Sydney), Kun Fu (now at Imperial College London),
Haoxi Yang, Domenico Tarzia, Antonio Gargano, Roberto
Steri, and Carlo Chiarella, with whom I shared countless
meals and cups of coffee. I was fortunate to share my office
with Gerry Abdesaken who helped me with English and
patiently listened to my daily complaints. A group of friends
Liz Liu, Jing Sun, Daniel Li, Dawei Fang, Chole Zeng, and
Li Lin enriched my life when I was at Oxford; Zhenxuan
Zhang, Lijia Tan, and Kuangli Xie hung out with me and are
a part of sweet memories from Xiamen. In my late years of
PhD life, I have been sharing my apartment with Martina
Bigoni, who not only took care of most of housework but also
supported me during my hard times. Personally, I am

grateful to Anmol Ratan who taught me several things

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



outside the academia and provided trust and support. He
read my drafts and corrected my errors. I am happy and
grateful to have him standing beside me during my late stage
of the PhD life which was actually the tough part.

Finally, I will never be able to reciprocate the efforts of
my parents; they provided unconditional love and support.
My acknowledgements to them appear in Chinese language
below. They encouraged me to pursue what [ want,
supported me whenever I felt lost, puzzled, or wronged, and
shared with me any happiness and success. It was their love
that warmed me when I felt lonely, and their words that
lightened up my way and encouraged me to carry on. They
are like ever-shining stars in the sky above me. I feel sorry
that I could not spend enough time with them during the
course of my PhD program; I am ever grateful for many
things that I received from them. I am, therefore, dedicating

this thesis to them!

IR FEREFR: BRI —ESMHRESBCHE, &
RN AR BREIE R AN EEIHR FETR, BRI
B FRUREERINER. EEMNBZILRAMIRRE

IZRRERRE, ERMFRIIMNEERSRATANRIE, HBATHt.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



RMNXZERER=FHNEE, REEHK. X/LF, Z—EHER

AERMEAORESE, BREEK, EUELRXREZFRE

s

Z B!

Tesi di dottorato "Essays on Information, Learning, and Trading"
di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013
Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).
Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



Tesi di dottorato "Essays on Information, Learning, and Trading"
di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013
Latesi e tutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).
Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



Contents

Introduction vii
1 Tick Size Regulation and Sub-Penny Trading 1
1.1 Imtroduction . . . . . . . .. ... ... 1

1.2 Regulatory Debate . . . .. ... ... ... ... ..... 7
1.3 Literature Review . . . .. ... .. ... ... ...... 12
1.4 Single Market Model . . . . .. .. ... ... ... .. 16
1.41 TheMarket . . . .. ... ... ... 16

1.4.2  Order Submission Decision . . .. ... ... ... 19

1.4.3 Market Equilibrium . . . ... ... ... ... .. 21

1.5 Tick Size and Market Quality . . . . . ... .. ... ... 24
1.6 Dual-Market Model: PLB, IP, and Sub-Penny Trading . . 32
1.7 Welfare . . . . . ..o 46
1.8 Empirical implications . . . . . ... ... ... ... 52
1.9 Policy Discussion and Conclusions . ... ... ... 55

i

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



ii

Appendix A . . . . .o 57
Al Proofof Lemmal . .. ... ... ... ........ 57

A2 Proofof Lemma2 . ... ... .. ... .. ... ... 59

A.3 Proof of Proposition 1 . . . . .. ... ... ...... 60

A4 Proof of Proposition 2 . . . . .. ... ... ... ... 67

A.5 Proof of Proposition 3 . . . . .. ... ... ... ... 7
Bibliography A . . . . . .. Lo T
2 Learning to Use Private Information 87
2.1 Imtroduction. . . . .. .. ... ... o 87
2.2 Experimental Studies of Information in Learning . . . . . 92
2.3 Theory . . . . . . . 95
231 TheGame. ... ... ... . ... ..... 95

2.3.2 Learning Models and Information Lookups . .. . 100

2.4 Experimental Design . . . . .. .. ... ... ... 105
2.5 Aggregate Analysis . . . . .. ... L oL 110
2.5.1 Equilibrium Play . . . ... ... ... ... ... 110
2.5.2 Information Lookups . . . . . . ... ... ..... 113
2.5.3 Structural Estimation and Model Comparisons . . 120
2.6 Updating Patterns and Cluster Estimations . . . . . . . . 129
2.7 Conclusions . . . . .. ... ... 136
Appendix B . . . . ..o 137
Bibliography B . . . . . ... oo 150

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



iii

3 Information Asymmetry and Order Aggressiveness 159
3.1 Imtroduction. . . .. ... ... ... oL 159
3.2 Literature Review . . . . ... ... ... ... ...... 165
3.3 The Basic Model . . . . .. ... ... ... .. ... 168

3.3.1 Market Structure . . . . . ... oL 168
3.3.2  Order Submission Decision . .. ... ... .... 173
3.3.3 Equilibrium . . . . ... ..o 177
3.4 Volatility and Informed Trading . . . . . . ... ... ... 180
3.4.1 What Orders Do Informed Traders Submit? . . . . 181
3.4.2 How Is Market Affected by Informed Trading? . . 192
3.4.3 Price Efficiency and Welfare . . . . . .. ... ... 194
3.5 Conclusions . . .. ... ... . o 202
Appendix C . . . . . ..o 205
C.1Proofof Lemma3d . ... ... .. ... ........ 205
C.2 Proof of Proposition 4 . . . . . ... ... ....... 205
C.3 Proof of Lemma 4 . . .. ... ... ... ....... 206
C.4 Proof of Proposition 5 . . . . ... ... ... ... .. 208
C.5 Proof of Proposition 6 . . . . . ... ... ... ... 210
Bibliography C . . . . . . . ... 210

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



iv

Tesi di dottorato "Essays on Information, Learning, and Trading"
di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013
Latesi étutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).
Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



Preface

This thesis provides theoretical analysis on trading behaviors in
widely-run market structure, i.e., limit order markets, and an experi-
mental investigation on learning behaviors. The main focus of this thesis
directly addresses issues in market microstructure; the other chapters use
tools from game theory and experimental economics to examine issues

that are pertinent to market microstructure.

The first chapter focuses on one parameter of the market structure
in financial trading and discusses a hot-debated issue: sub-penny trad-
ing. It has been presented as a joint work with Professors Barbara Rindi,
Sabrina Buti, and Ingrid Werner. The previous version was titled as
“Tick size regulation, intermarket competition, and sub-penny trading”
and presented at various academic conferences and seminar series, in-
cluding the American Finance Association Annual Meeting, Financial
Management Association Annual Meeting, the 7th Annual Central Bank

Workshop on the Microstructure of Financial Markets, and European
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vi

Financial Management Association Annual Meeting.

The second chapter is an experimental design which discriminates
among different learning models in game theory. It studies how informed
players learn from the previous experience in the laboratory. It was pre-
sented at Economic Science Association International Meeting, at NYU
(June 2012).

Embracing the theme of this thesis, the third chapter builds a game
theoretical model to analyze the informed and the uninformed traders’
order submission strategies in limit order markets. It shares the features
of the model in the first chapter while assuming that people learn and
using a concept of equilibrium that can be justified by the findings in the

second chapter.
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Introduction

The research on market microstructure is devoted to theoretical, em-
pirical, and experimental research on the economics of securities markets,
including the role of information in the price discovery process, the defini-
tion, measurement, control and determinants of liquidity and transaction
costs, and their implications for the efficiency, welfare, and regulation of
alternative trading mechanisms and market structures. Information plays
an important role in price discovery process, thus microstructure models
extensively take into account whether and how information affects the

market outcome. This is also the theme of this thesis.

Chapter 1 extends Parlour (1998)’s model and discusses how the
minimum price variation, i.e., tick size, of the limit order book affects
the stock trading. It shows that the effect of a reduction in the tick size
is detrimental on spread, depth, and traders’ welfare for illiquid stocks,
whereas it benefits liquid stocks. Then a dual-market model is built to

investigate the issue of sub-penny trading that is discussed in the SEC

vii
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viii

concept release on Equity Market Structure (2010). In this dual-market
model, a PLB competes with an Internalization Pool (IP) which is a
dark pool that works like a limit order book characterized by a smaller
price grid, and in which only broker-dealers can post limit orders. When
broker-dealers are able to use the IP to provide price improvements by
a fraction of the tick size, the quality of the PLB deteriorates for illig-
uid, low priced stocks; for liquid stocks, however, the introduction of an
IP promotes competition and improves both spread and depth. Conse-
quently, total welfare always increases as all traders can demand liquidity
in the IP. The model also predicts that broker-dealers would use the IP
more intensively for low priced and liquid stocks. This chapter aims at
providing regulators (or trading venues) with a set of guidelines for de-
termining the optimal tick size and also informs the empirical researcher
of further accessing the effects of tick size reductions. To the best of my
knowledge, it is the first model that allows researchers to investigate the
tick size rule within a framework that takes into account both the value
and the liquidity characteristics of the stock. It is also the first one that
discusses the effects of sub-penny trading by modeling two markets of

different tick sizes.

Compared to Chapter 1, Chapter 2 adopts a different approach and
switches the focus from trading to learning and private information. It
investigates the following research question: how do informed players

learn from the previous experience. This chapter examines the two-stage
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ix

asymmetric information game studied by Feltovich (1997, 1999, and 2000)
and compares it to a modified game in the laboratory. By tracking sub-
jects’ information acquisition, I find evidence in support of a belief-based
learning model. The maximum-likelihood estimations of subjects’ learn-
ing behaviors using the EWA model (Camerer and Ho 1999) show that
informed and uninformed players learn at different speeds, and the in-
formed group is more active in learning than its counterpart. Besides, the
estimations of EWA suggest that, while the reduced belief-based model
characterizes players’ behaviors better than the reduced reinforcement
model, it slightly underperforms in prediction. Finally, the cluster and
individual estimations combined with information acquisition data show
that the majority of seemingly fictitious plays coincide with the domi-
nance of a belief-based updating pattern defined by information acquisi-
tion measures. Tracking subject’s information acquisition can be a com-
plementary tool to study learning. The novel design helps comparing
different learning models in game theory and confirms its methodological

value derived from the other branch of game theory: strategic thinking.

Chapter 3 continues with the theoretical shell in the first chapter of
this thesis and embeds asymmetric information. It builds a two-period
model with uninformed traders’ learning from the limit order book. The
Bayesian learning is slightly different from the concept of “learning” in
the second chapter, but the game in the laboratory can be considered as a

distilled version of the trading game in this chapter. I explore the model of
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limit order book with information asymmetry to explain the experimental
findings by Bloomfield, O’Hara, and Saar (2005). By endogenizing the
direction of trade and the choice of order type, I find that informed traders
more often exploit market orders than limit orders and they are more
aggressive in the presence of a larger volatility; in general, conditional on
the favorable realization of liquidation value, informed buyers and sellers
are more aggressive than their uninformed counterparts respectively. 1
also show that both the volatility and the proportion of informed traders
frustrate uninformed traders’ willingness to participate in the market
and their willingness to provide liquidity if they desire. Total welfare of
market participants is improved by informed trading but the informed

traders gain at the cost of their uninformed counterpart’s welfare.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



Chapter 1

Tick Size Regulation and

Sub-Penny Trading

1.1 Introduction

The tick size, the minimum size of an asset price variation, is one of
the most relevant factors affecting the level of liquidity of financial securi-
ties traded on public limit order books (PLBs). As a consequence, it has
been at the top of the regulatory agenda over the past decade (e.g., SEC
2010 and SEC 2012). Decimalization, i.e., the transition to trading and
quoting securities in one penny increments, started in 2001 in the US and

in 2004 in Europe and had profound consequences both for the level of
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liquidity, and for the business model of those institutions which support
liquidity. The anticipated and unanticipated effects of tick-size variations
on the quality of the markets and on the welfare of market participants
have been debated extensively.! The rationale for tick-size reductions was
to encourage trading activity by reducing transaction costs; the unantici-
pated consequence was that the increased competition for the provision of
liquidity reduced the incentive for market participants to supply liquidity.

The comparative assessment of markets with different tick sizes is
even more complex today, because the documented outcome of changes
in the tick size must be appraised within a global framework in which lit
markets compete with dark markets for liquidity. In the latter, more that
17% of consolidated equity volumes (SEC, 2010) are executed through
broker-dealers who have access to venues that allow them to undercut the
existing liquidity on regulated markets by placing quotes in sub-penny
increments, i.e., at fractions of the minimum tick size.

Sub-penny trading is controversial, and the model we present in this
paper aims at providing regulators and trading venues with a set of guide-
lines for selecting the optimal tick size. Our model also informs empirical
research on how to evaluate the effects of tick size changes. We consider
an environment where a double-auction trading platform competes for
the provision of liquidity with a dark trading platform and in the latter

market liquidity providers can trade in sub-pennies.

1See Section 1.2 and 1.3.
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A relevant trade-off to decide the optimal tick size is between un-
dercutting and liquidity provision. On the one hand, the smaller the tick
size, the cheaper is the undercutting for all market participants, thus a
smaller tick size reduces the profits made by broker-dealers from submit-
ting sub-penny passive limit orders. To some extent, a reduction in the
tick size is effectively a way to alleviate the effects of sub-penny trading.
On the other hand, a smaller tick size discourages liquidity providers
from posting limit orders at the top of the book due to the increased
danger of being undercut. Therefore, the critical regulatory issue is to
adjust the tick size for each stock to optimally balance the effect it has
on sub-penny trading with the effect it has on liquidity provision, which
in turn crucially depends on both the initial level of liquidity and the

tick-to-price ratio (Goldstein and Kavajecz, 2000).

Starting with a one-market model, we show that the effects of having
a different tick size depend both on the liquidity and on the price of the
stock. For liquid stocks a smaller tick size increases competition among
liquidity suppliers and hence improves both market quality and traders’
welfare. When the top of the book is very deep, however, the liquidity
pressure at the best bid-offer is so intense that inside depth decreases
with tick size. For illiquid stocks, instead, a smaller tick size discourages
liquidity provision and worsens both market quality and traders’ welfare.
The effects of introducing a smaller tick size are more significant when

the value of the tick size is relatively large compared to the stock price

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



(i.e., for low priced stocks). Based on these findings, we suggest that
when setting the minimum price improvement, regulators and market
operators should consider both the asset price level and the liquidity of

the stock.

We extend the framework to a dual-market model in which a group of
broker-dealers can execute customers’ orders by choosing between trading
on a PLB or on an internalization pool (IP). IPs are dark venues that work
like opaque limit order books but have finer price grids than regulated
markets. Regular traders access the liquidity posted on the IP through
smart order routers which seek the best execution available on the two
markets. This extension allows us to investigate the consequences of
sub-penny trading in a setting where the main PLB trades in penny
increments. This setup captures the essence of today’s stock trading
environment where market venues such as NYSE-Euronext and Nasdaq-

OMX compete with internalizers and dark pools.

Our results show that competition from the IP reduces the num-
ber of both limit and market orders sent to the PLB. The reduction of
limit orders causes a reduction in the provision of liquidity on the PLB
and hence has a detrimental effect on both market depth and the inside
spread. Conversely, the reduction of market orders leads to a decrease in
the demand for liquidity. This preserves depth on the PLB, generating a
positive effect on liquidity. However, it also reduces the execution prob-

ability of limit orders, reducing the incentive to supply liquidity. Our
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model shows that the effect on the quality of the PLB is dictated by the
net result of these two forces, which in turn depends on the initial state

of the PLB.

We show that for illiquid stocks the existence of an IP is detrimental
for the level of liquidity on the PLB: the provision of liquidity in the
PLB decreases to such a degree that both market depth and the inside
spread worsen. On the other hand, when competition for the provision
of liquidity on the PLB is high, because the book is liquid, the positive
effect of the reduced liquidity demand on the PLB dominates. The intro-
duction of the IP induces broker-dealers to trade intensively on the IP:
aggressive market orders are intercepted by the IP away from the PLB,
thus preserving liquidity on the PLB. All these effects are stronger for
low priced stocks, as they are driven by the tick to price ratio rather than

by the absolute value of the tick size.

Further, our results show that even though competition from a dark
market with a finer price grid has mixed effects on the quality of the
lit market, it makes all traders better off, be they broker-dealers who
supply liquidity, or regular traders who can access this extra liquidity
via smart order routers. The results also show that gains from trade are
higher for low priced stocks, which explains why broker-dealers are more
active in these stocks. A word of caution is warranted, though. Regular
traders’ welfare increases with sub-penny trading provided that smart

order routers allow them to benefit from the liquidity posted on the IP.
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Hence, unsophisticated retail traders, who are likely to be unable to take
advantage of this optional liquidity, could be harmed when the quality of
the PLB deteriorates, as we observe for illiquid stocks.

Our model contributes to the empirical literature on the impact of
tick size changes by providing several new empirical predictions. By
selecting a sample of stocks to account for variation in liquidity and price,
this new framework could be exploited to shed light on the relationship
between tick size changes, market quality, and traders’ welfare, when
regular exchanges compete with dark markets. In addition, the results
from our model show that it is necessary to study the dynamics of order
flows to understand how PLBs and IPs interact by affecting both the
provision of liquidity and the demand for liquidity. Finally, a more in-
depth analysis of how order submission strategies change following a tick
size reduction in markets characterized by competition from dark pools
should help investigating the effect of subpenny trading on liquidity and
traders’ welfare.

This paper is related to three strands of the existing theoretical lit-
erature, that is to intermarket competition,? to the optimal tick size,’
and to the internalization of order flows by broker-dealers (Battalio and
Holden, 2001). To the best of our knowledge, it is the first model that al-

lows researchers to investigate the tick size rule within a framework that

2See, for example, Chowdhry and Nanda (1991), Parlour and Seppi (2003), and
Foucault and Menkveld (2008).

3See Anshuman and Kalay (1998), Cordella and Foucault (1999), Foucault et al.
(2005), Goettler et al. (2005), Kadan (2006), and Seppi (1997).
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takes into account both the asset value and the liquidity of the stock. It
also departs from the existing theoretical works as it embeds sub-penny
trading through modelling an IP.

The remaining part of this paper is structured as follows: in Sec-
tion 1.2, we discuss the regulatory debate on tick size, in Section 1.3 we
overview the related literature. In Section 1.4 and 1.5, we focus on the
single market model, whereas Section 1.6 contains the model with an IP.
In Section 1.7, we discuss the effects of tick size changes on traders’ wel-
fare. We present the empirical implications in Section 1.8, and we draw

policy conclusions in Section 1.9. All the proofs appear in the Appendix.

1.2 Regulatory Debate

As a vast body of empirical literature has shown,* when the tick size
is reduced spread decreases but depth at the top of the book deteriorates.
For this reason, regulators are concerned by those trading strategies that
exploit the possibility to submit orders at fractions of the minimum tick
size. In 2005 the Securities and Exchange Commission (SEC) introduced
the Sub-Penny Rule [adopted Rule 612 under Regulation National Market
System (NMS)]. The rule was aimed at protecting displayed limit orders
from being undercut by trivial amounts. It prohibits market participants

from displaying, ranking, or accepting quotations in NMS stocks that are

4See Section 1.3.
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priced at smaller increments than the allowed minimum price variation.

In the years following the introduction of Rule 612, however, the de-
velopment of dark markets deeply affected intermarket competition, and
made the rule ineffective in protecting displayed limit orders. In particu-
lar, two features of the rule paved the way for sub-penny trading. First,
Rule 612 prohibits market participants from quoting prices in sub-penny,
but in the belief that sub-penny trading would not be as detrimental
as sub-penny quoting, it expressly allows broker-dealers to provide price
improvement to a customer order that resulted in a sub-penny execu-
tion, thus allowing sub-penny trading. Second, the Rule 612 prohibition
of sub-penny quoting does not apply to dark markets; this means that
broker-dealers can exploit IPs to jump the queue by a fraction of a penny

and so preempt the National Best Bid Offer (NBBO).

Another important factor that facilitates sub-penny trading is the
growing importance of fast trading facilities. Using algorithmic programs
to generate replications of trading strategies, broker-dealers trading large
volumes can make significant profits even though they sacrifice a fraction
of a penny in order to step ahead of the PLB.> As a result, volumes
traded on IPs have steadily increased over time as shown in Table 1.1.
In August 2010 they executed 8.55% of the consolidated US equity vol-

ume -the rest being executed in public crossing networks, exchange and

5Jarnecic and Snape (2010) suggest that high frequency trading is negatively re-
lated to the tick size.
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consortium-based pools- which is an increase of 25% over the previous
year. Furthermore, the proportion of sub-penny trading (queue jumping)

has dramatically increased over the past 10 years as shown in Figure 1.1.

The SEC (2010) has recently proposed a potential solution to the
sub-penny issue in the form of the Trade-At Rule that would practically
ban sub-penny trading by prohibiting "any trading center from executing
a trade at the price of the NBBO unless the trading center was displaying
that price at the time it received the incoming contra-side order." By
contrast, BATS (2009) proposed to reduce the minimum price increment
of publicly displayed market centers to sub-pennies, in order to level the

playing field.

More recently, in April 2012, the US Congress passed the Jumpstart
Our Business Startup (JOBS) Act which instructed the SEC to study
the impact of decimalization on liquidity for small and medium capital-
ization companies. According to the JOBS Act, if needed, the SEC is
allowed to increase the minimum trading increment of emerging growth
companies. However, the conclusions of the SEC Report to Congress on
Decimalization (2012) discouraged the Commission from proceeding with
the rulemaking required to increase the tick size. Our model shows that
an increase in the tick size for smaller stocks may be ineffective in today’s

trading environment. We explain why in Section 1.9 below.
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Table 1.1

US Dark Pool Volume (Consolidated US Equity Volume)

Time (Month/Year)

| 06/08 | 08/08 | 06/09 | 08/09 [ 06/10 [ 08/10 |

Credit Suisse Crossfinder | .81 .88 1.42 1.55 2.08 2.10
Goldman Sachs Sigma X | 1.37 3.00 1.19 1.44 1.47 1.55
Internalized | Knight Link .98 1.17 1.05 1.23 1.71 1.38
Pool Getco Execution Service | .41 .64 1.06 1.11 1.03 1.28
( Broker- Morgan Stanley MS Pool | .26 31 .03 48 .58 .78
sponsored) Barclays LX A7 - .20 .25 .07 .67
(IP) UBS Pin .29 .58 .42 .43 .37 41
Citi Match .43 .50 .35 .37 .31 .38
%IP 5.02 7.08 6.22 6.86 8.12 8.55
ITG Posit .32 .29 21 .24 .34 .44
Instinet CBX .20 27 .19 .24 41 41
Public Liquidnet .39 A1 .26 .28 21 .25
Crossing Convergex Millennium 31 .30 .16 .16 21 18
Networks Convergex Vortex .05 .06 .08 .05 .07 10
(PC) Pipeline Trading .20 .15 .09 12 .08 .09
% PC 1.47 1.48 .99 1.09 1.32 1.47
Consortium- | Level 40 .56 .50 .10 .79 .93
based Bid Trading 13 .10 .10 .53 .22 31
Pools(CBP) %CBP .53 .66 .60 .63 1.01 1.24
7 ALL [ 702 [922 [78L [858 [1045 | 11.26 |

Source: Rosenblatt Securities Inc.

This Table shows the recent evolution of U.S.
dark pool volume. Dark pools are classified as Internalization Pools, Public Crossing
Networks and Consortium-based Pools.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche)

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013



11

)
g
<

z
o +~
o >
o =]
N =
(<]
N
e
[oe) j=)
i 18 z
(-
%o ~ o
=
=
g Ne
s +
E S =l
Q I I X
=4 “ S 3
Q Q Qg
(<]
& & =
.3 8 =
. L 1S g <
9 o 3\ (Sl
S < = <
S & 3 o
& E > gz
£ > = Z
o =] 0 =)
= S 553 & S
5 8||x588¢8 YL
@ al|lP23S3 =l
< ° — 1 N 0 <
O\ —_— N N N h=1
Z T T T T © < HQ
O D DD O S . L
r|e o9 @ Q a8
_ E5E8E85 - ol
— n u unu n un g7
X X X X X :
o O O U UV oV 0 5
= 2L 28828 e [
0 L]l ®» o » o 8 n
X P S %
S ||:4> ~ gg
[ g =
i gS’
[aY}
L L L L L L L 8 ':45
o 0 © [T) < ™ N — o Hg
Buidwnr anands, 3 o
[S
5542
° g
n 3

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(L egge 22 aprile 1941, n.633 e successive integrazioni e modifiche)

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



12

1.3 Literature Review

There is extensive research on the relationship between the reduc-
tion of the tick size and market quality. Empirical studies from various
markets around the world have found that a tick size reduction is asso-
ciated with a decline in both the spread and depth, and that the spread
is not equally affected across stocks.® These findings are confirmed by
a more recent pilot program implemented by the major European plat-
forms aimed at investigating the effect of a reduction of the tick size,”
and are consistent with the early predictions of Angel (1997) and Harris
(1994).

Theoretical models have also been developed to study the effect of
a tick size variation in different market structures. Seppi (1997) investi-
gates the optimal tick size in a market in which a specialist competes for
liquidity provision against a competitive limit order book and finds that
large traders may prefer a larger tick size than small traders. Cordella
and Foucault (1999) study competition between dealers who arrive at the

market sequentially and whose bidding strategy depends of the value of

6See Ahn et al. (1996 and 2007), Bacidore (1997), Bourghelle and Declerck (2004),
Cai et al. (2008), Golstein and Kavajecz (2000), Griffiths et al. (1998), Harris (1994),
Lau and Mclnish (1995), Porter and Weaver (1997), and Ronen and Weaver (2001).

"In December 2008, BATS Europe, in conjuction with Chi-X, Nasdaq OMX Europe
and Turquoise, developed a proposal to standardize the tick size of the pan European
trading platforms. Starting June 1, 2009, Chi-X, followed by Turquoise, BATS Europe,
and finally the LSE and Nasdaq OMX Europe, reduced the tick size for a number of
stocks. This pilot program, aimed at studying the effect of a change in the tick size
based on actual market data, showed that following the reduction of the tick size,
effective spread, inside spread, inside depth and average trade size decreased (BATS,
2009).
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the tick size. They show that a larger tick size can increase the speed at
which dealers adjust their quotes towards the competitive price, especially
when monitoring costs are high. Hence transaction costs can ultimately
decrease following an increase in the tick size. Similarly, competition
among dealers for the provision of liquidity to an incoming market or-
der drives the results obtained by Kadan (2006). He shows that when
the number of dealers is small, liquidity benefits from a small tick size
since this prevents dealers from exploiting their market power. When the
number of dealers is instead large, a smaller tick size may still improve
liquidity. The reason is that it allows dealers to post quotes as close as
possible to their reservation value, thus transferring welfare to liquidity

demanders.

Our model departs from all these protocols as we consider a pure
order driven market where liquidity provision is endogenously created by
market participants who choose limit as opposed to market orders. To
evaluate the effects of a tick size variation in pure limit order markets,
one has to consider the competitive interaction of both patient traders
who supply liquidity via limit orders, and impatient traders who demand
liquidity via market orders. Our framework shares this feature with the
dynamic model of Foucault et al. (2005) who show that a reduction
of the tick size may harm market resiliency and have adverse effects
on transaction costs. In their model, however, traders cannot refrain

from trading and when submitting limit orders they must provide a price
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improvement. Hence, because patient traders cannot join the queue at
the existing best bid or offer, a larger tick size has the effect of making
their orders more rather than less aggressive, resulting in an increased
resiliency and a narrowed spread. By contrast, in our model traders are
free to submit market and limit orders at any level on the price grid, as

well as to refrain from trading.

