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1 Introduction

The ability to hide trading intention is important and valuable to market participants. As
Harris (1997) writes: “the art of trading lies in knowing when and how to expose trading
interest.” Many trading venues provide features that enable market participants to manage
their exposure. On the BrokerTec platform, one of two interdealer electronic trading platforms
for U.S. Treasury securities, traders can conceal their trading interest through the so-called
workup protocol.! This protocol allows that, following the execution of each marketable order,
a short time window opens, giving any interested market participants the chance to transact
additional volume at the same price, provided counter trading interest exists. Workups thus
provide traders the option to submit orders of smaller size than desired, and then to increase
the size when the workup opportunity opens.

As it is not known ex ante whether and how much additional trading interest will emerge
during the workup window, the extra volume executed in each workup essentially represents
a dark liquidity pool. The economic significance of this dark pool is demonstrated not only
by its frequent usage, but also by its share of total trading volume on the platform. On
average, dark pool activities occur 39-56% of the time and account for 43-56% of total daily
trading volume, depending on the security being traded. Considering that total trading
volume across the 2-, 5-, 10- and 30-year securities is roughly $100 billion per day, the above
statistics translate to a significant amount of market liquidity that is not ex ante observable
to market participants.

The fact that a large portion of market liquidity is only revealed during the workup
process, while the price is fixed, raises an important question about its role in the price
formation process. Does this portion of order flow carry information? If so, how does it
compare to the “transparent” part (i.e., the execution of the initiating marketable order)?
The literature on price discovery of U.S. Treasury securities, such as Brandt and Kavajecz
(2004), Green (2004), Pasquariello and Vega (2007), and others, has documented evidence

ITraders on BrokerTec can also use iceberg orders to manage order exposure. An iceberg order is a limit
order that displays only a portion of the order quantity, called the display size, with the rest invisible to the
market. The hidden quantity is revealed only gradually to the market as the displayed size is fully executed
and the next installment becomes visible. It is intriguing to observe that iceberg orders are used sparingly in
this market as compared to workups, even though the former has higher execution priority. On average, less
than 5% of transactions involve execution against iceberg orders, whereas traders use the workup protocol in
roughly half of the transactions.



of private information being revealed through order flow.? Nevertheless, these papers are
concerned with only the informational role of generic order flow, without considering that the
workup protocol results in a large part of the order flow being less transparent than the rest.
Recent work by Dungey, Henry, and McKenzie (2013) provides preliminary evidence that
workups provide information to the market. Nevertheless, the authors do not specifically
examine the role of workups in price discovery. A question that remains unanswered is, how
informative workup trades are relative to normal trades.

There are reasons to expect that a decision to trade the usual way (i.e., submitting an
aggressive order) and a decision to trade in the dark pool might not be informationally
equivalent. On the one hand, the lower level of transparency associated with workups can
be beneficial to informed traders in multiple ways. For example, an informed trader may
choose to submit a limit order of less than the intended quantity to minimize information
free-riding by others, knowing that he has the opportunity to increase the size when the order
is executed and triggers a workup. These are the “informed liquidity providers” as discussed
in Boulatov and George (2013). Alternatively, an impatient informed trader with a large
trading interest may submit a marketable order small enough to execute at the best price,
and then search for further counter trading interest during the subsequent workup at the
same price, without having to walk deeper into the book.

On the other hand, Zhu (2014) argues that informed traders are more likely to cluster on
one side of the market and face a higher risk of non execution in the dark pool. Accordingly,
informed traders tend to gravitate toward the lit venue, resulting in higher concentration of
private information in the lit venue. Contributing to a lower level of private information in
the dark pool is the possible presence of reactive traders who are uninformed but trade in
workups upon the lead of others (see Harris (1997)). Likewise, the uninformed can participate
in the market on the liquidity provision side, and thus volume expansion of limit orders
during workups is not necessarily information motivated.

The preceding discussion highlights that the information content of the transparent and
dark parts of order flow can be different, although it is an empirical question which one
is more informative. The paper aims to address this question, thereby providing a more

complete picture of the price formation process of U.S. Treasury securities.

2Examples of private information in the Treasury market include proprietary client order flow information,
or insights obtained through better information processing and interpretation of public news.



We measure the informativeness of lit and dark order flow via a vector autoregressive
model, following the approach of Hasbrouck (1991). Based on BrokerTec transaction data for
the on-the-run 2-, 5-; 10- and 30-year Treasury securities over the period 2006-2011, we find
that the dark part of order flow is informative, but that lit order flow is more informative.
Lit trades contribute between 15 to 19% of return variance, whereas the information share of
dark trades varies widely across securities, ranging from 17% for the 2-year note, to 7-8%
for the 5- and 10-year notes, and 1% for the 30-year bond. Although the 2-year’s dark
order flow appears most informative, it is important to keep in mind that price impact and
return variance is extremely low for this security, given that the sample period overlaps
significantly with the zero interest rate period. Our analysis also illustrates the importance
of recognizing the information segmentation of order flow due to the workup protocol. We
show that the impact of actively initiating a trade and the share of trade-related information
are underestimated if one does not consider the segmentation.

Our information share analysis generally supports the predictions of Zhu (2014) in that
the transparent part of order flow is more informative than the dark part. Our evidence is
also consistent with Comerton-Forde and Putnins (2013) who study dark trading and price
discovery of stocks traded on the Australian Stock Exchange and find that the order flow that
migrates to the dark is less informed, but not completely uninformed. Intuitively, informed
traders with a short-lived information advantage may choose to initiate a trade and realize
their information advantage quickly, since the potential of not finding a counter-party during
the workup can make the workup option costly (e.g., forgone information value). This is
strongly supported by our result that the transparent part of order flow becomes relatively
more informationally important on high volatility days, when adverse price movements
could fasten the expiry of information. Another key result of our analysis is that, around
announcements for which there is high dispersion of beliefs, the informativeness of trades
shifts toward the transparent trading channel and away from the dark trading channel. This
finding again demonstrates that the risk of non execution in the dark pool is a major concern
for those with an information advantage.

Although less informative than the trade initiation flow, the workup process is responsible
for the discovery of a significant portion of market liquidity and plays a non-trivial role in
price discovery. To understand why traders choose to trade in workups, we employ a logistic

regression model linking this choice to prevailing liquidity conditions, initial marketable order



size, volatility and a set of control variables. We also employ a Tobit model censored at the
zero lower bound to capture the effects of the same set of explanatory variables on workup
volume. In general, we find that a workup is more likely and expands greater volume when
the market is deep, upon the discovery of hidden orders, and around the times of high trading
intensity and workup activity. Outside New York trading hours, workups occur less frequently
and discover less volume.

Interestingly, volatility is positively related with workup activities, a finding that contrasts
strongly with earlier cross-sectional evidence of a negative link in equity dark pools (e.g.,
Ready (2012)). Zhu (2014) explains that adverse selection, a component of volatility, can
deter traders from using the dark pool. However, as our results show, the mild level of
adverse selection in this Treasury dark pool does not appear as strong a source of deterrence.
Instead, the ability to lock in a price while the market is volatile appears to encourage more
usage of the dark pool. At the same time, these dark pool trades tend to be less informative,
providing little evidence to support the notion that the workup protocol is used to hide private
information. In general, the amount of private information hidden in this Treasury dark pool
is quite small, easing concerns that this dark pool could harm less informed participants.

Our paper is related to Boni and Leach (2004), who study the workup protocol used in
voice-assisted interdealer trading, based on GovPX data for October 1997.% Boni and Leach
characterize this market as one in which limit orders are “expandable.”* They find that

this expandability option helps limit order traders reduce costs associated with information

3 At that time, interdealer trading was still conducted over a network of voice-assisted interdealer brokers
(IDB). GovPX collected and disseminated market data from five such IDBs. Each of the IDBs maintained its
own limit order book, facilitated trades and mediated quantity negotiations beyond the quoted depth.

4BrokerTec’s workup protocol differs from that of voice-assisted brokers in several ways. First, quantity
negotiation on BrokerTec is governed by a set of precise rules stipulating the window of opportunity for
workup trades, replacing the role of human brokers in going back and forth between counterparties working
up the size of a trade. Second, as explained by Boni and Leach, with the voice-assisted brokers, when a
limit order on an IDB’s book is aggressed by a marketable order, the IDB gives the limit order’s submitter
the right-of-first-refusal to provide additional liquidity, even when there are other limit orders at the same
price in the book. This exclusivity was completely eliminated on BrokerTec in early 2006, making workups
immediately open to all market participants following the original trade(s) on a first come, first served basis
(source: “System and Method for Providing Workup Trading without Exclusive Trading Privileges,” patent
number US 8,005,745 B1, dated August 23, 2011). Furthermore, the expanded volume can come from either
the aggressive or passive side during a workup so that the workup is no longer confined to expanding only
limit orders. Recently, BrokerTec instituted a new rule that allows for a workup to terminate prematurely if
there is sufficient trading interest at a better price point (source: “System and Method for Providing Workup
Trading,” patent number US 7,831,504 B1, dated November 9, 2010).



leakage and stale limit orders.

Different from Boni and Leach, whose main focus is on explaining why the workup protocol
is used, we delve into examining the implication of the workup protocol on price discovery.
Specifically, we separate the two components of order flow due to the protocol, lit and dark,
and quantify their respective informational importance. We further analyze the respective
contributions of lit and dark order flow to price discovery in times of heightened market
volatility, around monetary policy and macroeconomic announcements, and during periods
when there is a high degree of disagreement among economists regarding the implication
of given news. In doing so, we shed some light on the nature of private information and
how those traders with better information optimize their exposure strategy to exploit their
information advantage, given the availability of the workup protocol.

