ECOMNZTOR

Make Your Publications Visible.

Frey, Stefan; Grammig, Joachim

Working Paper

A Service of

ﬂ I I I Leibniz-Informationszentrum
° Wirtschaft
o B Leibniz Information Centre
h for Economics

Liquidity supply and adverse selection in a pure limit

order book market

CFR Working Paper, No. 05-01

Provided in Cooperation with:

Centre for Financial Research (CFR), University of Cologne

Suggested Citation: Frey, Stefan; Grammig, Joachim (2005) : Liquidity supply and adverse selection
in a pure limit order book market, CFR Working Paper, No. 05-01, University of Cologne, Centre for

Financial Research (CFR), Cologne

This Version is available at:
https://hdl.handle.net/10419/57717

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor durfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dirfen die Dokumente nicht fiir 6ffentliche oder kommerzielle
Zwecke vervielféltigen, 6ffentlich ausstellen, 6ffentlich zugénglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfiigung gestellt haben sollten,

gelten abweichend von diesen Nutzungsbedingungen die in der dort

genannten Lizenz gewahrten Nutzungsrechte.

WWW.ECONSTOR.EU

Terms of use:

Documents in EconStor may be saved and copied for your personal
and scholarly purposes.

You are not to copy documents for public or commercial purposes, to
exhibit the documents publicly, to make them publicly available on the
internet, or to distribute or otherwise use the documents in public.

If the documents have been made available under an Open Content
Licence (especially Creative Commons Licences), you may exercise
further usage rights as specified in the indicated licence.

Mitglied der

Leibniz-Gemeinschaft ;


https://www.econstor.eu/
https://www.zbw.eu/
http://www.zbw.eu/
https://hdl.handle.net/10419/57717
https://www.econstor.eu/
https://www.leibniz-gemeinschaft.de/

cFR-Working paper No. 05-01

LiQuidity supply and adverse selection
th a pure Limit order Book market

stefan frey e joachim crammig

centre for Funanctal research
Look deeper



Liquidity supply and adverse selection in a pure limit order

book market

Stefan Frey
and

Joachim Grammig

January 5, 2005

Abstract

Based on a structural model we analyze adverse selection costs and liquidity supply in a
pure open limit order book market. Given the discontenting empirical model performance
reported in the previous literature, we relax restrictive assumptions of the underlying
theoretical model concerning order book equilibrium and the distribution of market order
volumes. We demonstrate that the resulting revised econometric methodology delivers
considerably improved empirical results. Employing the alternative approach in a cross
sectional analysis we provide evidence that adverse selection costs are more severe for
smaller capitalized stocks, and find empirical support for one of the main hypothesis
put forth by the theory of limit order book markets, which states that liquidity supply
and adverse selection costs are inversely related. We also show that adverse selection
component estimates based on the formal model and those obtained using popular model-
free methods are closely correlated. This result indicates the robustness of the structural
model, but also provides a theoretical underpinning for the application of the ad hoc

method to limit order book data.
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1 Introduction

Ten years after, the question phrased in Glosten’s (1994) celebrated paper: 'Is the electronic
order book inevitable?’ seems to be answered, given the triumphal procession of open order
book systems in Continental Europe and recent developments in US stock markets.! A
central feature of a pure limit order book market is the absence of dedicated market makers.
Liquidity is supplied voluntarily by patient market participants who provide an inflow of limit
buy and sell orders, the lifeblood of the trading process. The non-executed orders constitute
the limit order book, the consolidated source of liquidity. As the viability and resiliency of
such a market structure is in the interest of regulators, operators and individual investors it
is not surprising that theoretical and empirical studies of limit order markets abound in the
literature.? However, theoretical models explaining liquidity supply and demand in limit order
book markets have not been very successful when confronted with real world order book data.
Sandas (2001) extends the methodology proposed by De Jong et al. (1996) and estimates a
version of Glosten’s (1994) limit order book model allowing for real world features like discrete
price ticks and time priority rules. The empirical results obtained using data from the Swedish
stock exchange were not encouraging. Formal specification tests reject the model, transaction
costs estimates are significantly negative, and book depth is systematically overestimated.

This paper shows how some restrictive assumptions of Glosten/Sandas type models con-
cerning order book equilibrium and the distribution of market order sizes can be relaxed,
while retaining suitable moment conditions for GMM estimation. We show that the result-
ing revised econometric methodology considerably improves the empirical performance. The
alternative approach is employed in a cross sectional analysis of adverse selection costs and
liquidity supply in a limit order market.

Given the discontenting results reported in the previous literature, it is not surprising that

many recent empirical papers analyzing limit order book market data have severed the close

In January 2002 the New York Stock Exchange (NYSE), known as a hybrid specialist market, adopted the
key feature of electronic order book markets, namely the public display of all limit orders (NYSE open book

program).
2Traditionally, market microstructure theory focussed on quote driven markets with one or more market

makers (see O’Hara (1995) for an overview). Recent papers by Parlour (1998), Seppi (1997) Foucault (1999)
and Foucault et al. (2003) have changed the focus to the analysis of price and liquidity processes in order

book markets.



connection to the theoretical framework. Extending the approach of the early paper by Biais
et al. (1995), Hall et al. (2003), Coppejans et al. (2003), Cao et al. (2004), Grammig et
al. (2004), Pascual and Veredas (2004) and Ranaldo (2004) employ discrete choice and count
data models to analyze the determinants of order submission activity and the interaction of
liquidity supply and demand processes in limit order markets. Beltran et al. (2004) advocate
a principal components aproach to extract latent factors that explain the state of the order
book. Gomber et al. (2004) and Degryse et al. (2003) conduct intra-day event studies to
analyze the resiliency of limit order markets. These papers interpret the empirical results in
the light of predictions of microstructure models. However, a structural interpretation of the
parameter estimates cannot be delivered.

This paper returns to the theoretical basis for the empirical analysis of limit order book
markets. We hypothesize that the discontenting empirical model performance is due to the
following problems. First, the real world trading process might be organized in a way that
deviates too much form the theoretical framework. Second, some of the underlying theoretical
model’s assumptions might be too restrictive. The Glosten (1994) model imposes a zero
expected profit condition for order book equilibrium which may not hold in a very active
order market with discrete price ticks and time priority rules. Furthermore, the parametric
distribution of market order sizes assumed by Sandas (2001), though leading to convenient
closed form liquidity supply equations and GMM moment conditions, might be misspecified.
Hasbrouck (2004) conjectures that the latter is responsible for the empirical failure of the
model.

