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Abstract

We incorporate discrete tick size and allow non-high-frequency traders (non-HFTSs) to supply
liquidity in the framework of Budish, Cramton, and Shin (2015). When adverse selection risk is
low or tick size is large, the bid-ask spread is typically below one tick, and HFTs dominate liquidity
supply. In other situations, non-HFTs dominate liquidity supply by undercutting HFTSs, because
supplying liquidity to HFTs is always less costly than demanding liquidity from HFTs. A small
tick size improves liquidity, but also leads to more mini-flash crashes. The cancellation-to-trade

ratio, a popular proxy for HFTs, can have a negative correlation with HFTSs’ activity.
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In decades past, specialists on the New York Stock Exchange and dealers in NASDAQ supply
liquidity to other traders, that is, they buy when other traders sell and sell when other traders buy.
The transition to electronic trading not only destroyed these traditional liquidity suppliers, but also
blurs the definition of liquidity supply. Everyone can supply liquidity, but no one is obligated to
do so. Liquidity supply simply means to post a limit order, an offer to buy or sell at a certain price.
A trade occurs when another trader (a liquidity demander) accepts the terms of a posted offer.
Every trader has to decide whether to supply or demand liquidity in order to complete a trade. In
this paper, we examine how the contemporary trading environment of voluntary liquidity supply
and demand reaches its equilibrium. Who supplies liquidity and who demands liquidity? Can
voluntary liquidity supply and demand lead to systemic risk such as a flash crash? And, if this is
possible, what conditions lead up to it?

In this paper, we show how the equilibria in liquidity supply and demand depend on the
characteristics of securities, market structures, and market conditions. Our model extends Budish,
Cramton, and Shim (2015; BCS hereafter) along two dimensions. BCS include two types of traders:
high-frequency traders (HFTs) and non-HFTs. In the BCS model, non-HFTs can only demand
liquidity, while in our model we allow non-HFTs to provide liquidity. In addition, BCS consider
a continuous price, whereas we consider a discrete price to reflect the tick size (minimum price
variation) imposed by the U.S. Security and Exchange Commission’s (SEC’s) Regulation National
Market Systems (Reg NMS) Rule 612, and to reflect the recent policy debate to increase the tick
size from one cent to five cents.

Our model includes one security, whose fundamental value is public information. However,
liquidity suppliers in our model are subject to adverse selection risk, because they may fail to

cancel stale quotes during value jumps. HFTs in our model have no private value to trade. They



consistently monitor the market for profit opportunities. For example, they supply liquidity when
the expected profit from doing so is positive, or snipe stale quotes after value jumps. Non-HFTs
arrive at the market with a private value to buy or sell one unit of a security. We allow a fraction
of non-HFTs to choose between providing or demanding liquidity. We call these non-HFTs “buy-
side algorithmic traders” (BATS) to represent algorithms used by buy-side institutions (e.g., mutual
funds and pension funds) to minimize the cost of executing trades in portfolio transition
(Hasbrouck and Saar, 2013; Frazzini, Israel, and Moskowitz, 2014). BATs are major players in
modern financial markets (O’Hara, 2015). We build the first theoretical model to study their
trading behavior. Our model captures two main features of BATSs. First, BATs are slower than
HFTs (O’Hara, 2015). Second, BATSs supply liquidity to minimize the transaction costs of
portfolio rebalancing (Hasbrouck and Saar, 2013), not to profit from the bid-ask spread. As both
BATs and HFTs are algorithmic traders (Hasbrouck and Saar, 2013), we call the fraction of non-
HFTs who are not BATs non-algorithmic traders (non-algos).

As in BCS, the adverse selection risk increases with the arrival rate of value jumps and
decreases with the arrival rate of non-HFTs. Supplying liquidity to non-HFTs leads to revenue,
but value jumps lead to sniping cost. With the continuous price in BCS, the competitive bid-ask
spread strictly increases with adverse selection risk. In our model, the tick size constrains price
competition in the bid-ask spread. When adverse selection risk is low or the tick size is large, the
competitive bid-ask spread can be less than one tick, which generate rents for liquidity supply. The
rents are typically allocated to HFTs, because most U.S. stock exchanges use time to decide
execution priority for orders quoted at identical prices. The market thus reaches equilibrium
through queuing, not through price competition. In this first type of equilibrium, the queuing

equilibrium, in which bid-ask spread is binding at one tick, HFTs dominate liquidity supply due to



their speed advantage over BATS.

When the tick size does not bind, we find that BATs never demand liquidity from HFTSs.
Instead, they provide liquidity at more aggressive prices than HFTs. This result is surprising
because Han, Khapko, and Kyle (2014), Hoffmann (2014), Bernales (2016), and Bongaerts and
Van Achter (2016) maintain that HFTs cancel stale quotes faster, incur lower adverse selection
cost, and quote more aggressive prices than other traders. Brogaard et al. (2015), however, show
that non-HFTs quote tighter bid-ask spreads than HFTs. Our model reconciles the contraction
between previous channels of speed competition and the empirical results by including the
opportunity cost of liquidity supply. BATSs have to trade in our model. The outside option for BATs
is to demand liquidity and pay the bid-ask spread. For BATS, supplying liquidity at a tighter bid-
ask spread strictly dominate demanding liquidity from HFTs.

To show why BATS choose to supply liquidity, we develop a new concept: the make-take
spread. Without loss of generality, consider the BATs’ decision to buy and HFTs’ decision to sell.
HFTs quote an ask price above the fundamental value, and their difference, or the half bid-ask
spread, reflects the compensation for adverse selection costs during value jumps. BATSs pay the
half bid-ask spread if they demand liquidity. BATs can reduce transaction costs by supplying
liquidity slightly above the fundamental value. We call this type of limit order a flash limit order,
because it immediately triggers HFTs to demand liquidity. Flash limit orders execute immediately
like market orders, but with a lower transaction cost. Flash limit orders exploit the make-take
spread, the price difference between HFTs” willingness to make an offer and their willingness to
accept one. HFTs accept a lower sell price when they demand liquidity, because when they
immediately accept an order, they do not incur adverse selection costs during a value jump.

When the tick size does not impose a constraint for BATSs to quote more aggressive prices



than HFTs, our model has two types of equilibria: flash and undercutting. In the flash equilibrium,
BATS use flash limit orders to supply liquidity to HFTs. In the undercutting equilibrium, BATs
quote a buy limit order price below the fundamental value or a sell limit order price above the
fundamental value. These regular limit orders stay in the LOB to supply liquidity to non-algos or
other BATs. We find that undercutting equilibrium are more likely to occur when the adverse
selection risk is low, because flash limit orders incur no adverse selection cost, whereas the cost
of regular limit orders increases with the adverse selection risk.

We also examine mini-flash crashes, which are sharp price movements in one direction
followed by quick reversion (Biais and Foucault, 2014), and predict their cross-sectional and time
series patterns. In the cross-section, mini-flash crashes are more likely to occur for stocks with a
smaller tick size or higher adverse selection risk. Because BATs can undercut HFTs for these
stocks, HFTs’ limit orders face lower execution probability before value jumps. When the fraction
of BATSs is large enough, HFTs have to quote stub quotes, a bid-ask spread wider than the
maximum value of the jJump, to protect against sniping. Yet BATs do not always supply liquidity
on both sides of the market. Thus, an incoming market orders can hit HFTS’ stub quotes, causing
a mini-flash crash. In time series, a downward (upward) mini-flash crash is more likely to occur
immediately after a downward (upward) price jump, because such jumps can snipe all BATs’ limit
orders on the bid (ask) side raising the probability that market orders hit stub quotes before BATs
refill the limit order book (LOB).

Existing literature on HFTs focuses on the role of adverse selection. On the one hand, speed
can allow HFTs to adversely select other traders, which harms liquidity; on the other hand, speed
can reduce adverse selection costs for liquidity suppliers and improve liquidity [see Jones (2013),

Biais and Foucault (2014), and Menkveld (2016) for surveys]. We contribute to the literature by



identifying two new channels of speed competition, both of which are unrelated to adverse
selection. For liquidity demand, we find that HFTs race to demand liquidity when BATS post flash
limit orders, but HFTs impose no adverse selection cost on BATS. Instead, BATs prompt HFTS to
demand liquidity to reduce their transaction costs. Thus, liquidity demand from HFTs need not be
bad. Indeed, transactions costs are lower when HFTs demand liquidity than when they supply
liquidity.

For liquidity supply, our queuing channel of speed competition rationalizes three
contradictions between empirical evidence and existing theoretical channels that focus on adverse
selection. If an HFT’s speed advantage primarily helps it to reduce adverse selection costs, HFTs
should realize a comparative advantage in providing liquidity for stocks with higher adverse
selection costs (Han, Khapko, and Kyle, 2014; Hoffmann, 2014; Bernales, 2016; Bongaerts and
Van Achter, 2016). HFTs should also crowd out slow liquidity suppliers when the tick size is
smaller, because a smaller tick size reduces the constraints to offer better prices (Chordia et al.,
2013). In addition, a higher cancellation-to-trade ratio likely indicates more liquidity supply from
HFTs, because HFTs need to cancel many orders to avoid adverse selection risk [see Biais and
Foucault (2014) and Menkveld (2016) for a survey]. Yet Jiang, Lo, and Valente (2014) and Yao
and Ye (2017) show that non-HFTs dominate liquidity supply when adverse selection risk is high.
O’Hara, Saar and Zhong and Yao and Ye (2017) show that a smaller tick size crowds out HFTS’
liquidity supply. Yao and Ye (2017) show stocks with higher fractions of liquidity provided by
HFTs have lower cancellation-to-trade ratios. The queuing channel of speed competition
reconciles these three contradictions. The tick size is more likely to be bind when adverse selection
risk is low or the tick size is large. A binding tick size helps HFTSs to establish time priority. HFTs

dominate liquidity supply for stocks with larger tick sizes, but they also have less incentive to



cancel orders. A smaller tick size or higher adverse selection risk allows BATSs to increase liquidity
provision by establishing price priority, but smaller tick size or higher adverse selection risk also
leads to more frequent order cancellations. This theoretical intuition, along with the empirical
evidence in Yao and Ye (2017), suggests that the cancellation-to-trade ratio should not be used as
a cross-sectional proxy for HFT activities.®

Our model casts doubt on the recent policy proposal in the U.S. to increase the tick size,
initiated by the 2012 Jumpstart Our Business Startups Act (the JOBS Act). In October 2016, the
SEC started a two-year pilot program to increase the tick size from one cent to five cents for 1,200
less liquid stocks. Proponents to increase the tick size assert that a larger tick size should control
the growth of HFTs and increase liquidity (Weild, Kim, and Newport, 2012). We find that an
increase in tick size would encourage HFTs. We also find that an increase in tick size constrains
price competition and reduces liquidity. A larger tick size may reduce mini-flash crashes, or very
high volatility in liquidity, but such a reduction decreases liquidity in normal times. We argue that
a more effective way to reduce a mini-flash crash is a trading halt after value jJumps so that liquidity

supply from BATS can resume.

1. Model

In our model, the stock exchange operates as a continuous limit order book (LOB). Each
trade in the LOB requires a liquidity supplier and a liquidity demander. The liquidity supplier
submits a limit order, which is an offer to buy or sell at a specified price and quality. The liquidity
demander accepts the conditions of a limit order. Execution precedence for liquidity suppliers

follows the price-time priority rule. Limit orders with higher buy or lower sell prices execute before

3 The cancellation-to-trade ratio can still be a good time series proxy for HFTs’ activity (Hendershott, Jones, and
Menkveld, 2011; Angel, Harris, and Spatt, 2015; Boehmer, Fong, and Wu, 2015).
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less aggressive limit orders. For limit orders queuing at the same price, orders arriving earlier
execute before later orders. The LOB contains all outstanding limit orders. Outstanding orders to
buy are called “bids” and outstanding orders to sell are called “asks.” The highest bid and lowest
ask are called the “best bid and ask (offer)” (BBO), and the difference between them is the bid-ask
spread.

Our model has one security, x, whose fundamental value, v;, evolves as a compound
Poisson jump process with arrival rate A;. v, starts from 0, and changes by a size of d or -d in
each jump with equal probability. As in BCS, v, is common knowledge, but liquidity suppliers are
subject to adverse selection risk when they fail to update stale quotes after value jumps. Traders
start with a small latency to observe the common value jump, 4 but can reduce the latency to 0 by
investing in a speed technology with cost cgyecq per unit of time.

Our model includes HFTs and two types of non-HFTs: BATSs and non-algo traders. HFTs
place no private value on trading. They supply or demand liquidity as long as the expected profit
is above 0. They submit a market order to buy (sell) x when its price is below (above) v,. HFTs
supply liquidity as long as the expected profit from the bid-ask spread is above 0. Non-HFTs, who

arrive with a compound Poisson jump process with intensity A;, have to buy or sell one unit of x,
each with probability % Non-HFTs do not invest in speed technology because they only arrive at

the market once.

Our model extends BCS along two dimensions. First, non-HFTs in the BCS model submit
only market orders. In our model, we allow a proportion g of non-HFTs, BATSs, to choose between
limit and market orders to minimize transaction costs. The rest of the non-HFTs, non-algo traders,

use only market orders. Second, BCS assume continuous pricing in their model, whereas we

4 By small, we mean that no additional events, such as a trader arrival or a value jump, take place during the delay.
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consider discrete pricing grids. The benchmark pricing grid in Section 2 { - %, —%,g,%...}

has a tick size of 4, = d. This choice ensures that v, is always at the midpoint of two price levels

at any time. In Sections 3-6, we reduce the tick sizeto 4, = g, which creates additional price levels,

such as % and—%. Figure 1 shows the pricing grids with large and small tick sizes.

Following the dynamic LOB literature (e.g., Goettler, Parlour, and Rajan, 2005, 2009; Rosu,
2009; Colliard and Foucault, 2012), we examine the Markov perfect equilibrium, in which traders’
actions condition only on state of the LOB and events at t. We assume that HFTs instantaneously
build up the equilibrium LOB after any event. Under this simplification, six types of events trigger

the transition of the LOB across states:

(2B BAT sells (BS)
~BA, BAT buys (BB)
) %(1 —B)A; Non-algo sells (NS) M
%(1 —B)A; Non-algo buys (NB)
%/1, Price jJumps up (UJ)
L %A] Price jumps down (DJ).

BCS do not allow non-HFTs to supply liquidity. We extend their model by allowing BATSs
to submit limit orders. To convey the economic intuition in the most parsimonious way, we make
a technical assumption that BATs can only submit limit orders when the price level contains no
other limit orders. This assumption reduces the number of states of the LOB that we need to track.
We can further relax the assumption in BCS by allowing BATSs to queue for n > 1 shares, but such
an extension only increases the number of LOB states without conveying new intuition. Non-HFTs

in the BCS model never use limit orders, which can be justified by an infinitely large delay cost



(Menkveld and Zoican, 2017). Our extension effectively reduces the delay cost to allow BATSs to
submit limit orders.®> The main intuition of our model stays the same as long as BATs do not queue

for infinite length.

2. Benchmark: Binding at one tick under a large tick size

Our analysis starts from A, = d. As in BCS, HFTs can choose to be liquidity suppliers,
who profit from the bid-ask spread, or to be stale-quote snipers, who profit by demanding liquidity
from stale quotes after a value jump. In BCS, the equilibrium bid-ask spread equalizes the HFTS’
expected profits from these two strategies, which are both zero after speed investment. Lemma 1
shows that this break-even bid-ask spread is smaller than the tick size when adverse selection risk

is low.

Lemma 1 (Binding Tick Size). When A, = d and % > 1, HFTs’ profit from providing the first
J

share at the ask price of a; = v, + g and the bid price of bf = v, — g is higher than HFTSs’ profit

from stale-quote sniping.

Because non-HFTs trade for liquidity reasons and value jumps lead to sniping cost for stale

A . i .
quotes, /1—’ measures adverse selection risk in our model. As in BCS and Menkveld and Zoican
]

(2017), this adverse selection risk comes from the speed of the response to public information, not

from exogenous information asymmetry (e.g., Glosten and Milgrom, 1985; Kyle, 1985). As the

> We can assume a finite delay cost so that BATs only queue for one share, and the results are available upon request.
The value of the delay cost, however, conveys no intuition and only leads to a more complicated proof. In Section 4,
we show that the exact size of the delay cost has little impact for BATs’ choice between limit orders and market orders.
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arrival rate of non-HFTSs increases or the intensity of value jumps decreases, the adverse selection

risk decreases and so does the break-even bid-ask spread. The break-even bid-ask spread drops

below one tick when % > 1, making liquidity supply for the first share more profitable than stale-
J

quote sniping.® The rents for liquidity supply then trigger the race to win time priority in the queue.
As BATSs do not have a speed advantage to win the race, they demand liquidity in the same manner
as non-algo traders. As a result, Lemma 1 does not depend on .’

Under a binding tick size, price competition cannot lead to economic equilibrium. It is the
queue that restores the economic equilibrium. Next, we derive the equilibrium queue length for
the ask side of the LOB, and the bid side follows symmetrically.

We evaluate HFTs’ value of liquidity supply and stale-quote sniping for each queue
position, though we allow an HFT to supply liquidity at multiple positions and to snipe shares in
other positions where she is not a liquidity supplier. We denote the value of liquidity supply for
the Q" share as LP(Q). A market sell order does not affect LP(Q) on the ask side, because HFTs
immediately restore the previous state of the LOB by refilling the bid side. A market buy order

moves the queue forward by one unit, thereby changing the value to LP(Q — 1). A limit order
execution leads to a profit of%to the liquidity supplier, LP(0) = g. When v; jumps upward, the

liquidity providing HFT of the Q" share races to cancel the stale quote, whereas the other N — 1

HFTs (with N determined in equilibrium) race to snipe the stale quote. The loss from being sniped

® Throughout this paper, we considerj—’ > 1 for expositional simplicity. When % <1, A, is no longer binding, and
J J

the equilibrium structure is similar to that in Sections 3-6, where we reduce the tick size to A;= g.

" An order with less time priority has lower probability of execution and higher probability of being sniped, both of

which reduce BATS’ incentives to queue. In addition, BATs have incentives to implement trades, and a positive delay

cost would compel them to use market orders when the queue is long. We assume that BATs never queue after the

first position to reflect these intuitions in a parsimonious way.
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is g, while the probability of being sniped is % When v, jumps downward, the liquidity supplier
cancels the order and joins the race to supply liquidity at a new BBO.8 LP(Q) then becomes 0.
Equation (2) presents LP(Q) in recursive form and Lemma 2 presents the solution for equation (2).

1 1
N-1 34 _ad 4
N AI+A] 2 AI+A]

LP(Q) = LP(Q -1) - x 0. (2)

Lemma 2 (Value of Liquidity Supply). The value of liquidity supply for the Q" position is:

LP(Q) = </11+ZA])Q g N %% ll - (A,jéa,)Ql %- (3)

LP(Q) decreases in Q.

Intuitively, Lemma 2 reflects the conditional probability of value-change events for LP(Q)

and their payoffs. Since LP(Q) stays the same after a market sell order, the conditional

A
probabilities of value-changing events are ——- for a market buy for an upward value
] 1

A

jump, and 7 ’/1 for a downward value jump. The Q" share executes when Q non-HFTs arrive in
1 ]

Q
a row to buy, which has a probability of (A—A) , and the revenue conditional on execution is g.
I

Their product, the first term in equation (3), reflects the expected revenue for liquidity suppliers.

The Q" share on the ask side fails to execute with non-HFTs when an upward or downward value

A

Q
—) ]. After an upward value jump, the liquidity
ﬂ.]‘l‘Zﬂ.]

jump occurs, each with probability%[l — (

supplier has a probability of % to cancel the stale quote, but failure to cancel the stale quote before

8 We assume that the HFT liquidity supplier cancels the limit order to avoid the complexity of tracking infinite many
price levels in the LOB.
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A
ﬂ.]‘l‘Zﬂ.]

_ Q
sniping leads to a loss of g. The expected loss is %%[1 —( ) ]g, the second term in

equation (3). A downward value jump before the order being snipped or executed leads to a zero
payoff for the liquidity supplier. LP(Q) decreases in Q, because an increase in a queue position
reduces execution probability and increases the cost of being sniped.

The outside option for supplying liquidity for the Q*"* share is to be the sniper of the share

during the value jump. HFTs’ liquidity supply decision for the Qt"* share also needs to include this

Al
ﬂ.]‘l‘Zﬂ.]

Q
opportunity cost. With a probability of %[1 — ( ) ], the Q" share becomes stale before it

gets executed, and each sniper has a probability of % to profit from the stale quote. The value for

each sniper of the Q" share is:

SN = 2111 - ()14 @

Ar+22;
SN(Q) increases with Q, because shares in a later queue position offer more opportunities for
snipers.

HFTs race to supply liquidity for the Q" position as long as LP(Q) > SN(Q), because the

winner’s payoff is higher than that of the losers. Equation (5) determines the equilibrium length:

The solution for equation (5) is:

Q Q
Q" = max{Q € N* s. t. &l g—l 1-— A
AL +24) 272 A+ 24

= € N* st [—2 Q>1
= max4{Q s.t. W+ 21, 3
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g
A+22;

where | x| denotes the largest integer smaller than or equal to x.

Figure 2 shows the comparative statics for equilibrium queue length. The queue length at

BBO decreases with % which indicates that, for stocks with a bid-ask spread binding at one tick,
J

the depth at the BBO may serve as a proxy for adverse selection risk. Traditionally, bid-ask spreads
serve as a proxy for adverse selection risk (Glosten and Milgrom, 1985; Stoll, 2000). Yet Yao and
Ye (2017) find that bid-ask spread is one-tick wide 41% of time for their stratified sample of
Russell 3000 stocks in 2010. Depth at the BBO then serves as an ideal proxy to differentiate the
level of adverse selection for these stocks.®

To derive N, note that HFTSs’ total rents come from the bid-ask spread paid by non-HFTs,
because sniping only redistributes the rents among HFTs. Ex ante, each HFT obtains % of the rents
per unit of time. New HFTs continue to enter the market until:

d

AI E - Ncspeed S O (7)

In Proposition 1, we summarize the equilibrium under a large binding tick size.