Additionally and importantly, beyond being a study of a specific microstructure feature
of the U.S. Treasury market, the paper is a timely addition to the literature on dark pool
trading. There is an active and ongoing discussion among researchers and policy makers on
the effects and implications of dark pool activities on market quality and welfare.® Supporters
of dark pool trading mechanisms point to greater market liquidity and better execution
quality, especially for large trades, which can be executed without large price impact. On
the other hand, the existence of undisplayed liquidity compromises pre-trade transparency
and can potentially harm less informed traders. A June 2014 lawsuit against Barclays for
misleading investors in its dark pool illustrates the potential scope for abuse in dark venues.®

While it is important to fully understand the implications of dark pool activities for
policy purposes, the main challenge for academic research in this area is the lack of data,
especially at high frequencies. There are only a few papers with granular dark pool data,
such as Hatheway, Kwan, and Zheng (2014), Comerton-Forde and Putnins (2013), and Ready
(2012), but these all pertain to equity dark pools. Our paper contributes to this literature by
offering additional empirical evidence on the effects of dark pool trading on price discovery
from the perspective of a fixed income market (and arguably one of the most important). We
benefit from a high quality, tick-by-tick data set, which allows us to clearly identify stages of

transactions and whether trades are lit or dark. As a result, our measures of price discovery

SFor detailed discussion of issues related to equity dark pools, see Zhu (2014), Comerton-Forde and Putnins
(2013), and Degryse, de Jong, and van Kervel (2014).

6Scott Patterson and Andrew Johnson, “New York Attorney General Sues Barclays Over Stock-Trading
Business,” Wall Street Journal, June 25, 2014.



can be cleanly estimated and are not compromised by the lack of regular trade data, which
might be the case for illiquid stocks in equity dark pool studies.

The paper is organized as follows. Section 2 describes the workup process in detail,
discusses the data used for the analysis and presents key stylized facts concerning workups.
Section 3 presents a microstructure model for the dynamics of segmented order flow and price,
and analyzes the price impact and informativeness of the respective components of order flow.
In Section 4, we model and discuss the dependence of workup probability and workup volume
on market condition variables. Finally, Section 5 summarizes our key empirical findings and

concludes the paper.

2 The Workup Process

2.1 Market Overview

This paper focuses on the interdealer trading segment of the secondary market for U.S.
government securities.” Trading in this segment, especially in the on-the-run securities, occurs
mostly on two electronic trading platforms, BrokerTec and eSpeed (Barclay, Hendershott,
and Kotz (2006)). Comparing BrokerTec trading statistics with those reported by other
studies using eSpeed data (e.g., Dungey, Henry, and McKenzie (2013) and Luo (2010)), we
observe a greater market share for BrokerTec across all four securities considered.® Dunne, Li,
and Sun (2011) compare price discovery on the two platforms using non-contiguous data for
2002, 2004 and 2005 and conclude that more price discovery takes place in the more active
but less transparent BrokerTec platform.”

Both BrokerTec and eSpeed operate as electronic limit order markets with no designated
market maker. Liquidity supply comes from the limit order book, which is a collection of

limit orders at various price levels submitted by market participants. Execution of orders

"In this interdealer market, the majority of participants are Treasury securities dealers, some of whom
are primary dealers with obligations to participate in Treasury securities auctions. The paper uses the term
“dealers” interchangeably with “traders” and “market participants,” even though there are other participants
in the market such as hedge funds and proprietary trading firms.

8Comparison of BrokerTec and eSpeed activity for the same sample periods and trading hours shows that
the market share of BrokerTec ranges between 57% to slightly over 60% for the 2-, 5- and 10-year notes. The
market share in the 30-year bond is slightly lower, but it is still over 50%.

9These authors note that eSpeed does not have hidden orders, whereas BrokerTec allows such orders and
is thus considered as having less pre-trade transparency.



follows the price and time priority rule. Our empirical analysis is based on BrokerTec data
and our discussion of how the market works is for the BrokerTec platform.

In submitting limit orders, market participants can choose to display order size either
partially (iceberg orders) or completely. If the former, the rest of the order size is not
observable by other market participants. As the displayed portion is exhausted through
trading, the next installment of the order quantity becomes displayed. This process continues
until the total order quantity is completely executed. It is noted that the hidden portion of
an iceberg order takes precedence over the displayed part of orders queuing behind it at the
same price level.!”

Traders demanding immediacy can use marketable orders.!! When such an order arrives,
it is matched with one or more limit orders standing on the opposite side at the requested
price (or better), starting with the displayed depth before executing against any hidden depth.
For example, consider an aggressive order to buy $100 million at a price of 25580 when there
is $30 million available at the best ask price of 25578 and another $100 million at 25580.12
The first $30 million of the order will be matched with limit sell orders at 25578. Assuming
there is no hidden depth at that price, the remaining $70 million will be executed at 25580.
If a limit sell order is an iceberg order, then upon the execution of the displayed portion, the
next portion becomes visible and available for execution. Continuing with the above example,
assume that there is $15 million hidden depth at the best ask price of 25578. The order will
be executed as follows: $45 million at 25578 ($30 million displayed + $15 million hidden),
and $55 million at 25580.

The execution of a marketable order is just the beginning of a transaction. Once all
possible matches have been made (against displayed and hidden depth in the book, if any),
the market then enters into a workup process during which additional volume at the same
price can be transacted, until there is no further trading interest. Using the example above,
once the original buy order execution of $100 million is complete, the workup protocol opens

at the last price of 25580. As described in one of BrokerTec’s patent documents relating to

10T his is different from other market setups in which the hidden part of an iceberg order goes to the end of
the queue when it becomes visible.

11 A marketable order is an order to buy a given quantity at or above the current best ask price, or an
order to sell at or below the current best bid price. In this paper, we use the terms “marketable orders” and
“aggressive orders” interchangeably.

12Tn the BrokerTec database, prices are stored in 256th’s of one percent of par value. The prices used in
the example translate to 99.9140625 (25578/256) and 99.921875 (25580/256).



the workup protocol, the whole process is conceptually “a single deal extended in time.”!?

The protocol is discussed in greater detail in the next subsections.

Finally, it is worth noting that BrokerTec charges a fee for order execution, and that
this fee is trader-specific and not order-type specific.!* That is, a trader is charged the
same fee whether he supplies or consumes liquidity, and whether his order is executed in the
pre-workup or workup stage. Therefore, for each trader, the fee is not a consideration when
it comes to the choice of order type and exposure. However, traders with different levels of

trading activity might be subject to different fee structures.

2.2 The Workup Process

The workup is a distinctive feature of trading in U.S. Treasury securities. The process auto-
matically opens after the execution of each marketable order, giving all market participants
the chance to transact additional quantity at the last price. The ability to transact additional
quantity during the workup process thus enables traders to submit orders of smaller size
than their desired quantity, and then expand the quantity during the workup. The workup
protocol therefore offers a higher degree of control over if and when to trade the additional
needed quantity, whereas iceberg orders are subject to the risk of being adversely executed
before the order submitters have a chance to modify or cancel. However, the major cost for
the traders hoping to expand volume in a workup is that the incremental quantity they expect
to transact may not materialize if counter trading interest is lacking. Thus, for those who
need immediate execution, non-execution risk can be a major deterrent to using workups.
Historically, the workup process consisted of two distinct phases: 1) the private phase,
which gave an exclusive right of first refusal to the original parties to the transaction, and
2) the public phase, which is open to all other market participants. However, in 2006, the
private phase was replaced by a public phase, making the workup a double-public process. As
a result, a transaction will progress straight to the first public workup phase after all possible
matches with the limit order book have been completed. During this phase, additional trading
interest can come from either side of the market, and these extra trades are conducted on a

first come, first served basis.

13«System and Method for Providing Workup Trading,” U.S. Patent No. 7,831,504 B1, dated November 9,
2010.
14The exact fees are proprietary and we do not have information on them.



The first public workup phase is open for a pre-specified duration (it was 4 seconds
from early 2006 until July 2011 when the duration was shortened to 3 seconds). If there is
no trading interest, the workup process automatically expires at the end of this duration.
However, if and when a new execution occurs during this time window, the second public
phase commences and a new duration opens up. It is then re-settable each time a new
execution occurs. This protocol allows the workup to last as long as there is trading interest
at the same price point, or to terminate after a predetermined time period if no such interest
exists, so that the market can move forward.

All trades during a workup — triggered by the initial execution of a marketable order —
are executed at the same price as that of the original order. As the extra liquidity discovered
during the workup process at a given price is not known to the market ez ante, the workup
process can be likened to a dark pool trading mechanism. More precisely, it resembles a
crossing network, a common form of dark pool.'® As in a crossing network, workup trades
are matched on a first come, first served basis at a reference price derived from the initial
order execution.

We treat the whole process from the initial execution to the expiration of the ensuing
workup as a single transaction. Fach transaction can involve multiple trades or order matches.
For example, a marketable order can execute against multiple (smaller sized) limit orders.
Each of these executions is recorded separately in the database and is referred to as a trade,
an order match, or an execution. Those trades that are part of the initial execution are
referred to as “pre-workup” or “lit” trades, and represent the lit part of the order flow.
Those that occur during the workup phase are referred to as “workup” or “dark” trades, and

constitute the dark part of the order flow.

15Buti, Rindi, and Werner (2011b) characterize dark pools as having “limited or no pre-trade transparency,
anonymity and derivative pricing.” The workup process has precisely these characteristics. First, the workup
process enables execution of additional trading interest not observed by market participants before each
transaction. Second, all trades through interdealer brokers in the Treasury market are anonymous. During
the allowable workup time window, market participants can send in orders, which are then matched by the
system. Any unmatched volume is held in the system waiting for subsequent counter trading interest in the
workup. Third, the price for these workup executions derives from the execution of the initial marketable
order that triggers the workup.



2.3 The BrokerTec Data

The tick data from BrokerTec contains records of all market activity, from limit order
submission, cancellation, and modification, to matching with incoming marketable orders,
time-stamped to the millisecond. The database clearly marks when a marketable order
arrives, as well as when the workup phase starts and finishes. As a result, we can identify
the complete sequence of activities pertaining to each transaction and attribute them to the
lit and dark parts of order flow without ambiguity.