The original methodological contribution of this paper is to propose an alternative ap-
proach which relaxes these restrictive assumptions while still delivering convenient moment
conditions that can be employed for GMM estimation and testing. For this purpose, we re-
place the zero expected marginal profit conditions by more robust conditions for order book
equilibrium which are based on less restrictive assumptions regarding limit order trader be-
havior. Furthermore, we show that the parametric distributional agssumption about market
order sizes can be abandoned in favor of a straightforward nonparametric alternative.

We estimate the model using both the standard and the revised methodology based on
reconstructed order book data from the Xetra electronic order book system which operates

at various European exchanges. The data are tailor-made for the purpose of this paper



since the trading protocol closely corresponds to the theoretical trading process from which
the moment conditions used for the empirical methodology are derived. We show that the
revised econometric methodology delivers a much better empirical performance. Encouraged
by the results, we employ the model in a cross sectional analysis of adverse selection effects
and liquidity in the Xetra limit order market. This is the original empirical contribution
of the paper. We report the following main results. First, we provide new evidence, from
a limit order market, that adverse selection effects are more severe for smaller capitalized,
less frequently traded stocks. This corroborates the results of previous papers dealing with
different theoretical backgrounds, empirical methodologies, and market structures. Second,
the empirical results support one of the main hypothesis of the theory of limit order markets,
namely that book liquidity and adverse selection effects are inversely related. Finally, we
compare the adverse selection components implied by the structural model estimates with
poplar ad hoc measures which are based on a comparison of effective and realized spreads.
The latter approach is model-free, frequently used in practice and academia (see e.g. Boehmer
(2004) and SEC (2001)) and requires publicly available trade and quote data only. The first
approach is based on an structural model, permits an economic interpretation of the structural
parameters, but the demand on the data is higher, as reconstructed order books are needed.
We show that both methodologies lead to quite similar conclusions. This result indicates the
robustness of the structural model approach. It also provides a theoretical underpinning for
using the ad-hoc method for the analysis of limit order data.

The remainder of the paper is organized as follows. Section 2 describes the market struc-
ture and the data. Section 3 discusses the theoretical background and develops the empirical
methodology. The empirical results are discussed in section 4. Section 5 concludes with a

summary and an outlook for further research.

2 Market structure and data

2.1 The Xetra open limit order book system

In our empirical analysis we use data from the automated auction system Xetra which is
employed at various FEuropean trading venues, like the Vienna Stock Exchange, the Irish

Stock Exchange, the Frankfurt Stock Exchange (FSE) and the European Energy Exchange.



Xetra is a pure open order book system developed and maintained by the German Stock
Fxchange. It has operated since 1997 as the main trading platform for German blue chip
stocks at the FSE. Since the Xetra/FSE trading protocol is the data generating process for
this study we will briefly describe its important features.®

Between an opening and a closing call auction - and interrupted by another mid-day
call auction - Xetra/FSE trading is based on a continuous double auction mechanism with
automatic matching of orders based on the usual rules of price and time priority. During pre-
and post-trading hours it is possible to enter, revise and cancel orders, but order executions
are not conducted, even if possible. During the year 2004, the Xetra/FSE hours extended
from 9 a.m. C.E.T to 5.30 p.m. C.E.T. For blue chip stocks there are no dedicated market
makers like the Specialists at the New York Stock Exchange (NYSE) or the Tokyo Stock
Exchange’s Saitori. For some small capitalized stocks listed in Xetra there may exist so-
called Designated Sponsors - typically large banks - who are required to provide a minimum
liquidity level by simultaneously submitting competitive buy and sell limit orders. In addition
to the traditional limit and market orders, traders can submit so-called iceberg (or hidden)
orders. An iceberg order is similar to a limit order in that it has pre-specified limit price and
volume. The difference is that a portion of the volume is kept hidden from the other traders
and is not visible in the open book.

Market orders and marketable limit orders which exceed the volume at the best quote are
allowed to 'walk up the book’.* In other words, market orders are guaranteed immediate full
execution, at the cost of incurring a higher price impact on the trades. This is one of the key
features of the stylized theoretical trading environment upon which the econometric modeling

is based, but which may not necessarily be found in the real world trading process.’?

3The Xetra trading system resembles in many features other important limit order book markets around the
world like Euronext, the joint trading platform of the Amsterdam, Brussels, Lisbon and Paris stock exchanges,
the Hong Kong stock exchange described in Ahn et al. (2001), and the Australian stock exchange, described

in Cao et al. (2004).
4A marketable limit order is a limit order with a limit price that makes it immediately executable against

the current book. In our study, real’ market orders (i.e. orders submitted without a upper or lower price
limit) and marketable limit orders are treated alike. Henceforth, both real market orders and marketable limit

orders are referred to as market orders.

SFor example, Bauwens and Giot (2001) describe how the Paris Bourse’s trading protocol converted the

volume of a market order in excess of the depth at the best quote into a limit order at that price which enters



Xetra/FSE faces some local, regional and international competition for order flow. The
FSE maintains a parallel floor trading system, which bears some similarities with the NYSI,
and, like in the US, some regional exchanges participate in the hunt for liquidity. Furthermore,
eleven out of the thirty stocks we analyze in our empirical study are also cross listed at the
NYSE, as an ADR or, in the case of Daimler/Chrysler, as a globally registered share. However,
the electronic trading platform clearly dominates the regional and international competitors

in terms of market shares, at least for the blue chip stocks that we study in the present paper.