Proposition 1. (Large Binding Tick Size): When A,= d and % > 1, N* HFTs jointly supply Q*
J

units of sell limit orders at a; = v; + % and Q™ units of buy limit orders at b} = v, — g, where:

SN TN

Q"= {log< A ) |,and

AI+ZA]

9 Certainly, the comparison also needs to control for price, because stocks with the same nominal bid-ask spread may
have a different proportional bid-ask spread.
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N* = max {N € N*s.t. /1,%— Ncspeea > O}. (8)

BATSs and non-algo traders demand liquidity when there is a large binding tick size.

In BCS, the depth at the BBO is one share, because the first share has a competitive price.
The second share at that price, which faces lower execution probability and higher adverse
selection costs, is not profitable. The discrete tick size in our model raises the profit of liquidity
supply above the profit of stale-quote sniping for the first share, and generates a depth of multiple

shares.

In BCS, the number of HFTs is determined by /1152_* — Ncspeea = 0, Where s™ is the break-

even bid-ask spread. In our model, N is determined by A,%— Ncspeea > 0. When tick size is

binding, d > s*, so tick size leads to more entries of HFTs. Taken together, our model contributes
to the literature by identifying a queuing channel of speed competition, in which HFTSs race for top
gueue positions to capture the rents created by tick size.

We assume that BATs do not queue after the first share to get the analytical solution of the
queuing equilibrium. The intuition when BATS can queue more than one share, however, remains
the same. As long as we do not allow BATS to queue for an infinitely long time, BATs will demand
liquidity with positive probability. In Section 4, we show that BATs always supply liquidity when

tick size is small.

3. Equilibrium types under a small tick size
Starting from this section, we reduce the tick size to g. BATS then always choose to supply liquidity

by establishing price priority over HFTs, except when the adverse selection risk is very low.
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Corollary 1 shows that a small tick size ofg is still binding when % > 5.
J

Corollary 1. (Small Binding Tick Size) If A;= gand % > 5, the bid-ask spread equals the tick
]

size. Ny HFTs jointly post Qs units of sell limit orders at ag, = v, + % and Q; units of buy limit

d
ordersat bg, = v, — o where:

. et o p [ °d 1 . Ao\ 5d
G =maQeNTst{2 791 ) 62 L+21,) |6
= [log( AL )g < Q*,al’ld (9)
lI+ZA]
N; = max{N € N* 5.t 2% = Negpeea > 0} < N (10)

Compared with Proposition 1, a small tick size reduces revenue from liquidity supply from

g to %, increases the cost of being sniped from g to %, and reduces the queue length from Q* to Q.
Figure 2 shows that Q; is approximately% of Q. A small tick size also discourages the entry of
HFTs. N is approximatelyé of N*, because HFTs’ expected profit per unit of time decreases from
L5105

When 1 < j—; < 5, the break-even bid-ask spread is larger than one tick. To profit from the

bid-ask spread, HFTs have to quote the following bid-ask spread:*°

10 We defer the derivation of the boundary condition for HFTs’ bid-ask spread to Sections 4-6. Another way to bypass
tick size constraints is to randomize quotes immediately above and below the break-even bid—ask spread. In this paper,
we consider only stationary HFT quotes.
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1 A

d

> ﬁ < /1—] <5

st 1 a1

6 51-p) A4 ~1-8 (11)
o A 1

6 1< A] < 5(1-8)

Figure 3 shows that the bid-ask spread quoted by HFTs weakly decreases with % because
J

an increase in % decreases adverse selection risk. The bid-ask spread quoted by HFTs increases
]

weakly with the fraction of BATS, because BATS’ strategies for minimizing transaction costs
reduce HFTs’ expected profit from liquidity supply. Interestingly, when the adverse section risk
or the fraction of BATSs is high, HFTs effectively cease supplying liquidity by quoting a bid-ask
spread that is wider than the size of a jump. In the following sections, we elaborate the equilibrium

types when tick size is not binding.
Insert Figure 3 about Here

4. Make-take spread
In this section, we develop a new concept make-take spread, and we use the concept to explain
why BATSs never demand liquidity from HFTs when the tick size is not binding. Without loss of

generality, we consider the decision for a BAT who wants to buy. We start from the case when

ﬁ < % < 5, for which HFTs need to quote an ask price of v, +gand a bid price of v, —gto
- ]

profit from the bid-ask spread.

A BAT can choose to accept the ask price of v, + g, but submitting a limit order to buy at

d . . . .
Vet s always less costly, because a buy limit order above fundamental value immediately

attracts HFTs to submit market orders to sell. This flash limit order immediately executes like a
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market order, but with lower cost.
Why do HFTSs quote a sell price of v, + g, but are willing to sell at v, + % using market

orders? It is because HFTs’ limit price to sell includes the costs of adverse selection risk. An offer
to sell is more likely to be executed when v, jumps up. HFTs would accept a lower sell price when
they demand liquidity, because immediate execution reduces adverse selection risk.

Flash limit orders exploit the make-take spread, which measures the price difference
between the traders’ willingness to list an offer and their willingness to accept an offer conditional
on the trade direction (e.g., sell). We discover make-take spread because liquidity suppliers can
demand liquidity. This new feature reflects reality in contemporary electronic platforms. In most
exchanges, every trader can supply liquidity and encounter very limited, if any restrictions when
demanding liquidity (Clark-Joseph, Ye, and Zi, Forthcoming)

BATSs are able to quote more aggressive prices than HFTs because they have lower

opportunity costs for supplying liquidity. BATs have to buy or sell, and they supply liquidity as

long as its cost is less than demanding liquidity. BATSs lose % by using flash limit orders, but the

cost of flash limit orders is lower than paying a half bid-ask spread %. O’Hara (2015) finds that

sophisticated non-HFTs cross the spread only when it is absolutely necessary. The make-take
spread provides one interpretation for why sophisticated non-HFTs seldom cross the bid-ask

spread.

When 1 < % < ﬁ the half bid-ask spread quoted by HFTs are higher than g, leaving
;S 1o

more price levels for BATSs to use flash limit orders. Therefore, BATs never demand liquidity as

long as HFTs quote a bid-ask spread that is wider than one tick.
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5. Flash equilibrium versus undercutting equilibrium

In the previous section, we show that flash orders strictly dominate market orders. In this section,
we show that, under some conditions, BATs can further reduce their transaction costs by
submitting limit orders that do not cross the midpoint. These regular limit orders do not get
immediate execution but stay in the LOB to wait for market orders.

We consider BATs’ choice between flash and regular limit orders. In the flash equilibrium,
BATSs use flash limit orders to supply liquidity to HFTs, and HFTs supply liquidity to non-algos.
In the undercutting equilibrium, BATSs use regular limit orders to supply liquidity to non-algos and

other BATs, whereas HFTs follow complex strategies with frequent order additions and

cancellations. For simplicity, we focus on the case when ﬁ < % < 5, for which HFTs need to
- J

quote an ask price of v, + g and a bid price of v, — g to profit from the bid-ask spread. In this case,
BATSs only need to consider two price levels: a flash limit order (e.g., v; +%t0 buy) or a regular

limit order (e.g., vy — % to buy).

5.1 Flash equilibrium

In Proposition 2, we characterize the flash equilibrium. Starting from now, we only characterize

the equilibrium outcome. BATS’ response to off-equilibrium paths are defined in the proofs.

A < 1+2B+/4B2%2+9

Py P a— the equilibrium is

Proposition 2. (Flash Equilibrium): When A;= %and ﬁ <
characterized as follows:

1. BAT buyers submit limit orders at v, +%and BAT sellers submit limit orders at price

v, ——.
t 6
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2. N¢ HFTs jointly supply @ units of sell limit orders at v, +§and Q7 units of buy limit

da
orders at v, — > where:

Q Q
. _ " a-py \%a_1 .. (_a-py \° 4
Qf = max {Q €NTs.t ((1-5)/1,+z/1,> 22 ( ((1—ﬁ);1,+z;1,) )3> 0}

1 ;
= [108( O-piy )5 <@ (12)
(I—B)AI+ZAI
N*:max{Newstm 2y 1-pNyt-Ne >o}<1v* (13)
f P 15 speed .

3. HFTs participate in three races: (1) HFTs race to fill the queue when the depth at v, +%

or v; — g becomes less than Q. (2) HFTs race to take the liquidity offered by flash limit

orders. (3) After a value jump, HFTs who supply liquidity race to cancel the stale quotes,

whereas stale-quote snipers race to pick off the stale quotes.

In Proposition 2, we first derive the boundary between the flash equilibrium and the
undercutting equilibrium. Figure 4 illustrates the boundary in. BATs choose flash limit orders over

regular limit orders when adverse selection risk is high. Intuitively, flash limit orders execute

immediately, but it costs%relative to the midpoint; regular limit orders capture a half bid-ask

spread of% if executed against a non-HFT, but it is also subject to adverse selection risk. BATs

tend to choose flash limit orders when the adverse selection risk is high. Figure 4 also shows BATs
tend to choose regular limit orders when g decreases. Intuitively, because non-algo traders use
only market orders, a regular limit order on the book would have higher execution probability
before a value jJump as the fraction of non-algo traders increases.

Insert Figure 4 about Here

20



Proposition 2 identifies a unique type of speed competition led by tick size: racing to be
the first to take the liquidity offered by flash limit orders. If price is continuous, any buy limit order

price above fundamental value would prompt HFTSs to sell. In our model with discrete tick size, a

BAT needs to place the buy limit order at v, + %, which drives the speed race to capture the rent
of%through demanding liquidity.

In the literature, HFTs demand liquidity when they have advance information to adversely
select other traders (BCS; Foucault, Kozhan, and Tham, Forthcoming; Menkveld and Zoican,
2017). Consequently, HFTs’ liquidity demand often has negative connotations. Our model shows
that HFTs can demand liquidity without adversely selecting other traders. Instead, the transaction
cost is lower for BATs when HFTs demand liquidity than when HFTs supply liquidity. Therefore,
researchers and policy makers should not evaluate the welfare impact of HFTs simply based on
liquidity supply versus liquidity demand.

As BATSs no longer demand liquidity from HFTs, HFTs respond to the reduced liquidity

demand and higher adverse selection cost by decreasing their depth to Q7. The profit to take
liquidity from BATS, %, is less than the profit to supply liquidity to BATs at % when the tick size

IS Ay. A smaller tick size, A,, reduces the profit for HFTSs, thereby reducing the number of HFTSs.

5.2 Undercutting equilibrium

In flash equilibrium, the LOB only has one stable state. In the undercutting equilibrium,
the LOB transits across different states. As indicated in Proposition 2, BATs choose regular limit
orders over flash limit orders when adverse selection risk or 8 is low. In the undercutting

equilibrium, their limit orders stay in the LOB, and their decisions, as well as those of HFTs,
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depend on the state of the LOB. Our technical assumption that BATs never queue at the second
position reduces the number of states. Still, the solution is complicated. We focus on deriving the
equilibrium strategies of HFTs, as Proposition 2 and its proof in the Appendix demonstrate the

strategy of BATSs in undercutting equilibrium. BATs choose regular limit orders over flash limit

1+2B++/4L2%2+9 < M

— T<s.

orders when

To show the equilibrium strategy of HFTs, we first define the state of the LOB as (i, j).
Here i represents the number of BATSs’ limit orders on the same side of the LOB, and j denotes
the number of BATs’ limit orders on the opposite side of the LOB. For example, for a HFT who
wants to buy, i represents the number of BATSs’ limit orders on the bid side, and j represents the

number of BATSs’ limit orders on the ask side. The LOB then has four states:
(0,0) No limit order from BATSs
(1,0) A BAT limit order on the same side

(0,1) A BAT limit order on the opposite side
(1,1) BAT limit orders on both sides

When % V;ﬁ“g < % < 5, HFTs quote a half bid-ask spread of g, as a half bid-ask
- ]
spread of% loses money. Similar to the queuing equilibrium and the flash equilibrium, HFTS’

decision to supply liquidity depends on the payoff of the liquidity supply relative to the outside
option of sniping. The new feature of the undercutting equilibrium is that HFTS’ decision also

depends on the status of the LOB. We denote the payoff of the Q" share to supply liquidity at half
the bid-ask spread % as LP®((Q), and the payoff to the snipers of the Q" share as SN &) (Q). The

HFT’s strategy depends on DD (Q) = LPGD(Q) — SNEN(Q).

Figure 5 illustrates how D@/ (Q) changes with the six types of events defined in equation
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(1). For example, consider D (Q) for an HFT on the ask side of the LOB.

1) A BAT buyer submits a limit order at v, — %, which changes D@9 (Q) to DOV (Q).

2) A BAT seller undercuts the ask side at v, + %, which changes D9 (Q) to D®9(Q).

3) A non-algo buyer submits a market buy order, which moves the queue position forward
by one unit. D(®9(Q) changes to DY (Q — 1).
4) A non-algo seller submits a market sell order, which does not affect D9 (Q) as the

LOB on the bid side is refilled immediately by HFTs.

5) In an upward value jump, a liquidity providing HFT on the ask side gains —%%, a

stale-quote sniper gains %% and the difference between them is — g.

6) In a downward value jump, the liquidity supplier cancels the limit order, thereby
changing the value of both the liquidity supply and stale-quote snipping to zero.
Insert Figure 5 about Here
These six types of events and the four states of the LOB are the key features of the

undercutting equilibrium, which we summarize in Proposition 3. To simplify the notation, we use

to denote the arrival probability of a BAT buyer or seller, p, = % A;(:f) to denote
IT4]

_1
b1 = 2 AI+/1]

: - 2
the arrival probability of a non-algo trader to buy or sell, and p; = 2.2 to denote the

2 AI+/1]

probability of an upward or downward value jump.

d 1+2B4++/4L2+9

Proposition 3. (Undercutting Equilibrium): When Alzg an -

<ﬁ<5, the
A

equilibrium is characterized as follows:

1. HFTs’ strategy:
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a. Spread: HFTs quote ask price at v, + % and bid price at v, — g.

b. Depth: The following system of equations determines the equilibrium depth in
each state.
i. Difference in value between the liquidity supplier and the stale-queue sniper

in each state:

DON(Q) = max(0,pDCD(Q) +piDEV(Q+pD®O(Q ~ 1) +paDOV(Q) + s () + a0}

DUD(Q) = max(0,p,DUD(Q) + prDIV(Q)+pD(Q) + P2 DV Q) + p (~5) + a0}
X .(14)

DOD(Q) = max(0,pD®D(Q) +piDEV(Q+pDOD(Q ~ 1) +paDOV(Q) + 3 (~ ) + a0}

DADQ) = max{0,p,DOV(Q) + p DAV (@) +p,DOD(Q) + pDHD(Q) + s (- %) +ps 0}
ii. Difference in value for immediate execution: D9 (0) = D(®V(0) = g.
iii. Equilibrium depth as a function of the difference in value:
QW) = max{QeN*|DEN(Q) >0} i=0,1;j=0,1.
c. Inequilibrium there are N;; < N* HFTs.

2. BATs who intend to buy (sell) submit limit orders at price v; —% (v + %) if no existing

limit orders sit at the price level, or buy (sell) limit orders at price v, +% (v; —%)

otherwise!,

The depth from HFTs depends on D@D (Q). DD (Q), is defined using the equation system

in (14), because the value difference in each state also depends on the value differences in other

11 After an upward (downward) jump with size d, we assume BATSs buy (sell) undercutting orders at v, — g (ve + %)

will be cancelled and resubmitted at price v, + % (v, — %) to follow the value jump. Alternative BATS strategy
does not change the equilibrium.
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states. The equations in (14) contain the max{0,.} as HFTs do not queue at the Q" position once
the expected payoff is below 0.

We present the solution for D@ (Q) for any i, j, and Q in the Appendix. Here we use a
numerical example to present the main intuition of the undercutting equilibrium. Figure 6 shows
that the value of the liquidity supply decreases in Q, while the value of stale-quote sniping
increases in Q. HFTs supply liquidity as long as LP%)(Q) > SN&D(Q). For example, in
state(0,0), the LOB has a depth of two shares.

Figure 6 also shows that LP%/) (Q) and SN @7 (Q) also depend on the state of the LOB. As
the undercutting limit orders from BATS can change the states of the LOB, HFTs can add or cancel
their limit orders even when the fundamental value stays the same. A comparison between Panel
A and Panel B and between Panel C and Panel D of Figure 6 shows that an undercutting order
reduces HFTs’ depth on the same side of the LOB by approximately one share. Intuitively, when
a BAT submits an undercutting order, the execution priority for all HFTs on the same side of the

book decreases by one share.*? An HFT who used to quote the last share at the half bid-ask spread
g has to cancel, because the share become unprofitable after the arrival of the undercutting order.
For the same reason, once an undercutting order from a BAT executes, HFTs race to submit one

more share at the half bid-ask spread g, because the execution priority in the LOB increases by

12 An undercutting BAT order on the opposite side of the LOB has an indirect effect. For example, in state (1, 1), a
BAT buyer takes liquidity at price v, + g and changes the state to (0, 1), which enables an HFT limit sell order at price

v + g to trade with the next buy market order from a non-algo trader. In state (1, 0), a BAT buyer chooses to submit

a limit order at price v, — g, which changes the state to (1, 1). An HFT limit sell order at price v, + g then needs to

wait at least one more period for execution. More generally, an undercutting BAT limit buy (sell) order may attract
future BAT sellers (buyers) to demand liquidity, making future BATSs less likely to undercut HFTSs. In turn, the value
of liquidity supply increases relative to sniping, thereby incentivizing HFTs to supply larger depth. This indirect effect
is so small that it does not affect depth in our numerical example, because the number of shares is an integer. It is

possible for a depth of (1, 1) to be higher than (1, 0) for numerical values such as% =4.9and g = 0.06, and the
]
results are available upon request.
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one. One new feature of the undercutting equilibrium is the frequent order addition or cancellation
of HFTs’ limit orders in the absence of a change in fundamental value.

One driver of HFTs’ frequent additions and cancellations is small tick size. When tick size
is binding, BATSs cannot achieve execution priority over HFTs who are already in the queue. When
tick size is small, BATs can achieve price priority over HFTs, which induces HFTSs to cancel their
earlier orders and to add new ones in response to the undercutting orders from BATS.

LA

<X <1 HFTs quote %, and BATS’ strategies follow the intuition

When ,
5(1-p) 4 1-8

outlined above, where they choose between flash limit orders and regular limit orders. The only
main difference is that the four price levels between v, + % and v, — % increase the states to
2% = 16. We do not report the results for brevity but they are available upon request. In Section 6,

. 7d
we discuss the case when the break-even spread equals -

6. Stub quotes and mini-flash
In Proposition 4, we show that HFTs quote a bid-ask spread wider than the size of the jump
when adverse selection risk is high or the fraction of BATSs is large. We call such quotes stub

quotes. A mini-flash crash occurs when a market order hits a stub quote. In our model, the size of
the mini-flash crash is %, because the size of a value jump is d. An increase in the support of jJump

size can lead to stub quotes further away from the midpoint, thereby creating mini-flash crashes of

larger size. Such an extension adds mathematical complexity without conveying new intuition.

Proposition 4 (Stub Quotes and Mini-Flash Crash). When A, = g and 1 < % <—

, the
j  5(1-B)

equilibrium is characterized as follows.
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1. HFTs quote a half bid-ask spread of %.
2. A BAT buyer (seller) quotes v; —% (v¢ +%) if the price level has no limit orders.

Otherwise, the BAT buyer (seller) submits a flash limit order at price v, + % (vy — %) to

provide liquidity.
3. Compared with the case when A,= d, the transaction cost for non-algo traders increases,

but the average transaction cost for non-HFTs decreases.

4. The probability of mini-flash crashes decreases in % The probability of mini-flash crashes
]

first increases in B and then decreases in £3.

Proposition 4 shows that HFTs are more likely to quote stub quotes when adverse selection
risk is high. A higher adverse selection risk prompts HFTs to quote stub quotes through two
channels. First, HFTs have to quote a wider bid-ask spread to reach the break even point. Second,
when HFTs’ quotes are wider than one tick, BATSs are able to quote more aggressive prices than
HFTs. HFTs then need to further widen the bid-ask spread due to reduced liquidity demand.

When HFTs quote stub quotes, BATs have six price levels to choose from. Fortunately, we

are able to obtain analytical solutions for the BATS’ strategy. Consider the decision for a BAT

buyer. We find that the buyer chooses to queue at v, — % if the price level contains no limit orders.
The sniping cost is as low as %, and the BAT buyer can earn a half bid-ask spread of % if a non-

algo trader arrives. When v, — % contains a limit order, the BAT buyer will use a flash limit order
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at v, + % to obtain immediate execution with a transaction cost of %.13 We show in the proof that
BATS never quote at v, — % and vy — % as the execution cost is always higher than %. Flash buy
limit orders at price v; + % also strictly dominate more aggressive flash limit orders of v, + % and
vy + %, because a limit order price of v, + % is aggressive enough to trigger immediate execution.

In Section 3, we find that the transaction costs for both BATs and non-algo traders areg
when tick size is d. A decrease in tick size to % increases the transaction cost for non-algo traders.
A non-algo trader pays % when an order is she executed against a BAT and pays % if a stub quote
is encountered. Meanwhile, a decrease in tick size to g decreases the transaction cost for BATS.
BATS’ maximum transaction cost is% if they use flash limit orders, although the cost is lower if
they quote a half bid-ask spread of %. Overall, we find that the average transaction cost decreases
with tick size. Figure 3 shows that the proportion of BATSs needs to be at least % for stub quotes to
occur. Non-algo traders’ maximum transaction cost is % if they hit stub quotes. The average

11d ,4

transaction cost for non-HFTs is then at most =0 (Ex%+§x%), which is lower than %.