Our protocol is closer to Goettler et al. (2005) who consider an
infinite horizon version of Parlour (1998) and model a limit order book as
a stochastic sequential game with rational traders arriving and choosing
to submit orders at, above or below the existing best quotes. Their model
is very rich as it also embeds an asset value shock at each trading period.
However, because of its richness, it is analytically intractable and hence
solved by numerical simulations. In contrast to Goettler et al. (2005), we
focus our analysis on a limited number of periods that allows us to obtain
a closed form solution. Within their framework Goettler et al. (2005)
show that, by reducing the tick size, regulators achieve an increase of total
investors’ surplus. We show that the effects of a tick size variation depend
on the liquidity of the limit order book and on the price of the security
traded. We also study the effects of competition from a dark market with
a smaller price grid, and finally we provide intuitive explanations for the

interaction between liquidity suppliers and liquidity demanders.

Our paper is also related to the literature on intermarket competition

that documents an improvement in market efficiency when competing
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venues enter a market.® Chowdhry and Nanda (1991) extend Kyle (1985)
model to accommodate multi-market trading and show that markets with
the lowest transaction costs attract liquidity. Closer to our framework,
Degryse et al. (2009) analyze the interaction between a dealer market
and a crossing network and show that overall welfare is not necessarily
enhanced by the introduction of a crossing network. Our setup substan-
tially differs from theirs as we consider a LOB instead of a dealer market
and an internalization pool instead of a crossing network. Our model also
departs from Buti et al. (2011) who model competition between a PLB
and a dark pool by focusing squarely on the tick size. Furthermore, the
dark pool that we model has its own discriminatory pricing rule whereas

the dark pool in Buti et al. (2011) is based on a derivative pricing rule.

Finally, this paper is related to the literature on broker-dealers’ in-
ternalization and payment for order flow.” Chordia and Subrahmanyam
(1995) and Kandel and Marx (1999) show that these practises arise from
the existence of the tick size. By contrast, Battalio and Holden (2001)
show that when the tick size is set equal to zero, brokers still internalize
their clients’ orders as they make profits by exploiting their direct rela-

tionships with customers. This is consistent with the related empirical

8See, for example, Barclay et al. (2003), Bessembinder and Kaufman (1997), Biais
et al. (2010), Foucault and Menkveld (2008), Fink et al. (2006), and Goldstein et al.
(2008).

9Internalization is either the direction of order flows by a broker-dealer to an af-
filiated specialist, or the execution of order flows by that broker-dealer acting as a
market maker.
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works.10

1.4 Single Market Model

In this Section we introduce the single market framework and in the
next one we solve the model and compare the results for two different
values of the tick size. In Section 6 we add competition from a dark

market where broker-dealers can post quotes at sub-penny increments.

1.4.1 The Market

A market for a security is run over a trading day divided into T
periods: t = 1,...,T. At each period t a trader arrives and for simplicity
we assume that the size of his order is unitary. Following Parlour (1998),

traders have the following linear preferences:
U(Cy,Cy;8) = C1 + BCo (L.1)

where C is the cash inflow from selling or buying the security on
day 1, while Cs is the cash inflow from the asset payment on day 2 and is
equal to +v (—v) in case of a buy (sell) order. Traders are risk neutral and
have a personal trade-off between consumption in the two days equal to 8

that is a patience indicator drawn from the uniform distribution U (8, 3),

10See Chung et al. (2004a and 2004b), Hansch et al. (1999), He et al. (2006),
Hendershott and Jones (2005), and Porter and Weaver (1997).
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with0 < B <1< B. A patient trader has a /3 close to 1 while an eager

one has values of 3 close either to 8 or to 3.

Upon arrival at the market in period ¢, the trader observes the state
of the book that is characterized by the number of shares available at each
level of the price grid. The latter assembles two prices on the ask (A; <
As) and two on the bid side of the market (By; > Bs), symmetrically
distributed around the asset value v. The difference between two adjacent
prices, which we name 7, is the tick size. It is equal to the minimum price
increment and also corresponds to the minimum inside spread. Thus the
possible prices are equal to A1 = v+ §, Ay = v + 377, By =v— %, and
By =v— 377 The state of the book that specifies the number of shares
Q; available at each price level is defined as S; = [Q2, Q" QP QP2).
As in Seppi (1997) and Parlour (1998), we assume that a trading crowd
provides liquidity at the highest levels of the limit order book and prevents
traders from quoting prices that are too far away from the top of the book.
Besides, traders are allowed to submit limit orders queuing in front of the
trading crowd. In this parsimonious way, we can extend Parlour (1998)
model to include two price levels where traders can submit orders, and, at
the same time, keep the strategy space as small as possible. In addition we
can investigate the effects of the tick size reduction on depth at different

levels of the book.

The market allows two types of orders: limit orders represented by

+1 and market orders represented by —1. Traders can submit limit orders
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to buy (sell) one share at different levels of the bid (ask) prices, or market
orders which hit the bid (ask) prices and are executed immediately, or
they can decide not to trade. Orders cannot be modified or cancelled
after submission, and a trader’s strategy at time ¢ is defined by H;. His
strategy space is therefore H = {+1%,0}, where i = Ay, A1, By, and Bs.
The change in the limit order book induced by the trader’s strategy Hy

is indicated by h; and defined as:

[+£1,0,0,0] if H; = +£142
[0,41,0,0] if H;, = +1
he = [h{2 h{" R RP2 = ¢ [0,0,£1,0] if H, = £151 (1.2)

0,0,0,+1] if H, = +1B2

(0,0,0,0] if H, =0

The state of the book is hence characterized by the following dy-
namics:

St = St,1 + ht (13)

and the expected state of the book at time ¢ is given by:

E[Stji-1] = St—1 + E[hy] (1.4)

where E[hl] = Ik Hy(B)dB for i = As, A1, By, Ba.
BE{B:H,(B)=+1"}
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Table 1.2 Order Submission Strategy Space

Strategy H, U(-)

Market Sell Order —1F B —pv

Limit Sell Order 14% pf(Ach*k’Nk |Se) - (Ax — Bo)
No Trade 0 0

Limit Buy Order 18w p;‘(B,]CW”“’M" |S¢) - (Bv — By)
Market Buy Order -14 Bv—A

Table 1.2 Order Submission Strategy Space This Table
reports in column 3 the payoffs of the order strategies listed in
column 1.

1.4.2 Order Submission Decision

To select his order submission strategy, a trader needs to choose an
order type and a price. His goal is to maximize his utility, which in this
risk neutral setting is equivalent to maximize his payoff, considering all
the available strategies. Market orders guarantee immediate executions
but higher price opportunity costs, while limit orders enable traders to
get better prices at the cost of uncertain execution. Hence in this market
traders face the trade-off between execution costs and price opportunity

costs. !

The payoffs of the different strategies available to traders are
listed in Table 1.2. Equilibrium strategies are derived in the following
Section.

In Table 1.2 we denote by A and B with no subscript the best avail-

able quotes, so that for example a market buy order executed at the best

'When traders choose a limit rather than a market order, they forgo execution
certainty to obtain a better price, and consequently they increase their execution
costs. At the same time, however, they reduce their price opportunity cost, which is
the cost associated with an execution at a less favourable price.
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available price is indicated by —14. We indicate by p;‘(zﬁlkj\/"“N’c |S¢) (or
jo (B,JC\L’“’M’“ |S¢)) with k = 1,2 the equilibrium execution probability for

a limit sell (or buy) order queuing at the Ny (M}) position at the price
level Ay, (By), with N_j = ZMNd (M_j, = ZM M,) being the
number of shares standing at lower (higher) price levels.'> This execu-
tion probability is conditional on the state of the limit order book, and
depends on both the price level at which the order is posted and the depth
available on the limit order book. An order posted at Ay and queueing
at the N position, is executed against the (N_j + Ng)-th market order
only if (N_p + N — 1) market orders have already hit both the N_j
shares available at lower prices and the N, — 1 shares available at Ay
with time priority. If (N_g + Ny) is larger than the number of remaining
periods, additional limit orders at that price level will never be executed
and pt(AkN"“’N’“ |S:) = 0. The execution probability also depends on the
state of the other side of the limit order book: a deep book on the bid
side increases the incentive for a seller to post limit orders as he knows
that incoming buyers will be more inclined to post market orders (due to

the long queue on the bid side).!?

12 A star superscript indicates equilibrium values.

13To simplify the notation, when the best ask is Ay, we indicate the execution prob-
ability of a limit order queuing at Ay by pt(Ain |S¢) instead of using pt(Ag’N’f |St)
and the execution probability of the order standing at the first place of the queue by
pt(Ag |St ) instead of using pt(Ag’l [St).
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1.4.3 Market Equilibrium

Traders use information from the state of the limit order book to ra-
tionally compute different orders’ execution probabilities, and then com-
pare the expected payoffs from each order to choose the optimal strategy
consistent with their own £.!* We solve the model by backward induc-
tion. At time T, the execution probability for limit orders is zero, and
traders submit only market orders or decide not to trade. It can be easily

shown that traders’ equilibrium strategies are:

-17 ifge (B, 2)
H7 (B, S7-1) = 0 ifgelf, 4 (1.5)

—14if g e [4,5]
where the best ask and bid prices are equal to A € {A1, A2} and B €
{B1, B2} depending on the state of the book. By using these equilibrium
strategies together with the distribution of 3, we calculate the equilibrium

execution probabilities at the best quotes for limit orders submitted at

T-—1:

— A
P 1(AlSr_1) = / = G 00
BE{B:HF|ST—1=-14} - -

!4 Differently from Parlour (1998), we do not assume that traders are ex-ante buyers
or sellers but we endogenously derive the trader’s decision to buy or to sell the asset.
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B—
pr—1(B[Sr-1) = / 55 ag = 3 = (1.7)

Be{B:Hp|Sr-1=—1P} B B

These execution probabilities are the dynamic link between period
T and T — 1. A trader arriving at 7' — 1 can choose between a market
and a limit order, and his choice is driven by his 8 value. The following

Lemma holds:

Lemma 1 If at time t # T at least one limit order strategy has positive
execution probability, there will always exist a B value for which a limit

order is optimally selected by the incoming trader.

After substituting the equilibrium execution probabilities at T given
by (1.6) and (1.7) for the case in which a limit order posted at T — 1
has a positive execution probability on both sides of the market, i.e.,
p}fl(Aiv’k’N’“ |St—1) # 0 and p*Tfl(B,]CVI”“’M" |ST_1) # 0, we obtain the

following optimal strategies for T — 1:1

15 if Be (B, By 1)
+14 if B € [Byr 1, B37-1)
+185 if B € [Byr_1,B57-1)
—14 if e Bsr 1,0

Hp (B, 57-2) = (1.8)

15The other cases are discussed in the Appendix.
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pir_1(Ag|ST— _
where ﬁl,T—lZ% 1 (Ak[ST-1)  A,-B

1-p7_ 1 (AklST-1) v
_ pr_1(AklST—1)Ar+p7_1 (Br|ST-1)Br 1 _ A
Bar—1 = =5 e Blsr w0 A Bsra = 5
b By |St— _ . .
pTil( el87-1) A Br . Because only one trader can still arrive at the
17PT71(Bk‘ST—1) v

market at T, a limit order posted at T'— 1 has a positive execution
probability only if it undercuts all the orders on the book and gains
price priority, i.e., p}_l(AiV”“’N’“ |S7—1) # 0 only when N_; = 0 and
Ny = 1. Moreover, the greater the limit order execution probability,
pir_1(Ag |ST—1), the smaller the threshold between market sell orders and
limit sell orders, 8, r_;, and the more likely traders submit limit rather
than market orders. More generally, if execution probabilities at time ¢
are high enough that execution costs are lower than price opportunity
costs, traders will submit limit orders. If instead execution probabilities

are low, they will choose market orders.

The optimal price at which a trader will submit a limit order is the
result of a trade-off between price opportunity costs and execution costs:
a more competitive price implies a higher execution probability due to
both the lower risk of being undercut by incoming traders and the fact
that the order becomes more attractive for traders on the opposite side of
the market. This is, however, obtained at the cost of a lower revenue once
the order is executed. This trade-off crucially depends on the relative tick

size, -, as shown in the following Lemma:

Lemma 2 At time t # T traders’ aggressiveness in the provision of
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liquidity is positively related to the value of T.

From the equilibrium strategies at T' — 1, we can derive the exe-
cution probabilities for limit orders submitted in previous periods, and
the corresponding equilibrium strategies. The equilibrium is defined as

follows:

Definition 1 Given an initial book Sy, a dynamic equilibrium is a set of
order submission decisions {H; } and states of the limit order book {S;}
such that at each period the trader maximizes his payoff U(-) (Table 1.2)

according to his Bayesian belief over the execution probabilities p*(-), i.e.,

{H} :=argmax U(-| Si—1,p;_1)}
{St =851+ h:}
where h; is defined by (3.1)

In order to keep the analysis tractable, from here onwards we focus
only on the last three periods of the trading game, starting from 7" — 2.
For our numerical simulation we also assume that the support of the g

distribution is [0, 2].

1.5 Tick Size and Market Quality

We start with the market (LM) characterized by a large tick size

equal to 7 that we already presented in Section 1.4, and we compare the
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Table 1.3  Price Grid

LM Price SM
Ay v+ %T as
v+ %T a4

v+ %7’ as

A v+ %T as
v+ %T aq

v — %T by

B, v — %7’ b
v — %T b3

v — 67— b4

Bs v — %T bs

Table 1.3 Price Grid This Table shows
the price grid for both the large tick mar-
ket (LM) and the small tick market (SM),
where v indicates the asset value and 7 the
tick size

resulting equilibrium trading strategies with those obtained when, all else
equal, the tick size is set to %7’. Both price grids are shown in Table 1.3:
on the LM the price grid is PL'M = {A,, Ay, By, Bo}, while on the small
tick market (SM) it has five levels on both the ask and the bid side, a; and
by, with [ = 1,..,5. For the SM the evolution of the state of the book is
still characterized by equations (1.3) and (1.4), the main difference being
that both S7 and h™ now consist of ten components instead of four.
The trader’s strategy space for the SM is much richer thanks to the finer
price grid, HM = {4+17,0} with j = {ay.5,b1.5}-

To compare the two markets, we build standard indicators of market

quality using traders’ equilibrium strategies. For each period ¢, depth is
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measured by the number of shares available on the book at different
price levels. More precisely, for the LM we define the following depth

indicators:

DPti’LM = E[Q;], Wlth Z = {A1:27 Bl:2} (193)
DPIIM = E[Q} + QP (1.9b)
DPTIM  — ZE[QH (1.9¢)

where DP? is the expected depth at price i, DPI is the average
depth at the best quotes, and DPT is total depth measured by the sum
of average depth at all price levels. The average spread is computed as

the expected difference between the best ask and bid prices:

SPIM = E[A - B (1.10)

Finally, volume in period ¢ is measured by the number of orders exe-
cuted, while liquidity provision is measured by the number of limit orders
submitted. Because at each period only one trader arrives, expected vol-
ume, V' L;, and liquidity provision, LP;, are computed as the probability

that this trader will submit a market order or a limit order at all price
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levels:

VLEM = B[ J 1dg] (1.11)
i Be{B:Hy=—1%|S;_1 }

By [ 1) (112)

U BE{B:H=+1|Sy_1}

LPLM

Indicators of market quality for the SM are computed in a similar way,
but using j = {a1.5,b1:5}. To illustrate the effects of different tick sizes
on both liquid and illiquid stocks, we use the initial state of the book as
a proxy for liquidity and consider three cases: an empty book for illiquid
stocks, and a book with either one or two units on the first (second) level
of the LM (SM) price grid for liquid stocks.!S The following Proposition
summarizes the effects of a tick size change on both traders’ strategies

and market quality:

Proposition 1 When moving from a large to a small tick market, changes
in traders’ order submission strategies and market quality depend on the

initial state of the book.
e For liquid stocks

— liquidity provision increases; spread, total depth and inside

depth improve;

16Notice that to compare markets with different tick size we need to start from the
same initial state of the book. This implies that in the SM book the price levels not
in common with the LM book must be empty.
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— the effects are the same when the top of the book is very deep,

except for inside depth that worsens.

o For illiquid stocks the results are the opposite: liquidity provision

decreases and spread, total depth and inside depth deteriorate.

o All the above effects become stronger for low priced stocks.

Table 1.4 reports results for market quality under both the large and
the small tick size regimes for three different opening states of the limit
order book: with 0, 1, or 2 shares on Aj(az) and By (b2). By considering
books that differ in market depth, we can offer insights on how the effects
on market quality of a tick size change can be influenced by the initial
level of liquidity.

Consider first a book that opens at T — 2 with only 1 share on
both Aj(az) and Bi(b2). When the tick size is smaller, undercutting
is cheaper and competition for the provision of liquidity becomes more
intense. This implies that in equilibrium traders switch from market to
limit orders that they post at the new best price levels (a; and b;). The
enhanced limit order submission increases market depth, both total and
at the inside spread, and the increased limit order aggressiveness narrows
the spread. These effects become stronger as the stock price decreases.
Clearly, when the value of the tick size becomes relatively large compared
to the stock price, the benefit of having a finer price grid increases, and

the probability that traders switch from market to limit orders posted at
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a1 and b; becomes larger.

Consider then a book that opens at T'— 2 with 2 shares at A;(az)
and Bj(bs). Compared to the previous case, a smaller tick size produces
effects that are more intense and of the same direction except for depth
at the inside spread, which decreases rather than increases. In the large
tick size regime there is no room for additional limit orders!” and traders
are forced either to use market orders or to refrain from trading. Hence
when the tick size becomes smaller, traders move even more aggressively
than before to the top of the book and total depth increases. However,
depth at the top of the book decreases as now traders can spread their
orders on the additional price levels instead of being clustered at the best
prices.

We can therefore conclude that for these two cases a smaller tick
size improves liquidity as it narrows the inside spread and increases total
depth, but its effect on inside depth depends on the state of the book.
If the regime with a deeper book is a good proxy for very liquid stocks,
then our results show that for these stocks a smaller tick size can actually

decrease depth at the inside spread.

ITRecall that only one trader arrives at each period and hence between T — 2 and
T at most 2 shares can be executed.
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Table 1.4 Tick Size Change (7 = 0.1). This Table compares
the large tick market (LM) with the small tick market (SM), and fo-
cuses on three cases that represent an illliquid, liquid, and very liquid
state of the book respectively: (1) both books open empty at T — 2,
St—2 = [0000] = [0000000000] (2) LM opens with one share on the first
level of the book (41, By), and SM opens with one share on the second
level (ag, b2), ST—2 = [0110] = [0001001000] (3) LM opens with two
shares on the first level (A1, By) and SM with two shares on the second
level (a2, ba), ST—2 = [0220] = [0002002000]. The Table reports the
following statistics for different asset values, v = {1,5,10,50}: liquidity
provision, i.e., probability of limit order submission (LP); trading vol-
ume, i.e., probability of market order submission (V' L); spread, depth at
the BBO and total depth. Columns 11-14 report the difference between

the two markets (SM-LM).
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However, for illiquid stocks, that we proxy by the empty book, the
effect of a smaller tick size is to worsen both inside spread and depth.
Traders do not have enough incentive to undercut aggressively by posting
limit orders at the new top of the book: to avoid being undercut by the
next trader, they would have to accept a very low execution price (a;
and by ). Therefore, they prefer to submit either more market orders, or,
despite the lower execution probability, limit orders at higher levels of
the book. Also in this case, when the stock price increases, a smaller tick

size tends to produce effects that gradually drop off.

1.6 Dual-Market Model: PLB, IP, and Sub-
Penny Trading

In this Section we broaden our comparative analysis of markets with
different tick sizes to include intermarket competition. We extend the
previous framework by introducing competition between a large tick mar-
ket that works like a PLB and a special type of dark pool, the IP, that
differs from the PLB in that it has a smaller tick size and allows only
broker-dealers to supply liquidity. This dual-market model is suitable to
investigate sub-penny trading. Such a practice is carried out by those
broker-dealers who can access IPs to compete on price with the limit
orders posted at the top of the PLB.

Regulators are concerned about the ultimate effects of sub-penny
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trading on market quality. It is not yet clear whether this practice fosters
competition for the provision of liquidity and improves market quality,
or whether it only allows highly sophisticated dealers to generate consid-
erable returns from using IPs to step in front of the NBBO. Because the
better prices available in the IP intercept market orders sent to the PLB,
due to the existence of smart order routers, liquidity demand decreases.
This generates two opposite effects on the quality of the PLB. On the
one hand, when fewer market orders hit the top of the PLB, depth is
preserved, keeping the spread tighter. On the other hand, the reduction
of market orders decreases the execution probability of limit orders and
hence the incentive for traders to post depth at the top of the PLB, re-
sulting in lower market depth and wider spread. The changing pattern
of market orders, i.e., migrating from the PLB to the IP, is affected by
the state of the PLB as well as by the tick to price ratio of the stock
considered. Agents’ choice between market and limit orders hinges on
the trade-off between price opportunity costs and execution costs, which

are both influenced by stock characteristics.

To discuss this setting, we adapt our previous single market model
to embed sub-penny trading. We assume that at each trading period
one individual out of two groups of traders arrives at the market: with
probability « the incoming trader is a broker-dealer and with the com-
plementary probability he is a regular trader. While a regular trader

can only observe and provide liquidity to the PLB, a broker-dealer can
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observe and use both the PLB and the IP. The IP is characterized by
a smaller tick size so that the broker-dealer can undercut orders posted
by other traders at the top of the PLB. Furthermore, in order to ap-
proximate the nature of real IPs, we assume that the IP does not have a
trading crowd sitting at as and bs. Finally, while only broker-dealers can
post limit orders at the IP, all traders can take advantage of the liquidity
offered by both trading platforms. This assumption is consistent with
the existence of a smart order routing technology (SOR)!® that allows all
investors to simultaneously access multiple sources of liquidity (Butler,
2010).

SORs allow traders to search the best quotes on the consolidated
limit order book (PLB&IP) but they do not necessarily reveal the state
of the IP. In reality, the more sophisticated the SOR technology, the bet-
ter traders’ inference of the state of the IP. Hence, to consider different
regimes of IP pre-trade transparency, we will first assume perfect infer-
ence on the state of the IP, and then extend the model to include partial
inference and Bayesian learning.

To sum up, we consider two protocols: the benchmark (PLB), where
only one trading platform is available to all traders, and the PLB&IP
framework, where an IP competes with the PLB. The latter case further
differentiates into a transparent and an opaque setting, where the lack of

transparency refers to the IP market. To introduce a certain degree of

18 Examples are ITG Dark Aggregator and Smartrade Liquidity Aggregator.
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uncertainty on the state of the IP, we assume that at T'— 2 the IP opens
either empty or with one unit on the first level of the book with equal

probability. The following Proposition presents the results.

Proposition 2 When an IP is added to a PLB, trade migrates to the
IP, and traders’ order submission strategies and market quality change

as follows:

o for illiquid stocks, PLB market quality, measured by depth and in-
side spread, deteriorates because liquidity provision decreases. The
effects are stronger both for low priced stocks and when the IP mar-

ket is opaque;

o for liquid stocks, the effect of sub-penny trading is to foster price
competition so that in the PLB spread and depth improve, yet lig-
uidity provision worsens. The effects are weaker both for low priced

stocks and when the IP market is opaque.

o The IP is used more intensively by broker-dealers when the stock is

both liquid and low priced and when their proportion () increases.

o When considering markets with a smaller tick size, all the effects

diminish.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



36

Table 1.5 Sub-penny Trading - Illiquid stock (7 = 0.1, a = 10%).
This Table focuses on the comparison between the single market model, in
which only the public limit order book (PLB) with tick size 7 is active,
and the dual market model, in which the PLB and the internalization
pool (IP) with tick size 7 compete. The broker-dealer’s arrival rate is
a=10%. At T — 2 the PLB opens empty, St—_2 = [0000], while the
IP opens with equal probability either empty, [00000 00000], or with one
unit on the first level of the book, [00001 10000]. We consider two asset
values, v = {1, 10}, and differentiate results depending on whether the IP
is transparent or opaque. The following statistics are reported for both
the PLB and the IP: liquidity provision (LP), i.e., probability of limit
order submission; trading volume (V' L), i.e., probability of market order
submission; and limit order submission probabilities at different levels of
the book. The Table also reports the probability of "no trading" and, for
the PLB, spread, depth at the BBO and total depth.
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Table 1.6 Sub-penny Trading - Liquid stock (7 = 0.1, a = 10%).
This Table focuses on the comparison between the single market model, in
which only the public limit order book (PLB) with tick size 7 is active,
and the dual market model, in which the PLB and the internalization
pool (IP) with tick size 7 compete. The broker-dealer’s arrival rate is
o =10%. At T — 2 the PLB opens with one share on the first level of
the book, Sr_o = [0110], while the IP opens with equal probability ei-
ther empty, [00000 00000], or with one unit on the first level of the book,
[00001 10000]. We consider two asset values, v = {1,10}, and differenti-
ate results depending on whether the IP is transparent or opaque. The
following statistics are reported for both the PLB and the IP: liquidity
provision (LP), i.e., probability of limit order submission; trading vol-
ume (V'L), i.e., probability of market order submission; and limit order
submission probabilities at different levels of the book. The Table also
reports the probability of "no trading" and, for the PLB, spread, depth
at the BBO and total depth.
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Table 1.5 focuses on the case in which the PLB opens empty at T'—2,
that we use to proxy illiquid stocks, while Table 1.6 shows results for a
book that opens with one share on A; and By which should offer intuitions
for more liquid stocks. Table 1.5 shows that on the PLB both depth and
limit orders decrease when the IP is added. When traders perceive the
potential competition from broker-dealers, they react by supplying less
liquidity to the PLB. Furthermore, this effect generally outweighs the
reduction in market orders resulting from their interception by the IP,
so that overall the inside spread worsens. These effects become weaker
as the stock price increases: when the tick to price ratio becomes very
small, the profitability of liquidity provision, and hence of undercutting,
declines so that the IP competition becomes less relevant. When instead
the IP is opaque, these effects become stronger: the uncertainty on the
IP depth and on the actual level of competition makes traders even more

reluctant to post limit orders at the PLB.

For more liquid stocks (Table 1.6) the main effect of sub-penny trad-
ing is to foster price competition. When the IP platform is introduced,
broker-dealers submit limit orders to the IP at a; to undercut the exist-
ing depth at Ay, thus intercepting incoming market orders away from the
PLB. The resulting reduction of liquidity demand improves spread and
depth on the PLB. However, the switch of market orders from the PLB
to the IP as well as of broker-dealers’ limit orders implies that volume

and liquidity provision worsen on the public venue.
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In this case, when the stock price increases, the effects of the IP
competition become stronger due to the reaction of both market orders
and limit orders. When the tick to price ratio decreases, market orders
become central to the choice of traders’ optimal submission strategies
and therefore their increased reduction has a greater effect on the PLB
quality. This positive effect is reinforced by the fact that the change
in limit orders becomes almost irrelevant, and hence, compared to the
v = 1 case, their reduction almost disappears. When instead the IP
market becomes opaque, uncertainty increases for regular traders and
therefore the effects on both limit and market orders lessen. As a result,
the IP positive effect on PLB market quality decreases.