2.2 Data and descriptive analyses

The Frankfurt Stock Exchange granted access to a database containing complete information
about Xetra open order book events (entries, cancelations, revisions, expirations, partial-fills
and full-fills of market, limit, and iceberg orders) which occurred during the first three months
of 2004 (January, 2nd - March, 31st). The sample comprises the thirty German blue chip
stocks constituting the DAX30 index. Based on the event histories we perform a real time
reconstruction of the order book sequences. Starting from an initial state of the order book,
we track each change in the order book implied by entry, partial or full fill, cancelation and
expiration of market, limit, and iceberg orders in order to re-construct the order book at each
point in time. For the empirical methodology outlined below, we need to take snapshots of

the order book entries whenever a market order triggers an execution against the book.
insert table 1 about here

Table 1 shows some characteristics of the cross section of stocks. It shows that the mar-
ket for the thirty DAX stocks is quite active. Averaged across stocks, about 13,000 non-
marketable limit orders per stock are submitted each day. Among those, almost 11,000 get
canceled before execution. This indicates that the limit order traders closely monitor the
book for profit opportunities which is in fact one of the core assumptions of the underlying
theoretical model. The large trade sizes (on average over 40,000 euros per trade) indicate
that Xetra/FSE is a trading venue for institutional traders and not a retail market. Averaged
across stocks, 2,100 trades are executed per day. On average 15% of the order volume walks

up the book, i.e. part of the order is matched by standing limit orders beyond the best bid and

the opposite side of the order book.



ask. Table 1 also reports average effective and realized spreads. The average effective spread
is computed by taking two times the absolute difference of the transaction price of a trade
and the prevailing midquote and averaging over all trades of a stock. Realized spreads are
computed similarly, but instead of taking the prevailing midquote, the midquote five minutes
after the trade is used.® To ensure comparability across stocks, we compute effective and re-
alized spreads relative to the midquote prevailing at the time of the trade. Analyzing effective
and realized spreads is a straightforward way to assess and compare transaction costs and
adverse selection effects across stocks or trading venues. The realized spread can be viewed
as a transaction costs measure that is purged of informational effects while the difference of
effective and realized spread (referred to as price impact) is a natural measure for the amount
of informational content of the order flow.” Average effective spreads range from 0.04 % to
0.13%. Realized spreads are considerably smaller. This implies that price impacts, computed
as the difference between effective and realized spreads, are relatively large. In other words,
a large fraction of the spread is due to informational order flow. This is not an unexpected
result. In an open automated auction market there is no justification for inventory costs
agsociated with market making or monopolistic power of a market maker, the other factors
that may explain the spread. Furthermore, order submission fees, i.e. operational costs, are
very small.

Table 1 shows that there is a considerable variation of price impacts, market capitalization
and trading activity across stocks. The Spearman rank correlation between market capitaliza-
tion and price impacts is —0.88 (p—value < 0.001) and the correlation between price impacts
and daily number of trades is —0.87 (p—value < 0.001). Price impacts thus tend to be larger
for smaller capitalized, less frequently traded stocks. We will come back to this result when

discussing the empirical results based on the formal model.

5By choosing a five minutes lag we follow the previous literature, see e.g. SEC (2001)
"Boehmer (2004) and SEC (2001) conduct exhaustive comparisons of transaction costs and adverse selection

effects in US exchanges based on effective and realized spread analyses.



3 Methodology

3.1 Theoretical background and standard moment conditions

Sandas (2001) develops a variant of Glosten’s (1994) limit order book model with discrete
price ticks and time priority rules. The model delivers equations which predict that order book
depth and adverse selection effects are inversely related. The associated empirical methodol-
ogy is rooted in economic theory, and delivers structural parameter estimates of transaction
costs and adverse selection effects in a limit order book market. In the following we will briefly
describe the assumptions of the basic model and the estimation strategy proposed in Sandas
(2001). The fundamental asset value X; is described by a random walk with innovations
depending on an adverse selection parameter «, which gives the informativeness of a signed
market order of size my,

Xep1 = p+ Xe + ome +nx 041 (1)

Negative values of m; denote sell orders, positive values buy orders. Furthermore, it is assumed
that £/(X¢) = 0. nx 1 is an innovation orthogonal to X;. p gives the expected change in the
fundamental value. Market buy and sell orders are assumed to arrive with equal probability

with a two-sided exponential density describing the distribution of order sizes m;:

e x if my>0 (market buy) @)
mt

ex if my <0 (market sell).

f(me) =

£~ -

Risk neutral limit order traders face a order processing cost 7y (per share) and have knowledge
about the distribution of market order size and the adverse selection component «, but not
about the true asset price. They choose limit order prices and quantities such that their
expected profit is maximized. If the last unit at any discrete price tick exactly breaks even,
i.e. has expected profit equal to zero, the order book is in equilibrium.

Denote the ordered discrete price ticks on the ask (bid) side by pyx (p—k) with & = 1,2,...
and the associated volumes at these prices by ¢, (¢_x). Given these assumptions and setting

go,t = 0, the equilibrium order book at time ¢ can recursively be constructed as follows:

Dkt — X¢ — b —7y

Gkt — . —Qir-14.— A k=1,2,... (ask side)
X .
oy — I ap BT Qi — A k=1,2,... (bid side), (3)



where Q. r: = Z;Lfﬂ i and Q_py = 7" L ¢is. Equation (3) contains the model’s key
message. Order book depth and informativeness the order flow are inversely related. If the
model provides a good description of the real world trading process, and if consistent estimates
of the model parameters can be provided, one can use equation (3) to predict the evolution
of the order book for a given stock and quantify adverse selection costs and their effect on
order book depth.

Sandas (2001) proposes to employ GMM for parameter estimation and specification test-
ing. Assuming mean zero random deviations from order book equilibrium at each price tick,
and eliminating the unobserved fundamental asset value X; by adding the resulting bid and
ask side equations for quote +k and —k, the following unconditional moment restrictions can

be used for GMM estimation,

EWirt =Pkt — 27— 0(Qpe +2A + Q) =0 k=1,2,.... (4)

Since equation (4) follows from the assumption that the last (marginal) limit order at the
respective quote has zero expected profit, it is referred to as 'marginal break even condition’.
A second set of moment conditions results from eliminating X; by subtracting the deviations
from equilibrium depths at the kth quote at time ¢ + 1 and ¢ and taking expectations which
yields

E(Ap ki1 —a(Qker — Qrg) —pp—amg) = 0 k=1,2,...
E(Ap—pp1 + 0 (Qorprr — Q-pt) —pp—amy) = 0 k=1,2,..., (5)
where Ap; 11 = pjti1—Dpje. We refer to the equations in (5) as ‘'marginal update conditions’.

They relate the expected changes in the order book to the market order flow. An obvious

additional moment condition to identify the expected market order size is given by

B(X.| = \) = 0. (6)

Moment conditions (4), (5) and (6) can straightforwardly be exploited for standard GMM

estimation a la Hansen (1982).