Therefore, a reduction in tick size reduces non-HFTSs’ average transaction costs, but increase the
dispersion and volatility of their transaction costs.
An increase in adverse selection risk unambiguously increases the probability of mini-flash

crashes. Figure 3 in Section 3 show that stub quotes are more likely to occur when there higher

13 This result is certainly a consequence of our simplifying assumption that BATS cannot queue for a second share.

. . . . 5d . -
However, BATSs should always have higher incentives to use flash limit orders when v, — - contains a limit order,
because the second share has a lower probability of executing against a non-algo trader and a higher probability of

. . . I . d
executing against a sniper, whereas a flash limit order always incurs a constant cost of =
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adverse selection risk. Conditional on stub quotes occurring, Figure 6 reveals another channel for
adverse selection risk to increase the number of mini-flash crashes. An increase in adverse
selection risk implies more value jumps relative to the arrival rate of non-algo traders. During an
upward (downward) value jump, BATS’ limit orders on the bid (ask) side are all sniped and only
stub quotes remain. If the limit orders from BATS fail to reconvene before a non-algo trader arrives,
the market order from the non-algo trader hits the stub quote and causes a mini-flash crash.

The proportion of BATS, 8, have an ambiguous effect on the probability of flash crashes
because of two competing effects. On the one hand, Figure 3 in Section 3 shows that a larger
increases the probability for stub quotes as HFTs face less liquidity demand. On the other hand, a
larger 5 decreases the probability of hitting stub quotes, because BATs never demand liquidity
from HFTs. For example, mini-flash crashes never occur when f = 0 or § = 1. Therefore, mini-

flash crashes need both BATs and non-algo traders. Figure 6 shows the simulated intensity of mini-

flash crashes with respect to 5. For each g, we first uniformly draw 100 % from [1, 5], the support
J

of the adverse selection risk in our paper. For each % we simulate the first 100,000 trades. For all
J

10 million simulations, we count the number of trades that hit the stub quotes relative to the total
number of trades.

Figure 7 shows that mini-flash crashes are most likely to occur when £ is approximately
0.95, and we normalize this crash intensity to 1. The black square line shows that the intensity is
hump-shaped with respect to $. The circle line shows that majority of mini-flash crashes occur
after a value jump. An upward value jump removes BATS’ limit orders from the ask side and a
downward jump removes BATS’ limit orders from the bid side. If BATSs’ limit orders do not
reconvene in the LOB, a market buy (sell) order from non-algo trader would hit stub quotes.

Therefore, most of the upward (downward) mini-flash crashes occur after an upward (downward)
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value jump. Only a small amount of crashes are due to BATSs’ liquidity being used up by non-algo
traders.

An effective way to prevent a mini-flash crash is a trading halt to let the trading interest of
BATSs reconvene. The triangle line in Figure 7 shows the intensity of mini-flash crashes with
trading halts. We impose the trading halt after a value jump, and the market reopens after 10 orders
arrive at the market. We find that such a trading halt reduces mini-flash crashes by about 90%.

Insert Figure 7 About Here

6. Predictions and policy implications

Our model rationalizes a number of puzzles in the literature on HFTs and generates new empirical
predictions that can be tested. In Subsection 6.1, we summarize the predictions on who supplies
liquidity and when. In Subsection 6.2, we examine the predictions on liquidity demand. In
Subsection 6.3, we evaluate the predictions on liquidity. In Subsection 6.4, we discuss the use of

the cancellation ratio as the cross-sectional proxy for HFTS’ activity.

6.1 Liquidity supply
Our model shows that who provides liquidity depends on the tick size, adverse selection risk, the
motivation of the trade, and the speed of the trade. In Prediction 1, we posit that BATs dominate

liquidity supply when tick size is not binding.

Prediction 1 (Price Priority): When tick size is not binding, Non-HFTs are more likely to

establish price priority in liquidity supply.
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Speed advantages in the LOB reduce HFTs’ adverse selection costs (see Jones (2013) and
Menkveld (2016) surveys), inventory costs (Brogaard et al., 2015), and operational costs (Carrion,
2013). These reduced costs of intermediation raise the concern that “HFTs use their speed
advantage to crowd out liquidity supply when the tick size is small and stepping in front of standing
limit orders is inexpensive” (Chordia et al., 2013, p. 644). However, Brogaard et al. (2015) find
that non-HFTs quote a tighter bid-ask spread than HFTs, and Yao and Ye (2017) find that non-
HFTs are more likely to establish price priority over HFTSs as the tick size decreases. We find that
the opportunity cost of supplying liquidity can reconcile the contradiction between the empirical
results and the channels of speed competition. BATs incur lower opportunity costs when supplying
liquidity. When they implement a trade, they supply liquidity as long as it is less costly to demand
liquidity. The make-take spread that we introduce in Section 4 indicates that BATs never demand

liquidity from HFTs when tick size is not binding.

Prediction 2 (Queuing): HFTs crowd out non-HFTSs’ liquidity supply when tick size is binding,

that is, when the tick size is large or adverse selection risk is low.

When tick size is binding, HFTs’ speed advantage allows them to establish time priority at
the same price. Yao and Ye (2017) find that tick size is more likely to be binding when tick size
increases. They also find that a large tick size crowds out non-HFTSs’ liquidity supply. Both results
provide evidence to support Prediction 2.

Hoffmann (2014), Han, Khapko, and Kyle (2014), Bernales (2016), and Bongaerts and
Van Achter (2016) find that HFTs have lower adverse selection costs than non-HFTs. Yao and Ye

(2017), however, find that HFTs do not have a comparative advantage in providing liquidity for
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stocks with higher adverse selection risk. In Prediction 2, we provide the economic mechanism to
reconcile this inconsistency. Comparing Corollary 1 with Proposition 2 and 3, we find that the tick
size is more likely to be binding when adverse selection risk is low. A binding tick size helps HFTs
to supply liquidity through time priority. An increase in adverse selection risk raises the break-
even bid-ask spread above one tick, allows non-HFTs to undercut HFTs, and decreases HFTSs’
liquidity supply.

In Prediction 3, we address who provides liquidity during a mini-flash crash.

Prediction 3. (Stub Quotes and Mini-Flash Crashes): A mini-flash crash is more likely to occur
when the adverse selection risk is high or when the tick size is small. During a mini-flash crash,
HFTs supply liquidity and non-HFTs demand liquidity. A downward (upward) mini-flash crash is

more likely to follow a downward (upward) value jump.

A comparison of Propositions 1 and 4 shows that stub quotes are more likely to occur when
the tick size is small. When the tick size is large, BATs cannot establish execution priority over
HFTs. When the tick size is small, BATs can establish price priority over HFTs, which increases
the adverse selection costs for HFTs through two channels. First, when BATSs can undercut HFTS,
they no longer demand liquidity from HFTs. HFTs then face reduced liquidity demand but the risk
of value jump stay the same. Second, the undercutting orders by BATSs reduce the execution
priority of HFTs. In turn, HFTS’ limit orders face lower execution probability and higher sniping
cost. When the adverse selection cost is high enough, HFTs effectively quit liquidity supply by
quoting stub quotes. HFTs are more likely to quote stub quotes when adverse selection risk is high

as higher adverse selection risk widens the break-even bid-ask spread; a wider break-even bid-ask
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spread also allows BATSs to undercut HFTSs, which further increases the adverse selection costs for
HFTs. Because BATs do not continuously supply liquidity in the market, non-algo traders’ market
orders can hit stub quotes and cause mini-flash crashes. A high adverse selection risk also implies
more value jumps relative to the arrival rate of non-HFTs. Non-algo traders’ market orders are
more likely to hit stub quotes after value jumps, because value jumps clear BATs’ limit orders on
the side of the jump.

In cross-section, our model predicts that stocks with smaller tick sizes or higher adverse
selection risk are more likely to incur mini-flash crashes. This cross-sectional pattern has not been
tested. In time series, our model predicts that an initial downward (upward) jump increases the
probability of a downward (upward) mini-flash crash. The downward (upward) jump clears the
LOB on the bid (ask) side, making the market orders from non-algo traders more likely to hit stub
quotes.

Brogaard et al. (Forthcoming) analyze the time series pattern of mini-flash crashes. They
show that, 20 seconds before a mini-flash crash, HFTs neither demand nor supply liquidity,
whereas non-HFTs demand and supply the same amount of liquidity; 10 seconds before a mini-
flash crash, HFTs demand liquidity from non-HFTs; at the time of a mini-flash crash, HFTs supply
liquidity to non-HFTSs, but at a much wider bid-ask spread. The authors also find that the liquidity
supply from the mini-flash crash is profitable. This evidence is consistent with the theoretical
mechanism for mini-flashes crash that we document. (1) In normal times, non-HFTs dominate
both liquidity supply and liquidity demand; (2) slightly before a mini-flash crash, HFTs demand
liquidity and remove limit orders from BATS; (3) a mini-flash crash occurs when a non-algo
trader’s market order hits HFTS’ stub quotes, thus HFTs profit when a mini-flash crash occurs.

Our interpretations of mini-flash crashes are consistent with both negative and positive
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framing of the role of HFTs in a mini-flash crash. Brogaard et al. (2017) suggest that HFTs supply
liquidity in extreme price movements, while Ait-Sahalia and Saglam (2017) suggest that HFTs
withdraw liquidity supply when it is most needed. Both views, however, suggest that mini-flash
crashes occur when the market orders of non-HFTs hit the stub quotes from HFTSs.

Our interpretation of mini-flash crashes has two additional features that are consistent with
economic reality. First, markets recover quite quickly from mini-flash crashes. In our model, mini-
flash crashes disappear when the limit orders from BATS replenish the LOB. Second, Nanex, the
firm that invented the concept of mini-flash crash, finds that mini-flash crashes are equally likely
to be upward as downward. Indeed, even during the famous Flash Crash on May 6, 2010, in which
the Dow Jones plunged 998.5 points, some stocks, including Sotheby's, Apple Inc., and Hewlett-
Packard, increased in value to over $100,000 in price (SEC, 2010). In our model, upward and
downward mini-flash crashes are equally likely, even though downward mini-flash crashes are

more likely to occur conditional on an initial downward value jump.

6.2 Liquidity demanding
Our model discoveries a new channel of speed competition to demand liquidity. In

Prediction 4, we summarize the empirical implications of this new channel.

Prediction 4. (Speed Competition of Taking Liquidity): Non-HFTs are more likely than HFTs
to supply liquidity at price levels that cross the midpoint (flash limit orders). HFTs are also more

likely to demand liquidity from flash limit orders, but they do not adversely select these orders.

Latza, Marsh, and Payne (2014) find evidence consistent with Prediction 4. They classify
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a market order as “fast” if it executes against a standing limit order that is less than 50 milliseconds
old. Because of the speed of taking liquidity, it is natural to expect that fast market orders are from
HFTs. These authors also find that fast market orders often execute against limit orders that cross
the midpoint, and they lead to virtually no permanent price impact.

In Prediction 4, we offer fresh perspectives on the liquidity demand from HFTs. Typically,
HFTs demand liquidity when they employ a speed advantage to adversely select liquidity suppliers
(BCS; Foucault, Kozhan, and Tham, 2017; Menkveld and Zoican, 2017). Therefore, liquidity
demand from HFTs generally has negative connotations of reducing liquidity (Jones, 2013; Biais
and Foucault, 2014). We find that HFTs’ liquidity demand does not necessarily adversely select

slow traders. Instead, the liquidity demand from HFTs can reduce the transaction costs of non-
HFTs. In the flash equilibrium, BATSs pay % when HFTs supply liquidity, while BATs only pay%

when HFTs demand liquidity.

6.3 Liquidity

On April 5, 2012, President Barack Obama signed into law the Jumpstart Our Business Startups
(JOBS) Act. Section 106 (b) of the Act requires the SEC to examine the effect of tick size on initial
public offerings (IPOs). On October 3, 2016, the SEC implemented a pilot program to increase the
tick size from one cent to five cents for 1,200 small- and mid-cap stocks. Proponents of the
proposal argue that a larger tick size can improve liquidity (Weild, Kim, and Newport, 2012). In

Prediction 5, however, we posit that an increase in tick size decreases liquidity.

Prediction 5. A larger tick size increases the depth at the BBO, but it also increases the effective

bid-ask spread, the transaction costs paid by liquidity demanders.
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Yao and Ye (2017) find evidence consistent with Prediction 5. Holding the BBO constant,
an increase in depth at the BBO implies an increase in liquidity. Yet these authors also find that
the quoted bid-ask spread increases after an increase in tick size. When both quoted bid-ask spread
and depth increase, the most relevant liquidity measure becomes the effective bid-ask spread, the
transaction cost paid by liquidity demanders (Bessembinder, 2003). Our model shows that
constrained price competition increases the effective bid-ask spread, which is consistent with Yao
and Ye’s (2017) findings. Our model prediction, along with the evidence in Yao and Ye (2017),
shows that an increase in tick size would not improve liquidity.

Advocates for an increase in tick size also argue that a wider tick size increases market-
making profits, supports sell-side equity research and, eventually, increases the number of IPOs
(Weild, Kim, and Newport, 2012). We find that a wider tick size increases market-making profits,
but the profit belongs to traders with higher transaction speeds. Therefore, a wider tick size is more
likely to result in an arms race in latency reduction than in sell-side equity research.

We also find that an increase in tick size harms non-HFTs. An increase in tick size also
does not benefit HFTs as the cost of the speed investment dissipates when larger tick size generates
higher rents. In our model, non-HFTs trade no matter how large the bid-ask spread may be. In
reality, a wider spread may prevent investors with low gains from trading, leading to a further
reduction in welfare.

An increase in tick size reduces mini-flash crashes, but it also increases the transaction
costs for average trades. A more effective solution to prevent mini-flash crashes would be to slow
down the market, particularly during periods of market stress. In a standard Walrasian equilibrium,

price is continuous and time is discrete. Modern financial markets exhibit exactly the opposite
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structure: price competition is constrained by the tick size, whereas time is divisible at the
nanosecond level in electronic trading platforms (Gao, Yao, and Ye, 2013). Making price more
continuous and time more discrete would improve liquidity and also prevent mini-flash crashes at

the same time.

6.4 Cancellation-to-trade ratio as a cross-sectional proxy for HFT activity

The cancellation-to-trade ratio is widely used as a proxy for HFTS’ activities, particularly
for HFTs’ liquidity supplying activities (Biais and Foucault, 2014). Yet Yao and Ye (2017) find
that stocks with a higher proportion of liquidity provided by HFTs have a lower cancellation-to-

trade ratio. In Prediction 6, we offer one interpretation for this surprising negative correlation.

Prediction 6. (Cancellation-to-trade Ratio). Stocks with a smaller tick size and higher adverse
selection risk have a lower proportion of liquidity provided by HFTSs relative to non-HFTs but a

higher cancellation-to-trade ratio.

A decrease in tick size decreases the proportion of liquidity provided by HFTs (Prediction
2), but it leads to more order cancellations. Under a large tick size in our model, HFTs do not need
to cancel their orders when non-HFTs arrive, because non-HFTs cannot establish time priority
over HFTs. A decrease in tick size increases the potential for non-HFTSs to undercut HFTSs. If non-
HFTs submit flash limit orders, HFTSs race to take liquidity, and the losers of the race cancel their
orders. If non-HFTs submit regular limit orders, HFTs reduce their depth once non-HFTs undercut,
and HFTs increase their depth once an undercutting order gets executed. These changes in depth

lead to frequent order cancellations. We offer a new interpretation of flickering quotes. Yueshen
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(2014) shows that flickering quotes occur when new information causes the price to move to a new
level. We show that HFTs can cancel orders in the absence of information. Periodic order additions
and cancellations also differ from Baruch and Glosten (2013), who rationalize flicking quotes
using a mixed-strategy equilibrium. An increase in adverse selection risk, defined as the intensity
of value jumps relative to the arrival rate of non-HFTSs, also lead to more order cancellations, but
HFTs also provide less liquidity for these stocks. Taken together, we suggest that the cancellation-

to-trade ratio should not be used as a cross-sectional measure of HFTS’ activity.

7. Conclusion

In this paper, we extend BCS by adding two unique characteristics in financial markets:
discrete tick size and algorithmic traders who are not HFTs. We discover a queuing channel of
speed competition for liquidity supply. BATs are more likely to supply liquidity when tick size is
small, because supplying liquidity is less costly than demanding liquidity from HFTs. A large tick
size constrains price competition, creates rents for liquidity supply, and encourages speed
competition to capture such rents through the time priority rule. Higher adverse selection risk
increases the break-even bid-ask spread relative to tick size, which allows BATS to establish price
priority over HFTs and reduces the fraction of liquidity provided by HFTSs.

We also discover a new channel of speed competition in liquidity demand. HFTSs race to
demand liquidity from BATs when BATSs post flash limit orders to buy above the fundamental
value or to sell below the fundamental value. BATSs incur lower transaction cost when HFTs
demand liquidity than when HFTs supply liquidity. Thus, an evaluation of the welfare impact of
HFTs should not be based solely on demand versus supply liquidity. Our results also indicate that

the definition of providing versus demanding liquidity blurs in model electronic markets.

38



Yao and Ye (2017) find that the cancellation ratio, a widely used empirical proxy for HFTs’
activity, has a negative cross-sectional correlation with HFT liquidity supply. We provide a
theoretical foundation for their surprising negative correlation. A large tick sizes induces HFTSs to
race for the top queue position, and HFTs are less likely to cancel orders once they secure this spot.
HFTs cancel orders more frequently for stocks with smaller tick sizes, but they also supply less
liquidity. Both theoretical and empirical evidence suggests that researchers should not apply the
cancellation ratio as a cross-sectional proxy for HFT activity.

We also provide new predictions to be tested. We predict that 1) non-HFTs are more likely
than HFTs to supply liquidity at price levels that cross the midpoint, and these limit orders are
more likely to be taken by HFTSs; 2) a mini-flash crash is more likely to occur for stocks with
smaller tick sizes and higher adverse selection risk; 3) an upward (downward) mini-flash crash is
more likely to follow an initial price jump in the same direction.

Our model shows that a larger tick size increases transaction cost and negatively affects
non-HFTs. Yet HFTs do not benefit from a larger tick size as an investment in high-speed
technology dissipates the rents created by tick size. We challenge the rationale for increasing the
tick size to five cents, and we encourage regulators to consider decreasing tick size, particularly
for liquid stocks.

Our model is parsimonious. For example, BATs in our model do not have private
information and they choose order types only upon arrival. It will be interesting to extending our
model toward more realistic setups. Most studies in the finance literature ignore diversity among
algorithms traders. We take the initial step to examine algorithmic traders who are not HFTs, and
we believe that further examination on the relationship between HFTs and other algorithmic

traders would prove to be fruitful.
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Appendix
Proof for Lemma 1

For the Q" share in the queue at the half bid-ask spread % we define its value for the liquidity

supplier as LPs,(Q) and its value for each sniper as SP;,(Q). In all proofs, we drop the subscript

if 2 53 HFTs race to supply liquidity for the first share at + iff LP(1) > SP(1).

We consider the first share on the ask side in the proof, and the race on the bid side follows
symmetrically. When tick size in binding, both BATs and non-algo traders demand liquidity, so we

use non-HFTs to refer to both in the proofs of Lemma 1 and Proposition 1. A non-HFT seller does

1

22
not change the state of the LOB; an non-HFT buyer, who arrives with probability /12+;
1

provides a
J

profit of to HFT liquidity supplier; fundamental value jumps up with probablllty and costs

1

) - . . -7 .
an HFT firm g%; fundamental value jumps down with probability ;ﬁé , Which reduces the value
1+

of the current queue position to 0. Therefore:

1 1 1 1
LP(1) = 2t 4, 2 LP(1) 24 dN-1, 34
LALZ At L+42 N 4 +4
LP(l)_ d l] dN 1

/‘1+2A,2 /1,+2/‘1]2 N

Each sniper has a probability of % to snipe the stale quote after an upward value jump. A successful

sniping leads to a profit of %, SO:

SP(1) = yodil
A +242N
Ao d 4 dN-1 yodil

LP(1) > SP(1 - s il
W>SPO) S 2 vz N 4, +24 2N
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Therefore, the tick size is binding atg if% >1.m
]

Proof for Lemma 2
We prove Lemma 2 using mathematical induction.
1. From the proof for Lemma 1,

A d 1. A dN-1
mtanz 2! ,1,+2,1,]2 N’

LP(1) =

which satisfies equation (3).
2. Suppose that equation (3) holds for some Q € N*. The following proof shows that it holds for

Q +1 € N* as well.
1A 1

1/1 dN 1 i
LP(Q) + 72 LP(Q +1) - 4 27

-0
/1,+,1, /1, /1,+,1,2 N LA

LP(Q+1) =

Q+1 Q+1
A (Al e

y_anon (o \a 1y (4 )T an
M+2;2 N \Ap+24 2 2 22y '

Thus, equation (3) holds with Q replaced by @ + 1. Hence equation (3) holds for all Q €

Nt. m

Proof of Proposition 2
BATSs use flash limit orders when regular limit orders are more costly. We start the proof by finding

the boundary between the flash equilibrium and the undercutting equilibrium.
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In an undercutting equilibrium, a BAT submits a limit order to an empty LOB (0,0) and
changes the state to (1,0); a BAT submits a limit order to (0,1) and changes the state to (1,1). We
denote the cost for the first case as € (1,0) and the cost for the second case as C(1,1). Then

C(1,0) = py - C(L1) +py - C(L,0) +p; (= %) +p2 - C(L,0) + p3 =+ p3 - C(1,0) "

C(L1) = py (=) +p1 - C(L0) +pz (—5) + P2~ C(L,0) + ps > + p3 - C(1,0) A
Insert Figure A.1 about Here

In equation (A.1) and Figure A.1, we describe six event types that can change the LOB in

an undercutting equilibrium. Consider € (1,0) on the ask side. A BAT buyer and a BAT seller each

arrive each with probability p,. A BAT buyer posts a limit order on the bid side and changes the

state to C(1,1); a BAT seller uses a flash limit order so the state remains at €(1,0). A non-algo

buyer and a non-algo seller arrive each with probability p,. The BAT seller enjoys a negative
transaction cost of — % when the non-algo buyer takes his liquidity; the non-algo seller hitsa HFT’s
quote on the bid side and does not change the state on the ask side. Upward and downward value
jumps occur with probability p;. An upward jump leads to a sniping cost of %, whereas a

downward jump does not change the state of the LOB.** €(1,1) differs in two ways from C(1,0).
First, the arrival of a BAT buyer leads to execution of a sell limit order from a BAT.*® Second, a
downward jump under C(1,1) leads to sniping on the opposite side of the LOB and changes the

state to C(1,0).