By comparing traders’ equilibrium strategies for illiquid and liquid
stocks, we observe that broker-dealers post orders at the IP more inten-
sively for liquid stocks in which competition for liquidity provision in the
PLB is higher. This effect is stronger for low priced stocks in which pro-
viding liquidity is more convenient than taking liquidity, due to the larger
tick to price ratio. Finally, when the proportion « of broker-dealers is in-
creased from 10% to 20% (Table 1.7), the sub-penny activity builds up in

the IP and hence the effects on the PLB spread and depth are magnified.
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Table 1.7 Sub-penny Trading - Liquid stock (7 = 0.1, a = 20%).
This Table focuses on the comparison between the single market model, in
which only the public limit order book (PLB) with tick size 7 is active,
and the dual market model, in which the PLB and the internalization
pool (IP) with tick size 7 compete. The broker-dealer’s arrival rate is
a =20%. At T — 2 the PLB opens with one share on the first level of
the book, Sr_o = [0110], while the IP opens with equal probability ei-
ther empty, [00000 00000], or with one unit on the first level of the book,
[00001 10000]. We consider two asset values, v = {1,10}, and differenti-
ate results depending on whether the IP is transparent or opaque. The
following statistics are reported for both the PLB and the IP: liquidity
provision (LP), i.e., probability of limit order submission; trading vol-
ume (V'L), i.e., probability of market order submission; and limit order
submission probabilities at different levels of the book. The Table also
reports the probability of "no trading" and, for the PLB, spread, depth
at the BBO and total depth.
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Table 1.8 Sub-penny Trading - Illiquid and Liquid stocks
- Small Tick Size (r = %!, a =10%). This Table focuses on the
comparison between the single market model, in which only the public
limit order book (PLB) with tick size 7 is active, and the dual market
model, in which the PLB and the internalization pool (IP) with tick size
Z compete. The broker-dealer’s arrival rate is a = 10%. At T' — 2 the
PLB opens either empty (Panel A), Sy_o = [0000], or with one share
on the first level of the book (Panel B), Sp_s = [0110], while the IP
opens with equal probability either empty, [0000][00000 00000], or with
one unit on the first level of the book, [00001 10000]. We consider two
asset values, v = {1, 10}, and differentiate results depending on whether
the IP is transparent or opaque. For both the PLB and the IP liquidity
provision (LP), i.e., probability of limit order submission, and trading
volume (V' L), i.e., probability of market order submission, are reported.

The Table also reports the probability of "no trading" and, for the PLB,

spread, depth at the BBO and total depth.
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Finally, our model allows us to evaluate how different tick size values
affect competition for the provision of liquidity between regular and dark
markets. Table 1.8 shows that when the tick size is 7/3 rather than 7,
all the effects of sub-penny trading decrease. A smaller tick size, in fact,
reduces the profits for broker-dealers from posting orders in the IP and

consequently their activity on this trading platform.

1.7 Welfare

We now turn to investigate how different tick size values can affect
the welfare of market participants. Following Degryse et al. (2009)
and Goettler et al. (2005), we measure total welfare (W) as the sum of
the expected welfare in each period E(W;), ie., W = 3", E(W;), where
E(W,) is the sum of agents’ expected gains from both market (first term)

and limit orders (second term):

E(Wt) = Zi fﬁE{B:thfli\St,l }|i - ﬂv| ) f(ﬁ)dﬁ
+ 27, fﬁe{g;Ht:Hqst,l }|i — Bl - p;(i|Se) - f(B)dB

(1.13)

As this measure only allows us to calculate the absolute change in welfare,
to obtain a relative indicator, we compute the expected gains from trade
accruing to market participants in a market without frictions, W. In a

frictionless market a first-best allocation of resources is achieved and all
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orders are executed at the fundamental value of the asset:

o o 8
W= EW,) :/B v — Bol £(8)dB (1.14)
t B
The results obtained are summarized in the following Proposition.
Proposition 3 .

e In the single market model a smaller tick size makes traders better
off when the stock is liquid and worse off when it is illiquid. Changes

in traders’ welfare increase with the tick to price ratio.

o Competition from an IP makes all traders better off, and the im-

provement decreases with the tick to price ratio.

The effects on welfare of a change in the tick size depend on the
state of the book (Table 1.9). As we have previously shown, when the
book opens shallow, a smaller tick size worsens liquidity with the result
that traders’ welfare decreases. When instead the market opens deep,
a smaller tick size improves the spread and makes the market deeper,
thus increasing traders’ gains from trade. Finally, consistently with the
results obtained on market quality, the effects of a tick size reduction
are stronger for low priced stocks, whereas they tend to vanish for high

priced stocks.
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Table 1.9 Welfare - Single Market Model (1 = 0.1, o = 20%).
This Table reports the expected gains from trade over the three trading
periods for both the single market model (PLB) and the market without
frictions, i.e. the first best (FB). Results are reported for both the large
tick market (LM), and the small tick market (SM); columns 10 to 13
report the difference in welfare between the two trading protocols (SM-
LM). In addition, results are reported for four different values of the asset
(v), and for three different initial states of the book, respectively with 0,
1, and 2 shares on the first level of LM (A;, B;) and the second level of

SM (ag, bg)
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Table 1.10 Welfare - PLB&IP Market (7 = {0.1, %'}, o = 10%).
This Table reports the expected gains from trade over the three trading
periods for both the single market model (PLB) and the model in which
the PLB competes with the internalization pool (PLB&IP). At T'— 2 the
PLB opens either empty (Panel A), Sp_5 = [0000], or with one share on
the first level of the book (Panel B), Sy_o = [0110], while the IP opens
with equal probability either empty, [0000][00000 00000], or with one unit
on the first level of the book, [0000110000]. Welfare in the PLB&IP
framework is computed for the two categories of agents - broker-dealers
(BD) and regular traders (RT) -, and for the two protocols in which the
IP is either transparent (PLB&IP _tra) or opaque (PLB&IP _op) to reg-
ular traders. The Table also reports in square brackets the percentage
difference with the welfare computed for the PLB in the single market
model. In addition, results are reported for two different values of the

asset, v = {1,10}.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



51

[6L0z] 86e6'71 | [192.17] 198671 | [9v0z] €6e671 | [poLr] 1ge6vt | [poL1] 16671 | [p9L17] 1ag671 | 880671 | &5 | 01
[esvoe] 61vpT | [geoL 1] 6Levt | [oLtoe] stwvt | [otpL 1] ozert | [pors 1l usert | [otpLtlosert [ osrr | g | T
[6029°7] 602871 | [GL267] ©L08 %1 | [01197] <618 %1 | [29zg] 0L08¥T | [968G] CL0SPT | [892G7] 1208 %1 | S62LF%1 | 1°0 | OT
[7266°¢] zeet | [e197°¢] soeeT | [69e6°¢] sogeT | [L661°¢] ezt | [90¥¢g] reeT | [GT€6°G 922€°T | 91921 | 10 | T

Iyd ad do™ q1294d1d T4 ad eIy J1341d a1d L | a

[001x T4 ] senmqeqord fenbo yya (00001 10000J27[01T0] © (00000 00000)23[0T10] = &~LG :d Pued

[pr01] L2981 | [2292] 706871 | [86117] 002871 | [c2p9°g] sse1'91 | [g2p9:8] sse1'or | [62p9:8] 8e1'91 [ 2aas ¥l | 75 | 0T
[2089°] 99261 | [egvaal 1eov'T | [0g987] 16261 | [L09T'TT) 661¢T | [089TTT) 02eT | [209T'T1] 66161 | €208T | &5 | 1
[12827] $609'F1 | [079L7] L6971 | [20g€] SOT9FT | [G8€T 6] €F16°CT | [G8€T 6] €P16°ST | [G8€T 6] €PT6°GT | #89¢¥1 | T°0 | OT
[188¢°¢] €812 1 | [2828°9] 02521 | [L616°¢] ceaeT | [eaha aT] #9661 | (€27 GT) 99¢€'T | [8€CT'GT) eqe'T | TOLI'T | 10| 1T

Ig ad do d13d1d Iy ad vl JI941d a1d 4 | a

qaT1d

[00Tx ZIL] sonmqeqoad renbo wys [0p00T 10000]23[0000] © (00000 00000]29[0000] = Z~LG :V [oued

(%01 =0 {5 ‘T0} = £) 19IRIN JIBATd - PTBJ[PM

OT'T °19®L

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.

Latesi étutelata dallanormativa sul diritto d'autore(L egge 22 aprile 1941, n.633 e successive integrazioni e modifiche)

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI



52

To evaluate the effects on welfare of the opportunity to trade in an
1P, we consider broker-dealers and regular traders separately. As reported
in Table 1.10, competition from the IP increases total welfare for both
liquid and illiquid stocks, and for both broker-dealers and regular traders.
In fact, even though only broker-dealers can post limit orders to the IP,
due to the existence of smart order routers, all traders can take advantage
of the liquidity offered. This effect decreases with the tick size because

broker-dealers have a lower incentive to provide liquidity on the IP.

1.8 Empirical implications

The equilibrium strategies derived from our model generate several
empirically testable predictions. We find that the behaviour of traders
crucially depends on the liquidity of the limit order book and on the price
of the stock considered. Starting with the single market model, we show
that a tick size reduction can improve or worsen the indicators of market

quality, depending on the initial state of the book:

Prediction 1 When the tick size is smaller, depth worsens
if the book is shallow and improves if it is deep. For the
inside spread the effect is not monotonic with respect to book
liquidity: this market indicator worsens for shallow books,
improves for deep ones but worsens again when the book is

extremely deep.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



53

Most of the existing empirical evidence does not distinguish between
liquid and illiquid stocks, and shows that when the tick size is reduced,
the inside spread decreases but depth does not necessarily improve.'?
On the other hand, when stocks are classified according to their degree
of liquidity, as in Bourghelle and Declerck (2004), results show that as
liquidity decreases, the percentage spread increases and the quoted depth
decreases. Similarly, our prediction is in line with the empirical findings
of Golstein and Kavajecz (2000), who sort NYSE stocks according to their
levels of liquidity and price. They show that as the tick size is reduced,
there is an overall improvement of the quoted spread and depth for liquid
stocks, whereas market quality deteriorates for illiquid ones. Golstein and
Kavajecz also show that both effects become stronger as the stock price
decreases, and that for low priced illiquid stocks the negative effect on the

quoted spread and depth is the greatest. The latter results are consistent

with our second prediction:

Prediction 2 Both in deep and in shallow markets, the effect
of a smaller tick size gradually increases with the tick to price

ratio.

Both predictions can be directly tested by sorting stocks by their

price and the level of liquidity and applying an event study of tick size

19Gee Ahn et al. (1996), Bacidore (1997), Bessembinder (2003), Harris (1994), and
Porter and Weaver (1997).
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change. The key is to select a sample of stocks with enough independent
variation in liquidity and in price.

When we extend the analysis to a framework which includes inter-
market competition between a primary market and an IP, we obtain
additional testable implications. The endogenous strategic interaction
between regular traders and more sophisticated broker-dealers having
access to dark platforms generates distinctive empirical patterns for lig-
uidity supply and liquidity demand. More precisely, competition from
an IP affects traders’ desire to supply liquidity which generates empirical
predictions about the dynamics of order flows. These again depend on

the stocks’ characteristics.

Prediction 3 When the primary market is deep, the IP at-
tracts market orders, thus preserving liquidity and ultimately
enhancing depth and spread on the PLB. When the primary
market is shallow, competition from the IP deters liquidity
provision on the PLB where depth and spread worsen. All

these effects decrease as the tick size gets smaller.

Prediction 4 For illiquid stocks, a high tick to price ratio
amplifies the effects on market quality of competition from

IPs, while the opposite holds for liquid stocks.

These theoretical findings are directly testable either cross-sectionally,

by selecting stocks with different degrees of liquidity and price levels; or
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by using time series of order data. A final empirical implication of our

model is that:

Prediction 5 Broker-dealers’ activity on IPs is more inten-

sive on liquid and low priced stocks.

This is an interesting topic for future research, when data on dark

markets becomes available.

1.9 Policy Discussion and Conclusions

Today’s financial markets are characterized by extensive intermarket
competition, both between fully transparent venues and between trans-
parent and dark pools of liquidity. In such a world, the regulation of
the minimum price increment is extremely important, as it defines how
markets compete for liquidity. In this paper, we analyze the impact of
the tick size for market quality and traders’ welfare in a public limit
order market. We also analyze how the entry of a dark venue with a
finer price grid (trading in sub-pennies) affects traders’ strategies, and
therefore results in changes in market quality and traders’ welfare.

First of all, we discuss the effects of a smaller tick size within the
context of a limit order book and show that these effects depend on the
liquidity of the stock and on the underlying value of the asset. In this

respect, the model’s results show that for illiquid stocks market quality
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worsens with a smaller tick size, whereas for liquid stocks it improves.
Such effects are relevant for low priced stocks, whereas they vanish as the
price of the security increases. These results suggest that the objective of
tick size regulation should be the definition of a minimum price change
that is consistent with the stock’s main attributes and should be related
to its liquidity and price.

The model is then extended to include competition from an IP. This
dual-market model accounts for the changing nature of liquidity provision
around the world, which is now dominated by competition among regular
and dark markets, and in which a growing number of dark pools allows
broker-dealers to post limit orders at fractions of the tick size. This
extension is well suited to investigate the issue of sub-penny trading,
which is one of the main concerns addressed by the SEC in the April 2010
concept release on Equity Market Structure. Our model suggests that
sub-penny trading undertaken by broker-dealers on IPs can have negative
effects on the market quality for illiquid stocks, while it is beneficial to

the quality of the market for liquid stocks.

By drawing on our model we can also comment the conclusions of
the SEC Report on Decimalization (2012), which was required by the
JOBS Act (2012) and which states that "the Commission should not
proceed with the specific rulemaking to increase the tick size." The JOBS
Act advised the SEC to consider the possibility of increasing the tick

size for low priced stocks and of eventually undertaking a pilot program,
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under which some small and mid-cap stocks would trade at increments
greater than a penny. The objective of this proposal was to restore the
economic incentive to support liquidity for these stocks, that over time
had experienced a reduction of the inside spread. Our model reveals
that a greater tick size for illiquid low-price stocks could on the one
hand stimulate competition for the provision of liquidity and result in
smaller rather than wider spreads, while on the other it could lead to
an increase in broker-dealers profits from sub-penny trading. According
to our results, it would therefore appear that an increase of the tick size
would not necessarily restore the interest of liquidity providers for these

stocks.

Appendix A

A.1 Proof of Lemma 1

Proof. At any period ¢ # T, a trader selects his optimal strategy H;
by comparing the payoffs of all the strategies described in Table 1.2,
H; = {18,414 +1Bx —14,0}. Assume that pz(AiV’k’Nk) > 0.2 We
compute the threshold 8_;5 , between H; = —18 and H, = 0 by equat-
ing the profits from the two strategies (B — fv = 0) and we obtain

B_15 = %. Similarly, we compute the threshold between H, = —158

20To simplify the notation, we omit to write that all the execution probabilities are
conditional on St.
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N_p Ng

and H, = +14% and obtain 8_ 15 14, = % 1pZ(’?AN = Ni) - A’“;B. Un-
pi

> 0, then 8_;5 14, < B_y5 and

der the assumption that p;( AN k,Nk)

hence there always exists a value for 8 € (8_15 14,,8_15 ) such that
H}(B,8;_1) = +14 . A similar result holds for the bid side. Clearly,
traders’ equilibrium (-thresholds, and hence strategies, crucially depend
on the state of the book which affects the execution probability of limit
orders. There are four possible scenarios. When there is room for limit
orders on both sides of the market, equilibrium traders’ strategies for

t £ T are:

1B lfﬂe [§761)

A if AN N
sy T A 61:85) . Pl . M);Ao
+1Bk~ lfﬂ S [63,65) & pt( k> k) 7& 0

_1A lfﬂe [65vﬁ]

(1.15a)

N_u.N M_ .M
h _ B Py (A k) JAx—B _ pi(A, k k)Ak‘H’t(Bk * k)Bk
w 61'661 — v N_§ Nk v ’6 - e AN—kNg M My, ’

1-p; (A ) e (Ak )+Pt(Bk )

p; (B, - k) A—B
1 t

= and ﬂ5 = = + .

v v 1_ t(BM_k Mk) v

full either on the ask or on the bid side, the equilibrium strategies are

L. When instead the book opens
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respectively:
_lB lfﬁ S [évﬁl)
: s/ AN—k;NEy _
H (3, S1) = 0 if 8 € [B81,0,) ” pt(AkM M) =0
+185 if B € [By, Bs) & pi(B, ") #0
—14 i B € [B5, 0]
(1.15Db)
18 if B € [B,B,)
An s s ( AN=k, Nk
HA(B,5,1) = +1 if 8 € [B1,082) " Dt (AkM M) #0
0 if 8 € [By,05) &pi(B, ") =0
—14 if B € [B5, 0

(1.15¢)
where (8, = % and 8, = %. Finally, when the book is full on both sides,

equilibrium strategies are:

1B lfﬂe[ﬁaﬂl)

* AN_k,Nk =0
H(B,S-1) = 0 ifpelf,fBs) i vl kM M)
. _ &pi(By ") =0
—1 lfﬂ S [6575]
(1.15d)

If p; (AR 5N = pr(By=M*) = 0, then H; (8, S:_1) = H3(8,5;_1). m

A.2 Proof of Lemma 2

Proof. As an example, we consider the ask side in period T' — 1; the

other cases can be derived in a similar way. At T — 1 limit orders have
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a positive execution probability on both A; and As only when the book
opens empty on both sides, S7_; = [0,0,0,0].2! In this case traders can
optimally select their level of price aggressiveness. Profits from the two

available limit order strategies are:

Hroy=+1% (A3 = Bv) - pp_; (42 |[1000]) = (A3 — Bu) - =42
Hroy=+1% 0 (A= Bv) - ph_y (41 ][0100]) = (Ar - Bv) - Z=2

A limit order at A; is optimal if 33 such that (4;—Bv)-p4_; (A1 ][0100]) >
max{By — fv, (A — Bv) - ph_,(A2][1000])}; in this case the threshold

between Hy_1 = —18 and Hp_; = +14* is smaller than the threshold

between Hr_; = —18 and Hy_; = +142. Specifically, as _,5 14, =
_ B pr_1(Ak|St) A,—By
Bilp=paan = T = g qagsy - oy i oorder for B_ys g4 <

B_15 14, the lower selling price (by one tick, 7) must be compensated by

a higher execution probability. As p¥._;(A;([0100]) —pk_;(A2][1000]) =

E;U_Al . E;U_AQ — _ T
B=Bv  (B=B)v (B=B)v
size, for Hy_; = +141 to be an optimal strategy,

is an increasing function of the relative tick

I
v

7 7 — Bu)- Bv=AL _ (4, — By). Bu=A: _
I, where I solves (A1 — fv) Fp) (A2 — Bv) G—p)v 0. m

must be larger than

A.3 Proof of Proposition 1

Proof. We consider the illiquid stocks for which the book opens at

T — 2 as [0000]. We analyze first a LM where at T — 2 traders’ strat-

21From here onwards, to simplify the notation, we omit commas, i.e., [0000] repre-
sents an empty limit order book.
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egy space is {18, +142 4141 4181 411B2 14 0}; each strategy cor-
responds to an opening book at T — 1 equal to [0000], [1000], [0100],
[0010], [0001], and [0000] respectively. Consider the book that opens
at T'— 1 with one share on As, i.e., [1000]. Traders’ strategy space is

{18 4141 1B 182 14,0} and the corresponding payoffs are:

Hy_,=-18 : By — v

Hr_i=+14 ¢ (A1 — Bv) - p4_,(A1][1100])
Hr_y=+18 : (Bv— By)-ph_,(B1][1010])
Hr_y=+1% : (Bv— Bs)-pp_;(B2|[1001])
Hpy_1=-14 : Bv— A,

Hr 1 =0 : 0

where the execution probabilities are given by (1.6) and (1.7). After

comparing these payoffs, we obtain the equilibrium strategies at 7' — 1

that depend on the relative tick size 7, as shown in Lemma 2. If the

relative tick size is small such that traders are not aggressive and post
limit orders at higher levels of the book, the equilibrium strategies at

T — 1 are given by Eq. (1.8):
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—-15 ifpge [B,B1.7-14,,B=8B,)

+14v if B € [By -1 |A,.B=Bs s Ba1—
H}Iijg(ﬁ, [1000]) _ | [ 1,7-1 | 1,B=B> 3,7—-1 |A1,Bz)
+152 if B e [Byr 1 1a1,By P51 |a=4s.B,)

—14 if e [65,T71 |A:A2,BQ ) ]

Bs pr_1(A1][1100]) A, —B

— 2 —
where 81 71 ]a,,B=B, = 72 — T—pr._, (A, ][1100]) 2 Baro1 Ay =
Pr_1(A1|[1100]) A1 +p7 4 (B2|[1001])Bs

pr_1(A1][1100])+p7._, (B2][1001]) v

_ Ay pr_1(B2|[1001])  A,-B, .
and B5 1 1 la=a,B, = 5%+ b (B, ][T001]) —=2_ This allows

us to compute the execution probability of the strategy Hp_o = +142

that turns the book into [1000] at 7" — 1:

Pialds f000]) = Efermlasan
55,T_1|A=A2,BQ _Bg)T_1|A1,BQ * A
+ 35 -pr_1(A2][1001])
+461’T_1|%i§=32 £ -pp_1(A2[[1000])

The first term is the execution probability at 7" — 1, whereas the other
two represent the execution probability at T'. Similarly, we compute the
execution probabilities for the other order types to compare all possible

trader’s payoffs at T' — 2:
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Hy o=-18 : By—pv

Hy_y = +172 (A2 = Bv) - pp_,(A2[[1000])
Hr_p = +1% (A1 = Bv) - pp (A1 [[0100])
Hr_s=+121 : (Bv—By) - pi_y(B1 |[0010])
Hr_p = +17 (Bv — Bz) - p7r_5(B2 [[0001])
Hr o=-1%4 : po— Ay

Hp =0 0

Hence equilibrium strategies at T — 2 are:

—-15 if B e [ﬁ’ﬁl,T72 |A2,B:Bz)

+1A2 if 5 € [51,T72 |A2J3:B’2 7ﬂ3,T72 |A2,Bz)

H3EA(8,10000]) = _
+172 if g e (Bsr—2A2,Bs s B517—2]a=4,.B,)

7]_‘4 if 6 S [657]‘,2 |A:A2,BQ 73]

B Pr_o(A2([1000]) A -B

where ﬂl,T—Q |A2,B:Bz = % T T-pi_,(A|[1000]) ) ﬂBT 2 |A2732 =

P _o(A2|[1000]) As+p7_5(B2|[0001])Bs 3 | B 7+ Pp_o(B2|[0001])
Pi_5(A2|[1000])+p_,(B2|[0001]) v’ F5,T—2[A=A2,Bz = 1—p%_,(B2[[0001])

A*Bg

=22

When instead 7 is large, submitting limit orders on the first level of

the book becomes an optimal strategy, and the equilibrium strategies at
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T — 2 are derived from a modified version of Eq. (1.15a):

—1% if B (B, 8172 |a.B=8,)

+14t if B e (B117—2141,B=B, s Ber—2|A:.45)
+142 i B € [Bep_olasa. Bsr o lanB,)
+1B2 ifge (Bsr—2A2,B2 s Br17—21B1,B2)

+18v it B € [Brr 9|BiBy »Bsrola=as.B,)

HzH5(8,10000]) =

A : )
-1 if 8 € [B51-2|a=4,8, 0]

_ Pr—2(A1[[0100] ) A1 —pF_5(A2]|[1000] ) A2 1 _
where BG,T—Z |A17A2 = T pir_L(A1][0100])—pi_,(A][1000])  wv® B7,T—2 |B17BQ =
pr_5(B1][0010]) B1 —p7_5(B2|[0001])Bs 1

Py _o(B1][0010] )—p7._,(B2][0001]) v’

We solve the same problem for the SM and directly present the
equilibrium strategies at 1" — 2 for the case with an empty book, that we

indicate with S; = [0], and a small relative tick size value, 7:

—1° if € [ga/gl,T—Q |a5,b:b5 )
+19s lfﬁ S /6 —2 las,b=b 76 —2 las,b
T e
+1% if g e [ﬁg,T_Q |a5,b5 765,T—2 |a:a5»b5)
—1@ lfﬁ S [55,:[1_2 |a:a57b5 aB]

When instead 7 is large, the equilibrium strategies at 7" — 2 are
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modified as follows:

—1° if B € B, B1,7—2 lar,b=bs)

+1%if B € [By 12 las,b=bs > B6,7-2 lar,as)
+1% if B € [Bo.r—2 las,as » B3r—2 las,bs )
+1%  if B € [Bsr 2 lasbs »Brr—2 lbibs)
+10 if g e Bz 1216165 »B5.17—2 la=as,b1 )

—1¢@ lfﬂ c [ﬁS,T*Q |a:a5,b1 73]

H725 (8,10]) =

To compare the LM with the SM in terms of liquidity provision and
executed volume, it is sufficient to compare the thresholds that make
the trader indifferent between submitting a market order and the most

attractive among the available limit order strategies:

~LM .
_ _ Ay | Pr_1(BelST—1) A,-B,
Bsr—2la=a,B, = ngxﬁapz la=4,,B, = I%?}CX{ PR ey 0l ey M

~SM bt b ]S
_ _ as pr 1 (bilS7—1)  as—b
ﬁ5,T—2 |a:a57bz - IIIbEl%Xﬁ57T72 |a:a57bz = Inb?x{ o T 1—p%_,(bi[S7—1) v }

After substituting the equilibrium execution probabilities, we find that for

~SM ~LM
a market buy order 51 5 la=as.b; < B57-2/A=4,,8, , and for a market

~SM ~LM
sell order By 1o |a;b=bs > B1.1-2]a,,B=B,. Consequently, volume is

higher in the SM:
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- 3SM ~SM

VLY, = ﬁ%’%‘fﬁ“:c‘s’” + 2 v =
E—EéﬂT{ﬂA:AQ,Bk Bf¥,2|Ak,B=BQ -8 LM
T . A 2 _VL
> 55 + 55 VL1Z,

When the book opens empty at T'—2, no trading (Hr_o = 0) is never op-
timal and hence in this single market model the submission probabilities
of market and limit orders are complements. Thus, as VLM, < VLEM,
we obtain that LPEM, > LP2M, Furthermore, inside depth is equal to
both total depth and liquidity provision, DPIy_o = DPTp_o = LPp_o,
where:

T2

Bs,r—a—
LPT_2 = T %7 *

|| ™)
—

Consequently, also total and inside depth are lower in the SM: DPIEM, =

DPTEM, > DPI?M, = DPT2M,  Finally, in order to compute the

spread, we consider two cases. When T is large, we obtain:

SPiM = FE[A- B
- ~ BG,T,2‘A1,A2 _/Bl,T—2‘A2,B:B2 55,T72|A:A2,B2 _67,T—2‘31,B2 )
= 37 55 + 55 )T
_ ,BGYT,Q‘al,a5 *ﬁl,T72|a1,b:b5 ﬁ5,T72|a:a5,h1 *B73T72|b1,b5 . 477-
< 3r( 55 + 55 ) 3
S
= SPTyZ

,36,T—2|A1,A2 _Bl,T—2|A2J3=BQ

where, for example, 55

is the probability of a
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,35,T_2|A=A2,52 —,37,T_2‘Bl,32
=8B
ability of a limit buy order posted at B;.When instead 7 is small, so that

limit sell order posted at A; and is the prob-

traders in equilibrium post limit orders only at As = a5 and By = b5, we

obtain that SPFY, = SP3M, = 37.