The trade direction of the original marketable order, i.e., whether the aggressive side is a
buy or a sell, is also recorded, thus providing unambiguous signing of all pre-workup trades.
The signing of trades executed during the workup process warrants some further discussion.
BrokerTec considers these trades as an extension (time-wise and volume-wise) of the original
execution. Hence, workup trades occur at the same price and follow the same trade direction
as that of the original execution, even though they can arise from either side of the market.
For example, if the original aggressive side is a buy, then the buy side remains the aggressive
side in the workup, and the sell side is the passive side. Therefore, there is no confusion as to
the signing of workup trades.

After identifying the sequence of activities for each transaction, we aggregate information
for the transaction, separately for the pre-workup and workup phases. In particular, we count
the number of trades as well as the total dollar volume exchanged in each respective phase.
Furthermore, if there is execution against the displayed portion of an iceberg order resulting
in the exposure of new depth, we mark the transaction as executing against an iceberg order.

The transaction data is then combined with the limit order book snapshots prevailing
just before and after each transaction. The limit order book is reconstructed from the raw
BrokerTec data by accumulating changes to the order book from the beginning of each trading
day. Combining the limit order book data with the transaction data provides a complete
picture of the market at each transaction, facilitating our empirical analysis of factors that
are related to workup activities.

Our sample covers the period from 2006 to 2011. We focus the study on the on-the-run

2-, 5-, 10- and 30-year fixed principal securities.'® We do not have access to comparable tick

16The on-the-run 3- and 7-year notes are excluded from our analysis due to discontinuity in issuance.
Issuance of the 3-year note was suspended between May 2007 and November 2008. Issuance of the 7-year
note was suspended between April 1993 and February 2009.

10



data for any other Treasury securities, nor market activities of the same securities on eSpeed.

2.4 Univariate Analysis of Workup Activities
2.4.1 Trading and Workup Activities

An overview of market trading activity is presented in Table 1. Panel A shows the average
daily total trading volume and number of transactions. The 2-, 5- and 10-year notes have
comparable trading volume in the roughly $30-35 billion range. This far exceeds the average
of $5 billion in daily trading volume for the 30-year bond. The number of transactions per
day varies across securities, from the low 1,000’s range for the 2- and 30-year securities to
over 2,600 for the 5- and 10-year notes. It follows that trading in the 2-year note tends to
occur in much larger size than is the case for other securities.

We find that market participants utilize the workup protocol in 49-56% of transactions
for the notes, but only 39% of transactions for the 30-year bond. The workup share of dollar
volume happens to be similar to the share of transactions with workups, ranging from 48-56%
for the notes, but only 43% for the bond.

To complement the sample average statistics on workups, we further examine the time
series trend of the use of workups in Figure 1. There is a modest increase in the use of
workups from early 2006 until late 2008, when the workup shares of transactions and order
flow drop before partially bouncing back in early 2009. The patterns have been fairly stable
since then, except for a sharp decline in workups for the 2-year note, to about 40% in the
second half of 2011. Also evident from the figure is that workups in the 30-year bond happen
less frequently than they do in the notes, but expand proportionally greater volume when
they do occur.

Table 1, Panel A also reports the probability of transacting against an iceberg order for
comparison, and illustrates that workups are used much more frequently in this market. The
chance of hitting/taking an iceberg order is only around 4%, which is less than one tenth
the probability of having a workup. Additionally, the workup protocol, in providing traders
with the opportunity to expand transaction volume at a given price, likely contributes to the
finding that transactions in these securities almost never execute at multiple prices (beside
the fact that the market is often very deep relative to the size of most marketable orders).

Further details at the transaction level, with and without workups, are presented in Panels

11



B and C respectively. We discuss first the transactions with workups (Panel B). This panel
shows that the 2-year note has the largest dollar volume per transaction when there is a
workup, at about $42 million on average. This is more than double the size of a transaction
in the 5- or 10-year notes and about eight fold the size of a typical transaction in the 30-year
bond. The average number of trades per transaction is just below 10 for the notes and about
4 for the 30-year bond. Roughly two thirds of trades occur in the workup phase.

Panel C shows that transactions without workups tend to be much smaller in size, in terms
of both dollar volume and trade count, than those with workups. Moreover, transactions
without workups tend to be somewhat smaller than even just the pre-workup portions of
transactions with workups. For example, the 2-year note’s average transaction size without a
workup is about $12 million, compared with a $16 million pre-workup size and $42 million
total size for transactions with a workup. This is consistent with Harris (1997)’s reasoning
that small traders are usually not concerned with exposure issues, and importantly, the
small size is of little interest to other traders. Small trades can also be absorbed more easily
by outstanding limit orders. Consequently, small marketable orders are more likely to be
executed without a workup.

Finally, it is useful to compare workups on BrokerTec with those on eSpeed as reported
in Dungey, Henry, and McKenzie (2013) for the period from January 2006 to October 2006.
BrokerTec’s greater market share in terms of total trading volume masks the fact that trading
is slightly less frequent on BrokerTec, but that an average transaction has a much greater
size.'” The likelihood of workups is a few percentage points higher on BrokerTec than on
eSpeed. However, BrokerTec workups typically discover a slightly smaller proportion of
transaction volume. Accordingly, the overall share of workup volume does not differ greatly

between the two platforms.

2.4.2 Intradaily Pattern of Workup Usage

Figure 2 plots the probability of workup over the course of a typical trading day, from 18:30
of the previous day to 17:30 of the current day (Eastern Time — ET).'® The figure shows that

"Our comparison shows that an average transaction in the 2-, 5- or 10-year note is over 40% larger on
BrokerTec than on eSpeed, while that in the 30-year bond is about 14% larger.

8 leming (1997) provides a description of the global trading day in U.S. Treasury securities. It starts
at 8:30 local time in Tokyo, which is 18:30 EST (or 19:30 EDT) the previous day (Japan has not adopted
daylight saving time). Trading then passes on to London at 8:00 local time, i.e., 3:00 ET. New York trading
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workups are most active between 8:30 and 15:00. Outside of New York hours, workup activity
is markedly lower, with a mild increase occurring around the start of London trading at 3:00.

The lower workup usage in the overnight hours may be related to the low overall level
of activity during the overnight hours (e.g., Fleming (1997), Fleming, Mizrach, and Nguyen
(2014)). The workup protocol requires more active monitoring of market activity and exercise
of judgment on the part of traders, which are less likely to occur during these hours. Moreover,
workups during the off hours are less likely to be filled due to lower market participation and

hence lower chance of meeting counter trading interest.

2.4.3 Workups and Order Flow

There are further interesting stylized facts relating to trading and workups. Table 2 reports
several pairwise correlations of interest. First, the signed order flow imbalance, measured
by net order flow as a percentage of total order flow for each day, is only weakly related
with workup usage, with the absolute correlation coefficient under 0.05 for three out of four
securities. However, the absolute order imbalance shows a much stronger correlation with
the use of workups: except for the 30-year bond, the correlation coefficient is in the negative
0.2-0.3 range. That is, we tend to see relatively more workup activities on days when the
market is balanced than when it is one-sided, whereas the direction of the imbalance does not
matter much. This observation can be interpreted in light of Sarkar and Schwartz (2009)’s
notion of market sidedness as an indication of asymmetric information, as informed traders
tend to collect on one side of the market. If so, they are more likely to initiate trades to exploit
their information advantage quickly, as opposed to trade in workups or post expandable limit
orders.

Secondly, workups tend to be used relatively more frequently on more volatile days. This
is illustrated by the strong positive correlation coefficients across the four securities, ranging
from 0.26 for the 30-year bond to 0.54 for the 2- and 10-year notes. Finally, we also observe
positive first order auto-correlation in workup activities, consistent with a liquidity externality
effect of workup trades as predicted by Buti, Rindi, and Werner (2011a). Specifically, increased
workup activities imply that it is relatively easier to find counter trading interest in workups,

thereby increasing the execution probability, and hence attractiveness, of workup orders.

then starts at 7:30 and continues until 17:30. Statistics for the hour from 18:30-19:30 of the previous day are
based on the periods over which the U.S. is on standard time.
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2.4.4 Direction of Workup Volume Expansion

Given the current workup setup on BrokerTec, any trader from either side can join an open
workup. Accordingly, volume can be expanded from either the limit order book side, or
the aggressive side of the transaction. It is informative to examine the direction of volume
expansion in a workup because it is ultimately linked to the degree of pre-trade transparency
with respect to liquidity: the level of available liquidity market participants can see before a
trade versus what actually shows up in the trade. Moreover, workup volume expansion from
the aggressive side suggests the extent to which other traders follow the lead of the initial
aggressive trader. It provides an indication for the amount of inactive trading interest which
gets revealed only when someone else has initiated a trade. Most importantly, the ability to
work up volume on either side of a transaction is one of the key features that differentiates
BrokerTec’s workup protocol from its voice-assisted predecessor.'”

Figure 3 provides an analysis of the mix of workups with respect to the direction of
workup volume expansion. We classify workups into three categories: 1) expanding volume
on the aggressive side only, 2) expanding volume on both sides, and 3) expanding volume on
the passive side (or both). Specifically, if a transaction’s total volume is not greater than the
available depth, all of the workup trades must have come from the aggressive side (category
1). If, instead, a transaction’s total volume is greater than the available depth, the limit order
book must have been expanded during the workup. Whether or not the aggressive side is also
expanded can be determined by examining the pre-workup volume. If the pre-workup volume
is less than the available depth, it is clear that the workup also expands the aggressive side
(category 2). However, if the pre-workup trades completely wipe out the available depth, it
is less clear whether the aggressive side is also expanded during the workup, although the
passive side is certainly expanded (category 3). Accordingly, the sum of categories 1 and 2
provides a lower bound for the fraction of workups that expand the aggressive side, whereas
the sum of categories 2 and 3 equals the percentage of workups that involve expansion on

the passive side.