If an undercutting order gets immediate execution, the cost —%. C(1,1) must be greater

14 Here we assume that BATs position their order one tick above the new fundamental value. BATs are able to
reposition their orders because they face no competition from other BATS in a short time period.

15 The execution of this order results from our assumption that BATs do not queue after another limit order at the same
price, but the intuition that a longer queue on the bid side increases the execution probability on the ask side holds
true generally (Parlour, 1998).
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than —%because of the cost of being sniped. Therefore, €(1,0) — C(1,1) = p, (C(1,1) + %) > 0.

Intuitively, if a BAT chooses to post a sell limit order at v, + % on an empty LOB, he must post a

sell limit order when the bid side has a limit order posed by a BAT, because the existence of a

limit order on the bid side increases the execution probability for a limit order on the ask side. Note
that our model starts with no limit orders from BATS, so €C(1,0) < % IS needed to jumpstart the

undercutting equilibrium.
The solution for equation (A.1) is:

(—2+B)A +104d _(—2+B)R+10d
2-BA+24, 6 (Q2-PR+2 6

c(1,1) =

_d_BR (-2+RR+10 5-(1-B)R
C0)=glz7 2-BR+2 R+1

c(1,0) < % iff LR C2HPRTL0 | STAZPR g o

R+1 (2-B)R+2 R+1

(2 - B)Rz +(—2—-4B)R—4>0.
Equation (2 - B)RZ + (-2 - 4B)R — 4 = 0 has two roots: R1,2 = % \/[34[32"'9’

RZ < O,Rl =%§Bz+9.

So BATSs choose to undercut when R > R,, because €(1,0) < %; BATSs choose to flash

when R < R;.
Above is the boundary between undercutting equilibrium and flash equilibrium. On both
sides of the boundary, we let a BAT buyer (seller) use limit order to respond to the other side’s

limit order. Such a response is both rational and necessary. It is rational because C(1,1) <
c(1,0) = %, thus a limit order response, which costs € (1,1), is strictly better than flash order. It is

necessary because otherwise all BATs buyers (sellers) will still use flash orders when off-
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equilibrium sell (buy) order is present!®. The off-equilibrium sell (buy) order will have an

execution cost as follows:

d d 5d
C1L0) = py (—Z) +p1- CLO) +pa (= 2) + P2~ CCLO) + P+ s C(1,0)

d5
CAD=g13r

d
C(1,0)<g < R>2

1+2B++/4B2+9

P > R > 2. The existence of

Thus, undercutting is an optimal deviation when

deviation proves that, in the R > 2 region of flash equilibrium, BATs should use limit orders to
respond to the other side’s off-equilibrium undercutting order, otherwise the off-equilibrium

undercutting order will become a profitable deviation.

However, in the R < 2 region of flash equilibrium, BATs should use flash orders to
respond to the other side’s off-equilibrium undercutting order, because the cost of limit order
response, C(1,1), is larger than %. On the other hand, even if other BATs use flash orders, the
deviator is still not profiting.

In other words, regardless of whether R > 2 or R < 2, the equilibrium outcome is the same,

but BATs need to use different rational strategies in off-equilibrium paths to eliminate profitable

deviations, thus these deviations will never appear under equilibrium.

16 In flash equilibrium, any BAT’s undercutting limit order is off-equilibrium.
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To sum up, the complete strategy (including the optimal response to off-equilibrium paths) of a

BATS seller under flash equilibrium is:

1 |f2<R<% V4B%+9

" , use limit order under off-equilibrium path:

i> If there is no order at — %, submit a limit sell order at — %.

> Else, submit a limit sell order at %.
2. If R < 2, use flash order under off-equilibrium path:
i> Submit a limit sell order at —% regardless of state of the book.
BATSs buyer’s strategy is symmetric. These strategies will generate the equilibrium outcome

sketched in proposition 2.

Predictions on depth and HFT participation follow the proof of Proposition 1. m

Proof of Proposition 3

1. In Proposition 2, we address the boundary between the flash equilibrium and the undercutting
equilibrium,

2. The solution for HFT depth follows from Figure 5 and equation (14). The depth decreases

because the revenue from liquidity supply for HFTs decreases. BATs never take HFTS’
liquidity at g, and BATSs can also supply liquidity to non-algo traders. The decreased revenue

for HFTs also reduces their entry.
3. Equation (14) can be solved for any R and . Here we give an example for R = 4 and § = 0.1.

First, we assume that all D@ (1) > 0. Thus we solve:
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d d
DO(D) = p,DOV(D) + DAV 4p, - 5+ pDOD (D) +ps (=) + 13- 0

2
d
DEA(1) = p,DED(1) + p DED (1) +p, DO (1) + p, DO (1) + ps (‘E) +ps -0
d d
DOD) = pDOV() + pDADD)+p, - 5+ DOV D) +ps (=) + P30
d
DAD(L) = p,DOV(D) + pyDAO(1)+p,DOV(1) + p,DAO(D) + py (~5) + 75 -0

We then obtain:
D0 (1)

_ 8+ 12R + 12BR — 4R? + 24BR* + 2p*R* — 12R® + 21BR> — 2B*R> — BR® — 4R* + 7BR* — 4B?R* + B°R*
~ 2(—16 — 48R — 52R? + 12BR% — 4B2R% — 24R3 + 18BR3 — 8B2R3 + 2B3R3 — 4R* + 7PR* — 4B2R* + B3R%)

= 0.2202,
DAO(1)

3 8 + 24R + 20R? + 6BR? — 4B%R? + 12BR3 — 5B2R3 — B3R3 — 4R* + 7BR* — 4B%R* + B3R*
"~ 2(—16 — 48R — 52R? + 12BR% — 4B2R? — 24R3 + 18BR3 — 8B2R3 + 2P3R3 — 4R* + 7PR* — 4B2R* + P3R*)

= 0.0527,

D(O'l)(l) _ 8+12R+12PBR—4R?+24BR2+2B2R?-12R3+21BR3-5B2R3+2B3R3—4R*+7BR*—4B2R*+B3R* 0.2205
T 2(-16-48R—52R2+12BR2—4B2R2—24R3+18BR3—8BR2R3+2P3R3—4R*+7BR4—4B2R*+B3RY) = ’

DAV(1)

_ 8 + 24R + 20R? + 2B%R% + 6BR3 + 2R3 — B3R3 — 4R* + 7PR* — 4B%R* + B3R*
~ 2(—16 — 48R — 52R? + 12BR? — 4P2R? — 24R3 + 18BR3 — 8B2R3 + 2B3R3 — 4R* + 7BR* — 4B?R* + B3R%)

= 0.0593.

D@D (1) > 0 is satisfied. Therefore, the depth is at least one share in any state of the LOB.

Then we assume all D@ (2) > 0. Thus, we solve:
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d
DODR) = p,DOV(2) + DAV @)+ DOO (1) + p,DOV(2) + py (~5) +p5 -0

d
DUO(2) = p1DUD(2) + p DED(2)+p,D*(2) + p. D (2) + ps (— 5) +ps -0

d
DO (2) = p;DOV(2) + p; DUV (2)+p, DOV (1) + p, DOV (2) + p, (— 5) +p3-0

DAD(2) = p,DOV(2) + p DAV @)+pDOD(2) + p,DAO(2) + py (- g) P50
We get:
DO (2) = 0.0448,
D@9 (2) = —0.0602 < 0,
DO(2) = 0.0451,
DAV (2) = -0.0561 < 0.7
We reject the assumption that all D(2) > 0. Therefore, under certain states of the LOB,
HFTs would not supply the second share of liquidity. We start from the worst state for liquidity
suppliers, (1,0), in which a BAT undercuts HFTs on the same side of the LOB, but no BAT

undercuts HFTs on the other side of LOB.*8 Therefore, D% (2) = 0 and all other D@D (2) > 0.

Thus we solve:

d
DONR) = p, DOV @) +p,DOO (D) + p,DOV(2) + py (—5) + s -0

d
DOD@) = p,DOV(2) + DAV @)+, DOV(1) + p,DOV(2) + py (~5) + 750

d
DED(2) = pi DOV (2)+p, D (2) +p DV (2) + ps (— 5) +ps 0

17 For briefness, the closed-form solution is not presented, but it is available upon request.

18 In this state, an HFT liquidity supplier on the ask side cannot trade with the next non-HFT buyer, because a BAT
buyer chooses to supply liquidity and changes the state to (1,1), and a non-algo buyer chooses to take the BAT
seller’s liquidity and changes the state to (0,0).
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We obtain:
D©9)(2) = 0.0475
DOV (2) = 0.0487
DAV (2) = —0.0310.
However, D1 (2) is still smaller than 0. We further assume that D1 (2) is also 0, i.e.,

HFTs cancel the second order when BATS submit limit orders on both sides. Therefore,

d
DON@) = p,DOV(2) + py - 0+, DO (D) + pDOO@) + py (~ ) + 750

DOV(2) = p;DOV(2) +py - 0+p, DOV (1) +p, DOV (2) + ps (— §) +ps-0
We obtain:
D@0 (2) = 0.0488
D©1)(2) = 0.0489.
Further calculation shows D% (3) = 0, D(®V(3) = 0. We then conclude that Q(*® =

QO =2and Q9 = Q4D = 1 js the solution for equation (14) under R=4 and $=0.1. m

Proof of Proposition 4
HFTs do not compete to supply liquidity at % when:

LPsa(1) < SPsq(1)
6 6

+p3-0

5d d
LPsq(1) = p; - LPsa(1) +p; - 0+ py - — +p2 - LPsa(1) — p3—
< - 6 - 6 N

A-RA45d A4 dN-1

LPsq(1) = - -
sa(1) A +21, 6 A +246 N
Ay d1
SPsa(1) = ——
sa(1) A +22,6N
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- (1-P)A,5d 4y dN-1_ 4 d1l
A4 +24 6 A4 +246 N A +246N

R< — 1
5(1-p)

Thus, HFTs supply liquidity at %. WOLOG, we consider a BATs seller’s strategy. The

complete strategy (including the optimal response to off-equilibrium paths, see proof of

proposition 2) of a BAT seller is:

1. |If there is no limit sell order on %,g, and %, submit a limit sell order at %.
2. Else, if there is no limit buy order on —%, submit a limit sell order at — %.

3. Else, thereisalimit buy order on —% (this is an off-equilibrium path, there are two possible
responses, same intuition as the proof of proposition 2)

i> If R > 2, submit a limit sell order at %, costs €(1,1).
i> Else, submit a limit sell order at —%, costs %.
If all BATs follow this strategy, no limit sell (buy) order will be present atg (— g) or%

(— %). We show that a deviator will suffer a higher execution cost.

Firstly, a BAT seller will not post a limit sell order at g, because only a non-algo buy order

will trade with this seller. The seller’s execution cost is:

d d
C=P1'C+P1'C+Pz(—§>+P2'C+P3'§+P3'C

_4ad. —(1-B)R+1
T2 (1-BR+1’
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Since in flash crash equilibrium R(1 — B) < § the BAT’s cost is at least - 25 = g

d
2 6/5 i

Cost of flash order. Thus, it is never optimal to submit a limit order at g.

Secondly, the BAT seller will not post a limit sell order at %. In this case, non-algo traders

and other BAT buyers might trade with the seller: the non-algo trader will execute a buy order and

a BAT will execute a flash buy order (when he cannot or finds not optimal to post a limit buy order
at —%). The intuition is similar with formula (A.1) and Figure. A.1, but in the flash crash

equilibrium, the BAT seller faces equal or higher costs than in an undercutting equilibrium: The
BATSs buyer does not have to post a limit buy order in a flash crash equilibrium. The solution of

formula (A.1) is:

_ 142B+/4B%49

R4 P

However, there is no combination of (R, 8) in the flash crash equilibrium that satisfies R >

Finally, the BAT seller will post a sell limit order at %. Her cost is:

5d d
C:P1'6+P1'C+P2(_?>+Pz'C+P3'g+P3'C

_ d-5(1-p)R+1

d
T 6 5(1-B)R+1 <e"
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Figure 1: Pricing Grid under Large vs. Small Tick Sizes
This figure demonstrates the pricing grids under a large tick size d and a small tick size %- The fundamental
value of the asset is v;.
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Figure 2: Depth and the Adverse Selection Risk under a Binding Tick Size

This figure demonstrates the relation between Q, the depth at the BBO, and R = % under a binding tick
]

size. An increase in the investor arrival rate (4,), or a decrease in intensity of jumps (4,), decreases the

adverse selection risk and increases the depth. The solid line represents the depth under tick size d and the
dashed line represents the depth under tick size %-

|
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10 |

Depth
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Figure 3: Bid-ask Spread Quoted by HFTs under a Small Tick Size

This figure demonstrates the half bid-ask spread quoted by HFTs as a function of 5 (the fraction of BATS)
andR = % (the arrival intensity of non-HFTs relative to the value jump, a measure of adverse selection
J

risk). When R > 5, adverse selection risk is low and the tick size is binding. HFTs quote a half bid-ask
spread % and the spread is independent of the fraction of BATs. When R < 5, HFTs’ quoted bid-ask spreads

weakly increase with the fraction of BATs and adverse selection risk.
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Figure 4: The Undercutting and the Flash Trading Equilibrium

This figure demonstrates two types of equilibrium, undercutting equilibrium and flash equilibrium, when
HFTs’ ask price is at v, + g and their bid price is at v, — g. In the undercutting equilibrium, BATSs place
limit buys at v, — % and limit sells at v, + %. These limit orders undercut the BBO by one tick and establish

price priority in the LOB. In the flash equilibrium, BATSs place limit buys at v, + % and limit sells at v, — %.

These orders cross the midpoint and immediately attract market orders from HFTs. BATs are more likely
to cross the midpoint when the fraction of BATs (B) is high or when the arrival intensity of non-HFTs

relative to a value jump (R = ;—’) is low, because a high  and a low R reduce the potential for a limit order
J

executing with non-HFTs before a value jump. To jumpstart an undercutting equilibrium, the expected
transaction cost for a limit order that undercuts one tick must be lower than %. The short-dashed line,

c(1,0) = %, illustrates the boundary for such a condition.
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Figure 5: States and Profits for HFT Liquidity Suppliers with the Q" Position on the Ask Side

This figure illustrates the dynamics of HFT queuing on v, + %- In state (i, j), the number of undercutting

BAT orders on the ask side is i, while the number on the bid side is j. BB and BS represent the arrival of
BATSs’ buy and sell limit orders, NB and NS represent the arrival of non-algo traders’ buy and sell market
orders, and UJ and DJ denote the upward and downward value jumps. The number next to the event is the
immediate payoff of the event.
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Figure 6: Value of Liquidity Supply and Stale-Queue Sniping and Queue Length

The x-axis is the value of HFT liquidity supply (LP) and stale-queue sniping (SN) for the four states of the
LOB. In Q(0,0), no BATs undercut HFTs in the LOB. In Q(1,0), BATs undercut HFTs on the same side
of the book. In Q(0,1), BATs undercut HFTs on the opposite side of the book. In Q(1,1), BATs undercut
both sides of the book. LP decreases in the queue position, while SN increases in the queue position. HFTs
supply liquidity as long as LP > SN.
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Figure 7. Flash Crash Intensity

This figure shows the intensity of mini-flash crashes with respect to the fraction of BATs. We normalize

the highest intensity as 1. For each g, we uniformly draw 100 samples from [1,5] as % which is the support
]
of the adverse selection risk in our paper. For each % we simulate 100,000 trades. For all these 10 million
J

simulations, we count the number of trades hitting the stub quotes relative to the total number of trades.
The line with squares shows the intensity for total crashes. The line with circles shows that the majority of
mini-flash crashes occur after a value jump (and a small fraction of crashes occur after BATSs’ liquidity
being consumed by non-algos). The line with triangles shows that trading halts reduce the number of mini-
flash crashes. We impose trading halts after each value jump, and the market reopens when the market
receives 10 orders.
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Figure A.1: States and Profits for BATs on the Ask Side

This figure illustrates the dynamics of the BAT seller who posts a limit order at v, + %. State (i, j) implies

the number of BAT orders on the ask and bid sides if the BAT seller add a regular limit order. BB and BS
imply the arrival of BAT buy and sell orders, respectively. NB and NS are arrivals of non-algo buy and sell
orders, respectively, while UJ and DJ are upward and downward jumps, respectively. For example,
submitting a sell limit order to an empty LOB leads to state (1,0), and the exepceted cost for the limit order
is C(1,0). If a BAT submits a limit order when a limit order already exists on the opposite side of the LOB,
the state after submission is (1,1) and the cost is C(1,1).
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1 Introduction

Heightened counterparty risk during the great recession has led policymakers to mandate
central counterparties (CCPs) in the over-the-counter (OTC) derivatives markets. Through
a process called novation, after a trade is established between two parties, the contractual
obligations are replaced by equivalent positions between the two original parties and the
clearinghouse. In the event of one party’s default, the original counterparty is insulated
from losses as his contractual position is now with the clearinghouse. In this respect, the
clearinghouse is referred to as a central counterparty (CCP); see also Pirrong (2011) for a
comprehensive review of clearinghouse functioning mechanisms. Both the Dodd-Frank Wall
Street Reform Act in the United States and the European Market Infrastructure Regulation
in Europe mandate the central clearing of all standardized OTC derivatives contracts. The
class of products being centrally cleared is rising steadily—around 80% of all interest rate and
credit derivatives in the United States are now centrally cleared (Financial Stability Board

Report, 2015).

There is, however, still considerable debate over the optimal design of clearinghouse ar-
rangements (see, e.g., Dudley, 2014, and Economist, 2014). One aspect of the arrangements
is that members are required to contribute to a loss-mutualizing default fund. Currently, the
required contribution by each member is such that the default fund is sufficient to cover the
liquidation costs of two defaulting members, the “Cover II” rule.! The default loss of an insti-
tution that exceeds its initial margins and its default fund contribution are absorbed by the
CCP equity capital and the default fund contributions of the surviving members. Typically,
the CCP’s equity capital is the first to absorb losses. Residual losses are then allocated to

surviving members on a pro-rata basis.?

1CPSS-I0SCO regulatory guidelines require CCPs to maintain a default fund sufficient to cover the lig-
uidation costs caused by the default of two members, in extreme yet plausible market scenarios. The recent
European Market Infrastructure Regulation requires each CCP to cover the default of the clearing member
to which it has the largest exposure, or of the second and third largest clearing members if the sum of their
exposures is larger.

2There is not yet a universally agreed upon loss allocation rule. Ice Clear Credit, the leading US CDS
clearinghouse, distributes losses to non-defaulting clearing members on a pro-rata basis for cleared futures and
options contracts (see ICE, 2016). Similarly, for cleared credit default swaps, it allocates losses among members
on a pro-rata basis corresponding to the uncollateralized stress losses of each individual member.



In this paper, we study the optimal design of the default fund contributions. First, we show
that the loss-mutualization arrangement by the CCPs is intrinsically vulnerable: While the
default funds allow members to share risk ex post, an inherent externality induces members
to take excessive risk ex-ante. Second, we show that the excessive risk-taking behavior can
be mitigated by regulating the amount in the default fund. Thirdly, we design a default fund
level that trades off ex post risk-sharing with ex-ante risk-shifting, thus providing regulators
an optimal cover rule for default fund collection. In particular, we show that as the number of
clearing members grows large, the optimal default fund should be designed to cover the default
costs of a fixed fraction of the members rather than a fixed number of clearing members, as

is done, for instance, in the currently implemented “Cover II” rule.

The economic forces under the loss-mutualization arrangement work as follows. Under the
pro-rata rule, CCPs redistribute counterparty risk through mutualization among all members.
This achieves ex post risk-sharing. However, this risk-sharing benefit comes with a flip side.
Sharing the common pool of default funds creates a dependency among members. When
members can choose to take excessive risk, a typical negative externality arises. Notably, the
size of the default fund contribution directly determines the extent of the externality: While
a lower default fund reduces the opportunity costs of the members, it leads to larger negative
externalities among members, reducing total welfare through excessive risk-taking. As such,
a regulator faces a tradeoff in collecting default fund contributions between (1) reducing the
counterparty risk of clearing members and (2) generating excessive risk taking. We study this
tradeoff and identify the right balance in designing the clearinghouse default funds. To the

best of our knowledge, our study is the first to address this mechanism.

We develop a game-theoretical model to study the optimal design of default funds. In the
model, a regulator decides what the size of the default fund contribution should be in order to
maximize social welfare, defined as the aggregate value of clearing members and CCP. Given
the required default fund amount, members of the clearinghouse decide on the riskiness of the
undertaken projects. More specifically, each clearing member maximizes its expected total

utility, taking into account the costs the member incurs to absorb losses generated by other



members’ defaults. Thus the strategic interaction between the regulator and its members is
modeled through a Stackelberg game with a coordination problem, in which the regulator is

the leader and the members of the CCP are the followers.