The proofs for liquid, [0110], and very liquid stocks, [0220], are ob-
tained following the same procedure and are available from the authors

upon request. |

A.4 Proof of Proposition 2

Proof. We provide a proof for liquid stocks, i.e., a PLB that opens at
T — 2 as [0110]. The proof for illiquid stocks follows a similar procedure

and is available from the authors upon request.

1) Liquid stocks, transparent IP

When the IP is transparent, regular traders’ (RT) equilibrium strate-
gies depend on the initial state of the IP. We consider two cases: an empty
IP, [0110]&]0], and an IP with one share on the first level of the book,
[0110]&[1]. To obtain market quality indicators that are comparable with
the opaque IP case, we take the average of the values obtained for the
two cases.

(1.1) When the opening book is [0110]&[0], at T' — 2 the overall

trader’s strategy space, considering both broker-dealers (BD) and RT, is
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{—18,41%, 417, 14,0} with i = Ay.2 and Bi.2, j = a1.5 and by.5. There-
fore, at the beginning of T' — 1 there are 17 possible states of the books:
one share added to the i-th level of the PLB and no shares added to the
IP (4 cases), one share added to the j-th level of the IP and no shares
added to the PLB (10 cases), one share taken from the PLB (2 cases)
or no trading (1 case). We compute the optimal equilibrium strategy
for different types of traders conditional on each case. Because at T all
traders can observe the best available price, the equilibrium strategies of
RT and BD are the same (market orders only). As a result the orders’
execution probabilities at T'—1 do not depend on the type of trader arriv-
ing at T, for example: piPT(A|SELE SIP ) = prBD(A,|SELBE SIP ) =
i (Ag|SELB SIF ). Suppose H% , = +142 so that at T'— 1 the book

opens [1110]&[0]. If a RT arrives, his payoffs are:

HT_1 = 713 . B1 — BU
HT—l = 71A : IB'U*Al
HT_1 =0 : 0

and his equilibrium strategies are:

—18 if B € (8,877 1 |B=5,)
Hi (8, 11101&[0) =< 0 if Be [, |pop, , B0, [aca,)

14 if B e [BET_ i |aza, Bl
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By using the optimal 8 thresholds associated with these strategies,
we compute the execution probability Hp_o = +142 conditional on a RT

arriving at 7' — 1:

P (A2 [[1110&[0])

= "y "Pr—
If instead a BD arrives at T'— 1, his payoffs are:
HT_1 = —lB : Bl - ﬁ’l}
Hr_y =41 : (a—pv) - pj_ 1(al|S —1 aS 1)
Hr oy =+1" : (Bv—="b)-pr_  (0]|STEP, 572 5)
HT—l = —1A : ﬁ’U—Al
HT—l =0 : 0

and his equilibrium strategies are:

15 if B € (B,B77-1 lar.B=5,)

+1m if B e [P 1T 1lar,B=B, 7ﬂ2T 1las,as)
4192 1f,36[ QT 1 las,az 7ﬂ3T 1laz,b5)
+1b2 if B e [/63,T—1 laz,bs 754,T—1 lb,b2)
+10 i B [BER b BER lacaie)

—14 i B e BB |acarn Bl

H:BP(5,[1110]1&[0]) =

It follows that, conditional on a BD arriving at T — 1, the execution
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probability of the limit order posted at As is:

* 57 B?—l =A1,01 *
PR (A [n110]ef0]) = TEE b e ()],

We compute the total execution probability of the limit order posted

at Ay at T—2 as the weighted average of the two conditional probabilities:

Pr2(A2[[0110]&[0]) = api?5 (A2 [[1110]&[0])+(1—a)p7 ™5 (A2 [[1110]&[0])

Similarly, we compute the equilibrium strategies for all the other
possible states of the book at T'—1 and obtain the execution probabilities

of the different order types available at T' — 2.

If a RT arrives at T—2, his strategy space is {—15,+142 +141 4151

+1B2,—14.0}. His payoffs are:

Hp_o=—18 : By —fu

Hp_p =+1%  : (Ap — o) - pi_y(Ax][0110]&[0])
Hp_ o =+1% : (Bv— By) - pj_o(Bx|[0110]&[0])
Hp_o=—-14 : fo—A,

Hy =0 .0

where, for example, ph_,(A1][0110]&[0]) = apiFL (A1 ([0210]&[0]) + (1 —

a)piBD (A1 ][0210]&([0] ). By comparing these payoffs, we obtain:
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H5 (8, [0110]&[0]) =

+14
+172

71

if B e [ﬁv ﬁﬁgf2 ‘Az,B:B1 )

. RT RT

if B e [51,T72 |4, B=B, B3 12 |45.B, )
. RT RT

if B e [53,T72 |4,.B, s B5 12 la=A,.B,)

1fﬁ € [52;72 |A:A1,B2 73]

If instead a BD arrives at T — 2, he also selects a trading venue.

Thus his strategy space is {—18,+1% +17, —14,0} with i = A;.5 and

Bi.2, j = a1.5 and by.5. His payoffs are:

Hp o =-18
Hp_ o = +14
Hp_o =+1"
Hp_y = +1%
Hp_o = +1Bk
Hrp o= —14
Hr_5=0

B2 — B’U
Ak — Bv) - p_5(Ax[[0110]&[0])

a; —

(

(

(Bv = bi) - pp_5(b][0110]&[0])
(Bv = By) - 75 (Bi|[0110]&[0])
B — Ay

0

fv) - Pr_o(@[[0110]&[0])

where for example p%_,(a;/[0110]&[0]) = apiB8(a; |[0110]&Q% =1) +

(1—a)piFL(a; [[0110]&Q% = 1). If he submits a limit order to the PLB,

his order’s execution probability is the same as the one of RT. His equi-
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librium strategies are:

—18 i B € (B, BTV s lar,B=B1)

+19 if B¢ [ﬁlT 9 lay.B=B; 7ﬂ2T 2 lay.as)
+1%2 if B e [BQT 2 |ar,a0 752T 2 las,45)
+142 i B € [BEP 5 las,as » B2 | 40,8,
+182 if B € (857 5 | a0.Bs » Bir—2 |Barbs)
+1%2 if B € [BLP o ok » B2 lbaby)
1% i B € [BLP o bk s Bor—ala=ai b, )

—].A lfﬁ € [555_2 |A:A1,b1 73]

HP2(8,[0110]&[0]) =

At T — 2 expected volume on the PLB is:

VILELE ((01101&[0])= a[Pr (H;25= —14)+ Pr (H;PD = —1P1)]

+(1 = a)[Pr(H¥ = —14) 4 Pr(H = —1P1)]

— (BlyT_2|a1,B:Bl 7@ + B*ﬁgg_glA:Al,bl )

-8 -8

5571:_2|A2,B:Bl B Bfﬁ§§_2|A:Al,BQ
+(1 —a)( 73 + e )

Because there is no volume executed in the IP, we obtain that:

LPFEB([0110)&[0]) = 1 — VLEEB([0110]&[0]) — LPLEE,([0110]&[0])
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We also compute the other market indicators for the PLB:

DPIFLE([0110)&[0]) = 2 — VLEED([0110]&[0])
DPTELE([0110)&[0]) = 2+ LPFEB([0110]&[0]) — V LELE ([0110)&[0])
SPFEZ([0110)&[0]) = T{LPFEP([0110]&[0]) + LP+Z,([0110]&[0])}

+27V LEEB([0110]&(0])

(1.2) When the opening book at T — 2 is [0110]&[1], we derive the

equilibrium strategies for both a RT and a BD in a similar way:

—1b i B e [8, BT 2 lB=b,)
HR5(8,[01100&[1]) =< 0 if B € [BFE_, (s, BEE 5 azar)

—-1* ifpge [5?,%:—2 |A:a1 77]

—1° i B € [B, 877 2 lar.B=b,)

. BD
+1% if g € [ﬂLT_Q |a1,B:b1 ,ﬂgg—Q |a1,b1 )
+1% i B € (B o larbn BET -2 |a=arbr)

—1@ if ,8 S [ 5B7'1L“)_2 |A=a1,b1 77]

HiP5(B,[0110)&[1]) =

We also compute the corresponding market quality indicators:
VLEEB([0110]&[1]), DPIEEB([0110]&(1]), DPTELE ([0110)&[1]), and

SPFEB([0110]&]1]).

(1.3) The market quality indicators for the transparent IP case (T)
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are equal to the average of those obtained in (1.1) and (1.2). For example:

VL?LET V LEEB([0110]&]0]) N VLELEB([0110])&][1])
2 2
We compare these market indicators with those obtained for the single
market model. We first analyze separately the two cases, and start with
[0110]&[0]. Without broker-dealers (a = 0), the PLB&IP model con-
verges to the single market model. When « is positive, instead, limit
orders submitted at T' — 2 have a lower execution probability in the
PLB&IP model, as they are more frequently undercut by BD. There-
fore both BD and RT submit market orders with a higher probability.

From Proposition 1 we know that:

~LM - SLM

ﬂlT 2|Ag,B= 317§ BBST 2|A=A1,Bg
VLT 9 = 55 + 3-8
So we obtain that:
~LM

51T 2lAyB=B, > »BlT 2 lay.B=B, > B11_2lA,.B=B;

RT ~LM
B olacanB < BEp_sla—ai < Bsr_ola—a.B,

This implies that V LEEB([0110]&[0]) > VLEM, Tt is straighforward to
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show that:

LPFLP([0110)&[0])) < 1-—VLELB(j0110]&[0])) < 1 — VLEM, = LPEM,
DPIFEB([0110)&[0]) > DPIEM,
DPTEEB(j0110)&[0])) > DPTEY,

SPELB(j01101&[0)) < SPEM,

In the case with [0110]&[1] all incoming market orders at T — 2 are ex-
ecuted in the IP, so that VLLEB([0110]&[1]) = 0. Furthermore, limit
orders are only posted to the IP as on the PLB they have a zero execution
probability. It follows that LPEEE([0110]&[1]) = 0 and SPEEB([0110]&[1]) =
T.

Averaging over the two cases, [0110]&[0] and [0110]&[1], we ob-
tain VLI'DT < VLEM, LPIPT < LPEM DPID'DT > DPTEM,

PLB,T LM
SPL=)7 < SPgY,.

2) Liquid stocks, opaque IP

In this proof we only highlight the differences with the transparent
IP framework, therefore we focus only on RT. Consider again the PLB
that opens [1110] at T'— 1. If a RT arrives, he will infer the state of the
IP from the observed PLB. The RT knows that Hp_o = +142 is never
an equilibrium strategy for a BD if the state of the IP is [1]. So he will

update the probabilities associated with IP = [0] and IP = [1] from 1/2
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to:
Pe(SIT, — ISP — o))
*RT *BD
- slaPr(Hp = +1%) + (1 —a) Pr(H} )= +142)] > 1
laPr(H = +1%)+(1 — ) Pr(H;2 5= +142) ~ °
Pr{S{’, = [1]|SFEE = [1110]}
3(1— @) Pr(H;25= +142) 1

LaPr(HY = 4142) (1 — ) Pr (H}PD = +142)

To select his optimal trading strategy, he will then compute his ex-

pected payoffs using the Bayesian updated probabilities. For example:
Hy_ = —18: By Pr{SE, = [0]|[1110] }+b; Pr{SIF, = [1]|[1110] } - Bv

A similar reasoning applies to a RT arriving at T, his payoffs are:

Hr=-18 . E(B|Sr—1,hr_1,hr—2) — pv
Hp=-14 : pBv—E(A|Sr—1,hr—1,hr—2)
HT =0 : 0

where E(B|St_1, hr—1, hr_2) is for example the expected execution
price of a market sell order given the actual state of the book and the
order submissions observed in the previous periods. Differently from the

transparent IP framework, here RT and BD strategies are not the same
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at T'. Finally, to analyze the changes in the PLB after the introduction
of an IP, we compare the market indicators with those computed both in

the proof of Proposition 1 and the case with a transparent IP:

DPIL*PT > DPINPC > DPIEY,
pPTfEET > DPTEEPC > DPTEY,

PLB,T PLB,O LM
SpPEBT o gpPEBO o gpLM

A.5 Proof of Proposition 3

Proof. Following Eq. (1.13) and (1.14), we define the change in welfare

as:

YEW =Wy = (D)X=l feqpm——1is, -y [ (B)dB

t

+ Z |Z - U| : fBe{B:Ht:+1i|St,1 }p:(l |St) : f(/B)dB

where, for example, in the single market model |i—v| takes values {%, %T

for the LM and {, %T, %T, %, %T} for the SM. The results in Tables 9
and 10 come from a comparis comparison of both the equilibrium welfare
and the change in welfare with respect to the FB for different values of

Tand v. m
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Chapter 2

Learning to Use Private

Information

2.1 Introduction

In finance literature, private information as a source of short-term
volatility in stock price has been widely modeled and extensively studied.
Informed traders’ decisions to buy or sell stocks could reveal their private
information. Even if buy or sell orders do not get executed the uninformed
traders could extract such private information from the order flow. This
is a classic paradigm in the market microstructure literature (Glosten and

Milgrom (1985), Kyle (1985), Easley and O’Hara (1987), Glosten (1994),
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and McLoughlin (2012)), in which informed traders need to make the best
use of their information and find a proper trading strategy. To understand
how informed traders use private information strategically, this paper
distills this situation into a two-player, two-stage asymmetric information
game; in this game, only one player is informed of the exact payoff matrix
at the beginning while the uninformed one knows two possible payoff
matrix, and the actions in the first stage are observed by both players
before the second stage starts. As players’ actions in the first stage are
observed, the uninformed player “infers” which of these two payoff matrix
is played in the current round and acts accordingly. In equilibrium, the
informed player plays a mixed strategy in the first stage and undertakes

the stage-dominant action in the second stage.

Feltovich (1997; 1999; and 2000) (hereafter, F97, F99, and F00 re-
spectively) first studied this game in the laboratory. His results suggest
that the informed players slowly learn to use the private information in
a strategic way. Also, F97 and FOO compare the relative performance of
two competitive learning models which are widely explored in the litera-
ture: the reinforcement model (Roth and Erev (1995) and Erev and Roth
(1998)) and a two-parameter family of belief-based models adapted from
Fudenberg and Levine (1995) and Fudenberg and Levine (1998). In this
paper, we modify Feltovich’s design, borrow a hybrid learning model, i.e.
Experience-Weighted Attraction Model (Camerer and Ho (1999), here-

after CH99) which embraces these two models, and explore the following
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questions that have not been addressed: 1) Do informed and uninformed
players behave differently in the learning process?; 2) Does an increased
payoff in the second stage accelerate the learning process? If so, how
would these two different informational roles be affected? ; and 3) how
do players learn from their experience? Do they evaluate different pieces

of information of past plays equally?

F97, F99 and F00 adopt a fixed matching protocol to define a pair
of players as the study unit, and assume that the different informational
roles share the same sets of behavioral parameters when modeling. We
relax this by arguing that the various informational roles would (might?)
make players learn differently and the fixed pairing might not be an ideal
environment for studying the process of learning due to strategic think-
ing. On the one hand, the most salient feature of this game, compared to
other normal form games studied extensively in the learning literature,
is the following asymmetric task for different roles: the informed player
needs to do an intertemporal (cross-stage) optimization while the unin-
formed player does not. The perceived higher expected payoff for the
uninformed player intuitively causes passive learning. Therefore, their
learning speeds are hypothetically different. On the other hand, when we
randomly match players, an informed player’s experience will be based
on his interactions with a group of uninformed ones, so he is expected
to behave less strategically. We believe that this reaction is common in

our game of mixed-strategy equilibria and random pairing fits the stock
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trading situation by which this paper is motivated. Therefore, to accom-
modate the specific features of this game and to study different learning
speeds for two groups of players, we change the matching protocol from

a fixed pairing into a random one.

In our new game, the payoffs in the second stage double. Though the
theoretical predictions for the informed players remain, our experimental
results show that increasing payoffs in the second stage provides stronger
incentives and induces faster learning. The behavioral parameters that
the EWA model estimates also qualitatively show different impacts of
such incentive increment on different informational roles, and confirm

our intuition of a passive learning for the uninformed players.

As Camerer (2003) points out, tracking information acquisition is a
good way for judging which learning theory is the best due to different
minimum information requirements for the updating rules assumed in
different models. Adding to Feltovich’s research, we introduce the possi-
bility of acquiring the history of past plays into our design. A novelty in
our design is that the subjects can freely choose the information he/she
would like to look at. We track their information choices and define their
updating patterns' accordingly. In this game, we find that subjects are
inclined to update their beliefs by looking at their partners’ past actions

and payoffs, which is consistent with a belief-based model. Ideally, the

1To distinguish from the updating rule assumed in different learning theories, we
use the term “updating pattern” for the one defined by information acquisition.
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learning theory should be supported by both information lookup choices
and behavioral choices. To characterize individuals’ actions in the game,
we adopt a modified individual EWA (Ho, Wang and Camerer (2008)). It
takes the first ten rounds’ individual empirical frequencies and magnifies
them by an endogenous multiplier to determine the initial attractions. In
this way, we achieve a good compromise that not only considers a common
criticism arising from aggregating heterogeneous data for the uniformed
learning model estimation, but also avoids the estimation difficulty at
the individual level. We find that the dominance of seemingly “fictitious
play” matches to the majority of belief-based updating type. In con-
clusion, the measures of individuals’ information acquisition do provide
some indirect evidence on how players learn in a game, and tracking in-

formation acquisition can be considered as a useful tool to study learning.

In the rest of this paper, we first survey the related literature on
the role of information in learning in Section 2.2. In Section 2.3, we
briefly discuss the properties of the game and three learning theories, and
afterwards we present our experimental design in Section 2.4. Sections 2.5
and 2.6 demonstrate our results on information acquisition and learning

behavior. Section 2.7 concludes.
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2.2 Experimental Studies of Information in

Learning

To characterize whether and how the deviations from equilibrium dis-
appear dynamically, game theorists have studied extensively the learning
processes in a variety of games. Different theories have been proposed,
and the two leading branches are the reinforcement model (Roth and Erev
(1995), Erev and Roth (1998)) and the belief-based model (Fudenberg
and Kreps (1992); Fudenberg and Levine (1995); Fudenberg and Levine
(1998); Crawford (1995)). The main difference lies in the assumption of
player’s adjustment rule. Camerer and Ho (1999) propose a sophisticated
model that incorporates these two, i.e. Experience-Weighted Attraction
Model (hereafter EWA). By parameter restrictions, EWA can be reduced
to either a reinforcement model or a belief-based model. It generally fits
better than those two reduced ones. One subsequent variation of EWA
in Chong, Camerer and Ho (2006) (CCH2006 hereafter) takes into ac-
count the players’ sophistication, and proposes a model with a mixture
population. The strategic sophistication in their incomplete information
game differs from the intertemporal optimization here. In their game,
the payoff does not have a constant sum, thus the strategic “teachers”
sacrifice short-term interests up to some stages would be compensated
in later stages. By contrast, our game is a constant sum game, and for

each stage either the informed one or his uninformed partner gets a non-
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positive payoff. Any “teaching” behavior cannot be compensated by the
future plays. Our research focuses on different updating rules rather than

the different levels of the strategic sophistication.

Other than the incomplete-information game in CCH2006, most
studies on learning concentrate on a variety of normal form games.2
Camerer (2003) provides a comprehensive review on these studies. Among
them, F97, F99, and F00 are the first to study learning within a two-stage
game with asymmetrically informed players. Based on his works, we
modify the experimental design, track players’ information acquisition,
understand players’ updating patterns and study their learning behaviors

in this two-stage asymmetric-information game.?

Tracking information search has been adopted to examine strategic
thinking in several works (Camerer, Johnson, Rymon, and Sen (1993),
Johnson, Camerer, Sen, and Rymon (2002), Costa-Gomes, Crawford, and
Broseta (2001), Costa-Gomes and Crawford (2006) and Brocas, Carrillo,
Wang, and Camerer (2010)). Subjects are invited to play games with
the payoff information shaded. When they intentionally acquire payoff

information (either move the mouse into game boxes to reveal payoffs

2Such as centipede game by McKelvey and Palfrey (1992); constant-sum game,
Mookerjee and Sopher (1994;1997); coordination game, Van Huyck, Battalio, and Beil
(1990;1991); a 2x 2 game with one mixed-strategy equilibrium Ochs (1995) and Nyarko
and Schotter (2002); Cheung and Friedman (1997) focus on individual heterogeneity
and analyze four games, i.e. Hawk-Dove, Coordination, Prisoners’ Dilemma, Buyer-
Seller and Battle of the Sexes.

3Following Feltovich’s (97, 99 and 00) work we call this game as asymmetric-
information game rather than incomplete information game; this also distinguishes
itself from the incomplete-information game studied by CCH2006.
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or click or click-and-hold the mouse), their search paths are tracked.
Such information search behavior potentially provides the experimenters
with evidence of the subjects’ cognitions. Crawford (2008) summarizes
these findings and argues for the methodological value of information
acquisition measures.

By contrast, most of works in learning literature take information as
experimental treatment (such as Cheung and Friedman (1997), McKelvey
and Palfrey (2001) and Nyarko and Schotter (2002)) and compare indi-
viduals’ learning behaviors under different information conditions. We
believe that restricting players’ information can potentially change their
reasoning for each round, and consequently alter their behaviors under
the condition where no restrictions have been imposed. In our design,
we allow subjects to freely choose what they would like to know if any.
This environment would provide a seemingly low-information condition
which helps to discriminate among different theories; meanwhile it offers
the possibility of a high-information condition rather than imposing one,
so it does not distort players’ behaviors. To the best of our knowledge,
few works on learning have applied this methodology. Salmon (2004) is
the closest one to our work. It examines a 4 x 4 constant-sum game with
mixed strategy equilibria. He resorts to a non-standard experimental de-

sign* to find rule learning in his game. Knoepfle, Wang and Camerer

4Salmon (2004) collects subjects’ answers on how they make move decision and
how information is related to their decision. The author asks the question every 10
rounds, which allows him to track subjects’ dynamic mind. He maps these answers
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(2009) and Tang (2001) also have the information of past plays available
during plays, but the former paper focuses on comparing the eye-tracked
group with the control group and the latter one reports few information

acquisition.

2.3 Theory

2.3.1 The Game

In financial market, private information related to the fundamen-
tal value of a stock is aggregated into price in the long run, while in
the short run stock trading can be roughly considered as a constant-
sum game and an informed trader needs to find a proper trading strat-
egy in order to make the best use of the information he holds. The
asymmetric-information game, first examined theoretically by Aumann
and Maschler (1995) and later by F97, F99 and FO00 in the laboratory,
can capture this feature vey well. In Aumann and Maschler’s analysis,
this repeated constant-sum game requires that an informed player fully
reveals his private information in the long run. However, in the short
run (two-stage case in Feltovich’s experiments) it is optimal for him to
play a mixed strategy, in which he hides/reveals his private information

randomly. This experiment helps to understand whether the informed

into different decision rules, points out that the decision rule is changing dynamically
and concludes that the learning rule can be described best as a Win-Stay-Lose-Go
learning rule.
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trader is able to exploit his private information in a simple and repeated
setting, and potentially provides insights on the general belief that the in-
formed traders make profits from private information. A two-stage game
is parsimonious to implement our research goal.

This asymmetric-information game has a payoff matrix shown in
Table 2.1. The sum of the payoffs in the first stage is one and that in
the second stage is a(> 1) . In an experimental session, such two-stage
game is played many rounds. The game structure and the payoff function
are common knowledge. At the beginning of each round, Nature chooses
the states LEFT and RIGHT with probabilities (p, 1 — p); the row player
is informed of the true state and hereafter called the informed player,
while the column player (hereafter, the uninformed player) knows only
the distribution. Two players decide simultaneously their actions. At
the beginning of the second stage, both of them are informed of their
partners’ actions in the first stage but not payoffs. Sum of the payoffs in
these two stages is realized at the end for both players. For our research
purpose, we take p = 0.5 where the two states are symmetric and a = 1
and 2.5 For simplicity, we denote the game as G(a).

The action in this game is to choose A or B, and whether a choice
can bring a positive payoff depends on the true state and partner’s action.

The probability of stage-dominant action in the first stage is denoted as

5In Auman and Maschler(1995) analysis, the payoff matrix in the first stage is
repeated for the rest, i.e. a = 1. Feltovich’s experiments have two treatments: p = 0.5
and 0.34 with a = 1.
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Table 2.1  Payoff Matrix for a Two-Stage Asymmetric-Information Game
LEFT Table (p) RIGHT Table (1 — p)
1st Un- Player 1st Un- Player
A B A B
Stage Informed | A 1,0 0,1 Stage Informed | A 0,1 0,1
(choice) Player B 0,1 0,1 (Choice) Player B 0,1 1,1
2nd Un- Player 2nd Un- Player
A B A B
Stage | Informed | A a,0 0,a Stage Informed | A 0,a 0,a
(choice) Player B 0,a 0,a (Choice) Player B 0,a a0

P(sday), which is the average of P(sdaj|L) and P(sdai|R) weighted
by the frequencies of LEFT and RIGHT respectively. Similarly, P(sdas)
denotes the probability of playing stage-dominant action in the second
stage; P(brer| A) is the uninformed player’s probability of best response
to completely revealing following an informed player choice of A; Similarly
for P(brer| B). The weighted average of these two is P(brer). Table 2.2
summarizes these notations and Table 2.3 lists the theoretical predictions

of the games we are interested in.

We can easily read from Table 2.3 that G(1) and G(2) have mul-
tiple equilibria, respectively, in which the theoretical predictions of the
informed player’s behaviors are exactly the same. When the states of
LEFT and RIGHT occur with equal probability, the optimal strategy for
the informed player is to play a mixed strategy (0.5, 0.5), and it is also

interpreted as hiding/revealing information with equal probability in the
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Table 2.2 Notations

Meanings: "Probability of ..."

stage-dominant action in the first/second stage of the LEFT matrix for Player 1

stage-dominant action in the first/second stage of the RIGHT matrix for Player 1

best response to completely revealing following a P1 choice of A for P2

best response to completely revealing following a P1 choice of B for P2

stage-dominant action in the first/second stage for Player 1

best reponse to completely revealing for Player 2 at the second stage
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first stage. In the second stage playing the stage-dominant action (re-
vealing the information) does no harm at all. In this way, the informed
player optimally maximizes his total payoff of two stages. If the informed
player always reveals his private information in the first stage in the hope
of getting a positive payoff, it does not help him to maximize his total
payoff if his partner would best respond to his actions. Being myopic in
this repeated setting cannot fully exploit the information value. This is
a crucial difference from other games in learning literature that does not
require players to consider intertemporal optimization. Regarding the
uninformed player, his optimal strategy is to choose A or B randomly in
the first stage following the distribution of true state, and to best-respond
to his observations over his partner’s action with a certain probability.
Our experimental results show shortly how differently the subjects be-
have in G(1) and G(2) though the theoretical predictions of these two

games are similar.