3.2 Revised moment conditions
3.2.1 Alternatives to the distributional assumption on market order sizes

Discussing the empirical performance of the Glosten/Sandas type models, Hasbrouck (2004)
conjectures that, although the fundamental assumptions of the model may be correct, the
exponential assumption on the market order size distribution of equation (2) may be inap-
propriate. This misspecification could be responsible for the discontenting empirical results
which have been reported when the model is confronted with real world data. Of course, the
exponential assumption is convenient both from a theoretical and an econometric perspective.
It yields the closed form conditions for order book equilibrium (3) which, in turn, lend itself
conveniently to GMM estimation. However, the parametric assumption can easily dispensed
with and a straightforward nonparametric approach can be pursued for GMM estimation. In
the appendix we show that the zero expected profit condition for the marginal unit at ask

price p4k can be written as
pik—y—aE[mm>Qu — X —p=023 (7)

Assuming of exponentially distributed market orders as in equation (2) we have E [m|m > Qx| =

Q+x + A. Hence, equation (7) becomes

pig— X —y—
QJrk: + - Y M (8)

This is an alternative to equation (3) to describe order book equilibrium. Although the
closed form expression implied by the parametric distributional assumption is convenient, it
is not necessary that the econometric methodology has to rely on it. Instead, we can rewrite

equation (7) to obtain
Pk —X =y —
= : (9)

Bl > Q] = PE==

In order to utilize equation (9) for GMM estimation, one can simply replace E [m|m > Qx| by
the conditional sample means E [m|m > Q4]. Since the number of observations will be large
for frequently traded stocks (which is the case in our application), conditional expectations
can be precisely estimated by the conditional sample means. Nonparametric equivalents of

the marginal break even and update conditions (4) and (5) can be derived in the same fashion

8Tor notational brevity we omit the subscripts. Market order size m and fundamental price X are observed

at time ¢, and the equation holds for any price tick pyx+ with associated cumulative volume Q4+, k= 1,2....

10



as described in the previous section. GMM estimation becomes a bit more cumbersome and
computer intensive than for the parametric specification, since evaluating the GMM objective
function involves computation of the conditional sample means, but it is a straightforward

exercise.

3.2.2 Replacing marginal by average profit conditions

The moment conditions derived from the zero expected profit assumption on the marginal
unit are appropriate if the real world trading process features a continuous grid of prices
and a continuously replenished limit order book. In such a frictionless setting the marginal
zero profit condition should hold for each price/cumulated size combination. However, real
world open order book trading systems feature discrete price ticks, FIFO time priority rules
(orders with a given limit price that have been entered first are executed first) and delays in
replenishing the book due to lags in processing the information about the state of the order
book. The latter is reflected by the empirical fact that, also in our sample, not every feasible
discrete price tick is endowed with nonzero order volume at any point in time. These 'holes
in the order book’ (zero volume price ticks in between two price ticks with nonzero volume)
cannot be explained by the theoretical model as it would be rational to place an order at the
zero volume quote tick thereby receiving price and time priority. Nevertheless, Sandas (2001)
suggests to check the zero expected zero profit condition against the last unit of the limit
order with the least time priority at each discrete price tick. This approach can be criticized
on two grounds.

First, in order to justify the marginal zero profit assumption, one implicitly assumes a
repetitive two phase trading process. In phase one, agents submit limit orders until the book
is free of (expected) profit opportunities. The orders are sorted by price priority and, within
the same price tick, by time priority. When the book has reached a Nash equilibrium, i.e. no
agent wants to submit, revise or cancel her order, the order book should display no holes. In
phase two, a single market order of a given size arrives (exogenously) and is executed against
the equilibrium order book. After the respective standing limit orders have been executed
against this market order, we go back to phase one, during which the book is replenished
again until equilibrium is reached and another market order arrives and so forth. The rapid

submission, cancelation and execution processes in a real world market do not conform to

11



such a static trading protocol. The holes in the book are a clear indication for this statement.

Second, the zero expected profit condition for the marginal order implies nonzero expected
profits for limit order units units that do not occupy the last position of the respective quote.
As a consequence, the whole book offers positive expected profit and traders acting as market
makers receive nonzero expected profits. If market making would provide nonzero expected
profit opportunities, this would attract new entrants and competition between these would-be
market makers would ultimately eliminate any profit opportunities.

We therefore suggest to replace the marginal zero profit condition by a more robust equi-
librium condition that does not rely on the assumption that limit order traders immediately
cancel or adjust all their orders which show negative expected profit on a marginal unit, and
that also acknowledges the effect of market maker competition on expected profits. To derive
the new equilibrium condition and the associated moment conditions, we retain most of the
assumptions of the Glosten/Sandas framework. However, instead of evaluating the expected
profit of the marginal profit for last unit at each quote k, it is assumed that the expected
profit of the whole block of limit orders at any quote is zero. This assumption allows to differ-
entiate between two types of costs associated with the submission of a limit order, a fixed cost
component, like order submission and surveillance costs, and marginal (per share) costs, like
execution or clearing fees and opportunity costs of market making. Note that these costs are
not affected by adverse selection costs which are, as before, implicitly accounted for by the
limit prices set by the limit order traders. In the appendix we show that the liquidity supply
equations, which describe a limit order book that is in a zero expected profit equilibrium, can

be written as

£
Dikg — X¢ — 77—
Q+kt = 2 5 Tkt N\ | - Qir-14 k=1,2,... (ask side)
Xt =Pkt —7 — qit
-kt = 2 - = —A| —Q-ky1 k=12,... (bidside). (10)

¢ denotes the fixed cost component which is assumed to be identical for each price tick in
the order book. In order to derive the equations in (10), we have retained the parametric

assumption about the distribution of trade sizes (see equation (2)).° The equations in (10)

9The liquidity supply equations can also be delivered under the nonparametric alternative described in

3.2.1.
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are the counterpart of the equilibrium conditions (3) which result from the zero expected
profit condition for the marginal orders.

Proceeding as described above, i.e. by assuming zero expected derivations from order
book equilibrium and taking differences across quotes and over time, we can deliver analogous
moment conditions to the marginal break even conditions in equation (4) and the marginal
updating conditions in (5). Eliminating the unobserved fundamental asset value X; by adding
the bid and ask side equilibrium equations for quote +% and —k and assuming zero expected
deviations from equilibrium yields the following unconditional moment restrictions which we
refer to as average break even conditions,

E (Apik’t -2y — - — — o (EQJFM + 2\ + 1Q_k,t>> =0 k=12,..., (11)

kit -kt 2 2
where Apir: = pikt — pP—ke. Subtracting deviations from equilibrium depths at the kth
quote at time ¢+ 1 and ¢ and taking expectation yields the following equations which we refer

to as average update conditions,

o
E (Ap+k,t+1 - s o (Qikerr — Qyke) — it — amt> = 0 k=12...
Akt Q4kt—1 2
o
K (Ap—k,tJrl + - 6 + 5 (Q—k,tJrl - Q—k,t) e Oémt> = 0 k= 17 27 3
Okt Qkt—1 2

(12)

where Apj11 = pji1 — pje- The average break even and update conditions replace the

marginal break even and update conditions of equation (4) and equation (5).