Using the model, we study the positive and normative implications of default fund require-
ments. Our positive analysis focuses on the social welfare implications of the “Cover II” rule.?
We show that a collective default fund under the “Cover II” rule might lead to moral hazard
problems by reducing the incentives of a clearing member to avoid default. A member may
decide to engage in excessively risky activities because the cost of its own default would be
jointly borne by the other participants through their default fund contributions. This gener-
ates an inefficiency, especially in the setting of central clearing where mitigating systemic risk
is critical. From a normative perspective, our results shed light on the optimal cover number
for the default fund rule—i.e., the one that is most socially desirable. We illustrate that,
under some circumstances, the inefficiency could be mitigated if the regulator were allowed to
decide the size of the contribution by the clearing members to the default fund. By regulating
the design of default funds, the regulator can give members an incentive to take less risk,

hence improving social welfare.

A major novelty of our study is to analytically derive an optimal default fund level. Our
model predicts that, as the number of clearing members increases, the optimal default fund
level converges to a fixed fraction of the default cost, provided that the opportunity cost of
default fund is not too high. In this case, it is socially optimal to mandate a default fund
sufficiently high to cover a proportion of the members in the network. The Pareto dominating
equilibrium associated with this default fund level prescribes that all members behave safely;
i.e., they run away from the externality imposed by the risk-taking activities of the others.
To the extent that the opportunity cost of default fund is associated with the cost of funding
the collateral position and thus with the prevailing interest rates, our model predicts that

default fund levels should be higher than those prescribed by the Cover II rule in the current

3The CPSS-IOSCO’s Principles for Financial Market Infrastructures (PFMI) published in 2012 state that
CCPs should maintain financial resources to cover the default of two participants that would potentially cause
the largest aggregate credit exposure for the CCP, in extreme but plausible market conditions.



low interest rate environment. Our results are in line with ISDA (2013), which shows that
default fund levels are quite conservative for their sample, and that on average less than 20%

of the default funds are used to cover defaults that occur under stressed scenarios.

Our results support the Cover II rule when the costs of funding collateral are high. In
this case, the socially optimal choice is to require members to contribute a lower amount to
the default fund. Such an action induces members to engage in risky activities, resulting in
a higher expected number of defaults than what could be covered by the members’ default
fund levels. Hence, our analysis suggests that the Cover II rule should be viewed in a different
perspective: it is optimal when funding illiquidity (associated with marginal opportunity costs
of default fund) is so high that it becomes socially preferable to induce a higher number of

defaults in the system, than to subject members to the very high costs of raising collateral.

The paper proceeds as follows. Section 2 reviews the literature. Section 3 introduces the
baseline model with binary risk and demonstrates members’ incentives for excess risk-taking.
Section 4 analyzes the game between the regulator and the clearing members; we demonstrate
that although members’ risk-taking is unobservable, it can be supervised when the regulator
strategically chooses the default fund contribution. Section 5 generalizes the environment to
the case of continuous risk choice and compares the social benefit and cost of increasing the

size of the default fund. Section 6 concludes. Proofs of technical results are in the Appendix.

2 Literature Review

Our main contribution to the literature on clearinghouses is to develop a tractable model
that delivers explicit “Cover type” rules, accounting for the main economic forces at play—
i.e., default costs, opportunity costs of posting collateral, and the risk-return trade-offs of the
investments. These rules can be readily employed by clearinghouse supervising authorities
to perform macro-stress testing, and compared with the currently employed Cover II rule.
To the best of our knowledge, our study is the first to theoretically investigate the design of

collateral resources further down the waterfall, namely the default levels.



Following the Dodd-Frank mandatory clearing for standardized OTC derivatives, several
studies have analyzed the extent to which central clearing reduces counterparty credit risk.
The seminal paper by Duffie and Zhu (2011) shows that netting benefits exist only if a clear-
inghouse nets across different asset classes, while counterparty credit risk may arise if the
clearing process is fragmented across multiple clearinghouses. These predictions are empir-
ically confirmed by Duffie, Scheicher, and Vuillemey (2015) using bilateral exposures data
from the credit default swap market.* Biais, Heider, and Hoerova (2016) study how hedging
with derivatives can introduce moral hazard originating from the fact that the trading coun-
terparties neglect risk management. They show that margin calls can be optimally designed
to mitigate the moral hazard problem thereby enhancing risk-sharing. While these studies
consider initial margins—i.e. collateral resources designed to absorb the losses of an individ-
ual member—our paper focuses on the optimal degree of risk-sharing for the determination

of default fund requirements.

Other studies have analyzed the risk-management implications of transparency introduced
by a central clearinghouse. Acharya and Bisin (2014) illustrate one type of counterparty ex-
ternality arising from the lack of portfolio transparency in OTC markets and show that it
can be corrected if trades are centrally cleared. Zawadowski (2013) shows that the estab-
lishment of a clearinghouse can improve efficiency as it effectively forces banks to contribute
ex-ante to bail-out defaulting counterparties, thus reducing the hedging losses of a bank. In
his model, defaults are caused by informational effects that induce runs on banks if they have
experienced hedging losses. Antinolfi, Carapella, and Carli (2016) show that central clearing
can be socially inefficient because loss-mutualization may weaken the incentives to acquire
and reveal information about counterparty risk, whereas bilateral trading typically encour-
ages assessment of counterparty risk. Different from these works, we consider a symmetric
information model and highlight a different form of inefficiency due to loss mutualization.
Like Zawadowski (2013), we show that default fund requirement is a tool that can be used

to correct for inefficiency; unlike him, however, we find that the domino effects of defaults

“Loon and Zhong (2014) and Bernstein, Hughson, and Weidenmier (2014) both find evidence consistent
with central clearing reducing counterparty risk, using CDS spreads data and historical data, respectively.



plays the prominent role, and the inefficiency is corrected by balancing the benefits of ex-post

risk-sharing with the costs of ex-ante risk-shifting.

Our paper contributes to a nascent literature focusing on default fund requirements.
Menkveld (2017) analyzes systemic liquidation within a crowded trades setting and sets the
default fund as the minimum level of funds needed to cover default losses in extreme yet
plausible conditions. Ghamami and Glasserman (2017) provide a calibration framework and
show that lower default fund requirements reduce the cost of clearing but make CCPs less
resilient. While these studies follow risk-measure based rules to determine default funds, the
latter are endogenously determined in our model. Other studies focus on the default fund
design explicitly. Amini, Filipovi¢, and Minca (2015) analyze systemic risk under central
clearing in an Eisenberg-Noe type clearing network, and propose an alternative structure for
a default fund to reduce liquidation costs. In contrast, we solve for the optimal default fund in
a symmetric equilibrium setting, taking members’ incentives into account. Capponi, Cheng,
and Sethuraman (2017) analyze the incentives behind the determination of default fund and
clearinghouse equity in the default waterfall structure. In their model, the mass of safe and
risky members is exogenously specified, and their objective is to study the optimal balance
of equity and default fund requirements from the clearinghouse point of view. In our model,
members instead endogenously choose the risk profile, and we focus on the socially optimal

cover rule.

In emphasizing an intrinsic vulnerability from loss mutualization, our paper joins the
literature that highlights various aspects of inefficiency and “unintended consequences” asso-
ciated with central clearing. The model proposed by Koeppl and Monnet (2010) predicts that,
though CCP clearing can induce traders to take the socially optimal level of counterparty risk,
it affects liquidity across the OTC markets in a way that not all traders universally benefit.
Building on this model, Koeppl (2012) shows that higher collateral requirements lower de-
fault risk, but also reduce market liquidity, which in turn amplifies collateral costs. Pirrong
(2014) argues that central clearing reforms may redistribute risk rather than reduce it, and

that expanding clearing makes the financial system more connected and transforms credit



risk into liquidity risk. Arnold (2017) shows that, under current market regulations, central
clearing may have unintended consequences such as a higher number of issued loans, but a
lower credit quality of these loans. A closely related paper by Biais, Heider, and Hoerova
(2012) shows that the main advantage of centralized clearing is loss mutualization, which
fully insures members against idiosyncratic risk, but not against aggregate risk. They argue
that CPP should be designed to incentivize members to search for solid counterparties under
aggregate risk. In contrast, we show that the inefficiency arises even when the source of risk
is idiosyncratic, and we demonstrate how this inefficiency can be mitigated by the optimal

design of default fund contributions.

3 Baseline Model

In this section we introduce our baseline model in which clearing members have a binary
choice of risk. By comparing the (first-best) risk level that maximizes social welfare with
the one that maximizes individual members’ profit, we demonstrate that members have an
incentive for excessive risk-taking due to an inherent externality associated with loss mutual-

ization.

3.1 The Environment

We consider a two-period model, ¢ = 0,1. The economy consists of N homogeneous
clearing members and the regulator. The clearing members are risk-neutral. At ¢t = 0, the
regulator chooses the required level of the default fund and the members make investment

decisions. At t = 1, payoffs are realized.

Clearing Members. Clearing members may differ in their choice of investments such as
whether to invest in a high-risk or low-risk project. Project types can model engagement in
risky investments, choice of weak trading counterparties before novation, lower effort in risk
management, or reduced hedging of counterparty exposure. Such choices are unobservable

and capture the risk-return tradeoff faced by member institutions.



The payoffs from investing in a high-risk project and a low-risk project are denoted,
respectively, by Rj, and R;. The expected payoff from the investment depends on the risk
level. Let u = E[R] and assume pj, > ;. We denote by g, and ¢; the default probability of
a member who chooses, respectively, the high-risk and low-risk project. Defaults are costly,

and we use ¢ to denote the constant default cost. We analyze the economic role of default

funds, and do not model initial margins which usually serve as the first line of defense against

default losses. Hence, we can view the default costs as describing the losses that exceed initial

margin requirements. The following assumption formalizes the risk-return tradeoff.

Assumption 1 A member who chooses the high-risk project has a higher expected return but

a higher default probability than a member who chooses the low-risk project — i.e.
0 <y <pn 0<gq<gqp (1)

Default Fund. Clearing members derive risk-sharing benefits from entering into a loss
mutualization arrangement with other member’s through the CCP. A positive default fund,
F > 0, sets an upper bound on the loss given the default of a member. We consider a default
waterfall structure in which the clearinghouse capital has seniority over the default funds of
surviving members in absorbing losses.0 After the funds of a defaulted clearing member are
exhausted, the loss mutualization mechanism ensures that the remaining losses are allocated
proportionally to the available default funds of the surviving members. This is the risk-sharing
mechanism.” On the other hand, the default fund increases a surviving members chances of

incurring a loss when others default, creating externality among members.

Specifically, the CCP charges a default fund amount F' to each member upfront. Because

the default fund is segregated, each member will incur an opportunity cost of r;F, where

A well known example is the Korean CCP KRX. The default of a clearing member in December 2013
generated losses that exceeded the defaulter’s collateral. According to the KRX’s rules, the remaining losses
were allocated first to the default fund contributions of surviving participants.

“OIn the contractual agreement between the clearinghouse and the clearing members, the initial margins of
a defaulted member are first used to cover losses arising at liquidation. In our analysis, we do not model the
initial margins in the clearinghouse default waterfall to focus entirely on the risk-shifting incentives triggered
by the default fund resources. This comes without loss of generality, however, as we can view the default costs
as the losses that exceed initial margin requirements.



r¢ € (0,1) denotes the risk-free rate.

A member is willing to participate in such a loss mutualization fund only if the sum of his
default fund contribution and the resulting opportunity cost does not exceed his default cost.
To summarize, it is rational for individual members to participate in loss mutualization only
if

O<F+riF <ec (2)

Investment Choice of a Clearing Member. For a given default fund requirement

F, and for given investment choice a™" = (a1, a9, ...,a;—1,ai41,...,ay) made by all clearing
members except i, member ¢ decides on the riskiness of his investment to maximize the

following objective function:

. Z i 1]' defaults
Vi(a™)= max E|R, —1; F—1; ives min | F, J7
'L( ) ae{hi} a; 1 defaults i survives ( 1+ Z];ﬁl 1j urvives

(C - F)) — T‘fF
(3)

The objective function (3) can be understood by analyzing two possible scenarios:

1. If ¢ defaults, 7 does not contribute to the loss mutualization, but i’s default fund £ will
be used to cover its loss. i’s total cash flow will thus include the value of its investment

minus the default fund and the associated opportunity cost:

R,

i

—F —rF (4)

2. If i survives, the default fund of ¢ will be used to absorb the losses generated by defaulted

members, if any; hence, the cash flow is given by

Zﬁgz‘ 1; defaults (c—F) e F
7 F+ Zj;éz‘ ]-j SurvivesF U

R,, — Fmin (1 (5)

The cost to a surviving member is the highest if all other clearing members default because
that member will have to bear all costs totaling min[F, 3, ,; (c — F)]. If no clearing member
defaults, the cost incurred by 7 will be zero. More generally, if ¥ members default, £ < N, all

N members will collectively contribute an amount equal to min(N F, kc) to absorb the default




losses; if k > %N , then the default funds of all members, totaling N F', will be used to cover

the default costs.

Assumption 2 The aggregate default fund contribution satisfies a Cover II constraint:
2¢c < NF. (6)

The Cover II rule provides that the default fund contribution collected from all members, NF,

1s always sufficient to cover the default costs of two members.

Assumption 2 and the participation constraint in Eq. (2) together set an upper and lower

bound for F: % <F<jy fo. The Cover II constraint is the currently imposed requirement
that CCPs should maintain financial resources sufficient to cover a wide range of potential

stress scenarios, including the default of two members.

If more than two members default, the total default fund contribution, N F', may not be
enough to cover the default costs. In this case, the rest of the default costs are covered by

CCP’s capital.

Assumption 3 The CCP contributes with his own capital and incurs an equity loss of (N -

c— N - F)*, where Ny is the number of defaults.

Assumption 3 guarantees that there are always enough resources in the system to pay for the

default costs of members in every possible state.
3.2 First-best Benchmark: optimal investment

For a given default fund contribution F, the choice of risky investments {a;},_, 5 that
maximizes the aggregate values of all agents in the economy (clearing members and the CCP)
is given by

{a*(F)} = argmaxE Z (Ra; — €1 defautts — 7 F) | - (7)

%
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To solve for the socially optimal risk profile, it is sufficient to consider the risk and return
tradeoff of a representative clearing member by comparing the return differential p;, — p; with

the expected default cost differential ¢(gn — q;).

Proposition 1 The socially optimal risk profile is given by

I, Bt <
a*(F) _ qrn—q (8)

Bn— M
h’ qh—q >c

The focus of this paper is on the members’ ex ante incentive to take excessive risk. There-
fore, for the rest of Section 3, we consider the case that the socially optimal risk profile is the

low-risk project and impose the following:

Assumption 4 The parameters {pp, i, qn, q, ¢} satisfy the condition

dn — qi

3.3 Equilibrium Investment

In this section, we solve for the best response of members to a given choice of default fund
F'. Our objective is to compare the investment choice of the profit-maximizing members in
equilibrium with the socially optimal choice. We call risk-shifting the situation in which the
first-best outcome prescribes that all members choose the low-risk project but the equilibrium
response of members is to instead undertake the high-risk project. This is socially inefficient

in the sense that by taking excessive risk members obtain a lower total value.

Definition 1 Under Assumption 2, and if F satisfies (2), the risk profile (a1,as9,...,an) €

{h,1}N is a Nash equilibrium if for all i, it holds that

» , . > j#i 1y default
V%(a Z) =E R;‘h - ]-i defaults F— ]-i survives 11111 <F7 gz J é‘w 3 (C_ F)) - TfF:| .
]' + Zj;éi 1] surviwes

A Nash equilibrium (a1, as,...,an) is Pareto dominating, if, for any other Nash equilib-

11



rium (by,be,...,by), it holds that
Vi(a™) > Vi(b™"), i=1,2,...,N,

and the above inequality holds strictly for at least one 1.

Suppose member ¢ survives, and g of the remaining N — 1 members choose the low-risk

project. Then, for any given admissible choice of default fund, F' € [%, T Jfrf], the expected
contribution of member i to other members’ defaults is given by
E | min (| F, T(c — F) ) |member i survives| := F —¢(g; F), (10)
S

where N is the number of surviving members. The left-hand side of (10) is the expected
contribution of member i to other members’ defaults, given that i survives: If N — N is the
number of defaulted members, the total cost of their defaults is ¢(N — Ns). Each defaulted
member will first absorb the losses using his own default fund, and the remaining cost will be
shared equally by the surviving members. Hence, each member ¢ will be charged, on average,
a cost equal to (¢ — F )% capped at maximum amount F' that i can contribute. The
quantity F' — 1(g; F') on the right-hand side of Eq. (10) is the cost due to loss mutualization
imposed by the members of the network on i. A lower value of 1(g; F') means that the negative
externalities on ¢ caused by the risky project choices of the other members are high. The next

proposition summarizes our main results on the investment choice of clearing members.

Proposition 2 For a given default fund requirement F satisfying Assumption 2 and condition

(2), if Assumption 4 holds, then all possible equilibrium risk profiles are given by

h,Vi F<F
a* =< hViorl,Vi F<F<F (11)
1, Vi F<F

\

Moreover, 1(-;-) is a strictly increasing function in both the first and second argument. The

12



(N — 1 F) = tote $(0; F) = =i

A n-a B mea r
a® = all high a® = all high or all low a® = all low

Figure 1. Equilibrium Investment Choices. This figure illustrates how the equilibrium
investment choices change as we vary the size F' of the default fund. a° is the equilibrium
risk profile from individual members’ strategic behavior. In region A, the unique equilibrium
differs from the first-best benchmark and features risk-shifting; in region B, we have multiple
equilibria; in region C, the unique equilibrium coincides with the first-best.

parameters F and F are implicitly defined as

A MR — Sy M —
Y(N -1 F) = , V(0 F) = :
qn — q1 qn — q1

(12)

IfF < F < F, the “all low”-risk equilibrium Pareto dominates the “all high”-risk equilibrium.

The result in Proposition 2 states that the members’ incentives in shifting risk decrease as the

required default level of F rises. If the profitability of risk-shifting measured by excess return

”h:g;, is exceeded by the negative externalities generated

per unit of default probability,
from the risk-shifting behavior, (0, F), or equivalently F' > F, then each member decides
to run away from the externalities and chooses the low-risk project. Figure 1 illustrates the

equilibrium risk profile as a function of F.
3.4 Inefficiency in Investment Choice: risk-shifting

In this section, we show that there exist cases in which the loss mutualization mechanism

induces members to take excessive risk ex ante due to an inherent externality among members.

Corollary 2 If F < F , the first-best benchmark is not an equilibrium, and in fact, “all
high”-risk is the unique inefficient equilibrium. More generally, if F < F, “all high”-risk is

an inefficient equilibrium.

Under F < F, if all other members choose low-risk, member i strategically deviates to

choose high-risk. Under loss mutualization, the expected liquidation cost (N —1; F') is lower

13



than c¢. This wedge shifts a member’s incentive from choosing low-risk to high-risk, thereby

creating a risk-shifting problem.

In the presence of risk-shifting incentives, it is still possible to achieve the socially optimal
risk-taking in equilibrium. This happens when the default fund contribution F' is close enough

to the default cost such that the externality is restrained.

Corollary 3 If F < F, the “all low”-risk equilibrium is the unique equilibrium and is first-
best. Moreover, the “all low”-risk equilibrium is the unique Pareto dominant equilibrium if

F<F.
4 Equilibrium between Clearing Members and the Regulator

We analyze how to design a default fund that mitigates the inefficiency arising from ex-
cessive risk-taking. Corollary 3 indicates that a default fund can potentially correct members’
risk-shifting incentives. In this section, we develop a game theoretic analysis to show that the
regulator can correct the inherent externality by optimally choosing a default fund, balancing

the ex post risk-sharing benefit and ex ante risk-shifting cost.

Definition 4 A Nash equilibrium between clearing members and the regulator is a set of
members’ risk profiles a® := (af,...,a%) and a default fund contribution F'¢ set by the regu-

lator, such that:

1. Taking the default fund F'° and other members’ risk profile a®; as given, ai solves the

optimization problem of clearing member i given in (3).

2. Taking as given the risk profile of clearing members a®, the requlator chooses a feasible
default fund level F€, satisfying assumptions (2)—(3) and condition (2) to maximize the

aggregate value of the members and the equity of CCP:

Fe:argmngm—E[(Nd-c—N.F)ﬂ. (13)
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In the above equation, V; is given by Eq. (3), and Ng = Y, 1; defauits i the number of

defaulted members.
4.1 Default Fund: a tool to mitigate risk-shifting

We solve for the optimal default fund level that satisfies the criterion in Equation (13), tak-
ing the functional dependence of a® on F' into account. Given the assumption of independent

defaults, the objective function of the regulator in (13) may be rewritten as follows:

W(F)=E|> Vi-(Ng-c=N-F)"| =E

> R, —Ng-c¢— NrgF|. (14)

Thanks to Proposition 2, it suffices to consider either “all low” or “all high”-risk profiles.
We base our analysis on the equilibrium refinement concept of Pareto dominance: From
Proposition 2 and Corollary 3, members all choose low-risk when F < F because it is either
the unique equilibrium (region C in Figure 1) or the Pareto dominating equilibrium (in region
B). Hence the equilibrium risk profile switches from high to low at the boundary between
Regions A and B. To obtain the threshold value of F at this boundary, define the linear
function of F: I(F)=¢%(N —1;F) — ﬁ. By Lemma 8 in Appendix A, I(F) is a strictly

increasing function. Moreover, ¢(N — 1;¢) = ¢. Thus if the following condition holds,

2c HBr — Kl
N-1,—) <——%, 15
Qb( N> qn —q (15)

there is a unique threshold value F' such that I(ﬁ’) =0, i.e. Y(N —1; F) = ﬁ.