2.3.2 Learning Models and Information Lookups

Adaptive learning model describes how players adjust their deci-
sions over time in response to their experience with analogous games.
An adaptive learning model has two main components: players’ interac-

tion patterns and players’ decision adjustment in response to experience.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



101

Corresponding to different adjustment rules, there are three main classes®
of adaptive learning models: reinforcement learning, belief-based learn-
ing and EWA learning. FEach theory has different minimum information
requirement.

Reinforcement learning (RE) is a completely unsophisticated model
with correspondingly low information requirements. It begins with ini-
tial decision propensities, taken as random or uniform over all decisions,
and updates them each round in response to the player’s realized pay-
off, raising the propensity of the decision played in proportion to the
realized payoff. The propensities then determine the probabilities with
which the player plays his pure decisions. Players care about the payoffs
those strategies yielded in the past, and they do not generally have be-
liefs about what others will do. Therefore players’ own previous choice
and previous payoffs are the minimal information requirement for the RE
model.

By contrast, belief-based models (BE) such as best-response dynam-
ics and fictitious play (Fudenberg and Levine (1998)) are more sophisti-
cated, with correspondingly different information requirements. It begins
with a set of initial beliefs about others’ decisions, usually taken as de-
termined by the structure, i.e. both own and others’ payoff functions.

They then update beliefs each round in response to others’ observed de-

6Camerer (2003) provides descriptions on other variants such as sophisticated
teaching (Camerer, Ho, and Chong 2002), anticipatory learning (Selten 1991), and
rule learning (Stahl 1996).
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cisions.” If future influences are negligible, beliefs determine decisions
via expected current-payoff maximization. Depending on his type, the
player may need to know own and others’ payoff functions to determine
initial beliefs. Current beliefs are a function of the entire history of oth-
ers’ decisions, but all the most recent decisions can be stored in a state
vector that includes the previous round’s beliefs and, as a measure of pre-
cision, the number of observations they are based on. Updating requires
at least others’ current decisions and possibly their entire histories; and
the player also needs to know his own payoff function to determine his

optimal decisions.

EWA model is sophisticated as belief-based model but it is conve-
niently viewed as reinforcement learning with an added parameter that
measures the strength of "virtual reinforcement" of unplayed decisions.
When the parameter (0) equals zero, there is no virtual reinforcement,
and EWA becomes reinforcement learning. When it equals one, un-
played decisions are reinforced as strongly as the one that was played,

in proportion to the payoffs they would have yielded, and EWA becomes

7An important issue in belief-based learning is the level of inertia, which reflects
subjects’ views of the relative value of recent and past observations in predicting cur-
rent behavior. Inertial models like fictitious play, which adjust beliefs and/or actions
only part of the way toward the values suggested by the latest observation taken alone,
usually describe behavior better than best-reply dynamics, which give past observa-
tions zero weight (Boylan and El-Gamal (1993), Crawford (1995), Mookherjee and
Sopher (1994), Van Huyck (1994). However, models with intermediate levels of iner-
tia usually outperform fictitious play and Cournot (Crawford (1995), Mookherjee and
Sopher (1994), Van Huyck, Cook, and Battalio (1994). The only work we know of
that tries to test heterogeneity and strength of priors against inertia is Camerer and
Ho (1998), but they allow only two types of learners and focus on EWA.
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belief-based learning. Intermediate values yield blends of both (nonlin-
ear blends, so they can yield quite different dynamics) with information
requirements the union of the other two models’. Note that this nested
belief-based model requires players’ most recent received payoff, forgone
payoff and the other players’ most recent choice to update beliefs.?

Actual information use depends on what information is available
and on players’ cognitive capacities. In high-information conditions, all
the information mentioned above is available to players and all these
theories seem plausible to explain the subjects’ behaviors. The way of
discriminating among different theories is to track which information is
necessary and important for a subject to make decisions. This would
suggest that the theory that takes such information as a prerequisite for
updating is the best one in describing behaviors.

In our game, the game structure and the payoff function are com-
mon knowledge for two players, and there are basically four pieces of
historical information important for updating: one’s own action, one’s
realized payoff, partner’s action and partner’s payoff. RE needs at least
one’s own choice(s) and his own received payoff(s) for updating; BE needs
one’s partner’s choice, and one’s own payoff function (it is a weakly richer

information set than the set of one’s own realized payoff and his foregone

81t is possible to know one’s received payoff without knowing what other players
did. Also once the payoff structure is given like in our experiment, forgone payoff can
be calculated by knowing the other’s choice. But knowing forgone payoff and received
payoff does not mean knowing the whole structure. Here we see the nested belief-
based model has fewer minimal information requirements than the general belief-based
learning.
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payoffs); and EWA needs all these information. If a player acquires, for
example, the most recent value of “one’s received payoff” in the first
place, his behavior is consistent with RE, BE and also EWA. Suppose
he continues in searching “one’s own choice” and then stops. This just
meets the minimum information requirement of RE. However, if he does
not acquire his own choice but his partners’ and stops, it is not con-
sistent with RE. As there are several paths of information search and
several combinations of different information sets, we need to do some

information grouping and reduce the search paths to test the theory.

Strictly speaking, the information on partner’s payoff is not crucial
in discriminating among different theories. Naturally we group partner’s
actions and partner’s payoffs as partner’s history. In our experimental
design, we have an information menu composed of three pieces of infor-
mation to identify players’ updating patterns: one’s own choice, one’s
received payoff, and the partner’s history. A RE learner needs the first
two pieces of information; due to the fact that players’ payoff function is
common knowledge, a BE learner would be satisfied if he knows only the
third piece of information; and a EWA-learner wants to know all these
information. In this way, based on the players’ information acquisition
we are able to indirectly observe the updating rule specified by different

learning theories.
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2.4 Experimental Design

In this paper, we calibrate the availability of historical information
with three pieces of information of past plays as described above. Allow-
ing subjects to set up their initial beliefs, we set the first 10 rounds as
the normal plays. From the 11th round onwards until the final one, a
historical information menu is available on the interface. Figure 2.1 is a
sample screen an informed player might face at the beginning of the 12th
round. The left half of the screen is a “History” menu. It contains six
buttons. Buttons A to button C are a group which lists the records of
the most recent 10 rounds; Button D to button F are summaries® of the
recent plays. Three sets of the past information are as follows: Button
A and button D are a player’s own past actions; button B and button
E are a player’s past realized payoffs; button C and button F are the
information on his partner’s past actions and realized payoffs. These six
buttons constitute a salient menu which differs from Tang (2001)’s on-line

help technique!’ and such information fragmentation also considers the

9 A summary is a paragraph that shows empirical frequencies. For example, clicking
button F “Summary: True States and His/Her Actions + Payoffs” might have the
following paragraph displayed in the below box: “In the past 10 rounds, the occurrence
of LEFT is 5 times and of RIGHT is 5 times, that is 50% vs. 50%. In the 1st stage,
your partner has chosen A 10 times and B 0 times, that is 100% vs. 0%. In the 2nd
stage, your partner has chosen A 0 times and B 10 times, that is 0% vs. 100%. Your
partner’s accumulated points are 15, average points per round are 1.5”.

10Tang(2001) allows subjects, before making decisions or during the waiting time
after having made their decisions, to acquire a summary of average payoff and choice
frequency of each strategy in both groups over a subject-defined length of past rounds
by clicking “F1” key. It works like an on-line help. The author reports about half of
the subjects never used this function, and only about a fourth of the subjects used
this function repeatedly.
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potential problem in Salmon (2004)’s design, i.e. a single button may not
be informative in a game with mixed-strategy equilibria.!’ The right half
of this screen functions as the play of the current round. It contains a box
which shows the informed player the current state of Nature, otherwise
it is empty for the uninformed player. It also contains an action box for
players’ entries. At the beginning of the second stage of each round, the
action box informs the subjects the previous choices of both players and
asks for a new entry.

During all rounds in all sessions, the information choices, the num-
ber of information acquisitions, the order of different clicks and the time
of each click are recorded in the background. Intuitively, a theory domi-
nates the others if the subjects choose the necessary information required
by such theory the most often over time, and the subjects acquire related
information in the first place. For information acquisition analysis, we
define the following measures: Number of Information Choices, Informa-
tion Choice Combinations and First Information Choice. Then we group

six buttons into three sets: A* (ie., {A}, {D}, and {A, D}), B* (i.e,

Tn Salmon(2004)’s design, the historical information menu is a shaded record list
displaying the recent (up to) 15 rounds. One row displays one record, which has 3 cells:
subject’s own action, realized payoff and partner’s action. Clicking one cell reveals
one number. Therefore we doubt that for a 4 X 4 constant-sum game with mixed
equilibrium strategy a single click hardly conveys useful information; even for a RE-
type individual who acquires information on his own actions and his realized payoffs,
the subject has to click on all those 30 cells (15 rows X 2 columns) to understand
better the situation (e.g. approximately how frequent one action has been played).
This definitely needs great effort. In this respect, we favor Tang (2001)’s design, i.e.
offer a summary for subjects. Therefore, we group into one button. Clicking on, for
example, button A would display the subject’s own actions in the most recent 10
rounds.
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Screen for an Informed Player in the First Stage of the Twelfth Round

Figure 2.1
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{B}, {E}, and {B, E}) and C* (i.e., {C}, {F}, and {C, F}). Based on
the previous theoretical discussions, these three sets help to discriminate
among different theories. RE learners are those who choose information
sets A* and B*, BE learners are those who look at C*, and EWA learners
are those who acquire the previous two cross-type information combina-
tions. Table 2.4 lists the predictions of different learning models for these
information acquisition measures. We also use random re-matching to
suppress long-term interaction consideration in this game.'?

During the fall of 2011, we conduct four sessions with a total of 100
subjects in the Experimental Economics Laboratory at Xiamen Univer-
sity. Subjects are registered students at Xiamen University and are re-
cruited online. The experimental task is coded and run using the Zurich
Toolbox for Readymade Economic Experiments (z-Tree) developed by
Fischbacher (2007). As shown in Table 2.5, sessions 2 and 3 are sim-
ilar to that in F99 and F00 except the matching protocol. Sessions 1
and 4 run our new game. These two sessions with increased payoffs in
the second stage intend to induce informed players to hide information
more often in the first stage by providing them with stronger incentives,
though their behaviors have the similar predictions to that in the original
game. The comparison between these two and the former ones tells us

whether learning can be accelerated when the equilibrium play is more

12Feltovich and Oda (2010) and Mckelvey and Palfrey (2001) have documented
some significantly experimental results from different matching protocols in a variety
of normal form games.
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Table 2.5  Experimental Sessions

Date Time Subjects Treatment'
1 2011/10/08 14:30-16:30 24 G(2)
2 2011/10/09  09:45-11:45 26 G(1)
3 2011/10/13  09:30-11:30 24 G(1)
4 2011/10/13  14:30-16:30 36 G(2)

" The shorthand of treatment is denoted by G(a)
where a stands for the sum of the payoffs in the second
stage.

attractive. An experimental instruction sample for the treatment G(1) is

in Appendix.'3

2.5 Aggregate Analysis

2.5.1 Equilibrium Play

For the following aggregate analysis, we pool the data from two ses-
sions for each game and thus have 50 subjects with half informed and
half uninformed in both G(1) and G(2). Figure 2.2 takes every 10 rounds
as one block and shows the empirical frequencies. In this figure, the left
panel is from G(1) while the right one is from G(2). It is clear that:
1) the deviations documented by Feltovich exist in both games. During
the first 10 rounds the informed players on average reveal information

more often than they should, and most of the uninformed ones believe

13We modify the payoff matrix presentation in Feltovich (97, 99 and 00)’s experi-
mental instructions.
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that their counterparts are revealing the private information and best
respond to this belief; 2) the sessions of G(2) have faster learning than
those of G(1). This is not predicted by Nash equilibrium but can be
explained by learning. As the marginal benefit of hiding in the first stage
becomes significant in G(2), the propensity on such strategy in reinforce-
ment learning evolves faster if beginning with the same initial level, while
such strategy given the same beliefs over partner in belief-based learning
would excel among the other strategies more easily, therefore in both the-
ories the informed player is inclined to behave closer to the equilibrium

strategy soon.

It is interesting to note that: during the first 10 rounds, the initial
plays of the informed group, especially that of the first stage P(sdaq),
deviate from the predictions in both G(1) and G(2) but with significantly
different degrees. The average deviation of two sessions in G(1) is (0.832-
0.5=) 0.332 but it is (0.596-0.5=) 0.096 in G(2). We can conclude that
on average the learning speed of informed players is faster in G(2) during
the first 10 rounds. By contrast, this is not true for the uninformed
group. The initial deviations of uninformed players in these two games
are similar. We conjecture informed players learn in an active way while
uninformed players learn passively, and we will show more evidence in

the last subsection.
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2.5.2 Information Lookups

Previous studies'* report few information acquisitions of past plays.
In our game, the salient information menu as well as the random match-
ing protocol induces a considerable proportion of subjects to acquire in-
formation, i.e., 47.75% of information acquisition opportunities (number
of subjects x number of rounds with information menu available) are
exploited.

We provide indirect evidence in support of a belief-based theory by
examining three measures: Number of Information Choices, First In-
formation Choice, and Information Choice Combinations. We find that
subjects in this game are eager to know their partners’ actions and pay-
offs before choosing their own actions. This suggests that the belief-based
theory dominates the reinforcement theory.

Figure 2.3 is the number of button-clicks for two games. Each sub-
plot exhibits the contrast between the informed and the uninformed dur-
ing four blocks'®. As very few people click more than six times in total
during one round, we truncate the number of information choices at six.
We calculate the distribution based on all rounds and each group’s popu-
lation. Comparing the left one from G (1) with the right one from G (2),

we can see: 1) there are more zero-button-click in the informed group

4 Tang (2001) reports that about half of the subjects never used it and only about
a fourth of the subjects used it repeatedly.

15Note that the historical information menu is available from the 11th round on-
wards, and we have 4 blocks for information analysis.
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than that in the uninformed counterpart; such asymmetry is more pro-
nounced for G (2); 2) if acquiring information, most subjects click on one
button rather than many, and few subjects click on more than three but-
tons. This would suggest some buttons are considered as key references
before moves; 3) the average number of button-clicks does not decrease
over time. It is also supported by Figure 2.4 that average lookups grad-
ually decrease as the game repeats in G (1), but increase in G (2).1

Intuitively, First Information Choice represents how important a
piece of information is for a subject. Figure 2.5 shows that both informa-
tional roles click on the button C and F in the first place more frequently.
In other words, the information on “partner’s past actions and payoffs”
is the most utilized information for players. Therefore, it seems that
the belief-based theory is more plausible than the reinforcement theory.
In Figure 2.6, a distribution of information choice combinations further
confirms our conjecture.

As mentioned before, we group six buttons into three sets (i.e. A*,
B*, and C*) in order to discriminate among different learning models.
Figure 2.6 shows the frequencies of different information choice combi-
nations and provides the following observations: 1) consistent with Fig-
ure 2.3, informed players acquire information less often; 2) consistent

with Figure 2.5, subjects consider C* as the most important informa-

16One explanation is the “ending effect”. When one session is approaching the end,
some of the players start clicking buttons and checking difference pieces of information.
Experiments without announcing the total number of rounds may be immune to this
effect.
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tion for decision making; and 3) no significant difference in information
needs between those two groups across games. Both informational roles
examine the same kind of information to make adjustments in these two

games.
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2.5.3 Structural Estimation and Model Comparisons

To model the behaviors of two informational roles, we consider the
structural model EWA which provides measures of learning behaviors.
For comparisons, we also consider the reduced RE and the reduced BE
models by parameter restrictions. The related notations and the model

specifications are introduced below before we present the results.

As we argue in the Introduction, this game has a salient feature
that the informed players need to do intertemporal optimization. It is
a good reason for believing that informed players take mixed strategies
within a round rather than behavioral strategies, thus their strategy space
is:{(sdaj,sdag), (sdaj,non-sdas), (non-sda;,sdas), (non-sdaj,non-sdas)}.
Besides, taking the Harsanyi Transform, we have eight strategies for in-
formed players in the corresponding normal-form presentation. Similarly
for uninformed players, we derive four. Table 2.6 shows the normal-form
game. Its theoretical predictions and empirical frequencies in our ex-
periments are found in the last row and column. Players are indexed
by i (i=1,...n) and those with odd indices are informed. An individual
player’s strategy is denoted by s;. s_; is a strategy combination of player
’s partner. The scalar-valued payoff function of player i is 7(s;, s_;).
Denote the actual strategy chosen by player i in round t by s;(¢) and
the strategy chosen by his partner by s_;(t), thus 7(s;, s_;(t)) equals the

realized payoff of player i at time t if s, ; = s;(¢); otherwise it equals to
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his simulated /foregone payoffs given the other player is playing s_;(t).

EWA model has two key variables to characterize the process: the
“observation-equivalents” of past experience (the experience, for short) N
(t) and the attraction A (t). Each strategy on its space has an attraction
which is updated by weighting the player’s experience in the game. If
player i is informed, i.e., i is an odd number, at time t his j-th strategy
has the attraction A; ;(t) defined as:

inNi" —1 A7 i(t—1 5in 1—57;" I Si, j:sS—q T(Si.j,8—i
A () =2 (E=1)Ai; (E=1)+[ +]\(Im(t) (54,5, (D)]m(s1.5,5-i(t))

where N (t) = p""N*(t — 1) + 1; ©™,6" and p'" are behavioral

parameters restricted within [0,1]; the indicator function I(s; ;,s_;(t)) =

1if s;; = s;(t), and 0 otherwise.

The attraction A; ;(t) evolves with endogenous initial conditions
A; ;(0) and N™(0). The attraction further determines player i’s proba-

bility of playing j-th strategy in the next round in a logit way:

Pujlt+1) = ==
Zj/ (&
If player i is uninformed, the attractions and the predicted proba-

AIA ()
i,d

bilities are defined in a similar way with a set of behavioral parameters
", 8", p"™ and two initial conditions A; ;(0) and N*"(0) . By assum-
ing different sets of behavioral parameters, we investigate the learning
behaviors of two groups. Hereafter to simplify the illustrations, we use
notations without superscripts to denote both unless specified.

In this model, both p and ¢ are depreciation rates. Their different
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values allow the attractions and the experiences to evolve at different
rates. Other things being equal, the smaller ¢ is, the less weight is
placed on previous attractions, and the faster a player learns. Though
theoretically attractions can evolve faster than experience or the other
way round, following Ho, Camerer and Chong (2007), a restriction, p < ¢
or p = (1 — k) where 0 < k < 1, restricts experiences to evolve faster

than attractions.

This dynamic process starts with some endogenous values of attrac-
tions and experiences, i.e. A;;(0) and N(0). To guarantee that the
weights N (t) rise over time, following CH99, we impose 0 < N(0) < ﬁ
. In order to make the value of N(0) interpretable as a weight on initial
attractions relative to reinforcing payoffs, we also restrict the range of
A; ;(0) to be less than or equal to the difference between the minimum
and maximum payoffs in the entire game. To avoid chewing up many
degrees of freedom, we define the initial attractions of different strategies
for one player as his own empirical frequencies proportionally magnified
by a multiplier shared by the same informational role. This is different
from CH99’s treatment. CH99 assumes different players have the same
initial attractions of their strategies and simplify A; ;(0) into 4,(0). Our
treatment, in comparison, focuses on two informational roles, accom-
modates individual heterogeneity and avoids the identification problem.
The multiplier shared by each informational role is called initial attrac-

tion factor (AF) and we reduce several A; ;(0)’s into two: AF™(0) for
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the informed group and AF*"(0) for the uninformed group. The value of
the initial attraction factors can be interpreted as the strengths on their
past plays. Admittedly, this modification is not costless. But, as we run
ten more rounds than Feltovich’s experiments, taking aside the first 10

rounds seems affordable.

Furthermore, we consider the reduced RE and BE models for com-

parisons. Several additional restrictions are imposed:

Reduced RE model (RRE) : 6=0,p=0,N(0)=1

Reduced BE model (RBE) : d=1,p=¢,N(0) = T
—p

To gather an effective sample for estimation, we exclude those who
rarely learn, i.e. those who either do not adjust their strategies or choose
information only a few times. We set the threshold at 5, i.e., if an in-
formed player (an uninformed player) changes his first-stage (second-
stage) strategy less than 5 times; and/or he chooses to look at the infor-
mation less than 5 times out of 40. The final sample for estimation is the
action data from 61 subjects during 40 rounds. Denote the total number
of subjects in this pool by N and the number of repetitions of the games
as T rounds. We take 70% of the overall sample size for calibration and

the rest for validation. The log-likelihood function is:
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0.7T

LL(AF(0), N(0).0,p,6,0) = > > In( ZI sijr5(t)) - Pij(t))

t=1 =1

49

The maximum likelihood method is applied. Three criteria are used
to evaluate it in the calibration phase. They are log-likehood values (LL),
Akaike information criteria (AIC) and Bayesian information criteria. For
the validation phase, LL and mean-standard deviation (MSD) are calcu-
lated.

Table 2.7 shows the results of EWA, RRE and RBE. Since EWA is
more general than the other two models, it necessarily fits the data better.
It has the largest log-likelihood value, AIC and BIC among these three
models. To check the overfit problem, it performs well in prediction too.
Chi-squares are calculated for the likelihood ratio test. In G (1), RRE
has 160.7241 and RBE 100.2704 while in G (2) we have 177.9877 and
125.5092 for RRE and RBE respectively. Compared to the critical value
of relevant degrees of freedom, all of them suggest that EWA performs
significantly better. Besides, RBE fits the data better than RRE but
predicts slightly worse (MSD criterion). This is consistent with F00’s

findings'”

1TF00, Table IV on page 621 and Table V on page 626.
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The interesting results are the value comparisons of these behavioral
parameters. First, both informational roles have smaller values of in G(2)
than in G(1), and such value deduction is stronger for the informed group.
Following the interpretations of ¢ in Kocher and Sutter (2005), we see
that both learn faster in G(2) than in G(1); and that the deduction in
 is greater for the informed group than the other one means, when the
equilibrium strategy becomes attractive, the informed group enhances
the learning process more than its counterpart. It supports our intuition
that the uninformed player is more passive in learning due to a higher
perceived (expected) payoff. Second, the informed players always have
larger sensitivities of the predicted probabilities to the attractions. In G
(1), A of the informed is 3.8204, while that of the uninformed is 1.3171. In
G (2), they are 1.4957 and 0.3427 respectively. This reflects the feature
of asymmetric payoffs for these two groups. In the payoff matrix in Table
1, only one among four combinations of two players’ actions brings the
informed player a positive payoff, and consequently in dynamic process
the changes of their strategies relative to the attractions are more sen-
sitive than their partners. Third, our initial attraction factor AF of the
informed group is smaller than that of the uninformed group, and it is
larger in G (2) than that in G (1). Such comparisons can match with
the following observations from Figure 2. The behaviors of the informed
group change more from the first to the second block than that of the in-

formed group, and they deviate from the equilibria less at the beginning

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



N~
—~ 260521 GLVTHI- LL86°LLT 66'0G71- - X L8TLET- D1d
89600 L8°0TVT- 1960°0 TTLFPI- €600 dSIN  GI'P9eT- DIV
69°L6S- LSFIFI- 11219 ITUTIFPI-  L6'196  T1  GIgGEl- T1
UOUDPYDA  UOUDUQYD))  UOUDPYDA  UOWDLGYD)) UOLDPLVA (L%0L) 10119yD)
TEVE0 L1210 g0 I T 6529°0 AV
eIIC VI Y2L2°9T I I 9018°C 179G ON (@D
9660 THIS'S 186070 16620 LTVE0 L5671 X
T T 0 0 89.G°0 9£0L°0 0
T1€6°0 61960 0 0 Trr9°0 TGL0 d
11€6°0 61960 6716°0 2296°0 1816°0 9768°0 &
|14 il 1% il |4 V1 ‘[qg jo "oN
70,2001 181607~ 1¥5L 091 01'SZI1- - X 1972801~ D14
86.0°0 66601~ €LL0°0 T FCI1- €8L0°0 SN 98°6¥70T- DIV
9L TH¥- 66,801~ GG EGT- TTSIIT-  9T¥eh- T1  9%°L€0T- T1
UOUDPYDA  UOUDAQUD)  UOUDPYDA  UOUDLGYD)  UOUDPYDA (L%0L) uorwiqu)
9702°0 V6210 G0 T 0259°0 T¥8€°0 AV
VSTGTT T6€7°€T T T 1.98°C 192¢°G 0N/ (1) o
L210°¢ L€€0°6 97510 671S0 TLTE'T 7028'€ Y
! ! 0 0 8€TL'0 G90G°0 0
LEG6°0 €L66°0 0 0 78€8°0 61E6°0 d
L5G6°0 €L56°0 65860 2296°0 8056°0 G686°0 &
6 LT 6 LT 6 LT ‘[qg jo "oN
-un pauLIojuy -un pauLIojuy -un poauwiojuy 9[0Y [RUOIRULIOJU]
(AgY) PPOIN Hel Poonpoy (YY) PPOIN HY poonpoy vMA [PPOIN

suostreduwIo)) [OPOJN pue UorjewIsy VMH  L'C °[9e],

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche)

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013



128

of G (2) than in the game of G (1). This is because the initial attraction
factor is a multiplier over the individual frequencies of the first 10 rounds’
plays for forming initial attractions. It explains how the past plays are
linked to players’ evaluation of initial attractions over different strategies.
The larger it is, the closer players’ evaluation of initial attractions is to

what they actually play during the first 10 rounds.

Lastly, the following two observations are driven by the nature of
constant-sum game as described in CH99: 1) In both games and for
both players, the value of p is very close to . 2) The values of § for
two informational roles are neither close to one nor zero but within [0.4,
0.7]. Decoded from the model setup, it means both informational roles,
especially the informed players in G (1) and the uninformed ones in G

(2), reinforce the realized payoffs more than the foregone payoffs.

To sum up, we find indirect evidence to support a belief-based model
from information acquisition analysis, i.e. players choose to look at their
partners’ history in order to make their own decisions; meanwhile we by-
pass calibrations with two models separately and consider both within a
uniformed EWA framework. The reduced belief-based model outperforms
the reduced reinforcement model for calibration, but it predicts slightly
worse than the reduced reinforcement model. Furthermore, EWA model
helps us to capture different behaviors (as well as the learning speeds) of

two informational roles in these two similar games.
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2.6 Updating Patterns and Cluster Estima-

tions

As Schotter (2009) points out, “various models are posited as de-
scribing learning behavior of subjects on the individual level yet are tested
by aggregating data across subjects and time”. In this section we look at
subjects’ heterogeneity in learning. Moreover, we investigate whether a
player’s information acquisition behavior provides clues on how he learns.
The best fitting model would be the one supported by both information

lookup choices and action decision.