4 Empirical results

4.1 Performance comparisons

Using the DAX30 order book data we follow Sandas (2001) and estimate the model parameters
exploiting the marginal break even conditions (4) and the marginal updating conditions (5)
along with (6). To construct the moment conditions we use the respective first four best
quotes, i.e. £k =1,...,4 on the bid and the ask side of the order book. This yields thirteen
moment conditions: four break even conditions, eight update conditions, and the moment

condition (6). Order sizes X, are expressed in 1000 shares.
insert table 2 about here
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Table 2 contains the first stage GMM results.’® We report parameter estimates, t—statistics
and the value of the GMM J—statistic with associated p—values. Under the null hypothesis
that the moment conditions are correctly specified, the J—statistic is asymptotically x? with
degrees of freedom equal to the number of moment conditions minus the number of estimated
parameters. The estimation results based on the Xetra data are in line with the central find-
ings reported by Sandas (2001). They are a bit more favorable for the model, though. At
least, for nine out of thirty stocks the model is not rejected at 1 % significance level while
in Sandas’ (2001) application the model was rejected for all stocks.!’ Non-rejection tends to
occur for the less frequently traded stocks. The cross sectional correlation of the J-statistic
and the daily number of trades is 0.87 (Spearman rank correlation, p—value < 0.001). Like
in Sandas’ (2001) application, the transaction cost estimates (7y) are significantly negative, a
result that is difficult to reconcile with the underlying theoretical model. Hence, even with a
data generating process that corresponds very close to the theoretical framework, the model

does not seem to fit the data very well.

insert table 3 about here
insert table 4 about here

Tables and 3 and 4 report the results that are obtained when the modified moment conditions
suggested in the previous section are used. As before, the first four quotes on each market
side are used for the construction of break even and update conditions. Table 3 reports the
estimation results for a specification that does not rely on a parametric assumption on the
distribution of the market order size when constructing the marginal break even and the
update conditions as described in section 3.2.1. The results reported in table 4 are obtained
when using the average break even and update conditions (11) and (12) for GMM estimation,
while maintaining the parametric assumption (2) about the trade size distribution. For each
parametric specification, the moment condition of equation (6) is employed, too. The full set

of eight update conditions is exploited.

0Two stage and iterated GMM estimates are quite similar and are not reported to conserve space.
HYWhen only the visible part of the book is used, i.e. the limit order volume from the hidden orders is

excluded, the results are worse. Only for one out of the 30 stocks, the model is not rejected. The visible book

results are not reported to conserve space.
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The estimates reported in table 3 show that abandoning the parametric assumption con-
cerning the market order size distribution does not improve the results. Hasbrouck’s (2004)
conjecture that the distributional assumption might be responsible for the model’s empirical
failure is therefore not supported. Generally, the estimates of the adverse selection compo-
nents, transaction costs and drift parameters do not change dramatically compared to the
baseline specification. The transaction cost estimates remain negative, and only for five out
of thirty stocks the model is not rejected at 1 % level of significance.!?

Maintaining the distributional assumption, but using average break even conditions in-
stead of marginal break even conditions, considerably improves the empirical performance.
Table 4 shows that we have model non-rejection for 22 out of the 30 stocks at the 1% sig-
nificance level (plus one borderline case with p-value = 0.008).!% Especially for the larger
capitalized, frequently traded stocks, the results improve noticeably. We obtain considerable
smaller J—statistic values even for the stocks for which we reject the model at 1 % signif-
icance level. The transaction costs estimates are reasonable and broadly comparable with
the relative realized spreads figures reported in table 1. For example, the estimation results
imply that transaction costs account for 0.009% of the euro value of a median sized trade
in DaimlerChrsyler. This value is quite comparable with the average relative realized spread
which amounts to 0.01%. Recall that the realized spread is interpreted as a transaction costs

measure which is purged of informational effects.
insert figure 1 about here

Figure 1 shows graphically the improved empirical performance delivered by the revised
methodology. The figure depicts means an medians of implied and observed bid side price
schedules of four selected stocks.!* The results obtained from the baseline estimation which
uses marginal moment conditions confirm the disturbing findings reported in Sandas (2001.

The price schedules implied by the model estimates are below the observed price schedules at

12Using only the visible part of the book yields 3 non-rejections at 1 % level of significance, a slight improve-

ment over the parametric specification.

3We obtain the same result when only the visible part of the book is used: 22 non-rejections with one
borderline case at 1% significance level. Given that the baseline specification with marginal moment conditions
was rejected for all stocks except one, the improvement of empirical performance brought about by using the

average moment conditions is more noticeable when only the visible book is used.
¥ The figures look quite similar both for the ask side and the other stocks.
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all relevant volumes. The economically implausible negative price discount at small volumes
is caused by the negative transaction costs estimates. This suggests that the model is not
only rejected on the grounds of statistical significance, but that fundamentally fails to explain
the data. The model does a bad job even in describing the ’average’ state of the order book.
However, figure 1 shows that when working with average break even and update conditions
the empirical performance of the model is considerably improved. Ispecially the median
observed price schedules correspond closely to those implied by the model.'?

These results indicate that the ability of Glosten’s theoretical framework to explain real
world order book variation is greater than previously thought. However, assuming that a
very volatile limit order book, like for example the DaimlerChrysler book with almost 19,000
limit order submissions and almost 16,000 cancelations per day, is in a no-profit equilibrium
as described by the marginal break even conditions is too restrictive. Adhering to the basic
theoretical framework, but using average break even conditions seems to be a more sensible

strategy to model an active limit order book market.

4.2 Cross sectional analyses

Fncouraged by the improved empirical performance of the revised methodology, this section
uses the estimation results reported in table 4 to conduct a cross sectional analysis of lig-
uidity supply and adverse selection costs in the Xetra limit order book market. To ensure
comparability across stocks, we follow a suggestion by Hasbrouck (1991) and standardize the
adverse selection component o by computing

o-m

?7 (13)

T =

where m is the sample average absolute, i.e. non-signed, trade size expressed in number
of shares. P is the sample average of the midquote of the respective stock. 7 (times 100)
approximates the percentage change of the stock price caused by a trade of ’average’ size.