The function W (F') may be defined piecewisely, with just one discontinuity at F, as follows:
W(F) =N (W’(F)1F>F n Wh(F)1F<F> . WUF) = pig — cqa —74F, a=1h (16)

Because the ‘low-risk” equilibrium is socially optimal, W (F') exhibits a positive jump as we

increase F: the equilibrium switches from “all high” to “all low”-risk at F'. Denote the size

OWhen the inequality fails to hold, the aforementioned switch from “all low”-risk equilibrium to “all high”-
risk equilibrium does not occur. The reason is that the lower bound set by the Cover II rule may already be
large enough that choosing high-risk is not attractive for an individual member. In the sequel, we only focus
on the (interesting) case that the inequality (15) holds.
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Figure 2. Regulator’s Objective Function W (F'). This figure plots the total wealth
W(F) as a function of F'; where F' ranges from the lower bound % that satisfies the Cover
IT requirement to the upper bound that equals the default cost c¢. The graph shows that a
default fund given by the Cover II requirement may not be socially optimal. Rather, a higher
value of F' that corrects the risk-shifting yields the highest total value. Model parameters:
pr =5, = 4.8, N =8,¢c=2,q, = 0.2, = 0.05, and r; = 0.1. The optimal default fund
Fe=F =130, and W(F¢) — W(Zc) = 0.16.

of the upward jump at F' by A. Then
A=WHE) = WE) = — pn — c(ar — qn) > 0. (17)

Moreover, W"(F) and W'(F) are both strictly decreasing in . Thus the maximum of W (F)
over the set of feasible values for F' is attained either at the lower bound %c, or at the switch
point F. We summarize this result in the following proposition (see also Figure 2 for an

illustration).

Proposition 3 Suppose the inequality (15) holds. Among all feasible values of F — i.e.,
those satisfying Assumption 2 and condition (2) — the default fund level that mazimizes the
regulator’s objective function (13) is given by

. . 2
F, ifA>rf<F—Nc>,

Fe = (18)

~O else.

In conclusion, the objective of the regulator is to maximize the total value of the agents
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in the system, taking members’ incentives for risk-shifting into consideration. The choice of
default fund yields the following tradeoff. On the one hand, the benefit of having a higher
value of F' is to correct for risk-shifting: as F' increases to F', we move from region A to region
B in Figure 1, where members’ risk choices switch from high to low. Hence, by mandating a
high enough default fund F' , the regulator can give the member an incentive to choose risk
with a total social value equal to NA. On the other hand, increasing F' raises the opportunity
cost of each member from 7 %c to rfF. If the benefit exceeds the cost, it is optimal to set the
default fund at F, a higher value than required by the Cover II rule; otherwise, the regulator

will find it optimal to use the Cover II rule.
4.2 Cover X: the optimal covering number

The previous sections have shown that the Cover II rule is not necessarily socially optimal,
when we consider the role of mitigating risk-shifting. As the number of clearing members
increases, how many members’ defaults should the default funds be ready to cover? We design

a Cover X rule so that the implied default fund achieves the efficiency of F' in Equation (18).

The generalized Cover X rule for any given number N of participating clearing members
is
N - F¢(N
ey = D), (19)

c
where F¢(N) is the default fund level that maximizes the regulator’s objective given in Propo-
sition 3, when N is the number of members in the CCP. When x(N) > 2, our model provides
a rationale to charge a default fund more than the current regulatory requirement prescribed

by the Cover II rule; see also Figure 3 for an illustration.

Interestingly, the exact Cover X rule depends on the number of members. If N = 3, then
x(N) is approximately equal to two, so Cover II is able to prevent risk-shifting. However,
if, for example, N = 8, the optimal requirement becomes Cover 5.18. Under the Cover 1I
requirement, clearing members would engage in excessive risk-taking and deviate from the
social optimum, resulting in a higher total cost of default. In contrast, the proposed Cover

5.18 requirement induces members to choose low-risk projects, thereby effectively mitigating
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Figure 3. Optimal Covering Number. This figure shows the optimal covering number
x(N) given in equation (19) as a function of the number of clearing members N. We use the
same parameter settings for project return and default probability as in Figure 2. Left panel:
the optimal covering numbers x(N); Right panel: the ratio %

risk-shifting.

While the optimal covering number clearly depends on the number of members N, the
ratio z(INV)/N shows little variation with respect to N, if N is sufficiently large. The next
proposition characterizes the asymptotic behavior of the optimal coverage ratio, as the number
of clearing members grows large. Specifically, it shows that the ratio between the optimal
default fund level F¢(N) and the default cost ¢, or equivalently, the optimal proportion of
covered members, z(IN)/N, converges to a constant as the size of the CCP network tends to
infinity. If the marginal opportunity cost ry is sufficiently low, then this limit is a positive
number in (0, 1), meaning that the optimal covering number should be proportional to the
size of network N (at least for large N); otherwise, this limit is 0, implying that it is optimal

to cover only a small portion of the CCP network.

Hence, as the number of clearing members grows large, the cover rule that the regulator
should adopt is simple—rather than covering a fixed number of clearing members as pre-
scribed, for instance, by the Cover II rule, the regulator should cover a fixed fraction of the
members. Considering that the major U.S. derivative clearinghouses consist of more than 30
members (this is the case, for instance, for the major CDS derivative clearinghouse ICE Clear

Credit, and interest rates swaps clearinghouse LCH), our result implies that the default fund

18



rule is robust with respect to entry and exit of the members in the clearing business.

Proposition 4 In the large CCP network limit — i.e., as N — oo — we have

1 pn — : M — g
FeN)  a(N) QZ+(1_QZ)EH7 if = pn—clar —aqn) >rp(@ge+ (1 —q)—-)

qnh — 41

i

0, else.

It is immediate from Proposition 4 that if the differential ratio ﬁ is much smaller than
the default cost ¢ (i.e., the risky project is not sufficiently profitable to compensate for the
costs incurred at default), then the members are more inclined to switch from risky to safe

investments as the default fund level increases. Thus the regulator can use a lower default

fund level to prevent the risk-shifting.

5 Continuous Choice of Risk-Taking

Having illustrated the simple logic of how a default fund can alleviate risk-taking for two
possible choices of risk, in the rest of the paper we extend the analysis to the more general
case of a continuous choice of taken risks. Such a setup allows us to track the marginal impact

of setting a higher default fund contribution on the risk-taking behavior of a member.
5.1 The Environment

Member ¢ has a continuous choice of risk-levels. The member invests a fraction a; € [0, 1]
of its resources in the risky project and allocates the remaining fraction 1 — a; to a risk-free
project. The risk-free project has a guaranteed payoff of (1 4 rf) times the invested amount
and can be thought as an investment in risk-free assets (e.g., U.S. Treasury bonds). The risky
project could include a portfolio of loans to firms in the corporate sector or a portfolio of

mortgages, exposing the member to volatile returns. The payoff, denoted by R;, is realized

“OFor instance, in May 2014, the Royal Bank of Scotland announced the wind down of its clearing business
due to increasing operational costs. This was followed by State Street, BNY Mellon, and more recently Nomura,
each of whom shut down part or all of their clearing business.

19



at t = 1 and assumed to be a random variable:

R, with probability 1 — a;
R = (20)

T, with probability a;,

R can be viewed as the notional value of the loan/mortgage. Let R > 147 > r: in the good
state, the realized payoff is higher than that of the risk-free project, whereas in the bad state
the payoff is lower than the return from the same investment in the risk-free project. Similar
to the setup in Holmstrom and Tirole (2001) and Acharya, Shin, and Yorulmazer (2010), the
risky technology has diminishing returns to scale with risk-taking; i.e., the probability of a
good state decreases with ;. In particular, the probability of observing the good state is

1—(17;.

Member 7 defaults if the value of the realized risky project is r:
1z' defaults < CLZ'RZ‘ -+ (1 — ai)(l + Tf) <1+ Ty = Rz =T (21)

The default probability of member i is equal to a;: the fraction invested by ¢ in the risky
project. Default can always be avoided if member ¢ invests entirely in the risk-free project.
Defaults are costly, and we use ¢ > 0 to denote the cost of a default. Let R > 1+ rf + ¢,
indicating that members prefer to invest a non-zero fraction in the risky project. Notice that
at a = 0, the marginal profit of risk-taking is R, whereas the marginal cost is 1+ ¢ (forgone
return from the risk-free project) plus ¢ (marginal cost of default). We assume that the
realizations R;, i = 1,..., N, are independent across members, which implies that defaults

are independent.

Strategic Investment Choice of a Member. Consider a CCP, and assume a default

fund level F' satisfying the Cover II requirement: given investment strategies a_; chosen by

“OThe assumption of diminishing returns to scale is not essential for our results, but helps to obtain a neat
expression for the default probability.
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other members except i, the expected payoff of member 7 is given by

Vila—i) =

> : > jzi 1j default
sup FE aiRi+(1_ai)_1i defaults F'—1 survives min | F, dzi J TN (C - F) —TfF:| .
a;€[0,1] 1+ Zj;ﬁi 1j survives

(22)

Each clearing member chooses his own investment strategically to maximize his expected

payoff. If all other members choose the same investment strategy a_; € [0, 1], we have
Vi(a—;) = sup [~(R—7)a* +(R—1)a+1—F+ (1 —a)p(a_s; F) — rF), (23)

a€l0,1]

where ¢(a_;; F') = (0; F'), and ¥(0; F') is obtained by evaluating the function ¢ (g; F') defined
in Eq. (A1) choosing g, = a_; therein. Because of our symmetric configuration of clearing
members, we restrict our attention to symmetric equilibria. A symmetric equilibrium among
members is a® € [0, 1] such that, member i’s best response when all other members choose

e

a® is also a®; i.e., there is no unilateral deviation. Taking the first-order condition of the

objective function in (23), and then setting a_; with a;, we obtain the following result.

Proposition 5 For a large enough differential return R —r > 0, given a default fund level
F e [%,c), there exists a unique symmetric response of members; i.e., a; = a® Vi, which

satisfies
R—1—¢(aF)
2(R—r)

—a®=0. (24)

Moreover, a is a strictly decreasing function of F; for F # lﬁc, l=23,....N—-1, a

is an infinitely differentiable function of F and % < 0; for F = lﬁc, [l =3,4,...,N — 1,

do”(Fy) — 92 (F—) < 0, where % (F+) and 9 (F—) are respectively the right and left

derivatives of a®(F') at F.

Risk-shifting. We demonstrate that the risk-shifting pattern shown in the binary case
also manifests in the continuous risk-taking setup. As a first-best benchmark, we solve for the

socially optimal risky asset investment a* that maximizes the aggregate value of all members
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Figure 4. Members’ Stategic Response to the Default Fund Level. Panel 4a plots the
symmetric strategic response a® as a function of F' (blue solid line). a€ is strictly decreasing
in F. The socially optimal invested fraction in the risky project is shown in the amber dashed
line and is equal to a* = 0.25. Panel 4b plots the derivative of a® with respect to F'. There
are downward jumps at the kinks ZNC for I =3,4,..., N —1. Kinks are indicated by black dots.
The parameters used are: R = 3.5, =0.5,N =10, and c = 1.

net of the CCP’s equity loss. Equivalently, a* maximizes the expected payoff of a representa-
tive member:

a* = arg maxIE[aiRz- + (1 = a;) — c1; gefautts — 7 F. (25)

a;
While a* balances the socially desirable tradeoff between risk and return, members have
incentives for risk-shifting under the loss mutualization scheme, as shown by the following

proposition:

Proposition 6 Assume R > 1+ c. Then the socially optimal investment a* in the risky

project satisfies

(26)

The privately optimal investment choice a® of the clearing members is given by the solution
to Eq. (24) and satisfies

a* < a®. (27)

A direct comparison of the privately optimal investment choice a® (solution to Eq. (24))

and the socially optimal outcome a* (solution to Eq. (26)) immediately reveals the economic
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mechanism. In the risk-return tradeoff faced by the social planner, a member faces marginal
cost-due-to-default ¢; in the decentralized risk-return tradeoff under loss mutualization, the
marginal cost-due-to-default becomes ¢(a; F'). As ¢(a; F) < ¢ (which directly results from
risk-sharing via the CCP), members strategically chooses higher risk than what is socially
optimal. Figure 4 plots a®(F’), a*, and %: the decreasing pattern of a®(F) is clearly seen

from the figure.
5.2 Equilibrium between Clearing Members and the Regulator

In this section, we show that a default fund higher than the Cover II requirement can
be used to regulate members’ risk-taking. As in Section 4, the regulator selects the default
fund level F', which maximizes the social value of the system (including all members and the
CCP), anticipating the risk-taking activities chosen by the members in response to his choice.
The members’ response has been characterized in Proposition 5. Next, we describe the game

theoretical setting:

Definition 5 For a given number N of clearing members, a symmetric Nash equilibrium
between all clearing members and the CCP is the set of members’ risk profiles {a}?_,, and

the default fund contribution F€ set by the CCP such that,

1. Taking the default fund F'¢ and other members’ risk profile a®; as given, af solves the

optimization problem of clearing member i given in (22).

2. Taking as given the risk profile of clearing members a®, the requlator chooses a feasible

default fund level FO to maximize the total value of the system W (F):

W(F)=Y Vi—E[Ng-c—N-F)T] =N (B(F)—rsF), (28)
F¢ =argmax W (F) = argmax(B(F) —rsF), (29)
F F

““We recall that feasible means that the assumptions (2)-(3) and condition (2) are satisfied.
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where V; is the payoff of member i given by (22), Ny is the number of defaults, and
B(F) = —(R —7)(a®(F))?> + (R — 1 — ¢)a®(F) + 1 is the part of the representative

member’s value which does not account for the opportunity cost of default fund F'.

To solve for the tradeoff in choosing the default fund, we analyze the differential properties
of the various components of the objective function. First, recall from Proposition 5 that a®(F’)
is continuously differentiable in F' except over the set of kinks lﬁc;l =2,...,N —1}. Thus
the same property holds for B(F'). To see how B(F') changes with F', consider the quadratic
function U(a) = —(R — r)a® + (R — 1 — ¢)a + 1, which achieves its maximum at a = a*. An

application of the chain rule shows that the marginal benefit of increasing F' is given by

U da* da*

B(F) = 550 = —2(R =) (a*(F) — ") .

le
FA£&—1=2... N—1.
A #N, s (30)

Recall from propositions 5 and 6 that members exhibit risk-shifting (a®(F) > a*), and that
a higher default fund can mitigate risk-shifting (% <0,VF #£ ZNC, l=2,...,N —1). There-
fore, B(F’) increases with F; that is, a higher default fund increases value B(F') by steering

members’ risk-taking closer to the socially optimal level.<?

Proposition 7 The equilibrium default fund F€¢ set by the requlator is either the Cover II
level 3¢ or a solution to the first-order condition of Equation (29). Formally, F¢ € {F¢, %}

where F¢ satisfies
B'(F°)=rs, B'(F°) <0, F°# N,l =2,...,N. (31)

Proposition 7 offers a simple algorithm for the regulator to pin down the equilibrium
(constrained optimal) default fund. To maximize the social objective value function (29),
the regulator balances the marginal benefit B’(F¢) and marginal cost of capital rr. While
a higher default fund increases the social value by mitigating risk-shifting, it is also costly

because the fund needs to be segregated. If the marginal benefit and marginal cost cross paths

“Formally, Equation (30) implies that the marginal benefit of increasing F is positive; i.e., B'(F) > 0,

VF € [%7 c)\{%;l =2,...,N —1}. Moreover, as F' crosses a kink lﬁc from below, Proposition 6 indicates that
B'(k4) - B'(k—) = —2(R—r)(a®(L) — a”)[% (L +) — d2° (L —)] > 0. Hence, at each kink value of F, the

marginal benefit of increasing F increases with a positive jump. Taken together, B(F') increases with F'.

24



11.00[
1095
10.90 [ [
10851 0.05:»

P_’io,ﬁl 0.6 0.8 10 0.4 0.6 0.8 1.0

(a) a®(F) (b) % (F)

Figure 5. The Social Value Function and the Marginal Value. Panel (a) plots the
total wealth W (F). Panel (b) plots the marginal values: the marginal benefit B/(F") (in blue),
and the marginal cost ry (in amber). The parameters used are: R = 3.5,7 = 0.5, N = 10,
c¢=1and ry = 0.1. The optimal default fund is F*® ~ 0.74.

at a fund value higher than the Cover II lower bound, and the condition B”(F¢) < 0 holds,
then F° is the constrained optimal level. In other words, if the marginal value of increasing
F is higher than the opportunity cost at the lower bound 2¢ (B/(%¢) > 0), then % < F° < c.
That is, the optimal default fund level exceeds the critical level for the Cover II requirement.
Figure 5 considers a scenario in which the Cover II rule is not socially optimal. As the default

fund level increases, the social value function increases and peaks at F¢ = 0.74. This value

corresponds to a Cover 7.4 rule instead for a 10-member clearing arrangement.

An Example with Three Members We consider a simplified setting consisting of three
clearing members, in which closed-form expressions for a®(F') and F© can be obtained. For

a given choice of F' that satisfies the Cover II requirement, the equilibrium investment in

2
the risky asset is given by af(F) = fb__g — % — \/ (f_‘F’" — %) — Rc__lf;F , and obtained by

solving Equation (24). It is immediate to see that a®(F) is strictly decreasing in F.. We can

explicitly compute the unique equilibrium default fund F¢. In particular, let h(a) = a —

a*—r f%, which is a strictly increasing function over [0, 1], and satisfies h(a*) < 0.
Then
= it h(at(25)) <,
e _ wa (32)
c—2(R—T)m, if h(a (g)) > 0.
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where aq is the unique root to h(ag) = 0 over the interval (a*,a®(%)). This example serves
to illustrate that even in a simple central clearing setup consisting of three members, neither
Cover II nor Cover III may be the optimal default fund allocation. In fact, 2¢/3 < F*¢ < ¢,

and thus an intermediary level for the default fund level might be optimal.

Analogous to the binary case, we can show that the ratio between the optimal default
fund level F¢(N) and the default cost ¢, or equivalently, the optimal proportion of covered
members, x(N)/N, also converges to a constant as the number of members N grows large.
This limit is a positive number in (0, 1) when the marginal opportunity cost 7 is sufficiently
low. In particular, paralleling the result in Proposition 4, we have the following asymptotic

result.

Proposition 8 In the large CCP network limit — i.e., as N — oo — the unique symmetric

response of members, a; = a® is given by

R-1 F_ R—1
2AR—71) ch‘2(R—r>’

B N Y s ey == o
2 S AT

Letting F(a) = R — 1+ &7 [(1 4+ a* — 2a)? — (1 4 a*)?] be the inverse of line two in (33),

1 - ;
Uoo i= lej_)faw—m, and Fy := F(ax). Then we have

R R R—
PO ) | B0 s> BO) and o < Q(R_lr), o

0, else,

where B(-) is defined in Definition 5.

From Proposition 8, we see that for a CCP consisting of many members, the highest risk

R-1
2(R—r)

choice a® converges . When members take this level of risk, then the optimal response
of the regulator is to set the default fund level to zero because the members’ risk choice is
independent of F'. If the marginal opportunity cost of default fund is low, the regulator may

attain a higher per member social welfare by charging a larger default fund requirement Fly

to members, that in turn incentivize them to take a lower level risk level ax.
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6 Conclusion and Policy Implications

The problem of the optimal determination of default fund levels contributed by members
of a clearinghouse has been the subject of extensive regulatory debate. Current regulatory re-
quirements prescribe that default fund contributions should guarantee that the clearinghouse
is able to continue its services in the even that its two largest clearing members default. There
is, however, no economic analysis of the conditions under which this rule is socially optimal,
or of alternative designs that are welfare improving. Our paper fills this important gap and
introduces a parsimonious model to study the main economic incentives behind the determi-
nation of the default fund requirements. While default funds allow members to effectively
share counterparty risk ex post, we highlight a novel mechanism related to loss mutualization
that induces members to take excessive risk ex ante owing to an inherent externality among
them. Our analysis shows that the CCPs can mitigate the inefficiency generated by members’
excessive risk-taking activities through an optimal choice of the default fund level. Such a

choice balances the ex post risk-sharing and the ex ante risk-taking of members.

Our analysis shows that if the clearinghouse consists of a sufficiently high number of
clearing members, then the optimal cover rule should be to cover the default costs of a
constant fraction of members. This finding contrasts with the currently imposed Cover II
requirements, whose optimality is supported by our analysis only if the marginal opportunity

costs of collateral posting are high.

Our results have important policy implications. They point to the need to design a simple
rule that guarantees the coverage of the costs generated by the default of a proportion of
clearing members. This simple covering requirement is robust to the size of the participating
member base. The optimal proportion depends, in an explicit way, on the relation between the
premium earned by the member who undertakes high-risk projects and the costs incurred at
default. These parameters can be accessed by clearinghouses and their supervisory authorities
who typically have detailed information on the risk profile of their members. Owing to its

simplicity, the proposed rule can also serve as a benchmark against more complex rules based
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on simulated scenario stress testing.
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A Proof of Proposition 2

In this Appendix, we prove Proposition 2. We first present some technical lemmas to fix
preliminary results and notations.

Lemma 6 Suppose member i is alive, and g of the remaining N — 1 members choose the low

risk project. Then, for any given F € [N e f], we have that

N—

$lgi F) = Z fg(k)<c—N(c_F>>- (A1)

E+1
k=N—1— NFJ

Here |-| denotes the floor function (giving the greatest integer less than or equal to the arqu-
ment), and

k
g—m N—-1-g k—m N—1—g—(k—m)
(1— 1—
Z:O< > a)"q} ><< k—m >( an)" "y

are positive constant.