As the first step, we define subjects’ updating patterns based on
their information choices. These updating patterns correspond to differ-
ent learning theories. More precisely, we map one’s information choice
combination to his updating pattern. Players of RE learning are those
who acquire information sets A*, B* and/or AB* most often over time;
players of BE learning are those who acquire information set C*; and
EWA type are those who choose the cross-type information combina-
tions denoted by AC* BC*, and ABC*. Finally if a subject does not
acquire information (here we take the threshold as 35 non-acquisitions
out of 40 opportunities), he is classified as rational. Taking each sub-
ject’s 40 rounds’ information choices, we define his updating type by the
mode of his information choices. Figure 2.7 is the distribution of different

learning patterns in two games. It is clear that BE type has the largest
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total population among three learning types. The other two learning
types have slightly smaller populations. For different informational roles,
BE types dominate RE types in both games. If these reveal the “real”
updating patterns, it interestingly cautions us that the model would be
mis-specified when we use either one type of models to do estimation
based on the aggregated action data.

Figure 2.7 Distribution of Updating Type Updating Type is
defined as follows: if during 40 rounds a subject does not acquire infor-
mation for more than 35 rounds, he is considered to have zero-acquisition
(allowing the case of curiosity) and he is of “Rational” type. If a subject
acquires information, his type is determined by the information choice
combination he chooses the most often which corresponds to a specific
learning theory. For example, if a subject acquires A* the most times
among all his choices during 40 rounds, he is of BE type. The three
learning types embrace different information choice combinations: RE
has A* and AB*; Belief-based has C*; and EWA has AC*, BC* and
ABC*.
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In order to see how each type of players behaves, we have the follow-
ing cluster analysis. Other than the two informational groups in previous
aggregate analysis, here we have six clusters defined by both informa-
tional roles and updating patterns. Each cluster has a set of behavioral
parameters and initial conditions. The initial attractions are defined to
be the multiplication of individual empirical frequencies in the first ten
rounds and the initial attraction factor of his cluster. As mentioned be-
fore, we have a restriction p = ¢(1 — k) where 0 < k < 1, and we could
draw a cube of EWA parameters. The cube takes , and as three di-
mensions. To facilitate the model comparisons, we also label some other
typical learning models in Figure 2.8: Fictitious Play and Cournot Play
from the group of BE learning, and Average Reinforcement and Cumu-

lative Reinforcement from the group of RE learning.

Previously Figure 2.7 shows that two informational roles update their
beliefs in a similar way. Are the estimations on their actions consistent?
Let’s look at Figure 2.8. The solid round point, the solid diamond and
the solid square are the behavioral parameters of the informed groups
while the unfilled ones are that of the uninformed ones. Shapes represent
different updating types. We can observe that there are roughly longer
distances between the solid and unfilled parameter points than the dis-
tances between every two different-shape points. It suggests that the
behavior of the informed group is different from the uninformed group,

and within the same group there are insignificant differences among dif-
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ferent belief-updating types. In other words, the informational role has

a larger impact on players’ learning than different updating patterns.

Finally, in order to have a closer look at all these individuals, we offer
analysis at the individual level. Ho, Wang and Camerer (2008) carry out
individual analysis by allowing different parameters for different subjects
in the EWA framework. Here we assign each subject an initial attraction
factor which further determines the initial attractions by multiplying his
empirical frequencies in the first 10 rounds. It saves some degrees of
freedom without loss of individual heterogeneity. The technique is similar

as that in the previous section.

The behaviors shown in Figure 2.9 are close to the fictitious plays.
The dominance of the green round points coincides with the majority of
those seemingly fictitious plays. This clearly suggests that the evidence
from information acquisition matches with the evidence from actions. In
other words, which kind of information players look at indirectly suggest
how they learn. More detailed descriptions of this figure are: almost
all green round points concentrate in the corner of “Fictitious play”,
especially for the informed players; for the uninformed group in G (2), we
can find great difference in the BE learners’ and RE learners’ behaviors;
in both games the EWA-type sometimes behaves the same as the BE-
type (i.e., G (1)-Uninformed) but sometimes behaves differently (i.e., G
(2)-Uninformed).
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2.7 Conclusions

In this paper, we study players’ learning behaviors in a modified two-
stage asymmetric-information game. We investigate whether and how
two informational roles learn differently in this game; whether stronger in-
centives would accelerate the learning process and how we capture learn-
ing speed in this game; and whether information-lookup choices provide

clues on the way players learn.

We capture different learning speeds for two informational roles by
adapting the hybrid EWA model in CH99. By comparing the behavioral
parameters in two similar games, i.e., Feltovich’s game and our increased-
payoff game, we show that: 1) stronger incentives accelerate learning; 2)
a relatively high expected payoff for the uninformed drives his passive
learning. In the meantime, we find the informed player has a larger
sensitivity of the predicted probabilities to the attractions of strategies

and a smaller initial attraction factor than the uninformed one.

Second, our experimental design adds some thoughts to Feltovich’s
research on the relative performance of reinforcement and belief-based
models. In this research, by tracking players’ information choices of past
plays, we provide indirect evidence in support of a belief-based model,
i.e., players choose to look at their partners’ history in order to make their
own decisions. Within the uniformed EWA framework, we have shown

that the reduced belief-based model fits the data better than the reduced
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reinforcement one even though it does not significantly outperform in val-
idation phase. This suggests the calibrations with only action data would
make us study learning in the dark, and tracking information acquisition
together with exploring the hybrid feature of EWA would shed light on
this issue.

Lastly, our cluster estimation shows that informational role has a
greater impact on learning than information acquisition pattern. In other
words, whether an individual is privately informed is more important
than his analogous experience in helping him to learn to play an optimal
strategy. In addition, our individual estimation shows that the majority
of belief-based type estimated by actions matches with the dominance of
belief-based updating type defined by information acquisition measures.
This confirms that tracking information acquisition could be a comple-

mentary tool to study learning.

Appendix B

(Original instructions are in Chinese. This is one translation for

treatment G (1).)

Experiment Instructions
Summer 2011
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Welcome to the FEEL laboratory! This is a decision making experi-
ment. You will play a game repeated 50 rounds (the latter 40 rounds are
slightly different from the first 10 rounds). Your goal is to earn as many
points as possible. Each point is 0.75RMB. At the end of this session, you
will get paid in cash plus show-up fee 5RMB. The payment is calculated

as follows:

Total Payment = 5 (Show-up Fee)

+total points you have earned x convert rate (0.75)

If you have any questions at any time, feel free to ask the experi-

menter.
1. The Players

There are two types of players, informed player and uninformed
player. Your type is chosen randomly at the beginning of this session
and will stay the same throughout the whole session. This session con-
sists of many rounds, each divided into two stages. (You will get more
information on how to play this game in next section.) Each round you
will be randomly assigned a partner, who is of the opposite type. You
two are a fixed pair for just one round. You will not be told the identity

of your partner—not even at the end of this experiment.

2. Sequence of Play in Each Round
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The session is made up of many rounds. In one round, the game will
be as follows:

The round begins. One of the two payoff tables on next page is cho-

sen by the computer, and the informed player is told which table was
chosen. There is a 50-50 chance of either table being chosen.

Stage 1 begins. You will be assigned a partner. You and your part-
ner each choose an action (either A or B). Notice that if you are an
informed player, your action and your partner’s action determine your
payoff. However, if you are uninformed player, not only your partner’s
action and yours matter but also the table matters.

Stage 1 ends. Each player is told what action his/her partner chose.
Naturally the informed player gets to know her payoff for the stage. But
the uninformed one knows only the actions.

Stage 2 begins. You and your partner each choose an action (either
A or B).

Stage 2 ends (This round ends). Both players are told the true state,

their actions in two stages of this round and their payoffs in this round.

Note: Points are accumulated across rounds and you will know your
total points at the end of this session.

3. The Payoft Tables

There are two payoff tables, the Left table and the Right table. In
each round you and your partner will be assigned one of these tables.

The informed player is told at the beginning of the round which table
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was chosen; the uninformed player is not told until the end of the round.
Fach player has two possible moves, A and B. In each stage, either you
or your partner will get a point. The point is awarded based on the table

you have been assigned, your move, and your partner’s move.
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A
B
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A
B
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A
A
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A
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2nd
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If you are an uninformed player, your payoff is as follows:
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Either you or your partner gets one point for each stage.

Example 1: Suppose that the Left table was chosen, and that both
players choose B in the first stage. Then the informed player gets to
know that she gets 0 point while her partner 1 point at this stage. The
uninformed player does not know this until the end of the round. And
at this moment (the end of Stage 1), the uninformed player does know
that 1) his partner has information and chose B, and 2) if the Left table
was chosen he gets 1 point, and if the Right table was chosen, he gets 0
point.

Example 2: Suppose instead that the Right table was chosen, and
both players choose B in the first stage. Then the informed player gets
to know that she gets 1 point. The uninformed player does not know
this until the end of the round. And at this moment (the end of Stage
1), the uninformed player does know that 1) his partner has information
and chose B, and 2) if the Left table was chosen he gets 1 point, and if
the Right table was chosen, he gets 0 point.

Example 3: Suppose that the Left table was chosen, the informed
player chooses A, and the uninformed player chooses B in the first stage.
Then the informed player gets to know that she gets 0 point. The unin-
formed player knows that he gets 1 point—in this case his payoff is the
same no matter which payoff table had been chosen.

Summary: If the Left table is chosen, only both players choose A

makes the informed player get 1 point and the uninformed player get 0
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point; while if the Right table is chosen only both players choose B makes
the informed player get 1 point and the uninformed player get 0 point. In

the rest cases, the informed player gets less than the uninformed player.
4. Playing the game

Once the game begins, your computer screen will be divided into 2
parts (Please refer to Sample Screen on Pages 4 and 5). The top part
shows the round number and remaining time for decision-making. The
rest is the main screen. Left part shows the true state if you are an
informed player otherwise it is empty. Right part needs your entry. If
you are an uninformed player, you do not know what the true state is
and you can always check the payoff table by looking at previous page
of this instruction (you can even tear down the previous page if you feel

more comfortable).

In each stage, the computer will ask you to type in a move (either
{A} or {B}). After you have done this, click “ok” to continue. After the
system has received you and your partner’s choices, you will move onto

next step.

At the end of each round, uninformed players are told which table
had been chosen, and all players are told their total payoff for the round.
After observing these results, click “OK” to go on to the next round.

Please refer to Figure 3 on Page 5.

5. Historical Information Acquisition
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From the 11th round onwards (that is Round 11-50), we offer you
an information menu which contains the most recent 10 rounds’ history.
Sample screen is Figure 4 on Page 5. This information menu has 6 but-
tons: A. True States and My Actions; B. True States and My Payoffs C.
True States and His/Her Actions+ Payoffs; D. Summary: True States and
and My Actions; E. Summary: True States and My Payoffs F. Summary:
True States and His/Her Actions + Payoffs; If clicking these buttons, you
will be able to get the corresponding information. You can click on more
than one button, but the information of this click will disappear when
you click on the next button.

This information menu is free for you to choose. Please think care-
fully and make your choice(s).

6. End of This Session

At the end of this experiment, we would like to get your answers
to two questions on your screen. Please write down your answers and
suggestions on a piece of paper (which has placed on your table). In the
meantime, you will also read your accumulated points and total payment
on your screen. You are recommended to write it down on your answer
sheet as well. When you leave, please bring your belongings and submit
the answer sheet. The experimenter will pay you in cash.

Thanks for your attention. Wish you earn as much as possible!

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



146

StEEE R 25

F—BIRR. g
A
cB

frlE
[]
[
o
1
THEE
]
0
L)
1

TAik
A
8
A
-]

Thik
A
8
A
8

neg

E—MA WRGNEE (AEGH) H &
R
EoHR

#7

s
T
:
:
]
0
TAiRE
1
1
1
0
SRR TR TS AEREFETAE. WL “NBE” - ERZTEN.
Figure 1 Sample Screen for an Informed Player in the First Stage

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



147

18

SRR A BT

F—BIRR. g
A
cB

REEE- FRTHEE-

#7

L]
FRHAIR R TR IS TR R BRI AR T e “Neg” —EngnLnNe.

Figure 2 Sample Screen for an Uninformed Player in the First Stage

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



148

fitAA RO
ox

R 2 8
BIRR g A

XU B

R R B
-1 frERAYTALY
B9, THEREYTISLY

Bt s 8
Figure 3 Sample Screen at the End of One Round

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



149

16

fitiE B
B s
(i)
cB

M

TAR
A
B
A
B

WRIR

eE
BN WRPHEEN: E

frig iR

A 1

A 0

B 0

B 0
TRk Thik il

A 1

A []

B L]

B []

BT —ERRTHGRE-

f#7

EL ]
THRH
[

1
1
1
TARE
L]

1
1
1

FR AL TRRA RS T AT R RRaERhnE. L -

ERTEILLERTLE— 0

i)
W TR T M BAEE!

Figure 4 Sample Screen for an Informed Player with Historical Information Menu Available

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



150

Tesi di dottorato "Essays on Information, Learning, and Trading"
di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013
Latesi étutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).
Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



Bibliography

BOYLAN, R. T., and M. A. EL-GAMAL (1993): "Fictitious Play: A
Statistical Study of Multiple Economic Experiments," Games and Eco-

nomic Behavior, 5, 205-222

BROCAS, 1., J. D. CARRILLO, S. W. WANG, and C. F. CAMERER
(2010): "Imperfect Choice or Imperfect Attention Understanding Strate-

gic Thinking in Private Information Games," Caltech.

CAMERER, C. F. (2003): "Chapter 6 Learning," in Behavioral Game
Theory: Experiments in Strategic Interaction. Princeton, NJ: Princeton

University Press.

CAMERER, C. F., and T.-H. HO (1998): "Experience-Weighted Attrac-
tion Learning in Coordination Games: Probability Rules, Heterogeneity,

and Time-Variation," Journal of Mathematical Psychology, 42, 305-326.

CAMERER, C. F., and T.-H. HO (1999): "Experience-Weighted Attrac-

tion Learning in Normal Form Games," Econometrica, 67, 827-874.

151

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



152

CAMERER, C. F., T.-H. HO, and J.-K. CHONG (2002): "Sophisticated
Experience-Weighted Attraction Learning and Strategic Teaching in Re-
peated Games," Journal of Economic Theory, 104, 137-188.

CAMERER, C. F., E. JOHNSON, T. RYMON, and S. SEN (1993):
"Cognition and Framing in Sequential Bargaining for Gains and Losses,"
in Frontiers of Game Theory, ed. by K. G. Binmore, A. P. Kirman, and
P. Tani. Cambridge: MIT Press, 27-48.

CHEUNG, Y. W, and D. FRIEDMAN (1997): "Individual Learning in
Normal Form Games: Some Laboratory Results," Games and Economic

Behavior, 19, 46-76.

CHONG, J. K., C. F. CAMERER, and T. H. HO (2006): "A Learning-
Based Model of Repeated Games with Incomplete Information," Games

and Economic Behavior, 55, 340-371.

COSTA-GOMES, M., V. P. CRAWFORD, and B. BROSETA (2001):
"Cognition and Behavior in Normal-Form Games: An Experimental

Study," Econometrica, 69, 1193-1235.

COSTA-GOMES, M. A., and V. P. CRAWFORD (2006): "Cognition
and Behavior in Two-Person Guessing Games: An Experimental Study,"

American Economic Review, 96, 1737-1768.

CRAWFORD, V. P. (1995): "Adaptive Dynamics in Coordination

Games," Econometrica, 63, 103-143.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



153

CRAWFORD, V. P. (2008): "Look-Ups as the Windows of the Strategic
Soul: Studying Cognition Via Information Search in Game Experiments,"
in Perspectives on the Future of Economics: Positive and Normative
Foundations, ed. by A. Caplin, and A. Schotter: Oxford Unversity Press,
249-280.

EASLEY, D., and M. O'HARA (1987): "Price, Trade Size, and Informa-

tion in Securities Markets," Journal of Financial Economics, 19, 69-90.

EREV, 1., and A. E. ROTH (1998): "Predicting How People Play Games:
Reinforcement Learning in Experimental Games with Unique, Mixed

Strategy Equilibria," The American Economic Review, 88, 848-881.

FELTOVICH, N. (1997): "Learning and Equilibrium in Asymmetric-
Information Games: An Experimental Study," Pittsburgh: University of
Pittsburgh, 1-87.

FELTOVICH, N. (1999): "Equilibrium and Reinforcement Learning in
Private-Information Games: An Experimental Study," Journal of Eco-

nomic Dynamics and Control, 23, 1605-1632.

FELTOVICH, N. (2000): "Reinforcement-Based Vs. Belief-Based Learn-
ing Models in Experimental Asymmetric-Information Games," Econo-

metrica, 68, 605-641.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



154

FELTOVICH, N., and S. H. ODA (2010): "The Effect of Matching Mech-
anism on Learning in Games Played under Limited Information," Monash

University, 1-38.

FISCHBACHER, U. (2007): "Z-Tree: Zurich Toolbox for Ready-Made

Economic Experiments," Fzperimental Economics, 10, 171-178.

FUDENBERG, D., and D. M. KREPS (1993): "Learning Mixed Equi-
libria," Games and Economic Behavior, 5, 320-367.

FUDENBERG, D., and D. K. LEVINE (1995): "Consistency and Cau-
tious Fictitious Play," Journal of Economic Dynamics and Control, 19,

1065-1089.

FUDENBERG, D., and D. K. LEVINE (1998): The Theory of Learning
in Games. The MIT press.

GLOSTEN, L. R. (1994): "Is the Electronic Open Limit Order Book
Inevitable?," The Journal of Finance, 49, 1127-1161.

GLOSTEN, L. R., and P. R. MILGROM (1985): "Bid, Ask and Trans-
action Prices in a Specialist Market with Heterogeneously Informed

Traders," Journal of Financial Economics, 14, 71-100.

HO, T. H., C. F. CAMERER, and J.-K. CHONG (2007): "Self-Tuning
Experience Weighted Attraction Learning in Games," Journal of Eco-

nomic Theory, 133, 177-198.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



155

HO, T. H., X. WANG, and C. F. CAMERER (2008): "Individual Differ-
ences in Ewa Learning with Partial Payoff Information," The Economic

Journal, 118, 37-59.

JOHNSON, E. J., C. CAMERER, S. SEN, and T. RYMON (2002): "De-
tecting Failures of Backward Induction: Monitoring Information Search

in Sequential Bargaining," Journal of Economic Theory, 104, 16-47.

KNOEPFLE, D. T., J. T. WANG, and C. F. CAMERER (2009): "Study-
ing Learning in Games Using Eye-Tracking," Journal of the Furopean

Economic Association, 7, 388-398.

KOCHER, M. G., and M. SUTTER (2005): "The Decision Maker
Matters: Individual Versus Group Behaviour in Experimental Beauty-

Contest Games," The Economic Journal, 115, 200-223.

KYLE, A. S. (1985): "Continuous Auctions and Insider Trading," Fcono-
metrica, 53, 1315-1335.

MCKELVEY, R. D., and T. R. PALFREY (1992): "An Experimental
Study of the Centipede Game," Fconometrica, 60, 803-836.

MCKELVEY, R. D., and T. R. PALFREY (2001): "Playing in the Dark:
Information, Learning, and Coordination in Repeated Games," Technical

report, California Institute of Technology.

MCLOUGHLIN, J. (2012): "Why Trade with Goldman?," University of
California, Berkeley, 1-40.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



156

MOOKERJEE, D., and B. SOPHER (1994): "Learning Behavior in an
Experimental Matching Pennies Game," Games and Economic Behavior,

7, 62-91.

MOOKERJEE, D., and B. SOPHER (1997): "Learning and Decision
Costs in Experimental Constant Sum Games," Games and FEconomic

Behavior, 19, 97-132.

NYARKO, Y., and A. SCHOTTER (2002): "An Experimental Study of
Belief Learning Using Elicited Beliefs," Econometrica, 70, 971-1005.

OCHS, J. (1995): "Games with Unique, Mixed Strategy Equilibria: An

Experimental Study," Games and Economic Behavior, 10, 202-217.

ROTH, A. E., and I. EREV (1995): "Learning in Extensive-Form Games:
Experimental Data and Simple Dynamic Models in the Intermediate

Term," Games and Economic Behavior, 8, 164-212.

SALMON, T. C. (2004): "Evidence for Learning to Learn Behavior in

Normal Form Games," Theory and Decision, 56, 367-404.

SCHOTTER, A. (2009): "On the Relationship between Economic Theory

and Experiements," New York University, 1-31.

SELTEN, R. (1991): "Evolution, Learning, and Economic Behavior,"

Games and Economic Behavior, 3, 3-24.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



157

STAHL, D. O. (1996): "Boundedly Rational Rule Learning in a Guessing
Game," Games and Economic Behavior, 16, 303-330.

TANG, F.-F. (2001): "Anticipatory Learning in Two-Person Games:
Some Experimental Results," Journal of Economic Behavior & Orga-

nization, 44, 221-232.

VAN HUYCK, J. B,, R. C. BATTALIO, and R. O. BEIL (1990): "Tacit
Coordination Games, Strategic Uncertainty, and Coordination Failure,"

The American Economic Review, 80, 234-248.

VAN HUYCK, J. B, R. C. BATTALIO, and R. O. BEIL (1991): "Strate-
gic Uncertainty, Equilibrium Selection, and Coordination Failure in Aver-

age Opinion Games," The Quarterly Journal of Economics, 106, 885-910.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



158

Tesi di dottorato "Essays on Information, Learning, and Trading"
di WEN YUANJI

discussa presso Universita Commerciale Luigi Bocconi-Milano nell'anno 2013
Latesi étutelata dalla normativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).
Sono comunque fatti salvi i diritti dell'universita Commerciale Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione dellafonte.



Chapter 3

Information Asymmetry

and Order Aggressiveness

3.1 Introduction

Non-intermediated, electronic order-driven markets are widely run
for stock trading over the world. Two basic types of orders play roles in
functioning: limit orders supply liquidity at some specified prices while
market orders take liquidity from the best quotes. As such limit order
markets can implement "competition-proof" price schedules and guaran-
tee information efficiency, they are "inevitable" (Glosten 1994). However,

it is theoretically unclear how informed and uninformed traders interact
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via limit order books by placing different orders to affect the liquidity
as well as market efficiency. Understanding this process helps evaluat-
ing information efficiency of limit order markets. This paper proposes
an equilibrium model of information-based trade in which both informed
and uninformed traders can choose to buy or sell and to submit limit or
market orders. We focus on how the information asymmetry is related
to order aggressiveness and aim to address the following questions: 1)
which of market orders and limit orders do informed traders submit?; 2)

how does such informed trade affect market quality?

Early market microstructure literature (e.g., Glosten 1994; Seppi
1997; Handa, Schwartz, and Tiwari 2003) assume that informed traders
use market orders. An ongoing effort in analyzing the validity of this
assumption has been made in relevant empirical (Keim and Madhavan
1995), theoretical (Chakravarty and Holden 1995; Kaniel and Liu 2006,
hereafter KL) and experimental (Bloomfield, O’Hara, and Saar 2005,
hereafter BOS) works. We now understand that limit orders can be a ve-
hicle for informed trading. Inspired by Glosten (1994) and BOS, in this
paper, we consider two determinants in informed traders’ decisions of lig-
uidity provision: fundamental volatility and competition among informed

traders.

Glosten (1994) makes the assumption that informed traders use mar-
ket orders, and he argues for it by two reasons: discounted informa-

tion value due to immediate disclosure and competition among informed
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traders.! The former one is also emphasized by KL which finds that limit
orders convey more information than market orders in some equilibrium
with long-lived private information. The latter determinant, i.e., com-
petition among informed traders, has been agreed by several empirical
works (Biais Hillion and Spatt 1995; Ranaldo 2004; Beber and Caglio
2005) and a very recent experiment in Stockl (2012). The idea is that
only when information is long-lived and the competition among informed
traders is not fierce enough, informed traders would prefer to use limit

orders.

Additionally, the interesting phenomenon of liquidity provision shift
documented by BOS can not be easily explained by these two deter-
minants. In the lab, BOS finds that, as trading progresses, the in-
formed traders shift from market orders to limit orders while the unin-
formed traders make the reverse shift. This is also empirically confirmed
by Anand, Chakravarty, and Martell (2005) and Menkhoff, Osler, and
Schmeling (2010) (hereafter MOS). The intuition is that, at the begin-
ning, informed traders take liquidity with market orders to make profits
from their private information; in doing so, they push prices closer to the
true values, and at some point they can be better off by submitting limit
orders and earning the bid-ask spread. In other words, how far the stock

is traded away from the true value, or precisely the difference between

! This intuition coincides with what Holden and Subrahmanyam (1992) conveys,
though the latter paper has a batch market as that in Kyle (1985).
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the current mid-quote and the true value that informed traders know,

plays a crucial role in their liquidity provision decision.

In our model setup, to capture this crucial factor, we assume that
a limit order book is spread symmetrically around the asset value in the
first period and informed traders know the future realization of it (either
a high value or a low value with equal probabilities). The price change,
that is also named as fundamental volatility, corresponds to the distance
between the current mid-quote and the true value in BOS’s 2005 exper-
iment. At the same time, we consider the arrival rate of an informed
trader in each period, a proxy for informed population, to analyze the
competition effect that Glosten (1994) suggests. These two determinants
shape our main results: conditional on the favorable realization of the
liquidation value, informed buyers and sellers are more aggressive than
their uninformed counterparts respectively; While an uninf may switch
his trade direction to capture the bid-ask spread, and the probability of
limit order submissions is frustrated by a marginal increment in volatility;
when volatility increases, an informed trader exploits MOs more often to
implement his trading goal and he gains from trade and such aggres-
siveness can match with the experimental findings; in addition, both the
volatility and the proportion of informed traders frustrate uninformed
traders’ willingness to participate in the market and their willingness to
provide liquidity if they desire.

Based on the optimal strategies of the informed and the uninformed
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traders, we also find that the total welfare can be improved by the in-
formed trading. This is derived from the market efficiency brought by the
informed traders who gain from the private information and behave ratio-
nally in the limit order markets. However, the welfare of the uninformed
traders would be deprived partially by a larger proportion of informed
participation. Note that we do not examine the effect of information life
that KL emphasizes, but take their findings to justify our model setup.
The basic model we present in this paper assumes a discrete price
grid for trading, and risk-neutral agents with private evaluations over
the asset. This is similar to that in Parlour (1998). Differing from her
model, we also assume that an innovation of the asset value that is re-
alized at the end of the trading game and only informed traders know
the realization of it. Therefore, the informed trader who might arrive
in the first period needs to take into account the impact of his order on
the future trader’s order decision, and behaves strategically; while the
uninformed trader who might arrive in the second period tries to infer
the fundamental value from the states of the limit order book and update
his beliefs over the fundamental value endogenously. For simplicity, in
our basic model the market is open for two periods. An extension of
this basic model into a three-period one would share some features with
Buti, Rindi, Wen, and Werner (2011)? that reveals how order submission

strategy is affected by tick size. In general, compared to the close line

21t is presented as the first chapter of this thesis.
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of research (Buti and Rindi 2011; Buti, Rindi, Wen, and Werner 2011;
Buti, Rindi, and Werner 2011; and their predecessor Parlour 1998), in-
formation asymmetry added here enriches the literature on limit order
markets and improves our understanding on how information plays a role

in trading.

It is worthwhile to note that our paper is not the first theoretical one
that considers asymmetric information in limit order markets. Though
relatively nascent, there are two important works. Goettler, Parlour, and
Rajan (2009) numerically solves a dynamic model of limit order markets
with asymmetric information. It considers an endogenous information
acquisition choice that is not investigated by our model. Rosu (2010)
adds asymmetric information into his previous continuous model Rosu
(2009), but the strong assumption of cancelling and revising orders in-
stantaneously does not help to capture the feature of the environment
with asymmetric-information. More discussions are postponed in the

next section.

