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1. Introduction

An important measure for price discovery in fragmented markets where information comes from multiple sources (markets or
dealers) is the information share introduced by Hasbrouck (1995). This measure has been used extensively studying price
discovery for shares listed in various US markets (e.g. Hasbrouck, 1995), among different dealer types trading at Nasdaq (Huang,
2002), among internationally cross-listed shares (e.g. Grammig et al., 2005), and among floor- and screen-based trading systems in
the US index futures market (e.g. Hasbrouck, 2003).

The information share, however, typically is not a unique measure when prices are contemporaneously correlated, in which
case we can only derive a range for the information share. This range is generally small when the number of information sources is
small and the differences among them are large, but in empirical applications with more than two information sources this range is
often found to be large. A typical example, one we revisit in this paper, is Huang (2002), who uses the information share to assess
the contribution to price discovery for different ECNs (Electronic Communication Networks) and traditional dealers at Nasdagq.
Sampling at a one minute frequency, he finds that for some stocks the information share of an important ECN, Island, ranges
between 25% and 85%. Baillie et al. (2002) analytically show that upper and lower bounds can differ substantially when
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contemporaneous correlations between price innovations are high, and empirically show that the information share of ECNs for a
liquid stock like Yahoo is between 20% and 97%.

A driving factor behind the contemporaneous correlation between prices is data aggregation. When sampling at relatively long
intervals it is difficult to observe any informational asymmetries, as each market or dealer has had the time to update their prices.
Sampling at higher frequencies minimizes this problem, but introduces stale prices, which may affect measures of price discovery.
Another alternative is to sample in tick time, i.e., sample at the frequency at which prices arrive. This minimizes contemporaneous
correlations between prices, yet does not introduce stale prices. The aim of this paper is to introduce a price discovery model for
tick time data.

This paper makes three contributions to the price discovery literature. First, since tick time data is difficult to model with a
vector autoregression, we propose an unobserved components model. This model is a multivariate extension of the structural time
series model of Hasbrouck (1993). Within this model the Kalman filter can easily accommodate the irregular timing of tick time
observations.! Second, when using tick time data, we observe the time between observations. Time is an important factor in
microstructure models (e.g. Engle and Patton, 2004 and Furfine, 2007) and is shown to affect the volatility of the efficient price
(Engle, 2000) and the information content of trades (Dufour and Engle, 2000). Both effects are included in our model. Third, based
on our model, we define new measures for price discovery. We first define measures in tick time, which are duration dependent,
and subsequently compute their calendar time equivalents. In tick time, we obtain three measures that address different aspects of
the price discovery process. In calendar time we find only one informative measure which resembles Hasbrouck’s (1995)
information share.

In our empirical part we examine price discovery between two ECNs (Island and Instinet) and three wholesale market makers
at Nasdaq for 20 actively traded stocks. We find that the price process does not evolve in calendar time, but in tick time as predicted
by Clark (1973). We also find that the information flow to the efficient price is in general less at longer durations, which is in line
with Easley and O’Hara (1992). Price discovery measures in tick time are strongly dependent on durations, where some dealers
reveal more information when durations are short (active markets) whereas others reveal more when durations are long (inactive
markets). Aggregating to calendar time we can often clearly identify the dominant dealer. In terms of price discovery we find that
Island tends to dominate the liquid stocks, whereas market makers dominate the less liquid stocks in the sample.

2. A model for quotes in tick time

This section introduces a structural time series model for quote data in tick time. The model is an extension to Hasbrouck's (1993)
unobserved components model and is theoretically motivated by Glosten and Harris' (1988) asymmetric information model.

In tick time we need to define which events are informative and should be considered as observations. We consider each change
in a dealer quote as an observation and use only these changes to model the price discovery process. This avoids a potential bias
from using stale quotes. Because observations are spaced irregularly, we observe the durations between quote innovations. We can
therefore study quote setting behavior conditional on durations.

To formalize, consider a dealer market where M dealers issue bid and ask quotes, which arrive at times t, (' =1,..., L). Let q,
be the (2 M x 1) vector of all standing quotes at time ¢,, where the bid (ask) of dealer i corresponds to element 2i — 1 (2i) of q,.. The
duration between two consecutive quote arrivals is measured by 7, =t, —t, _ ;.

Since our interest is in modeling the dynamics of quote updates, we need to select those elements of g, that are updated at ¢,.
To do this we define the (k, x2 M) selection matrix J,, which contains the rows of the identity matrix that correspond to the
elements of q, that are updated at t,. The vector of updated quotes is J,q,.

We assume that the time series of updated quotes can be described by an unobserved components model,

Jl9, =]/(c+un, +u,), (1)

where m, is the permanent price component common to all dealers and will be referred to as the efficient price; ¢, ¢, and u, are
2M-vectors of ones, constants and temporary deviations from m,, respectively.
The efficient price is assumed to follow a random walk,

m,=m,_{+0,r,, (2)
with unit variance innovation term r,, and duration dependent volatility, o,. Clark (1973) argues that price processes evolve at a
rate by which new information arrives to the market and proxies this arrival rate by the volume of shares traded. Harris (1987) and

Ané and Geman (2000) show that it is not so much volume that drives the price process but the arrival of orders. To test for the
time scale in which the price process evolves we specify volatility as a function of duration,

o, = ot 3)

T Menkveld et al. (2007) also suggest using an unobserved components model to deal with missing observations. However, their study is distinctly different
from ours, as it studies the contribution to price discovery of the overlapping, non-overlapping and overnight periods for several Dutch-US cross-listed stocks.
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