This a relative measure which is comparable across stocks. The stock specific 7 estimates

B5We also have estimated a specification that combines the nonparametric approach towards trades sizes
and average moment conditions, but the results (not reported) are not improved compared to the parametric
version. In this version, model acceptance occurs for 17 out of 30 stocks (16 out of 30 when only the visible
part of the book is used). The following analysis therefore focuses on the parametric specification using average

moment conditions.
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are reported in the last column of table 4. In the following subsections we study the relation
of 7 and market capitalization, trading frequency, liquidity supply and alternative adverse

selections measures.

4.2.1 Adverse selection effects, market capitalization and frequency of trading

In their seminal papers Hasbrouck (1991) and Easley et al. (1996) have reported empirical
evidence that adverse selection effects are more severe for smaller capitalized stocks. Fasley
et al. (1996) use a formal model assuming a Bayesian market maker who updates quotes
according to the arrival of trades while Hasbrouck (1991) estimates a vector autoregression
(VAR) involving trade and midquote returns. Both methodologies have modest data require-
ments. To estimate the model by Easley et al. (1996) one only needs to count the number
of buyer and seller initiated trades per trading day to estimate the probability of informed
trading (PIN), the central adverse selection measure in this framework. As it allows a struc-
tural interpretation of the model parameter estimates the methodology is quite popular in
empirical research. Hasbrouck’s VAR methodology is not based on a formal model, but the
reduced form VAR equations are compatible with a general class of microstructure models.
The adverse selection measure is given by the cumulative effect of a trade innovation on the
midquote return. To estimate the model, standard trade and quote data are sufficient.

Both methodologies are not specifically designed for limit order markets, but rather for
market maker systems. Accordingly, their main applications have been to analyze NYSE
and NASDAQ stocks. In the present paper, the data generating process, the theoretical
background and the empirical methodology are quite different. However, we reach the same
conclusion as Hasbrouck (1991) and Easley et al. (1996). When computing the Spearman
rank correlation of the market capitalization and the estimated standardized adverse selection
component (7) we obtain a value of —0.90 (p—value < 0.001). The correlation of 7 and
the daily number of trades is —0.92 (p—value < 0.001), and the correlation of 7 and the
daily turnover is —0.95 (p—value < 0.001). The estimation results thus confirm the previous
evidence also for a open limit order market: Adverse selection effects are more severe for

smaller capitalized stocks.
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4.2.2 Adverse selection and liquidity supply

Many theoretical market microstructure models predict that liquidity supply and informed
order flow are inversely related. As the standard framework for microstructure models is a
stylized NYSE trading process with a single market maker quoting best bid and ask prices
and associated depths (the ’inside market’), liquidity in those models is usually measured by
the inside spread set by the specialist/market maker. Sequential trading models like Fasley
et al. (1996) and spread decomposition models like Glosten and Harris (1988) predict that
liquidity (as measured by the spread) and informed order flow are inversely related. In the
presence of informed order flow, the market maker widens the spread in order to balance
the losses that occur when trading with superiorly informed agents. More informed order
flow thus implies reduced liquidity. Empirical analyses of specialist markets have confirmed
this prediction. The results reported in table 5 provide evidence that the inverse relation of
inside spread and informed order flow also holds for open limit order book markets in which
limit order traders, instead of specialists, determine the inside market. The table reports the
cross sectional correlation (Spearman rank correlation) of the standardized adverse selection
component 7 and the effective, quoted, and the realized spreads. Effective and quoted spreads
and 7 are strongly positively correlated while the correlation with the realized spread and
7 is insignificantly different from zero. Given the interpretation of the realized spreads as a
transaction costs measure which is purged of any informational effects, this is in line with the
theoretical prediction. Only the effective and quoted spreads should be effected by adverse
selection effects.

In a transparent open limit order market framework, it is informative to analyze liquidity
also beyond the inside market (see Beltran et al. (2004) and Cao et al. (2004) for empirical
studies of the informational content of the order book beyond the best quotes). Equation
(3) shows that in Sandas’ (2001) marginal zero expected profit equilibrium, book liquidity
(measured by the depth at ticks from the inside market) is inversely related to the adverse
selection component . Other things being equal, stocks for which informational order flow

is high are predicted to be less liquid than low o stocks.
insert table 5 about here
The cross sectional results reported in table 5 strongly confirm this prediction. In order
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to measure liquidity displayed in the order book and beyond the inside market we employ
a pre-trade book liquidity measure similar to those proposed in Irvine et al. (2000) and
Gomber et al. (2004). The basic idea is to compare the per-share price of a time ¢ buy or sell
order of volume v with the prevailing best ask or bid price, respectively. The per-share price

obtained when selling v shares at time ¢ can be computed as

b v
bo(v) — 2L (1)

where v is the volume executed at £ different unique bid prices by ; with corresponding volumes
v+ standing in the limit order book at time ¢ (this takes into account that the order can 'walk
up the book’). The unit price a;(v) of a buy of size v at time ¢ can be computed analogously.
To ensure comparability across stocks, we relate the per-share prices to the best quotes, viz

at(v) — a(1)

oy 10,000 (15)

ap(v) =
and
bt(l) — bt(’U)
be(1)
We refer to ap:(v) as the ask price impact and to bp:(v)) as the bid price impact. These price

bp(v) = - 10, 000. (16)

impacts serve as natural liquidity measures for an open order book system. They account for
the bi-dimensionality of liquidity supply (price and volume), and are comparable across stocks.
For the purpose of this study we set v = 100,000 euros. To obtain stock specific measures
we take sample averages over all order book snapshots. Taking absolute values and averaging
over the buy and sell side measure, we obtain a single stock specific book liquidity measure,
which we refer to as BLM. The results reported in table 5 strongly supports the hypothesis
that adverse selection effects and book liquidity beyond the best quotes are negatively related.
The relation is even stronger than for liquidity measured by the inside spread. The Spearman
correlation of the standardized adverse selection component 7 and BLM is 0.98 (p—value
< 0.001), compared to 0.76 (p—value < 0.001) for quoted spread and 7. Stocks for which we

estimate a high adverse selection component are also the less liquid stocks.
4.2.3 Ad hoc versus model-based estimates of adverse selection effects in a limit
order book market

In this subsection we investigate whether the adverse selection estimates obtained from the

formal model and those delivered by the simple analysis of effective and realized spreads (see
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section 2) point in the same direction. The two methodologies differ in two main aspects.
First, the estimation of adverse selection components by taking the difference of effective and
realized spread is not based on a specific theoretical model. The economic intuition behind
the methodology, however, is quite clear, which explains the popularity of the approach. A
large difference between effective and realized spread indicates informational content of the
order flow as the midquote tends to move in the direction of the trade. If a market buy (sell)
order initiates a trade at time ¢, then the midquote five minutes after the trade is on average
above (below) the time ¢ midquote. By contrast, the estimates of the standardized adverse
selection component reported in table 4 are based on a formal model assuming rational limit
order traders who place their order submissions explicitly taking into account the amount
of informativeness of the order flow. Second, computation of price impacts by taking the
difference of effective and realized spread only requires publicly available trade and (best)
quote data. To obtain the estimates in the formal framework considered in this paper, recon-
structed order book data are needed. The latter methodology thus uses richer data, which
are, however, more difficult to obtain.