Proof of Lemma 6. Suppose that the default fund F' is such that

l l+1 141 F l

]\CT§F<(4]_V)Corequ1valently1;<1C<1N (A2)
for some integer [ = 2,3,..., N — 1. Then member i’s contribution to other members’ default
when himself does not default is given by

min (F NA_/SNS(C - F)) = Fmin (1, (Aj\[l - 1)(% - 1))

N
=(c—F) <./\/ - 1) Iy >a-eyv + Fly ca-x)n
For F' in the range (A2), we have
F
N—-(Il+1)<(1-——=)N<N-I
c

Thus N, > (1 — £)N if and only if Ny > n — . In other words, among the remaining N — 1
members, if there are less than or equal to [ defaults, member ¢ will pay less than F. But
if there are [ or more defaults and F' = lﬁc then member i’s default fund will be exhausted
completely.

Suppose all members except member ¢ choose the low risk project, then if member ¢
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survives, his expected contribution is

(c—F)E K/\]\/l - 1> Inv>N-1

member i survives] + F - Pr(Ns < N — [|member i survives)

N—-1 N—(142)
N—-1\N-1—-k 1 N -1
=(c—F) Z ( k >k+1(1—(ﬂ)kqlN1k+F Z ( L )(1—Q)kqlN1k
k=N—(l+1) k=0
N-2 —(142)
N-1 N-1
=(c—F) <k+1>(1—ql)kN1k+F Z ( )1—q)qu1k (A3)
k=N—(I+1)

Likewise, if all members except member i choose the high risk project, then if member ¢
survives, his expected contribution is

N
(c—F)E [(/\/ - 1) In.>N—1
—(142)

N—-2
ST YN R (RS E Z (") - ara e

k=N—(I+1)

member i survives} + F - Pr(Ns < N — [jmember i survives)

In general, if there are g members among the remaining N — 1 choosing the low risk project,
forg =0,1,..., N—1, then the number of surviving ones among these N —1 members, N —1,
is the sum of the number of the survived ones choosing the low risk project and that of the
survived choosing the high risk project. Specifically, the probability that there are k survived
ones is given by

Ny N—-1-g k—m N—1—g—(k—m)

m=0

It follows that, if member ¢ survives, his expected contribution is

(c- FE mf 1)y

member i survives] + F - Pr(Ns < N — [jmember i survives)

ok N—(14+2)
=(c=F) Z RS 2D DA ()
k=N—(I+1) k=0
(c — F)
= fg —C +F7 A5
MZ(ZH w (2 - (45)

where the last line comes from the total probability Zivz_ol fok)=1. m

Lemma 7 For any given F € [%, ¢), the function ¢(g; F') is strictly decreasing in g, i.e.

0<yY(0;F)<y(L,F)<...<¢(N-1F)<F<ec.

Proof of Lemma 7. Suppose member ¢ survives, and N — 1 is the number of survivals
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except member 7. Given how we define a default event, we have

Ns -1= Z Lmember 7 defaults (AG)
J#

By Lemma 6, we only need to show that

g E[min <F NN:VS(C— F))} =F —1(g; F)

is strictly decreasing in g for ¢ = 0,1,2,...,n — 1, where ¢ is the number of members other
than member 4, who chooses the low risk project. Because the expression 1(g; F') only depends
on the default probabilities py, p;, not how defaults occur, we can choose a probability model
for the defaults that is convenient to our analysis. More precisely, suppose for each member 4,
there is an independent random variable ¢;, with a uniform distribution on (0, 1), such that, if
this member has chosen the low risk project, he will default at time 1 if and only if €; < p;; on
the other hand, if this member has chosen the high risk project, then he will default at time
1 if and only if ¢; < p. Because the event {¢; < p;} implies {¢; < pp}, we see that, in this
probability model of defaults, increasing g, the number of of remaining members (other than
member 4) choosing the low risk project, always makes N non-increasing, and can makes N
strictly increasing with a positive probability (equal to py — p; in this particular specification
of default).

Similarly, there is a positive chance that N may decrease from 1 to N as g increases from
0 to N —1. As N varies between 1 and N, NW_M(C — F) varies between (N — 1)(c — F') and

0, hence the random variable min <F , NW_'AL(C - F )> is non-decreasing with g, and there is a

positive chance that it is strictly decreasing with g. As a result, we know that the mapping

g:HE[min(F,W(c—F))], g=0,1,...,N—1

is strictly decreasing.

Lastly, because the expected contribution F' — ¢(N — 1; F') is positive (member i has to
contribute as long as there is at least one other member default), we have (N — 1; F) <
F. Moreover, the expectation contribution F' — ¢(0; F') is strictly less than F' (member i
contributes less than F' when there is no default). m

Lemma 8 For any fized g = 0,1,...,N — 1, the function (g; F) is piecewise linear and

strictly increasing in F, in the interval [%c, 1+Crf]' In particular, ¥ (g;c) = c.

Proof of Lemma 8. From (A1), ¢(g; F') is linear and strictly increasing for F' € (&, 51)

with [ =2,3,..., N — 1. Moreover, the nonnegative random variable min(F, %M(c —F))is
almost surely continuous in F', and is bounded by c¢. By the dominated convergence theorem,
we know that 1 (g; F') is continuous. Therefore, the function v (g; F') is strictly increasing for

all F € [%c, 1+Crf]' The value of 1(g; c¢) follows directly from (10). m

To prove Proposition 2, we next analyze different scenarios for a member’s investment
choice, taken as given the default fund and other members’ investment choices. In particular,
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we characterize conditions such that member ¢ chooses high risk given all possible combina-
tions of risk profile of other members. When we check those conditions for all members, we
will see that “all high risk” and “all low risk” strategy are the only possible equilibria.

Suppose that the other members do not choose the same risk level: There are ¢ members
who choose low risk projects and the rest N — 1 — g choose high risk projects, where g €
{0,...,N —1}.

If member i chooses low risk, his expected utility is (by Lemma 6)

Zj;éi ]-j defaults (C - F) r
-Tr
1+ Ej;éi ]-j survives !

E

1 .
Rz‘ — 1; defaults F —1; qurvives min (Fa

=m—q¥(g: F) = F+¢(g; F) —rpF.
If member ¢ chooses instead high risk, his expected utility is

Zj;éz‘ 1j defaults (C - F)) B TfF

E
1+ Zj;éz 1j survives

h .
Ri - 1i defaults F— 1i survives 1111 <F7

=pn —qu(0; F) = F +¢(0; F) —rsF.

Hence, member i chooses high (low, resp.) risky project when g members choose low and
N — 1 — g choose high if and only if
Bn —
an — q

> (<, resp.)v(g; F). (AT)

When (A7) takes an equality, member i is indifferent to choosing high or low risky project.
As a consequence,

1. If ﬁ > (N — 1; F), every member will choose the high risky project, regardless of
other members’ choice. Hence, the “all high risk” strategy is the unique equilibrium

among members.

2. If ﬁ < (0; F'), every member will choose the low risky project, regardless of other
members’ choice. Hence, the “all low risk” strategy is the unique equilibrium among
members.

3. If (0, F) < ﬁ < Y(N — 1; F), it is straightforward to verify that both the “all

high risk” strategy and the “all low risk” strategy are equilibriums among members. To
prove there cannot be any other forms of equilibrium, suppose there is an equilibrium
which is consisted of g low and (N — g) high, for some ¢ = 1,2,..., N — 1. Then for
any member choosing high, he faces g choosing low and (N — g — 1) choosing high, so
in order for him to stay high as well, it must hold that

Bn —
i F). A
%_mzme) (A8)

Yet, for any member choosing low, he faces g —1 low and N — g high, so for this member
to stay low, it must holds that

En =P < (g — 15 F). (A9)
dn — qi
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However, (A8) and (A9) cannot hold simultaneously because ¥(g — 1; F') < ¥(g; F') (see
Lemma 7).

Finally, we prove that the all low risk profile is Pareto dominating the all high risk profile

when ¢(0; F') < ﬁ < (N — 1; F) holds. Recall that member i’s expected utility under

the all low risk profile is
=@ (N =1 F) = F+ (N —1) —rfF.
Likewise, his expected utility under the all high risk profile is
th = qp (03 F) — F +¢(0; F) — rpF.
The difference is then given by

= ap(N =1L F) = F+ (N = 1) = reF] = [un — qu p(0; F) = F + (0; F) — 14 F]
= —pn+ (1 —@) V(N —LF) = (1—gn)¢(0; F).
When pup, — i < (g — @) (N — 1; F), the above expression is bounded from below by

(1 —qp) (W(N —1;F) —9(0; F)) > 0, due to Lemma 7. Therefore, among the two possible
equilibriums, the all low risk profile is Pareto dominating.

B Proof of Proposition 5

Recall that a symmetric equilibrium under cover-II requirement is given by af = a® for all
1=1,2,..., N, with a® being the root to the follow equation:

f(a® F) =0, where f(a; F) = R _21]%_?53;@ .

We first show the existence of such a root. To that end, recall that (10) implies

N — N, )
E [min <F, NN (c— F)) ‘member i survives| = F — ¢(a; F),

where N is the number of surviving members, each of who has a default probability of a. It
follows that when a = 0, we have Ny = N almost surely, so 0 = F' — ¢(0; F'), which implies
that
»(0; F) = F.
Therefore we have R_1-F R-1
—1- —1-c

=a* > 0. A10

2R—r) ~ 2(R-r) *° (A10)

f(O; F) =

On the other hand, because min(F, %(c — F)) < F holds almost surely, we know that
¢(a; F) > 0 for all a € [0, 1]. Therefore, we have

. R—1-¢(a; F) R-1 1 1
JF) = = m s — S g s — 1< g — 1= —5 <0 (A11)
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Hence, from (A10) and (A11) we can conclude that, for any fixed F € [3¢, ry ), there exists
at least one a® such that f(a® F') = 0.

To prove the uniqueness of a®, we demonstrate that, when R — r > 0 is sufficiently
large, f(a; F') is strictly decreasing in ¢ over (0, 1) for every F. Indeed, Lemma 7 indicates
that ¢(gn; ") = P(0;F) < (N — L F) = ¢(q; F) for 0 < q < gu < 1, so ¢(a; F) is
strictly decreasing in a. Therefore, the monotonicity of f(a; F') in a is completely determined

1

by the strictly increasing function —mqﬁ(a; F) and the strictly decreasing function —a.

Intuitively, as (R — r) becomes large, we have —ﬁ%qﬁ(a; F)—1 <0, meaning f(a; F) is

strictly decreasing in a. In Lemma 9 below we formally bound |8@¢(a; F)| from above, which
effectively gives a sufficient lower bound for (R — r) such that f%a; F) is strictly decreasing,
which implies the uniqueness of a°.

To prove the monotonicity of a®(F’) in F, we use lemma 8 to know that, for each fixed

a € (0,1), ¢(a; F) is strictly increasing for all F' € [%, ]-'fo )), so f(a; F) is strictly decreasing
2c

in F' over the same domain. Let 5 < Fy < F3 < ¢, we have

0= f(a(Fy); F2) = f(a®(F1); F1) > f(a®(F1); F2).

Because f(q; F») is strictly decreasing in ¢ when R — r > 0 is sufficiently large, we must have
a®(F3) < a®(Fy). This proves the monotonicity of a®(F’) on F.

The infinite differentiability of a®(F') in F follows from implicit differentiation and Lemma
8, from which we know that f(a;F) is infinitely differentiable in F if F # lﬁc for | =
2,3,...,N — 1. This, in conjunction with the monotonicity of a(F) in F, implies that
da’(F) < 0 for any F € (2,c)but F# %, 1=3,4,...,N - 1.

Lastly, to prove that a®(F') is not differentiable at F' = ZNC, and with a greater left derivative,

we use implicit differentiation to obtain that, for any F' € (lﬁc, (Z}L\})C) withl=3,...,N — 2,

N e
dat o _ u (a(F))

7( ) F)
dF Ham—@wrn  2B=71)+c-o"(@(F)) = (c = F)u™ (ae(F))

)

where vl(N) and ul(N) are functions defined in the proof of Lemma 9 below. Thus, the right

derivative at F' = ZNC is given by

da® lc ' (af (1))
(FH=- TS , . (A12)
dF "N 2(R—r)+c- ’Ul(N) (ae(lﬁc)) —(c— ZNC)UI(N) (ae(lﬁc))

Similarly, for the left derivative at F' = lﬁc we obtain that

dale R (Ce) (A13)
dF N 2(R—7) +c- o) (@ (%)) — (¢ — ©)ul™) (ac (L))

To compare (A12) with (A13), we first show that the denominators for %(lﬁch) and %(lﬁc—)
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are the same. To that end, we have

(e ™0 - Xl ()

> .
(7L ety - (Y Y- ¥y
o () 2C))-

On the other hand, recall that when R — r is large enough, both %(lﬁc—i—) and %(ZNC—) are
negative. Given that ul(ivl) (ae(lﬁc)),ul(N) (ae(lﬁc)) > 0, we know from (A12) and (A13) that the

: da® (lc da® (lc s
common denominator for %5 (5 +) and 95 (§ —) must be positive. Thus,

e -2l o™ (@ (56)) — ) (0 ()
dFN T dF N T (R =) 4o (e (2) — e Xtul™ (as(8))
N N—-I—-1
—(v_y)(1—a) a'| e (Lo
_ (N 1) (%) < 0.

2(R—r)+c- v (ae()) — Ntu™ (ac (L))

Lemma 9 For any F € [2¢, —<-), we have that

N’ 1+Tf
0
sup |—¢(a; F)| < 0.
acl0,1] | 9Q
Proof.
Without loss of generality, let us suppose F' € [lﬁc, (ZJZFVI)C) for some | =2,3,...,N — 1, so

that L%J =[. Using (A1), we have

S (") a-arar (e M)

k=N-1-—1
—c- o™ () = (c— F)u!™(a), (A14)
where
N-1 N
M= Y <Nk_1>(1—a)kaN1k, @y = 3 <JZ>(1—a)klaNk.
k=N—-1-1 k=N-—1

Functions UI(N)(CL) and ul(N)(a) do not depend on F and ¢, and apparently both of them have

continuous first order derivative in a over [0, 1]. This completes the proof. m
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C Proof of Proposition 6

We first study the first best. To that end, recall from (25) that
a* = argmax[—(R —r)a* + (R—1—c)a+1—rF].

R—1—c
2(R—r) "

To prove (27), the upper bound follows immediately from (24) and the fact that ¢(a; F') >
0:

Using the first order condition, we obtain that a* =

R—1—¢(a% F) < R-1

2(R—r) “2R-1)
To prove the lower bound, let us suppose for the moment that F' satisfies a cover-(N — 1)
LNDC < F < c. In this case, we have ¢(a; F) = F — (¢ — F)a(l%:l) < ¢ for all
0<a<1and LNI)C < F < c¢. On the other hand, using Lemma 8 we know that, for each
fixed a € (0,1), ¢(a; F) is strictly increasing for all F € [2¢, ﬁ), so that ¢(a; F) < ¢ for all
% < F < c. Comparing a* and a° in expressions (26) and (24), we have that

€ __

rule, i.e.

R—1—-¢(%F) R—-1-c¢
5B-r 2R-n

e _

This completes the proof.

D Proof of Proposition 7

The objective function B(F) — r¢F is differentiable in F' off the set of kinks {4&;l =
2,3,...,N — 1}. Thus, if the equilibrium F* is not at one of the kinks, it must solves the
regulator’s tradeoff between the marginal benefit and marginal cost, i.e. the marginal benefit
of increase F' in mitigating risk-shifting should equal to the marginal cost of opportunity of
default fund segregation. However, as F' increases over the kink ZNC for some ! = 3,4,...,N—1,
the marginal cost 7 increases continuously, but the marginal benefit B'(F') increases abruptly.
Thus, it is never optimal to choose a default fund level F' at one of such kinks.

Next we show that if the marginal value of increasing F' is higher than the opportunity
cost at the lower bound 2¢ (B'(3¢) > ry), then % < F° < ¢. We claim that

2 er2cy _ %y .., (N)( er2c
B'(NC) >Tf @ ((A],\;)/ a2) 2 J\f%“&?;/ >y (A15)
L+ ailof 0 () — 22l (e (30)
where ”éN)(a) = Yo (D —a)faN T, ugN)(a) = Y ilne () (1 —a)fta "R To
see (A15), notice that for any F' # ZNC,
/ e da® e . da®
B'(F)=[-2(R—r)a®(F)+ R—1—] 7 (F)=-2(R—r)(a(F)—a )dF(F) (A16)
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Moreover, using implicit differentiation we have

I - B ug") (a(F)
O TR R dm ) - S )

From (A16) and (A17) we have

(N) ¢ e(2c
B,(%—F) . ’LL2 (a’ (%))

- : (A18)
Lt gl (@ (39) = 252 (@ (36))]

Therefore, the condition in (A15) is equivalent to B'(3¢+) —ry > 0, so the objective function
B(F) — r¢F is locally increasing in a small right neighborhood of % Similarly, because
a®(c—) = a* (see Proposition 6), we know that B'(c—) —ry = —ry < 0. That is, the objective
function B(F') — rF is locally decreasing in a small left neighborhood of c. It follows that
the maximum F*°¢ < c.

E Proof of Equation (32)

When N = 3, the first order equation is a quadratic equation

R—1—-F+(c—F)(a+ad?

fla; F) = 3R —7) —a=0. (A19)

Its solution is given by

Lo _B-r 1 J(R-r 1\* R-1-F
T F 2 c—F 2 c—F

Since R —r > g, we know that a_ > 0 and a4 < 0. Moreover, one can easily verify that
a_ < 1 by plugging a = 1 into (A19) and using the condition that 2¢ — 3F < 0 (the cover-II
requirement). Hence, a_ gives the formula for a®(F').

To demonstrate the monotonicity of a®(F'), we notice that, for any % < F < ¢ and
0<a<l,

of (c—F)(1+ 2a)
da 2(R—r)
of 1

OF — 2(R—r)

(1+a+d* <0.

By the implicit differentiation theorem, we know that a®(F’) is strictly decreasing and differ-
entiable in F'.

Now that we have established that the mapping F' :— a®(F’) is one-to-one and decreasing,
to obtain the equilibrium F°, we consider a change of variable: a® :—~ F(a®), namely, the
inverse of a®(F):

Fla)=c—2(R )
a)=c— —r)—s.
1+a+ a?
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Then we know that F° = F(a), where
a= argmax [—(R—7)a>+(R—1—-c)a+1—r;F(a)]
ae[a*,ae(%)]
= argmax [—(R—7r)a’+ (R—1—c)a+1—r;F(a)]. (A20)
a€la~,a°(22)]

To fix a, we calculate the derivative of the objective function of (A20) with respect to a:

1— 2 * 2a*
“2R-r)at+R—1—c—2p(R—r) (f:a‘l :2)2“ ©_ 9(R—1r)h(a).  (A21)

Moreover, notice that

1—a?®+3a*a® +2(1+a*)a
(14 a+a?)?

h'(a) =1+rf > 1,Va € [0,1]. (A22)

Therefore, the first order condition equation h(a) = 0 can have at most one root. On the other
hand, one clearly has h(a*) < 0, so if h(a®(%)) < 0, then the objective function of (A20) is

strictly increasing in a over [a*, ae(%)]. It follows that a = ae(%) and F¢ = F(ae(%)) — %
On the other hand, if h(ae(%)) > 0, then there is a unique maximizer & = ag € (a*,ae(%)),
which solves the first order condition equation h(ag) = 0. Hence, the equilibrium default fund

Fe = F(ap).

F The large CCP network limit: proofs of Proposition 4 and
Proposition 8

In this section, we derive the limit of ¥(N — 1; F') and ¢(a; F) as N — oo, which will
imply the limit of " and a®(F) as the number of members in the CCP network grows without

bound. To that end, we recall (A14) that,

d(a; F) = cvl(N)(a) —(c—F) ul(N)(a),

where [ = L%J, and functions vl(N) and ul(N) have the following representation: suppose X
follows a Binomial distribution with parameter (N—1,a) and Y follows a Binomial distribution
with parameter (N, a), then

v (a) =P(X < 1) = P( N—l(%—a) < N—l(ﬁ—a)), (A23)
(N) _IP’( <) B Y l
w(a) =14 P(\/N(N —a) < \/N(N - a)). (A24)

By the central limit theorem, both v/ N — 1(52 —a) and VN (% —a) converges in distribution
to a normal distribution with mean 0 and variance a(l — a). On the other hand, from
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NF—c _ |NF| o~ NF
= < |55 ] £ 55 we know that,

lim N—l(%—a)zlim \/N(%—a): 0, if —=a, .

N—oo N — N—oo cC

It follows that

liray +2l,p_
) (N), 1 . (N), \ _ ~{£>a} T 2 {£=a}
dim v (e) = Ligsgy + 5lr—ey,  Jim w(a) = 1—a ’

and

1_F

1—a

Returning to the definition of ¢(a; F'), we know that

. 1-7
leéoq”(N_l’F)zc'l{f>q*}<l_ 1—ql>'

Therefore, in the binary case, the switching point F, which is defined as the unique root to

V(N —1;F) = ﬁ, converges to the solution to the equation:

F
colr (1_1c>_uh—m
te>ad l—q qn — q

We notice that, as the number of members N — oo, the cover-II requirement for F', now

becomes F' > 0. Hence, if % < ¢, then we obtain that
~ h— [
F=ge+(1—q=t
dh — q1
Hence, by (18) we know that, as N — oo,
z°(N) _ F*(N) E, if 1 — i — cla — an) > rp(are + (1 - q) =),
= —9q ¢ an — q (A25)

N
0, else.

This proves Proposition 4.