19This is also where BrokerTec’s workup protocol differs from eSpeed’s. As described in one of eSpeed’s
patent documents, a marketable order needs to be sufficiently large to exhaust all displayed passive orders
at the best price in order to trigger a workup, during which the initial parties to the trade are granted the
right of first refusal (source: “Systems and Methods for Trading,” patent application publication number US
2004/0210512 A1, dated October 21, 2004). That is, small-sized marketable orders do not trigger workups
and thus the volume expansion on only the aggressive side is not possible under eSpeed’s workup protocol.
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As can be seen from the figure, there is a cross-maturity variation in the direction of
workup volume expansion, with aggressive workups being common for the notes but not
for the 30-year bond. For the 2-year note, the majority of workups (at least 73%) expands
the aggressive side, including the 53% of workups that expand only the aggressive side.
Workups that expand the passive side occur 47% of the time. On the other end of the
maturity spectrum, for the 30-year bond, workups mostly expand the limit order book (78%).
Instances where only the aggressive side is expanded account for only 22% of workups. The
5- and 10-year notes are in the middle, with nearly 40% of workups expanding the aggressive
side only, 23% expanding both sides, and another nearly 40% expanding the passive side or
both.

In order to see if the workup mix is sensitive to different times of day and market conditions,
we also analyze the direction of workup volume expansion over different trading hours, on
volatile days versus tranquil days, and on days with extreme net order inflow versus net order
outflow. In general, the patterns are similar and thus, for brevity, not reported. One notable
finding from our sensitivity analysis is that traders in the notes tend to expand limit orders
more often on extremely volatile days. Our finding here is consistent with Boni and Leach
(2004)’s conclusion that limit order expandability is helpful to limit order traders as it helps
them reduce pick-off risk and information leakage associated with posting large limit orders

during volatile times.

3 Informational Value of Workup Trades

We proceed to specify a microstructure model for the dynamics of price and order flow, built
upon the general framework described in Hasbrouck (2007). The notable feature of our model
is that it accounts explicitly for the segmentation of order flow due to the workup feature.
From this model, we derive a structural VAR representation in (irregular) trade time to be
estimated using the data. We then discuss the empirical implementation and findings of the

model.
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3.1 A Microstructure Model of Price and Trade

Let ¢ index the #*" marketable order. We distinguish events occurring during the pre-workup
and workup phases of the #" transaction by the subscripts ¢t~ and t* respectively. P,

denotes the best bid ask midpoint (logged) observed as of the t*"

transaction, and m;- the
unobservable efficient price. Let LT;- be the signed volume of pre-workup (or “lit”) trading,
and DT+ the signed volume of workup (or “dark”) trading. Both volume variables are
positive if the " transaction is a buy, and negative if it is a sell.

The basic building blocks of the model are:

me- = My-_1 + W (1)
P- = my- +cLT;- (2)
LTi- = v+ Brvie-— (3)
Wi- = U + AU~ + AoUg i+ (4)
DT+ = vyt + Bovg g1 + v + Qouy (5)

where the efficient price m;- is specified to follow a random walk as in equation (1). w;-
is the efficient price increment and the subscript ¢t~ indicates that the price updating takes

place with the execution of the t*

marketable order, but before the workup begins. The
observed price P;-, as expressed in equation (2), consists of the permanent component m;- as
well as a component reflecting trading frictions (¢LT;-). Since workup trades are conducted
at the price determined in the pre-workup trading round, P~ depends contemporaneously on
the lit trade flow LT,- but not on the dark trade flow DT}+.

To allow for the positive auto-correlation of transaction sign as predicted by theory (for
example, Parlour (1998)) and observed in the data, a MA(1) model is specified for the lit
trade flow as in equation (3), where vy ;- is a white noise process and captures the pre-workup
trade innovation. Likewise, equation (5) for the dark trade flow DT+ has an MA(1) error
structure with the error term vq,+. However, it also includes the contemporaneous effect of
the innovation in lit trade flow v, ;- that precedes and initiates the workup process, as well
as public information that arrives at the time of the trade u,-.

Equation (4) models the efficient price increment w;- as consisting of both a public

information component u;~ that is unrelated to trade and a trade-related private information
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component. The latter component consists of non-public information inferred from the lit
trade flow, as well as the lagged dark trade flow. While workup trades have no immediate
price implication as they are executed at an established price, traders can observe the workup
trade flow after each transaction and update their belief about the fundamental security
value in subsequent transactions. Therefore innovations in the dark component of order flow
enters the efficient price increment equation with a lag. Finally, the model’s innovation terms,
namely u;-, v1;- and ve,+ are assumed to be uncorrelated.

From this point, we simplify the notation by suppressing the plus and minus superscripts
of t. With this setup, we can derive a VMA(2) for Y; = |LT, AP, DTt]T with an error

vector €, where ¢; relates to the model’s exogenous variables through the following expression:
¢ =D [Ulyt Uy vlt}T, with:
1 0 0
B=|\+c 1 0f. (6)

aq (6] 1

Assuming invertibility condition, a VAR representation (of infinite order) exists for Y;
with the error vector ¢; and a covariance matrix € = Var(e;). The matrix B accordingly
captures the contemporaneous dynamic structure of the model. It is a lower triangular matrix,
reflecting our key assumption with respect to the causal ordering in the model. Specifically,
the ordering goes from pre-workup trades to price updating and finally to workup trades
(which also corresponds to the way we intentionally stack up the vector Y;). Price revision
following the pre-workup trade variable reflects the commonly adopted assumption in the
literature that traders watch order flow to update their beliefs about the fundamental value
of a security. That the pre-workup trade variable and price revision precede the workup trade
variable in the ordering is natural given the way the workup process works: a marketable
order (i.e., pre-workup, or originating, trade) must arrive and execute against standing limit
orders before the workup process opens at the established price point.

Formulated this way, the model implies that the price revision incorporates two sources
of information: 1) public information unrelated to trades (u;), and 2) private information
inferred from the contemporaneous trade flow innovation (v;¢) and the previous workup trade
flow innovation (vs;_1). The role of private and public information in the process of price

formation in the U.S. Treasury bond market has been well studied in the literature (e.g.,
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Pasquariello and Vega (2007)). Our model goes one step further by delineating the sources of
private information and quantifying the informational importance of workup trade activities

separately from the information content of initiating a marketable order.

3.2 Permanent Price Impact of Trades

For empirical implementation, we estimate a structural VAR(5) model, separately for each
trading day to account for the possibility that trade and price dynamics vary over time.
Given the assumed ordering discussed earlier, the structural dynamics (i.e., the matrix B as
well as the structural variance o2, 07,

The long-run cumulative response of price provides a measure of the permanent price

and o7,) can be fully identified.

impact which is attributable to information and not transitory liquidity effects (see Hasbrouck

(1991)). In other words, it corresponds to the increment in the efficient price wy:

E [Apt + A]Dt—ﬁ—l + ...’675] = \Ijoo,Pet (7)

We approximate Vo, p by computing the cumulative impulse response function (IRF) out
to a sufficiently long horizon over which the price response has stabilized and any transitory
effects have washed out. As is standard in the literature, we compute the IRF for price from
the estimated VAR model by forecasting the system recursively forward to the chosen horizon,
assuming that the system is initially at rest, i.e., all variables are set to 0 except for the
shocked variable. Inspection of the path of the estimated IRF's indicates that a horizon of 50
transactions provides a reasonable approximation of the permanent price impact ¥, p. The
price impact is measured with units in hundredths of a percent of par value (basis points),
which is equivalent to cents per $100 par value.

The estimated permanent price impact per unit shock to buyer-initiated volume ($1
million) is reported in Table 3.2 The table shows the mean and the 90% range of the time
series of the daily price impact estimates separately for pre-workup trade flow (under the “Lit

Trades” column) and workup trade flow (under the “Dark Trades” column). The mean impact

20 A unit shock to seller-initiated volume has an equal price impact of the opposite sign. We have estimated
a specification that allows for the impact of buyer- and seller-initiated shocks to differ, but found that they
are very similar in magnitude. We have also estimated a specification with a non-linear effect of trade size
(quadratic form), but found that the price impact function is quite flat in the typical trade size region for
most securities.
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is monotonically increasing in maturity, and this pattern applies to both the pre-workup
and workup trade flow. At the shorter end, the 2-year note price increases by merely 0.0037
bps if the trading volume during the pre-workup phase increases by $1 million. In sharp
contrast, the same shock, if it occurs in the 30-year bond, induces a permanent increase
of nearly 0.4 bps, about a hundred times larger. With respect to workup trade flow, the
differential in the price impact between the two maturity ends is not as extreme: 0.051 bps
for the 30-year versus 0.003 bps for the 2-year. In between, the 5- and 10-year notes exhibit
a more moderate difference: the price impact of the latter is slightly more than twice that of
the former. The ranges of price impact estimates for lit and dark trade flow also generally
respect the ordering by maturity just discussed, except for the 30-year bond where a much
wider range is observed.

Even though price impact rises with maturity, trade sizes are typically smaller for longer
maturities, especially for the 30-year bond. It is also helpful to compare the price impact
of an average trade in the different securities. Based on the average pre-workup trade size
of $15.6, 6.0, 5.5, and 1.9 million for the 2-, 5-, 10-, and 30-year securities respectively,
the corresponding average price impact is roughly 0.0578, 0.1306, 0.2641, and 0.7556 bps.
Likewise, an average workup trade size of $26.2, 12.7, 10.9, and 3.5 million in a buyer-initiated
transaction raises the price of the respective securities by 0.0834, 0.0956, 0.1965, and 0.1772
bps on average. In general, after accounting for the difference in trade size among the
securities, we still observe an upward sloping term structure of price impact, albeit a flatter
one. The only exception to this pattern is that an average workup trade in the 30-year bond
does not cause as large a price impact as an average workup trade in the 10-year note, due
to the former’s much smaller workup trade size. Overall, whether being reported per unit
shock or per average trade size, the price impact estimates presented above are extremely
small, indicating a highly liquid market.