But do the two different methodologies lead to the same conclusions? To answer this ques-
tion we compute the Spearman rank correlation between the standardized adverse selection
components (1) reported in table 4 and the difference of effective and realized spreads. The
cross sectional correlation is 0.95, which indicates that the two different methodologies point
in the same direction. This indicates the robustness of the estimation results of the formal
model and also provides a theoretical justification for using the popular ad hoc method for

the analysis of adverse selection effects in limit order book markets.

5 Conclusion and outlook

An increasing number of financial assets trade in limit order markets. These markets can be
characterized by the following keywords: Transparency, anonymity and endogenous liquidity
supply. Transparency, because they offer a more or less unobstructed view on the liquidity
supplied on the offer and buy side. Anonymity, because prior to a trade the identity of neither
those agents supplying nor of those traders demanding liquidity is revealed. Fndogenous
liquidity supply, because typically no dedicated market makers responsible for quoting bid

and ask prices are present. The question how liquidity quality and price formation in such a
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trading design is affected by informed order flow is a crucial one, both from a theoretical and
a practical point of view. Glosten (1994) has put forth a formal model that describes how an
equilibrium order book emerges in the presence of potentially informed order flow. Sandas
(2001) has confronted the Glosten model with real world data and reported quite discouraging
results. His findings suggest that Glosten’s model contains too many simplifying assumptions
in order to provide a valid description of the intricate real world trading processes in limit
order markets.

This paper shows that the ability of Glosten’s basic framework to explain real world order
book formation is greater than previously thought.We estimate the model using data produced
by a DGP that closely corresponds to the Glosten’s theoretical framework and confirm the
previous finding that the baseline specification put forth by Sandas (2001) is generally rejected.
However, relaxing the assumption about marginal zero profit order book equilibrium in favor
of a weaker equilibrium condition, considerably improves the empirical performance. The
equilibrium condition proposed in this paper does not assume that traders immediately cancel
a marginal order that shows non-positive expected profit. It also acknowledges the fact that
competition between potential market makers will render the expected profit offered by the
whole book ultimately to zero (after accounting for opportunity costs). Employing the revised
econometric methodology, formal specification tests now accept the model in the vast majority
of cases at conventional significance levels. A comparison of implied and observed order book
schedules shows that the model estimated on the revised set of moment conditions fits the
data quite well. We conclude that Glosten’s theoretical framework can also be transferred
into a quite useful empirical model.

On the other hand, the conjecture put forth by Hasbrouck (2004), which states that the
distributional assumption regarding the market order sizes is responsible for the empirical
model failure is not supported. The paper has developed a straightforward way to circumvent
the restrictive distributional assumption and proposes a nonparametric alternative. However,
this modification does not deliver an improved empirical performance.

Given the overall encouraging results, the empirical methodology is employed for an anal-
ysis of liquidity supply and adverse selection costs in a cross section of stocks traded in one

of the largest European equity markets. The main results can be summarized as follows:

e We have provided new evidence, from a limit order market, that adverse selection effects
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are more severe for smaller capitalized, less frequently traded stocks. This corroborates
the results of previous papers dealing with a quite different theoretical background,

empirical methodology and market structure.

e The empirical results support one of the main hypothesis of the theory of limit order

markets, namely that book liquidity and adverse selection effects are inversely related.

e The adverse selection component estimates implied by the structural model and ad
hoc measures of informed order flow which are based on a comparison of effective and

realized spreads point in the same direction.

The latter result is useful, because is not always possible to estimate the structural model,
most often because of the lack of suitable data.The result also points towards the robustness
of the structural model.

Avenues for further research stretch in various directions. The results reported in this
paper have vindicated the empirical relevance the Glosten type market order model. Prac-
tical issues in market design can thus be empirically addressed based on a sound theoretical
framework. The revised methodology could be employed to evaluate changes in trading de-
sign on liquidity quality, with the advantage that the results can be interpreted on a sound
theoretical basis. A comparison of (internationally) cross listed stocks seems also promising,
especially after the NYSE’s move towards adopting the key feature of a open limit order mar-
ket, the public display of the limit order book. An interesting question would be to investigate
whether the recently reported failures of cross listings (in terms of insufficient trading volume
in the foreign markets) are due to market design features that aggravate potential adverse
selection effects.

Second, a variety of methodological extensions could be considered. Sandas (2001) has
already addressed the issue of state dependence of the model parameters. He used a set
of plausible instruments to scale the model parameters. Recent papers on price impacts of
trades point to alternative, powerful instruments that could be used, and which might improve
the empirical performance and explanatory power. For example, Dufour and Engle (2000)
have emphasized the role of time between trades within Hasbrouck’s (1991) VAR framework.
As the Glosten/Sandas type model considered in this paper is also estimated on irregularly

spaced data, it seems natural to utilize their findings. Furthermore, the exogeneity of the

22



market order flow is a restrictive assumption that should be relaxed. Gomber et al. (2004)
and Coppejans et al (2003) show that market order traders time their trades by submitting
larger trade sizes at times when the book is relatively liquid. Hence, using the liquidity state
of the book as a scaling instrument for the expected order size parameter seems a promising
strategy. Finally, as in many GMM applications, the number of moment conditions that
are available are large, and the difficult task is to pick both relevant and correct moment
conditions. Recent contributions by Andrews (1999) and Hall and Peixe (2001) could be

utilized to base the selection of moment conditions on a sound methodological basis.
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A Appendix: Derivation of revised moment conditions

This section outlines the background for the revised set of moment conditions describing order
book equilibrium. We start by writing the zero expected profit condition for one unit of a
limit sell order as

B(R; — X141) = 0, (A1)

where R; denotes the net revenue (minus transaction costs) received from selling one unit
of a limit order at price p; to a market order trader who submitted a market buy order
of size my.'® X1 denotes the fundamental value of the stock after the arrival the (buy)
market order. X4 depends on the current value X; and the signed market order size my, i.e.
Xt11 = g(my, X3). For brevity of notation we henceforth omit the time ¢ subscripts whenever
it is unambiguous to do so.