Section 3.2, that follows, reviews the related literature. Section 3.3
outlines our basic model and Section 3.4 characterizes the features of
equilibrium and derive our main results. At the end, Section 3.5 concludes

with several remarks. All proofs are collected in the Appendix.
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3.2 Literature Review

To understand how new information is incorporated into prices, mar-
ket microstructure literature has extensively examined the role of asym-
metric information in the market. As the order-driven market emerged
in 1990s, the field’s focus has shifted from the traditional batch auction
(e.g., Glosten and Milgrom 1985; Kyle 1985; and Easley and O’Hara 1987)
to the limit order market. Theoretical interests shift from the question
of setting an optimal bid-ask spread to how to capture discriminatory
execution property of limit order books, i.e., orders can be executed at
several prices. In line with Glosten (1994)’s seminal paper, models of Bi-
ais, Martimort, and Rochet (2000) and Back and Baruch (2012) regard
the trading procedure as a common-value auction. Both informational
and risk-sharing motivations drive the trading. By contrast, the other
larger group of works modeling limit order markets (surveyed by Parlour
and Seppi 2008) assumes different private evaluations among traders (and
thus the existence of asymmetric information is not a must) and focuses
on their order decisions in the markets. The trading procedure is re-
garded as a private-value auction. This is also the side our paper stands
by. We survey the most relevant theoretical works as well as some recent

empirical findings.

First, a limited number of theoretical works has embedded asymmet-

ric information into models of limit order markets. Extending Foucault
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(1999), Handa, Schwartz, and Tiwari (2003) finds that the bid-ask spread
is a function of both the adverse selection cost and differences in valu-
ation. As they assume that the private information is publicly revealed
after one trade, they restrict informed traders to trade only by means
of market orders. This simplification is justified by what KL asserts:
long-lived information is crucial for informed traders to choose to supply
rather than demand liquidity. Another extension work is Rosu (2010)
which adds asymmetric information into Rosu (2009). It finds that the
decision of liquidity provision depends on whether informational advan-
tage is below a cutoff; surprisingly, the price impact of a market order
does not depend on the fraction of informed traders; and a higher fraction
of informed traders generates a smaller bid-ask spread. Rosu’s model has
exogenous arrival rates of the patient and impatient sellers/buyers and
thus exogenous decisions of limit orders and market orders to buy and
sell. The vital problem lies in the strong assumption of cancelling and
revising orders instantaneously. Limit orders do not face any pick-off
risk, and thus the key feature of asymmetric information environment
is missing. Goettler, Parlour, and Rajan (2009) builds a stochastic dy-
namic model of limit order markets in which traders choose to buy or
sell at different prices. Their model also endogenizes traders’ decisions
of information acquisition. Though the model steps forward in terms of

realism, it loses analytic tractability.

Second, as uninformed traders in our model update their beliefs over
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the true value based on the state of the visible limit order book, this pa-
per closely compares to a growing body of literature on hidden orders
and dark pools. One of the possible rationale to use hidden orders is that
informed traders hide their private information and disguise themselves
as uninformed ones by displaying the same order size. In the two-period
model of Moinas (2010), liquidity suppliers are assumed to be asymmet-
rically informed of the fundamental value in the first period and liquidity
takers are assumed to update their beliefs based on the depths of limit
order book in the second period. However, since her model does not
allow traders to choose to be liquidity supplier or demander, it can not
address the informed traders’ liquidity provision decisions. Alternative
rationale to use hidden orders, what Buti, Rindi, and Werner (2011) pro-
poses, is to reduce the price impact and compete in liquidity provision.
The information asymmetry that Buti, Rindi, and Werner (2011) con-
siders does not indicate different information endowment of fundamental
values among traders, but it lies in different accesses to trading venues,
i.e., some traders can view one more limit order book than the rest when

two trading venues are open at the same time.

Lastly, on the empirical side, as the informativeness of limit order
book heavily relies on the order submission of the informed, it is impor-
tant to understand how aggressively, and when, informed traders supply
limit orders. Biais, Hillion and Spatt (1995) categorizes different order

types of different order sizes into seven groups of aggressiveness. It an-
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alyzes how order aggressiveness relates to the market conditions as well
as information content of the limit order book in French stock market.
Ranaldo (2004) offers similar analysis on Swiss stock market. BC pur-
sues these research by comparing periods when trading is likely to be
information-based from other periods. They find that before a positive
earning surprise during which informed buyers most likely arrive, buyers
are less aggressive than expected. Differing from their methodology, MOS
utilizes a comprehensive transaction data from Moscow Interbank Cur-
rency Exchange, identifies individual participants and characterize them
as informed or uninformed ones, and shows that informed traders use
aggressive limit orders more often than uninformed ones when volatility
increases. In answer to the narrower question of whether limit orders
or market orders informed traders submit, Harris and Hasbrouck (1996),

Cooney and Sias (2004), and Hall and Hautsch (2007) contribute.

3.3 The Basic Model

3.3.1 Market Structure

In this market, one asset is traded for T periods and time is denoted
by t=0,1,...,T. In the basic model, T'= 2. The fundamental value of
this asset at the beginning of this trading game is assumed as vy and the
liquidation value at the end is v. It is realized as v = vy + A where the

innovation A takes the values +A and —A (A < vg) with equal prob-
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abilities. Traders arrive in the market sequentially. They can be either
informed or uninformed with probabilities o and (1 — ) respectively. An
informed trader knows perfectly the current and future values of the asset
while an uninformed one does not have such information. Both of them
have access to the limit order book, which means that the states of the
limit order book are observable to both groups.® The trading procedure
follows the usual rules of price and time priority.*

All risk-neutral traders know their own patience type § upon arrival
and need to decide whether to submit a limit or a market order to buy
or sell. Their utilities are the differences between the private evaluations
which depend on their degrees of patience and the cash outflow/inflow
upon executions of their orders. A trader arriving in period ¢ and having
a market order executed immediately or a limit order executed in period

t/, where 1 <t < t < T, has the following utility:

bv — Py if he submits a market order to buy
_ v — P,)Pr(-) if he submits a limit order to buy
U p ) BT BP0

(Py — Bo)Pr(-) if he submits a limit order to sell

P, —pv if he submits a market order to sell

The transaction price P; represents the best quote available in pe-

3Most of market microstructure literature implicitly take this assumption except
the growing body of literature on dark pools and hidden (iceberg) orders.

4Price-time priority defines how orders are prioritised for execution. Orders are
first ranked according to their price. Orders of the same price are ranked depending
on when they are entered.
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riod ¢ and P, is the price specified by a limit order. Both transaction
prices can be either an ask or a bid depending on the direction of trade
and the order type. Pr(:) is the execution probability of a limit order
and is determined by the price it specifies, the arrival rate of an informed
trader o and the possible strategy of an incoming trader. An informed
trader knows the realization of v, while an uninformed one makes an order
submission decision based on his expected utility and thus bears adverse
selection cost eventually. Since a limit order does not get an execution
immediately, the limit order submitted by an uninformed trader in the
first period undergoes two sources of uncertainties: one comes from the
trader’s standard balance between execution costs and price opportunity
costs; and the other uncertainty comes from the possibility of an adverse
change of prices in this asymmetric-information environment. By assum-
ing that some traders are informed of the realization of v while others
are not, we add the informational advantage (for informed traders) and
adverse selection cost (for uninformed traders) into the standard bal-
ance captured by 3 in this limit order market. As in Parlour(1998) and
others®, the patience indicator 8 models the trade-off between execution
costs and price opportunity costs a trader faces in an order-driven market,
and endogenizes a trader’s order submission decision. When a trader has

a patience type [ close to one, he evaluates the asset with little discount

5Degryse, Van Achter, and Wuyts (2009), Buti and Rindi (2011), Buti, Rindi, Wen,
and Werner (2011), and Buti, Rindi, and Werner (2011).
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or appreciation and he most probably submits a limit order. A trader
who has g far away from one is considered to be impatient as he evaluates
the asset with a great appreciation or discount, and thus he submits a
market order to buy or sell. To make the following analysis tractable, we
assume f to be uniformly distributed around one, i.e., 8 ~ U(0,2) and
its density function f(8) is equal to % when g € [0,2] and 0 otherwise.
To sum up, Figure 3.1 shows the timeline of the two-period basic
model. The liquidation value at the end of the second period v are known
by informed traders. In each period, a trader arrives with a probability «
to be informed and its complementary probability 1—a to be uninformed.
He observes the state of the book and makes his order submission. Af-
ter two periods, the trading game is over. Game structure is common
knowledge for all participants. In the following sections, we focus on the
order submission decision of the informed and the uninformed trader in
the first period and analyze how private information can be incorporated
into the LOB. Order submission as well as the state of the book is shortly

explained in the next subsection.
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3.3.2 Order Submission Decision

As shown in Figure 3.1, a limit order book (LOB for brevity) opens
empty at the beginning. T'wo prices are assumed to assemble on the price
grid, i.e., Ay = vg + § and By = vp — 5. The mid-quote of the LOB is
vo. The difference between these two prices is one tick 7 which is smaller

than the fundamental change A. At time ¢, the state of the LOB that

specifies the number of shares @); available at these two prices is defined

as S; = [QM,QP']. An empty book is denoted as [00]. In addition,
we assume that a trading crowd provides liquidity at As = vg + 377 and

By = vy — 377 The market permits orders of one unit and of two types:
limit order (LO) and market order (MO). LOs can be posted at A; and
B;. MOs execute against the trading crowd if the book is empty and
otherwise against the best quotes available on the LOB.

A buyer (seller) can purchase (sell) one share of the asset by hitting
the best ask A; or As (the best bid By or Bs), or by submitting a LO at a
bid B; (at a ask A;), and otherwise he exits the market with zero profit.
Order cancellation is not allowed. We define a trader’s strategy at time
t as H;. In some circumstances, superscripts "In" and "Un" are used to
specify the strategies of an informed and an uninformed trader respec-

tively, and the notation without any superscript denotes the strategies of

6Placing the trading crowd at Ao and B distinguishs our settings from one-tick
market in Parlour(1998) where a trading crowd sits at A; and Bj. In her setting,
the bid-ask spread is implicitly one tick when the book is empty; and after one order
submission the bid-ask spread remains. By contrast, in our model placing a trading
crowd at Az and Bg allows us to analyze the changes of bid-ask spread.
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both. A LO specifying the price i, a MO executed at the price j, and no
trade constitute the strategy space, and they are denoted by +1%, —17,
and 0 where i = A; and By, and j = Ao and By...” A LO provides
liquidity while a MO takes liquidity from the LOB. The change of the
states of book, h;, is derived from the order submission and defined as:

Ve=1...T,

[+£1,0] if Hy =414
Si—=Sia=h =13 [0,+1] if H =+15 (3.1)

[0,0] otherwise

Since the execution probability of a LO relates to the possible arrival
of a future MO, we need to first analyze a trader’s order submission
decision in the second period. As the execution probability of a LO in
the second period is zero, a trader would either submit a MO or exit the
market. Specifically, an informed trader sells if his type [ is low, he buys

if 8 is high, and he exits market if the gain-from-trade is zero. More

"We do not consider any combination of every two or more single orders in the
strategy space. Chakravarty and Holden(1995) finds a combination of a market order
to buy and a limit order to sell is more profitable than a market order to buy alone.
As their model allows market order walks up and down the limit order book, the limit
order acts as a "safety net" for market orders in the opposite direction.
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specifically, an informed trader’s strategy in the second period Hi™ is:

—18 if pelo,B)
Hi"={ 0 ifpe[B 4 (3.2)
—-14 if Be[4,2]

Two threshold values % and % are computed by equating payoffs

from MOs to zero. A and B denote the best ask and bid available on the
LOB.

An uninformed trader’s strategy HY™ can be similarly solved based
on his belief E(v|F7) where the information set at time 1, denoted as
F1, indicates the state of limit order book Sy here. If E(v|F;) < v, the
likelihood of a MO to sell (buy) from the uninformed trader is smaller

(larger) than that of the same choice from an informed trader.

Backwardly, in the first period a trader needs to decide whether to
buy or sell and also balances between a MO executed immediately and a
LO executed with some probability in the next period. A trader makes
order submission decision based on his utility function. For instance, a LO
to sell at A; is optimal for an informed trader informed that v = vy — A,
if it has a higher payoff than that from no trade, a MO to sell, a LO to

buy, and a MO to buy, i.e.,

(A1 — Bv)Pa > Max{0, Ba — Bv, (v — B1)Pb, fv — Az} (3.3)
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The execution probability of a LO to sell for an informed trader,
denoted by Pa, is equivalent to the probability of a MO hitting A con-
ditional on the updated LOB S; = [10] in the second period, and it is
further equal to the average probability of an incoming informed and

an incoming uninformed trader’s MO to buy weighted by their arrival

probabilities:
Pa = Pr(AM0) =a [ @5+ 0-0) [ (@)
= al- 3+ (1= )1 - )

Similarly, the execution probability of a LO to buy for an informed trader

Pb is calculated as:

Pb ="Pr(B|[01]) :a-%—&-(l—a)

Plugging these two execution probabilities (3.4a) and (3.4b) into the
inequality (3.3), we can get the range of S within which it is optimal
to submit a LO to sell. Such submission decision is affected directly by
the future price v and indirectly by the incoming trader’s updated beliefs

(E(v][01]) and E(v]|[10])) via execution probabilities.

Similarly, an uninformed trader’s utility maximization derives his
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optimal strategy:
HY"™ ¢ argmax{EU(+14), Bv — Ay, EU(+1P"), B, — Bv,0}  (3.5)

EU(+14t) and EU(+151)% are expected utilities from submitting
a LO at A; and a LO at B; respectively, which can be expressed in
forms similar to that in (3.3) as (4; — Bvg)Pa’™ and (Bvg — By)PbY™
with the prior belief of the asset vg. In these formula, two execution
probabilities are different from Pa and Pb, and they can be rewritten

as PaU" = a- (1 — 2+ — e (A))+ (1 —a) - (1 — and PbU" =

Al )
2vo 2E(w][10])

Q- (2%J +e(A)+(1-a)- ﬁﬁm]) with two positive variables €1 (A)

and ez(A) increasing in A, and €1 (0) = €2(0) = 0.

3.3.3 Equilibrium

To find the equilibrium of the model, we first fix the uninformed
trader’s beliefs conditional on different states of the LOB, and then solve
for optimal strategies in the resulting trading game. The optimal strate-
gies determine the states of the LOB which sustain our conjectured un-
informed trader’s beliefs.

The order submission decision is closely related to the fundamental

8Denote the execution probabilities conditional on an increasing and a decreasing
future price as Pat,Pa~,Pbt and Pb~ , e.g., Pat = Pal,_, ia and Pa~ =
Pa|v:U07A4 The expected utilities gained from a LO to sell and a LO to buy are:
EU(+141) = (A1 — B(vo + A))Pat + 2(A1 — B(vo — A))Pa™ and EU(+151) =

1(B(vo + A) — B1)PbT + L(B(vo — A) — By)Pb~
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value and the uninformed trader’s beliefs. How an uninformed trader
updates his beliefs determines what order he submits, and since his order
submission changes the state of the LOB, it should have been embedded
into the previous trader’s order decision in equilibrium. Both an informed
and an uninformed trader in the first period are subject to the belief-
updating process via execution probabilities due to the uncertainty of
an incoming trader’s informational role. Therefore, it is necessary for us
to set out the uninformed trader’s belief-updating process. In the first
period, an uninformed trader has a prior belief E(v) = vg. In the second
period, he observes the state of LOB and knows that in the first period
an informed trader arrives with the probability «. Hence, he does the

following Bayesian updating, provided he observes S; = [01] and [10]

respectively:
) = o P S
o ;;Sffl[(’)ff)‘ 2) o — )]
H1-a). Prﬁgl = [311;1)@0
ST == LTSN
Pr(H{" = +141| vy — A) (00— )]

2Pr(S, = [10])
Pr(HV™ = +141)
Pr(S; = [10]) °

+(1-a)-
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In__ 1B1|, r( HIM= 4181 |y —
where Pr(S1 = [01]) _ aPr(Hl =+1 1| 0+A)-;-P (Hi"=+1 1‘ 0—A) N (1 B
a)Pr(HY™ = +1P1) and
HHIP =411 |y FHI? =141 [y —
Pr(S, = [10]) = ot ! °+A);FP(H1 1M fvod) (1-

) Pr(HU™ = +141).

When a = 0, no informed trader arrives in the first period and the
state of the LOB is not informative, and both E(v|[01]) and E(v]|[10])
degenerate to the prior belief vg. As the arrival rate of an informed trader
« increases, the LOB becomes informative and these two expectation
values start deviating from the prior belief. Intuitively, a LO to sell
more likely appears when the price shifts downward than when the price
shifts upward; while a LO to buy more likely appears in the presence of
an upward shift than of a downward shift; these two expectation values
are adjusted in opposite directions and furthermore both distances are
positively linked to  and A. After some calculations, they are rewritten
as, for Va € [0, 1):

E(0][01]) = vo + e2(A, ) (3.6a)
E(9][10]) = v — e1(A, a) (3.6b)

where e1(A,a),ea(A, ) € [0,A) increase in A and «, and e;1(A,0) =
e2(A,0) =e1(0, ) = e2(0, ) = 0.

These beliefs, (3.6a), (3.6b), and E(v|[00]) that can be similarly
calculated, help an uninformed trader make his order submission in the

second period and further affects a trader’s decision in the first period.
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An equilibrium of this model is a fixed point at which traders’ behaviors
are optimal and consistent with their beliefs and their information. It is

defined formally below.

Definition 2 Given the initial book Sy and the arrival rate of an in-
formed trader a where a € [0,1], an equilibrium in this two-period model
is a set of order submission decisions {Hy,Hs} which best responds to
traders’ information and Bayesian beliefs, and states of the limit order

book based on which the beliefs are formed. An equilibrium includes:

{Hi2 :=argmaxU(:| E(), E(v]| F1))} and S1 € F1
{S¢:=Si—1+ h} YVt =1,2 and hy is defined by (3.1)

3.4 Volatility and Informed Trading

In this section, we provide results based on the equilibrium of the
basic model, especially the equilibrium strategies of an informed and
an uninformed trader in the first period. First, we are interested in
what orders informed traders submit. An informed trader’s choice of
a LO/MO determines what order is informative and how the shape of
the LOB is affected. Consequently, we are also interested in: if such
informed population increases, does the market become more efficient?
We show that informed trading can enhance efficiency in the sense that
the midquote of the LOB becomes closer to the fundamental value. This

positive finding is consistent with the very recent experiment by Stockl
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(2012).

In our model, the payoff of a LO as well as the comparison between
a MO and a LO directly depends on the fundamental volatility A”, and
indirectly depends on the arrival rate of an informed trader a, i.e., our
proxy for an informed population. When we look into an informed and
an uninformed trader’s utility maximization problem, these two determi-
nants sketch the picture of our main results. The first subsection looks
at how volatility influences a trader’s order submission in equilibrium
while the subsections 3.4.2 and 3.4.3 analyze the indirect influence from
the arrival rate of an informed trader on trading behaviors and market

welfare.

3.4.1 What Orders Do Informed Traders Submit?

In equilibrium, since an informed trader knows the realization of
liquidation value, he can always gain from trade. He optimally submits
a MO to buy or sell, or a LO to buy or sell depending on his patience

type.!? The standard balance to decide an order type between the price

91t is different from price volatility that can be defined by computing the percentage
change of transaction prices.

10Tn fact, when the volatility is very large, a MO to buy can be non-optimal. To
restrict the following analysis into the case where all four strategies are optimal for
different informed traders, we impose the following assumption: A is not larger than

A such that (in Figure 2) 84 = % . ﬁ > 2. In our simulation exercise,
vo—

A =0.26 given vg = 1; A=21 given vg = 5.

This assumption does not conflict with the foundation based on which our model
has been distilled. ..... according to...Daily stock return is rarely high as 30% or even
40% of the stock value. Any potentially "big" surprise would be usually disseminated
into the market gradually day after another around the earning-annoucement period.
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opportunity costs and the execution costs plays a role. Exiting from the

market is non-optimal. Lemma 1 states this formally.

Lemma 3 [t is non-optimal for an informed trader to exit the market.

Figure 3.2 plots the optimal strategy of informed traders of all pa-
tience types 3 € [0,2]. The left subfigure shows the case with a positive
price change while the right subfigure the case with a negative price
change. In each one, four dashed lines represent the payoffs of different
types of orders for all patience types 8 € [0,2]. The black solid line is
the maximum utility that a trader can achieve by optimally choosing his
order. In both subfigures, four strategies, i.e., a MO to sell hitting the
price By, a LO to buy at By, and a MO to buy hitting the price As,
are possibly used by informed traders depending on their patience level.
These two subfigures illuminate how the discrepancy between the liquida-
tion value and the mid-quote of the LOB affects the current buy and sell
activities. Suppose there is no surprise at the end, i.e., liquidation value
is equal to vg, the sell and buy activities should be symmetric: those of
types B < 1 are sellers and the rest are buyers. When there is a positive
surprise, for example, the informed patient trader who is indifferent be-
tween participating buy or sell activities in the no-surprise case, i.e., the
one with 8 = 1, would now submit a LO to buy. His gain-from-trade is
A discounted by the execution uncertainty. Symmetrically, when there is

a negative surprice, this trader would submit a LO to sell to capture his
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gain-from-trade. In general, there are less sell than buy activities when
the current mid-quote is low: the cross point of the lines of "LO at A;"
and "LO at B;" in the left subfigure (i.e., a "threshold" trader who is
indifferent between being a patient seller and being a patient buyer) is
smaller than 1, while it is larger than 1 in the right subfigure when the

mid-quote is already high.

If the current mid-quote v is low and the liquidation value is higher,
the informed trader would exploit this trading opportunity to buy; while
if the current mid-quote is already high, he would sell the asset. This is
quite straightforward. Now, as a further step, the informed trader needs
to choose between a MO and a LO. Suppose that the liquidation value is
the same as the current mid-quote, or say there is no surprise in liquida-
tion value, whether to submit a LO or a MO depends on the comparison
between a price improvement of one tick and a lowered execution prob-
ability. When the price improvement outweighs the increased execution
uncertainty, submitting a LO is optimal. Now when the price is realized
favorably different from vy (and such difference is larger than the tick
as we assume), a MO that guarantees immediate execution can guarantee
the gain-from-trade; as volatility increases such advantage makes a MO
more attractive than a LO. As volatility increases, therefore, an informed
trader would switch from a LO to a MO conditional on good news and
switch from a MO to a LO conditional on bad news in the first period.

The feature of an endogenous trade direction and an endogenous choice
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of order type in our model captures this intuition.

Proposition 4 Given that the future price goes up (down), an informed
trader is more likely to buy (sell); furthermore, as the volatility increases,

this informed buyer (seller) is more likely to use a MO rather than a LO.

Table 3.1 provides comparative statistics on equilibrium strategies
of both an informed and an uninformed trader, given asset value vy = 1,
tick size 7 = 0.1,!! and small volatilities A = 0.11 (0.11vg) and 0.25
(0.25vg). The choice of 0.11 is based on the assumption A > 7 while
the choice of 0.25 is related to the equilibrium strategy; when A > 0.26,
a MO to buy becomes non-optimal for the informed. We restrict our
analysis within the regime where four strategies are all optimal for the
informed. As Lemma 1 suggests, informed traders always participate in
the market. The strategy of exiting the market can only be optimal for
an uninformed trader under some conditions, which we show shortly in
Lemma 2. When the current mid-quote is low, i.e., v = vg + A, the
probability of the informed’s sell activitiy (Row 3) is lower than that of
their buy activitity (Row 6). The opposite holds when the currrent mid-
quote is high, i.e., numbers on Row 9 are larger than those on Row 12.
Furthermore, if we compare the compositions of LOs and MOs that make

up the buy and sell activity seperately, we can find that: conditional on

1 Simulations for an asset with a high price (vg = 5) are provided at the end of this
section as Tables 3.4- 3.6 (App.1-3) for interested readers. Findings are qualitatively
the same as presented here for the case vg = 1 and thus additional explanations are
omitted.
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a positive surprise, the informed buyer exploits a MO with the probaility
73.15% and a LO with the complementary probability in the parentheses
of Column 3; as the volatility rises, given all else equal, the probability
for an informed buyer to exploit the MO becomes larger, i.e., 78.27% in
the parentheses of Column 6.

Table 3.1 Optimal Order Submissions of An Informed and
An Uninformed Trader This table provides equilibrium strategies of
an informed and an uninformed trader in the first period given vy = 1 and
7 = 0.1. Results are reported for different arrival rates of an informed
trader a = {10%, 50%, 90%} and two volatility scenarios A = 0.11 and
0.25: sell activity (rows 3, 9, 15, and 17) and buy activity (rows 6, 12,
16, and 20) with the detailed decomposition by order type (i.e., MOs to
sell hitting Bs, LOs to sell at A; , LOs to buy at By, and MOs to buy
hitting As). The last row reports the probability of no trade (NT) for an
uninformed trader. In the parentheses of Columns 3-8, the proportions
of LOs and MOs that make up the sell/buy activity are reported in

percentage.