Finally, it is useful to look at the variation over time of the price impact to gain an
understanding of how market liquidity has evolved. Figure 4 plots the 20-day moving average
of price impact over the sample period. Considering first the price impact of initiating a
marketable order, one can see a significant increase during the crisis period (from August
2007 to June 2009), with the sharpest increases (to about four to eight times larger than
the pre-crisis level) occurring in late 2008. This is consistent with the severe disruption of

liquidity during the crisis, as documented in Engle, Fleming, Ghysels, and Nguyen (2012).
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The price impact of workup trades also varies significantly over time, albeit less so than
the price impact of pre-workup trades, with a mild increase during the crisis period. In
general, the evidence indicates that initiating a trade produces a greater price impact than
waiting to trade the same quantity during a workup, and that this gap is more pronounced

during times of crisis.

3.3 Information Content of Workup Trades

To evaluate the informational value of workup trades, we follow the information share
framework as introduced in Hasbrouck (1991) and applied widely in subsequent studies of
price discovery. Conceptually, the information share of a variable measures the extent to
which its variation contributes to the variance of the efficient price update w;. From equation

(7), this variance can be approximated by:

52 = \I!,LPQ\I!}QP (8)

Given the structure of the system, it is easy to show that the right-hand side of equation

2

(8) is a linear combination of o7, 02 ,

and 02,. Each of these terms can then be expressed as
a percentage of 02 and is referred to as the “Hasbrouck information share” of the relevant
variable. Specifically, the percentage attributable to o2 indicates the extent to which public
information drives the variation in the efficient price update, whereas those attributable to

o2, and o7 show the contribution of non-public information revealed through the trade flows

v1
during the pre-workup and workup phases respectively. The information share statistics
thus allow us to disentangle the information structure and determine the degree of private
information being conveyed in pre-workup and workup stages.

The information share estimates are reported in Table 4. We observe that the informa-
tiveness of the lit trade flow is quite consistent across all four securities, ranging on average
between 15% and 19%. At the upper bound of the 90% range, this part of order flow explains
about 25-28% of the total variation in the efficient price innovations.

In contrast, there is a much wider range for the informational value of workup trades
across maturities. On the one hand, the dark trade flow of the 2-year note drives about 17%
of the variation in the efficient price — slightly higher than the contribution of the lit trade

flow. On the other hand, there is almost no private information revealed by the workup trade
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flow for the 30-year bond (1%). Even the upper bound of the 90% range for the bond is only
about 4%. In between, the 5- and 10-year notes are quite similar in terms of workup trade
informativeness, with average contributions of 7 and 8% respectively, and corresponding 90%
range upper bounds of roughly 16% and 19%.

Despite the importance of trade flow, the table also shows that public information is
nonetheless the main driver of the variation in the efficient price process. For the 5- and
10-year notes, the average contribution of public information to the price discovery process
is between 73-77%, with a 90% range of roughly 62-89%. The 30-year bond has a slightly
higher public information share, with a mean of 82% and a 90% range between 71% and 92%.
The 2-year note shows a slightly lower public information share, averaging 67% and ranging
between 47% and 85%. That is, trade flow is most informative at the short maturity end
and least informative at the long maturity end. Moreover, the breakdown between lit and
dark trades shows that this overall differential between public information and trade-related
information is explained mainly by the differential in the informativeness of workups.

The time series of the information shares, presented in Figure 5, show that the informa-
tiveness of the lit trade flow appears rather stable over time, with a slight increase toward
the end of the sample period. On the other hand, the informational role of the dark trade
flow changes more appreciably over time, most notably among the notes. The information
share of workup trades trended down through much of 2007 and 2008, before rebounding in
2009. The information share of workup trades for the 2-year note settled at a new higher
level after 2009, whereas the share remained similar or lower than pre-crisis levels for the 5-

and 10-year notes, respectively.

3.4 Information Structure on Special Days

We now analyze the information structure on days of special interest. We specifically look at
days with important announcements, days when the market is highly volatile, and days when
the market experiences extreme buying pressure — an indicator of a possible flight-to-safety.
Table 5 documents this analysis. Under each security, there are three columns: Lit Trades,
Dark Trades and Public Information. Different from Table 4 where we report the raw
information shares of lit and dark trades, in this table, the respective shares are standardized

by the total trade-related information share, i.e., these two columns add up to 100%. This
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makes it easier to see the relative informational importance of lit versus dark trade flow. The
private versus public information split can be gauged by examining the public information

share reported in the third column for each security.

3.4.1 Announcement Days

In Table 5, Panel A, we compare non-announcement days to days with announcements of: 1)
FOMC rate decisions, 2) important macroeconomic releases, and 3) auction results.?’ These
announcements have been shown to be important to Treasury price formation (see Fleming
and Remolona (1997), Balduzzi, Elton, and Green (2001), Green (2004), Pasquariello and
Vega (2007) and references therein). For each of these announcement types, we compare
the relative informativeness of the lit and dark trade flow on announcement days with that
estimated on days when none of these three announcement types occurs.

Interestingly, there is no major change in the private information structure on announce-
ment days, as compared to non-announcement days. That is, the mix of information content
of lit and dark trade flow remains quite similar across different announcement types (including
no announcement). However, the lit and dark trade flow collectively contribute less to price
discovery on FOMC and macroeconomic announcement days. This result is intuitive, because
there is a greater amount of public information arriving on these announcement days which
can move prices without requiring trades, as shown in Fleming and Remolona (1999) and

other studies.

3.4.2 Volatile Days

Table 5, Panel B shows a comparison of the information structure on highly volatile days
against days with low volatility (based on the 95th and 5th percentiles of the volatility
distribution). We first focus on the private information mix. Consistently across all four
securities, the pre-workup trade flow — the lit part — is relatively more informative on high
volatility days. It is helpful to tie this result to an earlier stylized fact that workups are
used more on volatile days, and, particularly for the notes, more often expand the quoted
depth. We interpret these results collectively as indicating that: 1) information is short-lived

in volatile times, necessitating fast execution and 2) the increased incidence of quoted depth

21See Appendix A for the list of announcements considered.
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expansion reflects how liquidity providers (not necessarily informed) use the workup option
to guard against adverse execution of their orders.

It is also interesting to see that public information takes on a greater role in price discovery
when the market is highly volatile, as compared to when the market is tranquil. That trades
are relatively less informational when the price is highly volatile is to be expected, because
the variance of the efficient price update is a linear combination of the variances of return
and the two order flow variables. When price fluctuates greatly, this variability dominates
the variance of the efficient price update, leaving a lesser role for trade-related information
in the price formation process. An intuitive way to think about this result is that noisier
public information makes it harder for market participants to interpret trade flow patterns

and discern value-relevant information.

3.4.3 Days with Extreme Net Order Flow

In Table 5, Panel C, we compare the information structure on days with high net inflows
and high net outflows (based on the 95th and 5th percentiles of the distribution of net order
flow). Net order flow, if positive, suggests a possible flight-to-safety into Treasury securities
(see Beber, Brandt, and Kavajecz (2009)), whereas strongly negative net order flow suggests
a flight out of Treasury securities. The results show that the 2- and 10-year notes do not
exhibit a statistically significant change in the information structure between flights into and
out of Treasuries. In contrast, the lit order flow of the 5- and 30-year securities becomes
relatively more informative on days with high flows into the market, compared to flows out
of the market. However, the shift is fairly small in magnitude. Furthermore, most securities
show a similar public information share between high inflow and high outflow days. Overall,
the nature of the flows in the market does not seem to alter substantially the information

structure and workup characteristics.

3.5 Price Discovery and Dispersion of Beliefs

Earlier, we showed that the total information share of lit and dark order flow is lower on
announcement days, but that there is no significant change in the relative importance of each.
Nevertheless, announcements can differ in how they create opportunities for producing an

information advantage. If market participants have similar beliefs about a given announcement,
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there is little scope for profiting from forecasting and interpreting the news well. On the
other hand, a high degree of disagreement in the market toward an upcoming announcement
provides an incentive for creating an information advantage. Thus, it is expected that there
is a higher concentration of news-generated private information around those announcements
with a high dispersion of beliefs. Testing if the information content of lit and dark trade flow
around these times differs significantly from that on non announcement days, and around
announcements with a low dispersion of beliefs, can provide some insight into which channel
is preferable with increased private information.

In the spirit of Pasquariello and Vega (2007), we construct an index of belief dispersion
using Bloomberg economist survey data for all regularly-scheduled macro announcements
during the sample period. For each survey (pertaining to a given announcement at a given
time), we use the survey standard deviation as the measure of disagreement among market
participants toward the corresponding announcement. We demean and standardize this
measure using its sample mean and standard deviation to achieve comparability across different
announcements and across time. Next, to account for days with multiple announcements, we
compute the average dispersion across all announcements on a given day, weighted by the
number of economists covering each announcement. As a result, we obtain a dispersion index
for each announcement day. We classify announcement days into those with high dispersion
of beliefs if the dispersion index is above the 95th percentile, and those with low dispersion
of beliefs if the index is below the 5th percentile.