The expected profit of the market order depends on the position of the limit order in the
order queue and the distribution of market orders, i.e. we can write equation (A.1) as

/Q (R = g(m, X)) f(m)dm, — 0. (A.2)

@ is the cumulated sell order volume standing in the book before the considered limit order
unit and f(m) denotes the probability density function of m. Alternatively, equation (A.2)
can be written as

(R—E[g(m, X)|lm >@Q])- P(m=>Q)=0. (A.3)

Assuming the linear specification in equation (1) for g(m, X), and dividing by the uncondi-

tional probability, P (m > @), equation (A.3) simplifies to
R—aEmim>Q| —X —pu =0. (A.4)
Equation (A.4) highlights that the expected profit of a limit order trader depends on the

upper tail expectation of the market order distribution.

Assuming exponentially distributed market order sizes as in equation (2) we have
Elmim>Q] =Q+ A\ (A.5)
Using R = p — ~y this yields

Q:W_)\’ (A.6)

6The exercise is analogous for the bid side, but to conserve space, we focus on the sell side of the book.
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which a generalized form of equation (3). Without the distributional assumption, the equiv-
alent of equation (A.6) is

Bpmpm > @ = L= =8 (A7)

Replacing E [m|m > Q] by the conditional sample mean E [m|m > Q), i.e. the observed upper
tail market order distribution in the sample, one can construct update and break even moment
conditions for GMM estimation which do not require a parametric assumption of market order
sizes.

So far, the results are valid for an order book with a continuous price grid. We now
focus on a specific offer side quote with price p4x and corresponding limit order volume ¢.
Abstracting from the discreteness of limit order size shares and assuming that the execution
probabilities for all units at the quote tick pyx are identical, we calculate the expected profit
of all limit orders with limit price p;x by integrating the left hand side of equation, (A.4),
viz!?

Qik
L7 - aklmin = Q- X —p)dQ- P(m > Qo). (A.8)

Qik—1

Assuming exponentially distributed order sizes and subtracting quote specific fixed execution
costs ¢ yields the total expected profit of the limit order volume at price py;. Dividing by
the volume at quote g, yields the average expected profit per share at the +kth quote ,

<p+k_X_M_7_i_a(Q+k+)\_M)> “P(m > Qip-1) (A.9)
Qrk 2

In the main text we motivate that in an equilibrium the expected profit of any quote should

be zero. This implies that

p+k—X_M_7_i_a(Q+k+)\_%):0- (A.10)
Qrk 2

Reordering equation (A.10) yields of the average profit conditions (10) from which average

break even and update conditions can be derived as described in the main text.

"The same result can be derived using the precise probabilities and a first-order Taylor approximation for

the emerging exponential terms.
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Table 2: First stage GMM results baseline specification. 2 x4 quotes from the bid and ask side
of the complete book (visible and hidden part) are used to construct update and break even
conditions derived from the zero marginal expected profit condition as in Sandas (2001). The
numbers in parentheses are {—values. The fifth and sixth column report the GMM J statistic

and the associated p—value. The stocks are sorted by ascending p—value of the J—statistic.
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by ascending p—value of the J—statistic.

31

Table 3: First stage GMM results for the nonparametric specification. 2 x 4 quotes from the
bid and ask side of the complete book (visible and hidden part) are used to construct update
and break even conditions derived from the zero marginal expected profit condition as in
Sandas (2001). For the construction of the moment conditions, the empirical distribution of

the market order sizes is used instead of the exponential distribution. The stocks are sorted



%cker a ¥ A I3 7 J(8) p—value 7( %5)
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SCH ?128 7% 0(8.08])6 28%307) —0(50%?7 0(804(50 30.8 0.000 0.0152
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Table 4: First stage GMM results based on average profit conditions instead of marginal
profit conditions. 2 x 4 quotes from the bid and ask side of the complete book (visible and

hidden part) are used to construct average update and average break even conditions. The

am

=, where

exponential agssumption on the distribution of the trade size is maintained. 7 =
m and P denote stock specific sample averages of the non-signed trade sizes (number of
shares) and the midquotes, respectively. The stocks are sorted by ascending p—value of the
J—statistic.
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liquidity variable  correlation p—value

quoted spread (%) 0.8968 < .0001
effective spread (%) 0.7738 < .0001
realized spread (%) -0.0772 0.685

BLM 0.9816 < .0001

Table 5: Correlation of standardized adverse selection component 7 with liquidity indicators.
The table reports the cross sectional Spearman rank correlations of the standardized adverse selection
component 7 with a quoted, effective and realized spread. Buy and sell side book liquidity are measured
by computing the ratio of a unit price of a hypothetical buy or sell of 100,000 euros and the best
available quote on the respective side. We subtract one and multiply the result by 10000. To obtain
stock specific measures we take averages over all order book snapshots. Taking absolute values and
averaging over the buy and sell side measure, we obtain the book liquidity measure (BLM) used to

compute the correlation.
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Figure 1: Comparison of implied and observed price schedules The figure depicts means an
medians of implied and observed bid side price schedules of four selected stocks. In each figure the
values on the horizontal axis show trade volumes (number of shares) up to the 0.9 quantile of the
respective stock. The vertical axis show the per share price decrease that a sell trade of a given
volume would incur if it were executed against the current book. The solid line depicts sample means
and the short dashed lines sample medians computed by using all order book snapshots during the
three month period. The bold long-dashed lines depict the mean slope implied by the estimation
results reported in table 2 (baseline model that uses marginal break even and update conditions). The
dash-dot lines and the long-dashed lines are the mean and the median of the book slope as implied
by the estimation results reported in table 4 (revised specification which uses average break even and
update restrictions). The stock in the left upper panel is Daimler Chrysler (DCX, from the largest
trade volume quartile), the stock in the right upper panel is Bay. Hypo Vereinsbank (HVM, second
volume quartile), the stock in the left lower panel is Altana (ALT, third volume quartile) and the stock
in the right lower panel is Addidas (ADS, fourth volume quartile).
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