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



I~

“3sonba1 uoffh popraoid ore s3[NSOI UOIJRINUIIS SION SIOPEI} POULIOFUI 9WIOs 10§ [eurydo-uou souooaq Ang o3 QN © ‘1°Q = L pue
T = On waAIS ‘gg"() wet) 198Ie] 10 0} Tenba SI y7 U A\ "IOPRI) POULIOJUIUN ST} PUR PIULIOJUT 91} [j0q I0j rewrido aIe [[os pue Anq
0} O] & pue ‘[[ps pue Anq 03 O\ ® ‘Gz’ Pue (L < V¥ Jey) sI suordwnsse mo Jo ouo [[edd1) []°() JO UIRWOP Y} UL ST {7 USYAN

62100 0 0 0 0 0 opely, ON poseg
(68°L2) 98610 | (16°1¢) 2851°0 | (£8'2¢) €791°0 | (0gge) L19T°0 | (6L28) 1¥91°0 | (50°€8) €S9T1°0 g ¥ 01 - poyoadxy] St
(1T°2L) €85¢°0 | (6%'89) 670 | (LT°29) 29g€°0 | (0429) 68¢¢°0 | (15°29) £€98€°0 | (G6°99) 8FE€0 | %W ¥® OI - uo poseg
(%00T) 69670 | (%00T) 12050 | (%00T) 50050 | (%00T) 90050 | (%00T) ¥00S0 | (%00T) 10050 | £31a130Yy 4ng SUOISSTUI( NG
(8¢7¢g) ¥¥21°0 | (01°62) 6¥F1°0 | (£1°8) S09T°0 | (98°1€) 16ST°0 | (L€2¢€) L191°0 | (£6'3€) 9¥9T°0 Ty % O1- | I0pIQ S Iopel],
(297L) 859¢°0 | (06°0L) 088870 | (£8°29) 068870 | (F1'89) €0ove'0 | (£9°29) 628670 | (L0°L9) €56€°0 | g 1® OIN - pouLIojuTIu )
(%001) 20670 | (%001) 6,670 | (%001) $66%°0 | (%001) ¥66¥°0 | (%001) 966%°0 | (%001) 66670 | ANALOY [0S uy (¢)
(9%°96) 03€£°0 | (96'28) 6183°0 | (02°69) 9T€3°0 | (eF'8¥) 8¢12°0 | (18°SF) 9102°0 | (60°€F) 06810 g v 01 -

(vs'e) 52100 | (P0°L1) 625070 | (08°08) 18010 | (28°1¢) L2250 | (61%S) ¢8¢20 | (169S) 96¥20 | °F %8 OIN - v—la=a
(%001) gFre0 | (%001) 86£€°0 | (%001) L¥e€0 | (%001) STHF0 | (%001) TOFF0 | (%001) 98¢F°0 | £1anoy 4ngg | uo [euonipuo)
(60°€2) FIST'0 | (62°92) 69LT°0 | (£5°T€) 860%°0 | (98'82) 21910 | (19°08) $TLT0 | ($658) L3810 y 1 01 - SUOTSSTUI(NG
(16'9L) ¥%0¢°0 | (1z'eL) €88%°0 | (LF'89) S5SF0 | (FTTL) €26€°0 | (6£69) 688¢°0 | (97°L9) 284870 | % ¥ O - | WPIQ SIoper]
(%001) 8559°0 | (%001) 20990 | (%00T) £599°0 | (%001) 68¢¢°0 | (%00T) 665¢°0 | (%001) $195°0 | LNABOY [PS | pourioju] uy (g)
(g'81) 8801°0 | (1€°0g) GT151°0 | (82'12) €010 | (LS¥%) SPET'0 | (94°GE) €1¥1°0 | (58°92) SLFI O g ¥ 01 -

(92°18) 9287°0 | (69°6L) 89.%°0 | (Lg'8L) ¥69%°0 | (8F°6L) 0£1%°0 | (Fo¥L) 2L0F0 | (GT'€L) 6TOF0 | W ¥® OIN - v+ =a
(9%00T) $965°0 | (%00T) €865°0 | (%001) L6650 | (%001) GLFS0 | (%00T) G8FS0 | (%00T) F6¥50 | A3a30y Ang | uwo [euojIpuoy)
(0'z¥) L691°0 | (P& 2€) 00ST°0 | (zL'€€) 0SET0 | (€1°2€) 089T°0 | (61°GE) 68ST1°0 | (L¥'€€) SOST 0 1% 0T - SUOISSTUI( IS
(g6°L8) 6££2°0 | (99729) L1620 | (82°99) €292°0 | (L8'39) S¥82°0 | (18F9) 92620 | (£5°99) 86650 | g ¥ O - | I9PIQ SIopei]L,
(%001) 96070 | (%001) L107°0 | (%001) €00%°0 | (%001) G250 | (%001) SIGH'0 | (%001) 90SF°0 | £yAnoy [Pg | pouioju] uy (1)

%06 %06 %0T %06 %06 %0T = 0 9jBY [BALLIY POULIOJU]

,(026z°0) 620

(0a171°0) 1T°0

= v A[11e[oA

(T°0=1 ‘1=0a :sonfep Iejewrele ) Jopel], PAULIOJUIU() Uy PUR PaULIOJU] UY JO suolssiiqng JapiQ rewrnydQ

1°€ °198L

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche)

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013



188

Interestingly, this finding is consistent with the experimental find-
ings of BOS. In BOS, as trade progresses, the distance between the mid-
quote and the true value becomes smaller, i.e., A decreases in our model,
informed traders submit more LOs and less MOs. Note that in the exper-
imental sessions informed traders and uninformed traders interact at the
same time, while informed traders switch the role of liquidity demanders
to liquidity providers, uninformed traders change the role of liquidity
providers to liquidity demanders. In our model, the traders arrive se-
quentially with random information-endownment. We can not find the
"mirror effect" on the uninformed traders in our model. To complete our
characterization of equilibrium, we articulate the effect of volatility A on

the uninformed trader’s LO submission as below.

Lemma 4 As the volatility A becomes larger, other things being equal,
an uninformed trader less probably submits a LO and more probably exits

the market with no order submission.

Table 3.1 also provides the optimal order submission of an unin-
formed trader in the first period. Since the uninformed trader bears
a higher execution uncertainty due to a lower unconditional expected
probability of MO submissions in the second period, he submits a LO
less often. For both buyers and sellers, the probabilities of LO submis-
sions decrease as volatility increases, as shown by Rows 17 and 20. It is

also remarkable to read that the adverse selection cost can be so large
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that the uninformed trader is discouraged and he exits the market. The
probability of "No Trade" becomes non-zero when volatility is 0.25 and
the informed proportion is 90% in this table. How the high informed
proportion contributes into the frustration of the uninformed’s trade is
discussed in the next subsection.

From this table, it is also noted that even for an uninformed trader,
the exploitations of a LO and of a MO are not equal in equilibrium. In
order to better describe how aggressively an informed trader behaves in
this market, we define an indicator AGG by the percentage difference of
the exploitation of the aggressive strategies by an informed buyer (seller)
and by an uninformed buyer (seller). Aggressive strategy in this two-
period model stands for MOs only and, therefore, the measure of order
aggressiveness for an informed seller conditional on a positive surprise in

liquidation value AGG*">+ is defined as:

inator
AGGsell+ nomina
P(HY™ = —152 |[uninformed sell,ug + A)
[nominator = P(H{™ = —172 |informed sell,uy + A)
—P(HY™ = —1P2 |uninformed sell,vg + A)]

P(H{™ = —172 |informed sell,vg + A)
P(HY™ = —152 |uninformed sell,vg + A)

When the informed trader exploits a MO to implement his trading

goal more than his uninformed conterpart, he is considered to be aggres-

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



190

sive. This indicator is positive. When the opposite occurs, this informed
trader is considered to be passive and the indicator is negative. The
larger it is, generally speaking, the more aggressively an informed trader
behaves. Similarly, we define the indicator for an informed seller con-
ditional on a negative surprise as well as an informed buyer conditional
on differenet realizations of liquidation value. As the positive (negative)
surprise is a piece of good news for a buyer (seller), we finally define the
aggressiveness indicator conditional good news and bad news separately.

They are:

AGGbuy7+ + AGGSCH,—

AGGY = 5 (3.7a)
sell,+ buy,—
Acar = A¢¢ ;AGG (3.7b)

Based on Table 3.1, Table 3.2 derives and reports our measure of
informed’s order aggressiveness. When the volatility rises, all else being
equal, the informed sellers exploit MO less often than their uninformed
counterpart if he is informed of a positive surprise in liquidation value,
and thus the values of the indicator of informed aggressiveness on row
3 are negative; and if the informed buyer is informed of the same news
he would behave more aggressively, i.e., values on row 4 are positive.
Symmetrically, when the liquidation value go downward and becomes

lower than the current mid-quote, the informed sellers and buyers behaves
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in the opposite way. In general, an informed trader who is informed of
good news exploits a MO more often than an uninformed one while he

behaves less aggressively if informed of bad news.

3.4.2 How Is Market Affected by Informed Trading?

This subsection examines how the arrival rate of an informed trader
affects the informed trader’s aggressiveness in order submission decision.
In equilibrium, an informed and an uninformed trader have different sub-
mission strategies in the first period, and the arrival rate of an informed
trader directly affects the informativeness of the LOB as well as the up-
dated beliefs in the second period based on which a future uninformed
trader submits his MO. The arrival rate a affects the liquidity provision
decisions of the informed and the uninformed trader by changing the ex-
ecution probabilities of LOs. Suppose that the informed trader submits
a favorable LO conditional on the direction of the price change, i.e., a
LO to buy conditional on vy + A or a LO to sell conditional on vg + A.
A higher « frustrates the informed traders’ LO submissions by decreas-
ing execution probabilities. For instance, when the liquidation value is
higher than the current mid-quote, the belief over the fundamental value
conditional on the book [01], i.e., (3.6a), is smaller than v = vy + A, and
the probability of a MO submission from the future uninformed seller
B;

ﬁll[ol]) is consequently larger than that of a future informed one 5! in

(3.2). Thus when calculating the execution probability of a LO to buy,
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i.e., (3.4b), a higher « results in a smaller value of the execution proba-
bility and thus a lower incentive for an informed trader to submit a LO
to buy in the first period. Similarly, due to the updated belief E (%] [10])
is lower than vy + A, the future uninformed MO to buy is lower than
informed MO to buy and a smaler « results in a higher execution prob-
ability of a LO to sell submitted in the first period. To sum up, being
informed of vy + A, informed traders more probably submits LOs to buy
and less probably submits LOs to sell. If the informed trader is informed
of a negative surprise, the opposite pattern can be argued.

Since these execution probabilities affect both an informed and an
uninformed trader in the first period, the above reasoning is also true
for an uninformed trader. In addition, an uninformed trader relies on
the prior belief vy rather than any precise information, and his optimal
strategy does not depend on the realized states of v. Hence, when an
uninformed trader maximizes his expected utility across different states
of v, the effect of & on the future’s execution probabilities intra-play with
the execution probability. Specifically, a higher o makes an uninformed
trader less probably submits a LO and it is likely to have some uninformed

traders exit the market.

Proposition 5 As the arrival rate of an informed trader o becomes
larger, other things being equal:
(1) an informed trader less probably submits a LO conditional on

good news but more probably submits a LO conditional on bad news;
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(2) an uninformed trader less probably submits a LO and more prob-

ably exits the market with no order submission.

Table 3.1 report the simulation results obtained for different arrival
rates a. First, we can read that an informed trader less probably submits
a LO when « rises. Specifically, When an informed trader is optimal
to buy conditional on a positive surprise and to sell conditional on a
negative surprise, i.e., rows 6-8 and 9-11 in Table 3.1, the marginal effect
of « is positive on the probability of such favorable LO submissions.
While such marginal effect of « is negative on the probability of adverse
LO submissions, rows 3-5 and 12-14 show that informed traders more
probably submits LOs as « rises. As far as an uninformed trader is
concerned, the probabilities of his LO submission on both sides (i.e.,
rows 17 and 20) decrease in «. It is noted that when the voaltility is very
high and the informed proportion is very high, the uninformed trader
might exit the market, i.e., with a probability 0.0129 when A = 0.25 and

a = 90%.

3.4.3 Price Efficiency and Welfare

The origin of the interest on informed trader’s order submission is
derived from the concern of price efficiency in financial market. Intu-
itively, when informed trader more probably submits a MO, the spread

of the limit order book is inevitably widened. The book is pulled down-
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ward /upward to the liquidation value that informed traders know. The
more probably an informed trader arrives, the faster the book evolves
towards the liqudation value. Given all else equal, the larger volatility
is, the more significant his contribution in price revelation is. At the
same time, when informed traders trade on their information and bring
price efficiency into the market, they also financially benefit from the
information they know. It brings up the concern on the welfare of the
uninformed traders. Financial market is an information-sensitive arena.
Information and the ability of processing trade-related information are
important for traders. From the regulator’s point of view, frostering a
healthy and efficient market needs to balance between both efficiency and

welfare.

In this subsection, we analyze how welfare is affected by informed
trading. Total welfare is defined as the sum of the expected welfare in
each period of two groups of traders, i.e., W = oY, E(Wm) + (1 —
a) Y. E(WU™). The expected welfare of informed tradetrs at time ¢ is fur-
thert defined by summing up the gains from both market and limit orders,
e BOWI™) = [y pumne sy 1P = Bol-F BB+, ey, 1P = Bol
Pr(-) - f(B8)dp; and the expected welfare of uninformed ttraders at time

t, E(W/™), can be similarly defined by substituting H/™ by H™.

To examine how the information asymmetry affects the welfare in the
market, we consider an environment free of asymmetric information. It is

an alternative setting with no informed traders, i.e., « = 0. By comparing
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the changes of welfare, we can qualify how uninformed traders’ welfare is

affected by information asymmetry as well as the market conditions.

Proposition 6 Compared to the no-information environment, informed
traders benefit from trading at the cost of uninformed traders’ welfare,
despite the fact that they bring welfare improvement in the total amount

of all market participants.

Table 3.3 reports that how the total welfare as well as those of dif-
ferent informational roles’ are affected by the arrival rate of an informed
trader. Firstly, when a becomes larger, the informed traders’ welfare
improves. Translated in to the numbers in this table, the percentage
change of the informed traders’ welfare compared to the benchmark case
are positive for all arrival rates of an informed trader. Secondly, the
uninformed traders’ welfare are worsened as the percentage changes are
negative. However, the total welfare is improved by the exsitence of in-
formed trading. These observations are true for different volatilities when
we compare the upper panel and the lower panel of this table.

At the end of this section, we provides simulations for an asset with a
high price (vg = 5) for interested readers. They are Table 3.4, Table 3.5,
and Table 3.6. Findings are qualitatively the same as presented here for

the case vy = 1 and thus additional explanations are omitted.
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Table 3.4 (App. 1) Optimal Order Submissions of An In-
formed and An Uninformed Trader This table provides equilibrium
strategies of an informed and an uninformed trader in the first period
given vg = 5 and 7 = 0.1. Results are reported for different arrival rates
of an informed trader a = {10%, 50%, 90%} and two volatility scenarios
A = 0.11 and 0.25: sell activity (rows 3, 9, 15, and 17) and buy activ-
ity (rows 6, 12, 16, and 20) with the detailed decomposition by order
type (i.e., MOs to sell hitting By, LOs to sell at 4; , LOs to buy at By,
and MOs to buy hitting As). The last row reports the probability of no
trade (NT) for an uninformed trader. In the parentheses of Columns 3-8,
the proportions of LOs and MOs that make up the sell/buy activity are

reported in percentage.
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Table 3.5 (App. 2) Order Aggressiveness in Two-Period Model This table provides the measure
of order aggressiveness given vg = 5 and 7 = 0.1. Results are reported for different arrival rates of
an informed trader o = {10%,50%,90%} and two volatility scenarios A = 0.11 and 0.25: sell-side
aggressiveness (rows 3 and 5) and buy-side aggressiveness (rows 4 and 6) as well as the average of them
conditional on the different realizations of liquidity value (rows 7 and 8).

* More simulation results are provided upon request.

Table 3.5 Order Aggressiveness in Two-Period Model (Parameter Values: vy=5, 7=0.1)

Volatility A = 0.11 (0.117) 0.25 (0.257)"

Informed Arrival Rate « = | 10% | 50% | 90% | 10% | 50% | 90%

Conditional on | (1) Sell-side (AGG™™F x100) | -0.03 | -0.12 | -0.23 | -0.08 | -0.38 | -0.69
v =vo+A (2) Buy-side (AGG™™T x100) | 0.35 [ 0.39 | 0.45 | 0.70 | 0.76 | 0.81
Conditional on | (3) Sell-side (AGG™™~ x100) | 0.02 | 0.08 | 0.14 | 0.02 | 0.14 | 0.21
v =v9—A (4) Buy-side (AGG™ Y~ x100) | -0.35 | -0.48 | -0.59 | -0.91 | -1.22 | -1.55
Average Good News: 0.5 x [(2) + (3)] 0.18 | 0.23 | 0.30 | 0.36 | 0.45 | 0.51
Aggressiveness | Bad News: 0.5 x [(1) + (4)] -0.19 | -0.30 | -0.41 | -0.49 | -0.80 | -1.12
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3.5 Conclusions

Our static model embeds asymmetric information into the model of
Parlour (1998). It has a closed-form solution and, furthermore, it provides
insights on the classical question of what orders informed traders submit
and on the recent attention of whether the informed traders use orders

more aggressively.

Our equilibrium shows that volatility and competition among in-
formed traders affect the choice of liquidity supply and demand. When
the price is known to evolve favorable, the informed buyers and sellers are
more aggressive than their uninformed counterparts. When the volatility
increases, they exploits MOs more. Such aggressiveness, at the same time,
is also positively correlated with the competition among informed traders.
In general, we also show that both the volatility and the proportion of
informed traders frustrate uninformed traders’ willingness to participate
in the market and their willingness to provide liquidity if they desire.
Total welfare of market participants is improved by informed trading but
the informed traders gain at the cost of their uninformed counterpart’s

welfare.

Admittedly, volatility and competition among informed traders are
two independent determinants of order submission decision in our analy-
sis, but they are not exclusive to each other in stock trading. For exam-

ple, fundamental volatility ( the information value defined in BOS) de-
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creases dramatically if the competition among informed traders is fierce.
Whether, and how, these two determinants play with each other in af-

fecting the equilibrium is beyond the scope of this paper.

This paper takes a simple framework of two-period to look at how
information asymmetry relates to traders’ liquidity provision decision. If
we extend the model into a dynamic way (with more than three periods),
this discrete model becomes far more complicated than being tractable
even if some assumptions are made. For example, one possibility is to
take Foucault’s assumption that a LO has one-period life, i.e., after one
period the LO either executes or expires; it makes an individual’s decision
of order submission directly relates to the next trader’s action but not
the rest of traders’ for execution. Still, such dynamic discrete system
hardly works more than three periods. This is because the beliefs in this
multiple-stage incomplete-information game would expand exponentially
and makes the model computationally challenged. Alternatively, if we
follow what Handa, Schwartz, and Tiwari (2003) assumes, i.e., the private
information has one-period life and it becomes public after one period,
the dynamic structure would collapse into a series of simple two-period

ones as we study here.

Our model fairly characterizes some basic features of limit order
markets such as price-time priority imposed on trading procedure and
long-lived LOs. However, for simplicity, we assume the order size to be

one. Considering orders of the size more than one unit and allowing it
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to walk up/down the LOB, i.e., marketable LO, can provide insights on
how information advantage relates to the decision of order-splitting. In-
tuitively, when the volatility is very large, the favorable informed traders
split orders to mimic what the uninformed would do in order to hide their
information; while the adverse side of informed traders submit large or-
ders to avoid the incoming price change. When the volatility is very
small, the decision of submitting a large order or splitting it into small
orders depends on the comparison between expected payoffs from both
strategies: a large order likely reveals the private information while sev-
eral small orders increase trading costs. One potential challenge of this
extension is that, as the strategy space is expanded more than being

doubled, the complexity of solving the equilibrium rises dramatically.
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Appendix C

C.1 Proof of Lemma 3

Proof. An informed trader solves his utimility maximization problem by
comparing the payoffs from LOs and MOs. Since A; > By and Ay > By,
we have % < % (which means the line of "LO at A;" intercepts the
x-axis at % on the right hand side of % where the line of "MO at By"
intercepts the x-axis, as showed in Figure 3.2) and % < %(which means
the line of "LO at B;" intercepts the x-axis at % on the left hand side
of % where the line of "MO at Ay" intercepts the x-axis, as showed in

Figure 3.2); furthermore, given that % > %, there is no regime so that

the optimal one among these four strategies generates zero profits. m

C.2 Proof of Proposition 4

Proof. Below we prove the case when the future price goes up. The
case with a decreasing future price (v = vy — A) holds by symmetric
arguments.

Given that four strategies are optimal for informed traders, to prove
that more buy than sell conditional on a high realization of the liquidation
value is equivalent to show that the cross point of "a LO at A;" and "a
LO at B;" is smaller than 1. By equating payoffs of LOs at A; and By,
i.e., (A1 = Bav)Pa = (80— B1) Pb, we have §, = 45250 Tt is trivial

to have 3, < 1 as long as A > 0.
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Now in order to show the second half of this Proposition, we need

to prove that g:gz is positively correlated with A. 34 is the cross point
of the payoffs from "a LO at B;" and "a MO at A," and it is, therefore,
As—B; Pb 2-83

equal to B85 = TPy After subsituting back into 55 we have the
MO submission proportion becomes a function of Pa and Pb denoted by
h(Pa, Pb). From (3.4a) and (3.4b), we can derive that Pa (A) >0

vo+A

and Pb (A) LS 0. Taking the first derivatives of h(Pa, Pb) with
vo+

respect to A, we yield the result. m

C.3 Proof of Lemma 4

Proof. The utility maximization problem of an uninformed trader (3.5)
is replicated here: HU™ € arg max{EU (+141), Bvg— Az, EU (+151), By —
Bug, 0} with EU (+141) = 1(A; — B(vg+A))Pat +1 (41— B(vo—A))Pa~
and EU(+151) = 1(B(vo+A)—B1)PbT+3(B(vog—A)—B1)Pb~. Pa* de-
notes Pal, | A for short, Pa™ is Pal, A, and Pbt and Pb~ are similarly
denoted. The strategy of submitting a LO to sell at A; is better than "no
trade" if 2(4; — B(vo+A))Pat +1(A1—B(vo—A))Pa~ > 0. We get that

Ay (Pat4Pa™)
vo(Pat+Pa~—)+A(Pat—Pa~)

the threshold value 85" is (which is smaller
than f}‘—ol); similarly, we get that the threshold type 652" between submit-

is

ting a LO to buy and "no trade" is UD(PHf}(Iﬁb)ﬁrXZ’El_Pb_)( which

larger than %1 because (Pb™ — Pb~) < 0). If A =0, g5 = ’371 > 5=

vo

Y7, thus those traders with their patience types within the rage of

(BY5r, B5M) can be better off by trading. When A rises, 45" decreases
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and Y increases. When A is large enough so that 85" < %", there
exists some traders who are better off by exiting the market without order
submission.

Now we need to discuss two cases separately in which the LO sub-
missions of uninformed traders decrease in A (Lemma 2) and decrease in
a (the second part of Proposition 5).

Case 1: when A is small and exiting the market is non-optimal

Taking an uninformed trader’s utility maximization problem, we de-

fine two threshold types Bij" and BU" in the same way as that in the

_ By—A,PdY and ﬁ _ A Pa""4+B, PbU"

. pUn .
proof of Lemma 1: 87" = = PaU" Y750 [PaUn PbU] g . Sim-

ilarly, for a buyer, we can find the threshold type 55 between a LO to

buy and a MO to buy and it is 85 = % The total probability

of LO submissions is 85" — Y™ and it is a function of PaV™ and PbU".
Keep in mind that, the first part of Pa/™ (PbV"), i.e., a-[1— 2= L—e1(A)]

(a [200 +e2(A)]), embeds the prior belief over the fundamental value in-

B

5,-) with a distance

stead of the true value v; and it approaches to 1— %(

€1(A) (e2(A)) increasing in A. Substituting (3.6a) and (3.6b) into Pa¥"

and PbY", we have Pa'" = o [1———61(A)]+(1—a)~(1—m)

and PbU" = o (ﬁ +e(A)+(1-a) Further substituting

B,
2(votea(A,a)) "

them into U” - 11]" and taking the first-order derivative with respect

to A, we get a negative value.

When we take the first-order derivative with respect to «, we have

dBY"—pY™) _ 9BY" appUn  9BY™ gpaUn
da -

g 985" ond 283"
aPbUT  da aPaUn  fa - PWMCC Fppon aNAd Fpiow are
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. Un . Un
negative, we need to compare aPB"a with aly; . They are (1 — QATB —

e1(A)) —(1- m) +(1 —a)(—m)/ and 27 4 e5(A) —

/ . Un
m + (1 - a)(m) respectively. 3%’; is generally

G )
do

. . Un . o, . .
positive and 8%‘2 is positive except when « is large. Thus

is negative except when « is large.

Case 2: when A is large and exiting the market can be optimal

In this case, the total probability of LO submission becomes: (85" —

Uny 4 (BY™ — BY;"). Similar calculations yield the results. m

C.4 Proof of Proposition 5

Proof. The proof of the second part is contained in Appendix C.3. Below
I show only the first part of this Proposition.

From (3.6a) and (3.6b), we know that when a = 0, E(v;|[01]) =
E(v1|[10]) = vp, thus (3.4a) and (3.4b) are equal to lf%and 2B’Ttrespectively.
So, Pa'™ = PbI™ when o = 0.To focus on the impact of a, we use
Pa(a) and Pb(a) to denote Pa and Pb respectively. And we have
Pa(0) = Pb(0) = 2 =m < 0.5,

Now let’s consider two derivatives at the origin and simplify the
notations by removing the superscripts "In": Pa’ (0) and Pb (0).

Pd (0) = lim,_ o+ Pal"(a)—Pa’"(0)

a
A A A
. (-5t ) +(1-a) (= gtey) —(—55)
- hnlozgv()+ o
Ay Al
_ (A Ay : 2vg _ 2(vg—e1)
— (2'00 — 2’01) + limg o+ - (1-a)
Ay Ay
_ (AL A . 2vg _ 2(wg—e1) _ 13 A Ay
- (2110 2v1 ) + hma_’OJr « hma_’0+ (21)0 2(’[}0761))

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



209

’
€1

A A A
MCCREORE b

P (0) = limy g, 22()=P0O)

a:O_Al(L_L_ (5:0)

By By By
PTY +(1—a)- 2(vgtez) _ 2vg
(o7

= lima_,0+

__B1 By
(& _ &) + 11ma~>0+ 2(vgtea) 2vg (1 _ a)

2v1 2vg o
B B
_(B1 _ B: : 2(vgtez) 209 _ 1; B, _ B
- (2111 21}0) + hma‘)OJr a hmaﬁ(ﬁ ( 2(vo+es) 2U0)
’ !
:(31 _Bl)_Bl e2u=0:*Bl(L_i €2a=0)
2v1 2v0 2v9 o 2 \uvg vy v2

Given what Lemma 1 suggests, we need to discuss two cases: when
both LO and MO are optimal for sellers and buyers, and when the change
of prices is so large that LO at A;(By) is not optimal for any seller (buyer)
when adverse information arrives. Below we show that this lemma holds
when the future price goes up, and omit the proof of the case when the
future price goes down as it can be obtained by symmetric arguments.

Define 5 is a trader type who evaluates a limit order to buy (the
strategy +151) and a market order to buy (the strategy —142) equal, i.e.,
(B3v1 — B1)Pb = a0 — Ay = B3 = 42=0100: In (77), B, (= B2=2hfa)
is the threshold for submitting a LO and a MO to sell. The distance
between these two thresholds is a range of traders who submit LOs. We
need to prove that the distance (85 — 8; = g(«)) decreases in the arrival

rate of an informed trader a.We have:

(0) = A;—B1Pb(0)  By—A1Pa’™(0) _ (3+m)r
9 — vo—v1 Pb(0) vo—v1 Pal™(0) vg—v1im

’ ’

9'(0) = (52050 ) py - PV — (5=0ip ) pa - Pa]

vo—v1 Pb vg—v1 Pa

a=0
’
= Az =Bivg | (_&)(L _1 . g=0) _ Arvo—Bavy | ﬂ(L 1 _
(vo—v1im)? 2 Vg vy v2 (vo—v1im)? 2 \ug V1

Tesi di dottorato "Essays on Information, Learning, and Trading"

di WEN YUANJI

discussa presso Universita Commerciae Luigi Bocconi-Milano nell'anno 2013

Latesi étutelata dallanormativa sul diritto d'autore(Legge 22 aprile 1941, n.633 e successive integrazioni e modifiche).

Sono comunque fatti salvi i diritti dell'universita Commerciae Luigi Bocconi di riproduzione per scopi di ricerca e didattici, con citazione della fonte.



210

’
€1
=0
Uc; ) ’ ’
1 1 1 ‘1 a=0 1 1 2 a=0 e ’
Given (5= — o= — T) and (5= — -+ T) are positive, ¢’(0)

results in a negative value.

"

“g(a) = g(0) 4+ ¢'(0) - for >0 .-, 30 < a < o g(@) > g(a

).

C.5 Proof of Proposition 6

Proof. Given that Proposition 5 holds, following the definition of welfare,

we yield the result. More details are available upon request. m
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