Table 6 reports the split between lit and dark order flow’s contributions to price discovery
on days with high dispersion of beliefs as compared to days with low dispersion of beliefs, as
well as days on which there is no announcement. Panel A provides a comparison between
high and low dispersion days, whereas Panels B and C compare either high or low dispersion
days with non-announcement days. A key observation from both Panels A and B is that,
on announcement days when the market exhibits significant dispersion of beliefs, lit trades
generally become more informative whereas dark order flow becomes less informative. This is
particularly the case for the 5- and 10-year notes. On the other hand, there is no significant
change in the information value of each component of order flow on announcement days with
low dispersion of beliefs in comparison to non-announcement days. This further strengthens
the argument that belief heterogeneity is an important factor to the information environment

in the market.
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Earlier studies such as Brandt and Kavajecz (2004) and Pasquariello and Vega (2007)
generally postulate that private information in the U.S. Treasury market comes from either
proprietary client order flow information, or superior ability to process and interpret publicly
available information. Given that this is an interdealer marketplace, which is largely populated
by government securities dealers who are highly sophisticated, the latter source of private
information is arguably short-lived. Our evidence shows that, around periods when private
information generated from public news is expected to be high, the information is more likely
to be revealed in lit trade flow than dark trade flow. The short horizon of the information
advantage likely motivates traders to trade aggressively using the lit channel as opposed to

trading in workups, which is subject to the risk of failed execution.

3.6 Is Direction of Workup Expansion Informationally Relevant?

As discussed earlier, the workup protocol on the BrokerTec electronic platform differs from
the voice-assisted protocol described in Boni and Leach (2004) in that workup volume can
originate from either side, as opposed to just expanding the limit order book. The analysis
performed up to this point has considered all workup volume to be equal, but additional
insight may be gained by examining whether the direction of volume expansion during a
workup matters to price discovery. Our results show that this is indeed informationally
relevant.

To proceed, we estimate an expanded VAR model in which the workup trade flow (DT') is re-
placed by three workup trade flow types (D717, DT5, and DT3). These are workups that expand
volume on: 1) the aggressive side (DT}), 2) both sides (DT3), and 3) the passive side (DT5).??

The vector of endogenous variables is now Y; = [LTt AP, DTy DTy, DTg,t:| T. To check
whether the relative importance of each of these workup trade flow types is sensitive to the VAR
variable ordering, we also report the results based on an alternative ordering in which the dif-
ferent workup trade flow categories are reversed, i.e., Y; = [LTt AP, DTs; DT, DTM} T.
From the estimated VAR, we compute the information share for each of the variables in the
system as described earlier, and report them in Table 7. For brevity, the information shares
of lit trades and public information are not shown as they are quite similar to the previously

reported results.

22See subsection 2.4.4 for a detailed description of this classification.

25



The results indicate that workup volume coming from the aggressive side contributes
significantly more to price discovery. For example, the information share of workups that
expand the aggressive side averages 13% for the 2-year note, compared with the 6% information
share of workups that expand both sides and the 1% information share of workups that
expand the passive side. Interestingly, this pattern holds even for the 30-year bond, where
workups mainly expand the passive side. A comparison of the two orderings shows that the
results are not ordering sensitive.

To see whether the information contribution of each type of workup order flow is commen-
surate with its share of volume (shown in Figure 3), we rescale the three information shares
so that they add up to 100%. The rescaled numbers indicate the relative contribution of each
workup type to the total informativeness of workup order flow. We use the mean information
shares based on the first variable ordering for this calculation, but the result is similar for the
other ordering. The relative information contribution of aggressive workups is 63.9%, 64.1%,
64.1%, and 64.2% respectively for the 2-; 5-) 10- and 30-year securities. These percentages
are consistently higher than the volume share of aggressive workups, which are 53%, 38%,
29% and 22%. That is, aggressive workups are disproportionately more informative than the

other two workup types.

3.7 Comparison with Standard Model of Price Impact of Trades

Our analysis in the previous section illustrates that delineating the trade flow into the pre-
workup and workup components permits a more complete understanding of how the different
layers of the trading process convey non-public information and affect price dynamics. One
of the key findings is that trade flow is not homogeneous. A $1 million trade initiated in the
pre-workup stage generally results in a greater price impact and carries more information
than when the same sized trade occurs in the workup stage.

As a result, if we model only the trade volume variable without considering its respective
components, we may underestimate the price impact of a market order, since the lower
impact of the workup component pulls down the estimate for the whole transaction size. In
addition, omitting the possible endogenous interaction of workup and pre-workup activity
might underestimate the overall informativeness of order flow. To formally see this, we

estimate a bivariate VAR(5) of trade flow and return, and compute the permanent price
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impact as well as the information share of transaction volume. The comparison to the
trivariate results is provided in Table 8.

Panel A illustrates that for the 5-, 10- and 30-year securities, the price impact of a
lumped-together (or “generic”) trade estimated from the bivariate model is much smaller
than the price impact of a market order of the same size estimated from the trivariate model
(about half the magnitude). At the same time, Panel B shows that the price impact of a
generic trade is higher than the price impact of a trade occurring during a workup.

For the 2-year note, the estimated price impact of a generic trade is not only lower than
the estimated price impact of a market order (Panel A), but also lower than the price impact
of a workup trade (Panel B). As shown earlier, workup activity in the 2-year note is generally
as informative as pre-workup trading activity. Failure of the bivariate model to capture the
endogenous dynamics between workups and trade initiation featured in our trivariate model
results in a lower price impact estimate than that of workups for the 2-year note.

In addition, as shown in Panel C, the bivariate model attributes less information value to
order flow. Our tests of the hypothesis that the information share of trades in the model
of segmented order flow is not higher than that implied by the bivariate model are rejected
for three of the four securities considered. This is because the bivariate model does not
capture and attribute adequately the different contributions and variations in the respective
components of the overall order flow. More importantly, the dynamic interaction between pre-
workup and workup order flow is absent in the bivariate model, implying a lower information
role of order flow than is the case when this dynamic interaction is taken into account.

Economically, it is important to recognize that the workup option is an integral part
of the trading process in the Treasury interdealer market. It is undoubtedly factored into
the trading decisions of dealers, since they can choose to trade immediately by submitting
a market order, or wait to trade in a workup. Factors such as liquidity need, degree of
impatience and/or possession of short- versus long-lived information might contribute to
the segmentation of order flow, as dealers balance faster execution with higher price impact.
Treating this market as one where such a workup option is not available and trade flow is
homogeneous may give rise to a less than accurate characterization of the trading process

and how trading affects price dynamics.
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4 Determinants of Workup Trades

As the previous section shows, trading activity that takes place during the workup stage
has a meaningful role in the price discovery process. Additionally, workups take place in
more than half of transactions and account for a large share of volume transacted in this
market. Collectively, these findings provide a motivation for our subsequent analysis exploring
the determinants of the workup option and the extent of volume transacted during this
phase. Being able to predict the likelihood and extent of a workup upon the arrival of the
next marketable order, based on prevailing market conditions, can be valuable to market
participants in making trading decisions.

In order to identify workup determinants, it is important to understand workup benefits
and costs. The most natural cost of waiting to transact in a workup is the risk of non-execution
and perhaps the loss of private information advantage, since counter trading interest may
not exist in a workup. Therefore, variables that correlate with non-execution risk or the
perishability of private information are expected to be negatively associated with workup
usage and workup volume.

On the other hand, the obvious benefit of the workup protocol is that traders have more
flexibility with what to do with their trading intention, including not doing anything at all if
the market moves unfavorably. This provides an important advantage over iceberg orders,
since the hidden part of an iceberg order may get executed adversely before the trader has
a chance to modify or cancel. Furthermore, the ability to expand volume during workups
can be valuable to those traders with a large trading interest. By submitting an initial small
sized order, those traders can avoid causing adverse price impact that could have resulted
had they submitted the full-sized large order altogether.

The use of workups therefore reflects a trade-off among non-execution risk, increased
control over one’s trading activities, and the ability to avoid adverse price impact. We thus
model the probability of workup (i.e., whether or not a transaction has a workup), as well as
the magnitude of the workup volume, with the following explanatory variables capturing this
trade-off:

e DepthSame: prevailing inside depth on the same side of the transaction (logged).

e DepthOpp: prevailing inside depth on the opposite side of the transaction (logged).
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PretradeSpr: prevailing relative spread in basis points (10, 000%).

MoSize: pre-workup volume of the transaction (i.e., the volume transacted before the

workup start) (logged).

HdRevealed: whether trading activities during the pre-workup stage have revealed any

iceberg orders.

AveDurLast5: average transaction duration (in seconds) in the last five minute interval

(logged).

Volab5Min: volatility as measured by the high low range of the logged mid-quote over
the last five minute interval, capturing the level of volatility immediately before the

transaction.

PctWkup5Min: percentage of transactions with a workup in the last five minute interval,
to control for the possible liquidity externality of workup activities as predicted by Buti,
Rindi, and Werner (2011a)’s model.

PctWkup V5Min: percentage of volume expanded during workups (conditional on
workup usage) in the last five minute interval. This is another control for the liquidity

externality.

Tokyo trading hour dummy: equals 1 if the transaction starts during the period from
18:30 EST (or 19:30 EDT) the previous day to 3:00 ET.

London trading hour dummy: equals 1 if the transaction starts during the period from

3:00 ET to 7:30 ET.

We employ a logistic regression model for the probability of workup, in which the dependent

variable equals 1 for those transactions with workup, and 0 otherwise. For the extent of

volume expansion during a workup, we estimate a Tobit model in which the dependent

variable is the workup volume, and those transactions with no workup are censored at zero.

The model estimates are presented in Table 9. Given the large number of observations, most

of the coefficient estimates are significant at the 5% level. Only those coefficients that are

not significant are marked with an asterisk. We discuss each determinant below.
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First, the prevailing depth on the same side is positively related with both the probability
of workup and the magnitude of workup volume. This supports the argument that a higher
level of depth, indicative of longer time to execution for the marginal limit order, might
encourage traders with trading interest on the same side to opt for the immediate execution
opportunity offered by the workup. This finding is enhanced by the negative relationship
between prevailing spread and the likelihood of workup.?® A tighter spread (the spread is
often 1 tick in this market) makes it harder to post limit orders inside the spread, while
simultaneously reducing the cost to trade at the workup price (i.e., the forgone spread). Thus,
the choice of immediate execution becomes more attractive, despite it being at a worse price
than that of a limit order price. Both of these findings provide empirical support for Buti,
Rindi, and Werner (2011a)’s model of dark pool trading strategies in limit order markets.

Our finding concerning the effect of depth on the opposite side provides some insight into
what matters more to traders when the market is shallow on the opposite side. Theoretically,
the effect of opposite side depth on the likelihood and extent of a workup can go either way.
On the one hand, the model by Buti, Rindi, and Werner (2011a) shows that lower depth
on the opposite side to absorb incoming orders can result in more adverse price impact for
incoming trades. If so, the workup protocol can be valuable as it gives traders an option to
start with a smaller sized order and expand the size in a workup without bearing significant
market impact. On the other hand, lower depth on the opposite side may be a sign that
trading interest on that side is lacking. This can reduce the execution probability of trades in
a workup, resulting in a lower likelihood of successful matching during the workup window.
Even if a workup does occur, the workup quantity is likely to be lower.

Our empirical evidence of a positive relationship for most securities supports the latter
argument; that is, non-execution risk appears to be a more important consideration than
the adverse price impact concern. The only exception is the 2-year note, for which we
observe a negative effect of opposite side depth on the likelihood of a workup. Recall that
the transaction size in the 2-year note is often much larger than that for other securities.
Accordingly, the adverse price impact associated with the lack of opposite standing depth

might become a more important concern, thereby encouraging greater usage of workups.

23Note that once the workup choice is made, the effect of prevailing spread on the extent of volume
expansion during the workup is mixed: negative for the 2- and 10-year securities, but positive for the 5- and
30-year securities.
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As for workup quantity, the effect of opposite side depth is also positive for all securities,
providing additional support for the non-execution risk hypothesis.

Next, the initial size of a transaction is positively associated with the likelihood of workup
(as shown by the positive coefficients for pre-workup volume across securities, except for the
30-year bond). This provides direct empirical support of Harris (1997)’s argument that there
might be inactive traders in the market who only take action based on the actions of others.
A larger volume transacted during the pre-workup phase is more likely to ignite interest
from otherwise inactive traders. Another possible explanation is that large initial volume is
perceived by the market to be associated with large liquidity demand. This may induce the
expansion of the quoted depth during the workup beyond the level observed just before the
trade — an idea that finds empirical support in Boni and Leach (2004). Interestingly, once
a workup is taking place, the additional volume transacted may increase or decrease with
the pre-workup volume depending on the security. For example, it is positive for the 2- and
30-year securities but negative for the 5- and 10-year notes.

Another aspect of pre-workup trading — the revelation of hidden depth — can also predict
higher workup usage and volume expansion. The revelation informs market participants that
there is a hidden liquidity pool in addition to the initially observed depth and that workup
trades have a greater execution probability.

We further find that price volatility, measured over the 5-minute time window leading to
each transaction, is positively related with workup activities. This is consistent with Boni
and Leach (2004)’s finding using GovPX data under a protocol in which workups expand the
limit order book only. Intuitively, when the market is volatile, the risk of adverse execution of
limit orders increases, thereby motivating a greater reliance on workups because the protocol
allows traders greater control over when and how much to trade, or even not to trade at all.

Our result also shows that the speed of trading in the market significantly increases
both the likelihood of a workup and the magnitude of workup volume. In light of the work
of Easley and O’Hara (1992) and Dufour and Engle (2000), high trading intensity likely
reflects information arrival, and thus inactive trading interest can be activated and revealed
in a workup following the lead of aggressive traders. Furthermore, the positive coefficients
for the prevailing level of workup activity provide additional support for the notion that
execution probability is an important consideration. A higher level of workup activity signals

an increased chance of finding counter trading interest and successful execution of workup
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orders.

Finally, the probability of workup and extent of worked up volume are both significantly
lower outside New York trading hours, even after having controlled for the level of trading
activity through the previously discussed covariates. This seems to be consistent with the
hypothesis that workups are used less in the overnight hours when there are fewer traders in
the market. There is simply a lower chance of meeting with a counter-party in a workup, or

being able to ignite inactive trading interest, when there are not many traders at their desks.

5 Conclusion

This paper studies the workup protocol, a distinctive and frequently used trading feature
in the U.S. Treasury securities market. Given its importance in discovering a large portion
of market liquidity, we examine its role in the price formation process. We show that the
different layers of order flow have different information content. Workup trade flow generally
contains less information than its transparent counterpart. Moreover, the information content
of workups is largely attributable to workups that expand volume on the aggressive side.
Workups that expand the limit order book as described in Boni and Leach (2004) are far less
informative. Intuitively, given the workup option, a trader who still chooses to initiate a trade
(as opposed to wait for a workup) conveys a stronger signal to the market than otherwise
would be the case in a hypothetical market setup where such a workup option does not exist.
Therefore, the act of initiating a trade should contribute more to information discovery than
the act of trading in a workup.

Furthermore, we find that workups occur more frequently around volatile times, when
the incidence of workups expanding the pre-trade limit order book also increases for all three
notes, suggesting that the workup protocol is helpful to limit order traders in managing their
trading interest. Additionally, workups are more likely when the market is more liquid (e.g.,
greater market depth and tighter bid-ask spreads) or trading more active. Interestingly, lit
order flow becomes more informationally relevant on highly volatile days, supporting the
belief that traders with an information advantage are more likely to initiate trades and exploit
their information quickly, before large price fluctuations can render the information less
valuable. Similarly, the balance of contribution to price discovery between lit and dark order

flow also tilts toward the lit channel around periods when private information production
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(from publicly available data) is expected to be most intense. Overall, the workup protocol
seems to be a useful mechanism for weathering market fluctuations, rather than a channel
for the informed to exploit information advantage.

Our findings provide important implications for research into the price discovery of U.S.
Treasury securities. Consistent with theory, we document that the different layers of order
flow have different information content. Intuitively, given the option of trading in a workup,
a trader who chooses to initiate a trade (as opposed to wait for a workup) conveys a stronger
signal to the market than otherwise would be the case in a hypothetical market setup where
such a workup option does not exist. Therefore, the act of initiating a trade should contribute
more to information discovery than the act of trading in a workup. We show that, without
considering this segmentation, the price impact so estimated can underestimate the impact
of initiating a trade and the share of non-public information flow.

Beyond the literature on price discovery in financial markets, our research adds to two
important areas of research, namely dark pool trading and security market design. The
workup protocol in essence is a dark pool mechanism and provides a valuable opportunity
for examining how such a mechanism operates in a fixed income market setting. We show
that in the market for U.S. Treasury securities, the dark liquidity pool, arisen out of the
workup protocol, is not a major impediment to price discovery in that dark pool trades carry
little value-relevant information. More significant price discovery still takes place through the
transparent trade flow.

With respect to security market design, the workup protocol presents an interesting case
study of a continuous limit order market combined with periodic call auctions. This is a
timely contribution to the current discussion on the market design response to the trend
in high frequency trading. With increasing high frequency trading activity across markets,
continuous limit order market design has shown certain limitations (e.g., encouraging an
arms race in trading technology). Naturally, these limitations invite further research into
alternative market design features and necessitate an understanding of possible implications
of such features. In this direction, our paper readily offers empirical implications on trading
patterns, exposure choice and price discovery in a continuous limit order market enhanced

with periodic auctions.
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Table 1: Summary Statistics of Trading and Workup Activities

2-Year 5-Year 10-Year 30-Year

PANEL A: DAY-LEVEL STATISTICS

Volume ($B) 33.5 34.0 29.3 4.7
Pre-workup % 51.8 43.6 45.5 57.3
Workup % 48.2 56.4 54.5 42.7

Number of Transactions 1,224 2,679 2,642 1,464
% with Workup 49.0 56.2 55.2 39.1
% with Iceberg Order Match 4.2 4.3 4.4 3.9
% Executed at Multiple Prices 0.0 0.2 0.2 0.5
PANEL B: TRANSACTION-LEVEL STATISTICS (WITH WORKUP)

Transaction Size ($M) 41.8 18.6 16.4 5.4
Pre-workup 15.6 6.0 5.5 1.9
Workup 26.2 12.7 10.9 3.5

Number of Trades 9.9 8.7 8.6 3.9
Pre-workup 3.2 2.9 3.0 1.4
Workup 6.7 5.8 5.6 2.5

PANEL C: TRANSACTION-LEVEL STATISTICS (WITHOUT WORKUP)

Transaction Size ($M) 11.9 4.6 4.2 1.7

Number of Trades 2.4 2.1 2.2 1.3

PANEL D: SAMPLE SIZE
Number of Transactions 1,836,812 4,017,905 3,946,216 2,197,471
Number of Trading Days 1,501 1,501 1,494 1,501

This table provides summary statistics of trading activity in the on-the-run 2-, 5-, 10-, and
30-year Treasury securities on the BrokerTec platform. The sample period is 2006-2011. A
transaction refers to a complete sequence of order executions that starts with the arrival of a
market order and ends when the workup initiated by the original market order completes.
A trade refers to a single paired order matching. There is no data available for the 10-year
note on seven days during the sample period (August 3-7, 10-11, 2009). Numbers reported in
Panel A are daily averages. Numbers in Panels B and C are averages across all transactions
with and without workups respectively.
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Table 2: Correlations of Workup and Order Flow Variables

2-Year 5-Year 10-Year 30-Year

Daily Signed Order Imbalance & Workup Usage 0.048  0.169 0.043 0.043
Daily Absolute Order Imbalance & Workup Usage -0.297 -0.266  -0.206  -0.081

Daily Volatility & Workup Usage 0.541  0.380 0.540 0.256
Workup Autocorrelation 0.110  0.084 0.089 0.063
Workup Volume Autocorrelation 0.098  0.120 0.136 0.114

This table shows correlations of workup and trading variables for the on-the-run 2-, 5-; 10-,
and 30-year Treasury securities on the BrokerTec platform. The sample period is 2006-2011.
A transaction refers to a complete sequence of order executions that starts with the arrival of
a market order and ends when the workup initiated by the original market order completes.
Daily signed order imbalance is buy volume minus sell volume, standardized by the day’s total
trading volume. Daily absolute order imbalance is the absolute order imbalance standardized
by the day’s total trading volume. Daily volatility is the average five-minute realized volatility
of the bid-ask midpoint (logged) for each day. Workup usage is the percentage of transactions
with workups for each day. The workup and workup volume autocorrelation coefficients are
computed based on transaction-level data.
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Table 3: Permanent Price Impact of Segmented Order Flow

Lit Trades Dark Trades
Mean 90% Range Mean 90% Range
x 1073 x 1073
2-Year 3.70 [0.92 10.35]  3.19 [1.06 7.17]

5-Year  21.88 [6.20  50.57] 754 [3.28  13.52]
10-Year 48.16 [12.70 115.32] 18.04 [7.78  30.73]

30-Year 397.97 [120.48 841.61] 50.60 [-39.53 158.96]

This table reports the permanent price impact in basis points per unit shock ($1 million)
to buyer-initiated volume of pre-workup trades (“Lit Trades”) versus workup trades (“Dark
Trades”). The estimates derive from a VAR(5) model of pre-workup trade flow, return and
workup trade flow. Estimation is based on BrokerTec data for the on-the-run 2-, 5-; 10- and
30-year Treasury securities over the period 2006-2011. Observations outside the [7:00-17:30]
time window are excluded. The model is estimated separately for each day. The mean and
90% range are computed from the time series of daily price impact estimates.
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Table 4: Share of Trade and Non-Trade Related Information

Lit Trades Dark Trades Public Information
Mean  90% Range Mean 90% Range Mean  90% Range

2-Year 1523 [4.80 27.28] 17.48 [4.15 35.28] 67.28 [46.92 85.01]
5-Year 16.09 [7.44 25.18] 6.72 [0.93 15.74] 77.19 [65.20 88.80]
10-Year 1852 [9.54 28.09] 821 [1.25 18.97] 73.28 [62.18 84.62]

30-Year 16.66 [7.06 27.58] 1.05 [0.01 3.92] 82.29 [71.15 92.08]

This table reports the information share (%) of pre-workup trades (“Lit Trades”), workup
trades (“Dark Trades”), and non-trade-related information (“Public Information”). The
estimates derive from a VAR(5) model of pre-workup trade flow, return and workup trade
flow. Estimation is based on BrokerTec data for the on-the-run 2-, 5-, 10- and 30-year
Treasury securities over the period 2006-2011. Observations outside the [7:00-17:30] time
window are excluded. The model is estimated separately for each day. The mean and 90%
range are computed from the time series of daily information share estimates.
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Table 7: Information Share of Workup Trades by How Workup Volume Arises

Ordering 1 Ordering 2
Mean 90% Range Mean 90% Range

Aggressive 12.96 [3.18 27.20] 1347 [3.35 28.30]
92-Year  Both 6.20 [0.95 14.45] 588 [0.85 13.72]
Passive 1.13  [0.00 4.25] 0.95 [0.00 3.53]

Aggressive  6.55 [1.76 12.67] 6.81 [1.82 13.08]
5-Year Both 3.00 [0.31 758 299 [026 7.31]
Passive 058 [0.00 2.20] 043 [0.00 1.59]

Aggressive  7.72  [2.19 14.49] 8.05 [2.27 14.95]
10-Year Both 373 [050 873 3.56 [0.43  8.50]
Passive 0.59 [0.00 2.39] 0.42 [0.00 1.90]

Aggressive 197 [0.05 5.64] 2.00 [0.05 5.62]
30-Year Both 0.67 [0.00 2.40] 0.64 [0.00 2.33]
Passive 043 [0.00 174 042 [0.00 1.65]

This table reports the information share (%) of workups classified by how workups expand
volume: 1) the aggressive side only, 2) both sides, and 3) the passive side. The estimates
derive from a VAR(5) model of pre-workup trade flow, return and three categories of workup
trade flow. For brevity, information shares of pre-workup trades and public information flow
are not reported. Estimation is based on BrokerTec data for the on-the-run 2-, 5-, 10- and
30-year Treasury securities over the period 2006-2011. Observations outside the [7:00-17:30]
time window are excluded. Ordering 1 columns show the information share based on a
variable ordering of Aggressive, Both, and Passive. Ordering 2 columns show the information
share based on a variable ordering of Passive, Both, and Aggressive.
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Table 8: Informational Content of Segmented versus Generic Order Flow

2-Year 5-Year 10-Year 30-Year

PANEL A: PRICE IMPACT OF PRE-WORKUP TRADES
Model with Segmented Trade Flow (bps x 1073) 3.70 21.88 48.16  397.97
Model with Generic Trade Flow (bps x 1073) 274 11.34 25.94  181.00
p-value of paired sample t-test (right tail) <0.001 <0.001 <0.001 <0.001
PANEL B: PRICE IMPACT OF WORKUP TRADES
Model with Segmented Trade Flow (bps x 107%) 3.19 7.54 18.04 50.60
Model with Generic Trade Flow (bps x 107%) 2.74 11.34 25.94  181.00
p-value of paired sample t-test (left tail) 1.000 <0.001 <0.001 <0.001

PANEL C: INFORMATION SHARE OF TRADES

Model with Segmented Trade Flow** 32.72% 22.81% 26.72% 17.711%
Model with Generic Trade Flow 26.64% 22.76% 26.39%  14.45%
p-value of paired sample t-test (right tail) <0.001  0.201 <0.001 <0.001

This table compares the price impact and informational content of order flow estimated by
our trivariate VAR model, which considers separately the pre-workup and workup order flow,
with those estimated by a standard bivariate VAR model, which considers the generic order
flow without segmentation. Estimation is based on BrokerTec data for the on-the-run 2-,
5-, 10- and 30-year Treasury securities over the period 2006-2011. ** This is the combined
information share of pre-workup and workup trades.
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Figure 1: Workup Activity over Time
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This figure shows the monthly share of transactions with workups (upper plot) and monthly
share of volume transacted in workups (lower plot). The numbers are first calculated daily
for the on-the-run 2-, 5-; 10- and 30-year Treasury securities on the BrokerTec platform and
then averaged across days by month. The sample period is 2006-2011.
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Figure 2: Intraday Pattern of Workup Probability
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This figure shows the pattern of workup usage over the global trading day (Eastern Time).
The plot starts at 18:30 of the previous day and ends at 17:30 of the current day. The
numbers are first calculated for a given interval and day for the on-the-run 2-, 5-, 10- and

30-year Treasury securities on the BrokerTec platform and then averaged across days. The
sample period is 2006-2011.
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Figure 3: Which Side Do Workups Expand?
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This figure shows the percentages of workups that expand volume on: 1) the aggressive side
only, 2) both sides, and 3) the passive side. A workup expands only the aggressive side if the
total transaction volume (pre-workup and workup volume combined) is not greater than the
depth posted in the limit order book immediately before the transaction. A workup expands
both sides if the pre-workup volume is less than the posted depth, but the total transaction
volume exceeds the posted depth. A workup expands the passive side if the pre-workup
trades exhaust the posted depth. This expansion of the passive side includes instances where
the aggressive side is also expanded during the workup. The percentages are first calculated
daily for the on-the-run 2-, 5-, 10-, and 30-year Treasury securities on the BrokerTec platform
and then averaged across days. The sample period is 2006-2011.
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Figure 4: Permanent Price Impact of Trade
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This figure plots the 20-day moving average of the price impact of $1 million buyer-initiated
volume transacted during pre-workup versus workup phases. The price impact measures are
first computed daily from a VAR(5) model of return and trade flows, and then averaged
over rolling 20-day intervals. Estimation is based on BrokerTec data for the on-the-run 2-,
5-, 10- and 30-year Treasury securities over the period 2006-2011. Observations outside the
[7:00-17:30] time window are excluded from model estimation.
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Figure 5: Information Share of Pre-Workup and Workup Order Flow
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This figure plots the 20-day moving average of the information share of pre-workup versus
workup order flow, using Hasbrouck (1991)’s information share approach. The information
share measures are first computed daily from a VAR(5) model of return and trade flows, and
then averaged over rolling 20-day intervals. Estimation is based on BrokerTec data for the
on-the-run 2-, 5-; 10- and 30-year Treasury securities over the period 2006-2011. Observations
outside the [7:00-17:30] time window are excluded from model estimation.
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A Economic Announcements

We consider three categories of news that are relevant for the Treasury market:

A.1 Macroeconomic Announcements

)

The macroeconomic announcements we consider are those classified as ”Market Moving’
indicators by Bloomberg: 1) Employment Report, 2) Consumer Price Index, 3) Durable
Goods Orders, 4) GDP, 5) Housing Starts, 6) Initial Jobless Claims, 7) Personal Income
and Outlays, 8) Producer Price Index, 9) Retail Sales, 10) Trade Balance, 11) Industrial
Production, 12) Existing Home Sales, 13) ISM Manufacturing, 14) New Home Sales, and 15)
Philadelphia Fed Survey.

A.2 Monetary Policy Announcements

The monetary policy announcements included in our analysis are FOMC rate decision
announcements. Such announcements typically occur after regularly scheduled FOMC
meetings, of which there are eight per year. In addition, there were rate changes announced
after unscheduled meetings on two occasions during our sample period, on January 22, 2008
and October 8, 2008.

A.3 Treasury Auction Result Announcements

The Treasury auction results we consider are those for the 2-, 5-, 10- and 30-year fixed
principal Treasury securities. Auction results are announced shortly after the auction close
on auction dates for a given security. The 2- and 5-year notes are newly issued every month.
The 10-year note is newly issued every quarter, with reopenings in the following month and
— since November 2008 — two months. Starting in May 2009, the 30-year bond is also on a
quarterly issuance cycle with two reopenings. For the 2006-2008 period, the 30-year bond

was newly issued once a year with irregular reopenings.
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