In the continuous case, recall that the optimal risk preference a®(F') and F satisfies the

first order condition equation:
R—1—¢(a; F)
2(R—r)

a =
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As N — oo, we notice that the above equation converges to

_R-1 if - <a

) 2R—-r) c

- a* + c—F ifE>a

2(R—r)(1—a)’ c ’

In other words,
R—-1 'fF< R—-1
e o< T
2(R—r)’ c " 2R-1)
af(F) = i} — (A26)

R e s = Y
2 B T Ak

which is a continuous function that is strictly decreasing over (%c, ¢), with limits a®(c—) =
a*. From (29) we know that, as N — oo, we have
z*(N) _ F°(N)

= —>iarg;nax(—(R—r)(ae(F))2+(R—1—c)ae(F)—|—1—7'fF). (A27)

To find the maximizer for the right hand side of (A27), we first notice that

argmax (—(R—7r)(a®(F))* +(R—1—c)a(F)+1—1r;F) =0,

R-1
0<F< s ©

with maximum

_ 2 _ —1)22
—(R—r)(Q(];_lr)c) +(R—1—C)2(];_1r)6+1:—(iRi)r)+a*(R—1)C+1- (A28)

On the other hand, the range of the objective function in (A27) for F € (2(}}%__17,) ¢, c) is the
same as that of
R-1

Gla) i= ~(R=1)a® + (R~ 1= da+1-rsFla), a€ (0" g

);

where F'(a) is the inverse of a®(F') in (A26) for F' € (2(%__17,)0, c), given by
[(1+a* —2a)? — (1 +a*))(R—7)

5 (A29)

Fla)=R-1+

From
G'(a)==2R—r)[(1+2rp)a— ((L+rp)a* +ryp)], (A30)

42



we know that G'(a*) > 0. So

G((1+Tf)a*+rf), i (1+rf)a*—|—rf< R—-1 ,
14 2ry 14 2ry 2(R—r)
sup  G(a) = R_1
ae(a*,%) G(m), else.

Thus, we know that

argmax (—(R — ) (a*(F))? 4+ (R—1—c)a(F)+1— riF)

F
1+re)a* +r o (L+rp)a*+r R—1)%2% |
F(( 1—{—277 f), if G( 1—{-2?7 f)>_(4(R—>7') +a*(R—1)c+1 and
= (1+Tf)a*+rf< R—-1
1+ 2r; 2R —r)’
0, else.

(A31)

This proves Proposition 8. Finally, since a* < % and a* maximizes G(a) when ry = 0,
we know that we are in the first case of (A31) if ry > 0 is sufficiently small.
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We study crowded markets using a symmetric continuous-time model
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tious in both trading on their information and supplying liquidity to
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cause flash crashes, triggered whenever some traders liquidate large
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With a dramatic growth in the asset management industry, financial markets have be-
come platforms where the sophisticated institutional players trade intensively with each
other, while retail investors are of much less importance. Even though traders usually seek
for overlooked opportunities and try to add diversity into their portfolios, many trading
strategies often become crowded. Traders are concerned about crowded markets, because
these markets tend to be more fragile and prone to crashes.

Traders come up with investment ideas for generating alphas, evaluate transaction costs
of implementing these strategies in real markets, and try to assess, often informally, to
what extent strategies might be crowded, i.e., how many other traders might be simulta-
neously entering the same strategy space and to what extent their private signals might be
correlated. While there has been lots of academic research in finance on anomalies in asset
returns and liquidity, until recently the question about crowding has received little formal
attention. In the 2009-presidential address, Jeremy Stein emphasizes this point and notes
that “for a broad class of quantitative trading strategies, an important consideration for
each individual arbitrageur is that he cannot know in real time exactly how many others are
using the same model and taking the same position as him.” Recognizing the importance
of this issue, some firms started to provide tools for identifying and measuring crowded-
ness of trades and strategies, for example, such as the “crowding scorecard” offered by the
MSCI. In this paper, we fill the gap and study theoretically the crowded-market problem,
analyzing how thinking about crowdedness interacts with other aspects of trading, such as
private information and liquidity.

We consider a stationary continuous-time model of trading among oligopolistic traders.
Traders observe flows of private information about asset’s fundamental value and trade on
their disagreement about the precision of private information. Traders are of two types.
“Smart” traders observe private information with high precision and other traders observe
private information with low precision; yet, each trader believes that he observes private
information with high precision. All traders trade strategically. They take into account
how their trades affect prices and smooth out the execution of their bets over time. This
modelling structure is borrowed from the smooth trading model of Kyle, Obizhaeva and
Wang (2017) due to its convenience and tractability.

We model crowding by assuming that traders make informed guesses about how many of
sgorban@nes.ru. Obizhaeva: New Economic School, 100A Novaya Street, Skolkovo, Moscow, 143026,

Russia, aobizhaeva@nes.ru. Wang: Robert H. Smith School of Business, University of Maryland, College
Park, MD 20742, ywang22@rhsmith.umd.edu.
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their peers might be investing in the same trading strategies, how correlated their private
signals might be, and how many of them are smart traders. The perceived subjective
characteristics about the number of traders, the correlation among private signals, and the
number of smart traders can differ from true characteristics defining the market. Actual
characteristics are hard to observe, and trader may either underestimate or overestimate
these parameters. Our approach differs from the approach in Callahan (2004) and Stein
(2009), who propose to model crowding as the uncertainty about the number of traders,
but assume that market participants have unbiased estimates about model parameters.

Each trader trades toward a target inventory, which is proportional to the difference
between his own valuation and the average valuation of other market participants, inferred
from prices and dividends. The price-based mechanism works properly in our model, as
traders do learn from history of prices and condition their strategies on their estimates
of fundamental values. Trading strategies are not required to be “unanchored,” this is in
sharp contrast with Stein (2009). In the equilibrium, since traders optimally choose their
consumption path together with trading strategies using their subjective beliefs, strategies
depend only on traders’ subjective parameters, not the actual model parameters. Yet, the
equilibrium price also reflects the true number of traders, since it is obtained through the
actual market-clearing mechanism, which aggregates demand functions of all traders.

Can traders learn about their mistakes by observing price dynamics? For the case when
traders might mis-estimate the total number of traders, traders can learn the average of
other traders’ signals from prices, but it is impossible for them to figure out the average of
exactly how many signals get into the pricing formula. We show that under the consistency
condition that imposes a restriction on the relationship between traders’ beliefs about the
number of peers and the correlation among private signals, traders cannot learn about their
possibly wrong beliefs from observable prices and price volatility. The consistency condition
requires that traders either simultaneously underestimate or overestimate both the number
of traders and correlation among private signals, though the adjustment in correlation
estimates satisfying the consistency condition tends to be very small. The main impact
on market liquidity and trading strategies is coming from mis-estimation of the number of
traders. Thus, we view this consistency condition as a reasonable one for real-world markets.
The intuition is simple. For example, if traders simultaneously overestimate the number of
peers and correlation among private signals, i.e., they overestimate the crowdedness of the

market, then traders would expect a relatively lower volatility due to a larger number of
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peers and a relatively higher volatility due to a higher correlation among private signals.
When both effects perfectly balance each other, traders can not learn from price dynamics
about their mistakes. Similar arguments apply for the case when traders underestimate
the crowdedness.

In fact, traders can learn about their mistakes only by experimenting and deviating from
equilibrium strategies or from one-time off-equilibrium events, which may allow traders to
learn about actual slope of residual demand function. In practice, this type of experiment
can be expensive to implement. Even if traders could learn about the actual total number
of traders by obtaining some data on residual demand schedules, they still cannot know
in real time exactly how many smart traders are trading in the same direction. We study
market properties in this situation as well.

In our model, there is a temporary market depth and a permanent market depth that
depend on the execution speed and the size of executed orders, respectively. Since traders
build their calculations based on subjective market-clearing condition, the perceived market
depth may differ from actual market depth in the market. Perceived market depth differs
from actual market depth by a factor approximately equal to the ratio of the perceived
number of traders to the actual number of traders.

Fear of a crowded market may lead to illusion of liquidity. We show that when traders
overestimate how crowded the market is, they overestimate both temporary and permanent
market depth in comparison with actual market depth. However, fear of crowded markets
tends to decrease both perceived and actual market depth. Traders trade less intensively,
take smaller positions, and are less willing to supply liquidity to other traders. In contrast,
when traders underestimate how crowded the market is, they trade more aggressively, take
larger positions, and readily supply liquidity to others.

Crowded markets dominated by institutional investors are often blamed for increased
fragility and instability of financial markets, see for example Basak and Pavlova (2013).
Market crashes often occur when some market participants are liquidating substantial posi-
tions at a fast pace ( e.g., Kyle and Obizhaeva (2016)). We model one-time off-equilibrium
execution of large orders and study how the market reaction changes depending on traders’
beliefs about market crowdedness. The more traders overestimate the number of their
peers, the less they are willing to provide liquidity to others, and the more pronounced are
flash-crash patterns.

The crowded-trade hypothesis is often mentioned in discussions about some important
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finance episodes. During the market-neutral “quant meltdown” in August of 2007, some
of the most successful hedge funds suddenly experienced massive losses, even though the
overall market itself did not move much. Khandani and Lo (2010) and Pedersen (2009)
discuss a popular hypothesis that attributes this event to unprecedentedly large number
of hedge funds investing in similar quantitative strategies. The anecdotal evidence shows
that crowding in strategies may play roles during the unwinding of carry trades as well as
during the momentum crashes. Stein (2009) also illustrates the effect of crowding using
a case study about announced changes in the construction of MSCI indices in 2001-2002
that created a profit opportunity for arbitrageurs. In anticipation of trading by index
fund managers in response to changes in index weights, arbitrageurs could in theory buy
stocks whose weights were known to increase and sell stocks whose weights were known
to decrease. This strategy though did not result in predicted profits in practice, perhaps
because too many arbitrageurs rushed into this opportunity at the beginning and this led
to price overshooting followed by correction.

Our paper contributes to the existing literature on crowded markets. Stein (2009) pro-
poses a one-period model, in which some traders underreact to their private signals, and
uncertain number of arbitrageurs chase to profit on this opportunity. To keep things sim-
ple, he makes a number of simplifying assumptions by hard-wiring existence of anomalies,
restricting strategies, and considering limiting cases. Arbitrageurs do not condition their
strategies on their own estimates of fundamental values and their demand functions may
be a non-decreasing functions of asset prices. In contrast, in our model, except for overcon-
fidence, traders apply Bayes Law consistently, optimize correctly, and dynamically update
their estimates of both alphas and target inventories. Stein (2009) suggests that the effect
of crowding among arbitrageurs on market efficiency is likely to exhibit complicated pat-
terns. When there is uncertainty about the degree of crowding, in some cases prices might
be pushed further away from fundamentals.

Another related paper is Callahan (2004), who analyze the model of Kyle (1985) with
added uncertainty about the number of informed traders. Under specific assumptions
about signals of informed traders, he obtains a solution for the case when the total number
of informed traders is some unknown number less or equal to two. In contrast, we model
crowded markets in oligopolistic setting and the number of strategic informed traders can be
any number greater than two. Kondor and Zawadowski (2016) study another issue related

to crowding. They analyze how learning induced by competition affects capital allocation
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and welfare. They find that additional potential entrants do not improve efficiency of
capital allocation and decrease social welfare.

Thinking about crowded markets has recently become important in public policy discus-
sions. Regulators are increasingly concerned about whether some strategies and market
segments become crowded and whether any of them are currently at risk of unwinding.
For example, crowded trades and concentration on a small set of risk factors may create
a systemic risk for a central clearing party and financial system, when some traders are
forced to liquidate their positions, as discussed in Menkveld (2017). Our model suggests
that market turns to be more vulnerable of crashes when traders overestimate the fraction
of traders who are trading in the same direction.

It is difficult to identify and track crowded trades. A number of studies propose and test
some measures of crowdedness. Pojarliev and Levich (2011) measure the style crowdedness
in currency trades as the percentage of funds with significant positive exposure to a given
style less the percentage of funds with significant negative exposure to the same style. Polk
and Lou (2013) gauge the level of arbitrageurs crowdedness in momentum strategies from
high-frequency (daily or weekly) abnormal returns correlations among stocks in the winner
and/or loser portfolios. Sokolovski (2016) applies both measures to analyze dynamics in
returns of carry trades. Hong et al. (2013) suggest using days-to-cover metrics, defined as
the ratio of a stock’s short interest to trading volume, which is expected to be a proxy for
the cost of exiting crowded trade. Yan (2013) measures the crowdedness by combining the
short interest ratio and the exit rate of institutional investors, defined as the number of
shares liquidated; he shows that momentum losses can often be avoided by shorting only
non-crowded losers. Usually researchers find empirically that these measures provide useful
information about following up performance of strategies. Strategies may work well as long
as they are not crowded, and they tend to crash or revert when crowdedness increases.

This paper is structured as follows. Section 1 describes a continuous-time model of
crowded markets. Section 2 presents some comparative statics and studies the implications
of crowding. Section 3 examines how crowdedness may affect the magnitude of flash crashes

and implementation shortfalls. Section 4 concludes. All proofs are in the Appendix.

1. A Model of Crowded Market

We consider a dynamic model of trading among N oligopolistic traders. There is a risky

security with zero net supply, which pays out dividends at continuous rate D(t). The
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dividend D(t) is publicly observable and follows a stochastic process with mean-reverting
stochastic growth rate G*(¢). The dividend has a constant instantaneous volatility op > 0

and constant rate of mean reversion ap > 0,
(1) dD(t) := —ap D(t) dt + G*(t) dt + op dBp(t),

where G*(t) is unobservable growth rate. The growth rate G*(¢) follows an AR-1 process

with mean reversion ag > 0 and volatility og > 0,
(2) dG*(t) := —ag G*(t) dt + 0¢ dBg(t).
Each trader n observes a continuous stream of private information I,,(¢) defined by

(3) dL,(t) = 1}/? ai—g(z?ﬂ dt + p'2dZ(t) + (1 — p)2dB,(t).
Since its drift is proportional to G*(t), each increment dI,(t) in the process I,,(t) is a noisy
observation of G*(t). The denominator o 2'/2 scales G*(t) so that its conditional variance
is one. The parameter {2 measures the steady-state error variance of the trader’s estimate
of G*(t) in units of time; it is defined algebraically below (see equation (8)). The precision
parameter 7, measures the informativeness of the signal dI,(t) as a signal-to-noise ratio
describing how fast new information flows into the market. The error terms are correlated,
and Cov(dI,,dI,,) = pdt for m # n, where p < 1.

The stream of dividends contains some information about the growth rate as well. Define
dIy(t) := [ap D(t) dt + dD(t)] Jop and dBy := dBp. Then, dIy(t) can be written

(4) dly(t) = 7'3/2 Ui*é?/z dt + dBy(t), where 7p:= QUZD%,

so that public information dly(t) in the divided stream D(¢) has a form similar to the

notation for private information. The process Iy(t) is informationally equivalent to the

dividend process D(t). The quantity 7o measures the precision of the dividend process.

The Brownian motions dBy(t), dZ(t), dBy(t),. .., dBy(t) are independently distributed.
To model trading, we assume that all traders agree about the precision of the public

signal 79, but agree to disagree about the precisions of private signals 7,,. Each trader n

is certain that his own private information has high precision 7,, = 74y and N — 1 other
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traders can be of two types: Ny — 1 traders have private information with high precision
7y and the other Ny := N — N; traders have private information with low precision 7,
where 7y > 71, > 0.

Denote the fraction of other traders (except trader n himself) with high precision in the

market as

Nr—1

(5) (R A

This implies that 1 — 6 fraction of other traders’ private information has low precision.
Traders do not know each others’ type.

To model crowded markets, we make the following two assumptions that capture two
different aspects of these markets. First, traders might make incorrect estimates about the
total number of traders; we assume that all traders symmetrically think that there are N, :=
Nrs + Nys participants. Second, traders might have incorrect beliefs about correlations in
private signals (3); we assume that traders symmetrically believe that Cov(dl,, dI,,) = psdt
for m # n. Trader may also have subjective beliefs 6, about the fraction of informed
traders. We use subscripts s to denote subjective beliefs to differentiate them from the
actually correct parameters N, p, and 6. We assume that traders’ beliefs about the number
of traders and the correlation of signals are some known constants. There is no uncertainty
about the number of traders and correlation. We study how mistakes in traders’ views
about these parameters affect trading, prices, and liquidity.

We refer to the model with crowding as (Nys, Nys, ps; N1, Nu, p)-model, where Ny, Ny,
and p are objective parameters describing the environment, and N, Ny, and ps are
subjective parameters describing traders’ beliefs. We refer to the model without crowd-
ing as (Ny, Ny, p; N1, Ny, p)-model, where traders have correct beliefs about the corre-
lation in private signals of market participants and the number of traders. For any
(N1s, Nus, ps; N1, Ny, p)-model, equilibrium strategies depend only on the parameters Ny,
Nys, and ps, since traders make their decisions based only on subjective beliefs, not the
actual parameters. The equilibrium price though is a result of the correct market clearing
based on the actual total number of traders in the market N = N; + Ny. In spite of the
fact that the equilibrium strategies depend only on the parameters Ny,, Ny, and p;.

Let S, (t) denote the inventory of trader n at time ¢. Fach trader n chooses a consumption
intensity ¢, (¢t) and trading intensity z,(¢) to maximize an expected constant-absolute-

risk-aversion (CARA) utility function U(c,(s)) := —e~4(*) with risk aversion parameter
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A. Letting § > 0 denote a time preference parameter, trader n solves the maximization

problem

6 max By Ooe_ﬂ(s_t) Ulen(s dS}a
(6) {enDin(®} " {/szt (en(s))

where trader n’s inventories follow the process dS, (t) = x,(t) dt and his money holdings

M, (t) follow the stochastic process
(7) dM,(t) = (r My,(t) + S, (t) D(t) — cn(t) — P(t) z,(t)) dt.

Each trader trades “smoothly” in the sense that S,(t) is a differentiable function of time
with trading intensity x,(t) = dS,(t)/dt. Each trader explicitly takes into account how
both the level of his inventory S, (¢) and the derivative of his inventory x,(t) affect the
price of a risky asset P(t).

Each trader dynamically adjusts his estimates and their error variance. We use Ej{...}
to denote the expectation of trader n calculated with respect to his information at time
t. The superscript n indicates that the expectation is taken with respect to the beliefs of
trader n. The subscript ¢ indicates that the expectation is taken with respect to trader
n’s information set at time ¢, which consists of both private information as well as public
information extracted from the history of dividends and prices.

Let G,(t) := E}{G*(t)} denote trader n’s estimate of the growth rate. Let {2 denote
the steady state error variance of the estimate of G*(t), scaled in units of the standard
deviation of its innovation og. Stratonovich-Kalman-Bucy filtering implies that, for the
beliefs of any trader n, the total precision 7 and scaled error variance €2 are constants that

do not vary over time and given by

G*(t) — Ga(t)

(8) Q= Var { -

}:(QCYGJFT)_l,

2
s pS)Tlli/Q + (1 - QS)Ti/2>

(¢
(9) T=T10+7g+ (Ns—1) (1 —ps)(1 + (N, — 1)py)




Define signals of trader n and the average signal of other traders as

t
(10) H,(t) == / e~ =W dr (), n=0,1,...,N;,
and

N
(11) H_(t) =55 > Hu(t).

m=1

m#n

The importance of each bit of information d/,, about the growth rate decays exponentially
at a rate ag + 7, i.e., the sum of the decay rate ag of fundamentals and the speed 7 of
learning about fundamentals.

Trader n’s estimate G,(t) can be conveniently written as the weighted sum of three
sufficient statistics Ho(t), H,(t), and H_,(t), which summarize the information content of
dividends, his private information, and other traders’ private information, respectively. The
filtering formulas imply that trader n’s expected growth rate G, (t) is a linear combination

given by

Gult) == 06 O (73 Ho(t) + (1= 0,) (7> = 71%) /(1 = p,) Ha(t)

(0 — p)l” + (1 = 0)7,"
(1 - ps)(l + (Ns - 1)ps)

(12)

+ (Ho(t) + (N, — 1)H_n(t))>.

/2 on the

This equation has a simple intuition. Each trader places the same weight 7'&
dividend-information signal Hy(t), assigns a larger weight to his own signal H,(t) and a
lower weight to signals of presumably Ny — 1 other traders, aggregated in variable H_,(t).

We focus on a symmetric linear equilibrium. To reduce the number of state variables, it
is convenient to replace the three state variables Hy(t), H,(t), H_,(t) with two composite

state variables H,,(t) and H_,(t) defined using a constant @ by

(13) H,(t) := H,(t) 4+ a Ho(t), H_,(t) := H_,(t) + a Hy(t),

B (1+ (N, — 1)py)re/?
(1+ (N, — 1)8)7* + (N, — 1)(1 — 6,)7,/*

(14)

joN
|
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The trader n conjectures that the symmetric linear demand schedules for other traders m,

m=#n,m=1,..., Ny is given by

_ dS,(1)

2 = D(1) + Hyo(t) = s S(t) — vp P(t).

(15) Tm(t)

Each trader thinks that his flow-demand z,(t) = dS,(t)/dt must satisfy the following

market clearing

(16) ralt) + D (90 D)+ 11 Hnlt) = 35 Slt) =70 PH) =0,
=

which depends on his estimate N, about the number of traders in the market. Using zero
net supply restriction ZZ: 1 Sm(t) = 0, he solves this equation for P(¢) as a function of his

own trading speed z,(t) to obtain his estimate about the residual supply function,

! xn(t).

D TH 7
(17) Plza(t)) = 2 D(t) + 2 H_,(t) + —— S, () + T

TP P (Ns = 1)yp "

Then, each trader n exercises monopoly power in choosing how fast to demand liquidity
from other traders to profit from private information. He also exercises monopoly power
in choosing how fast to provide liquidity to the other Ny — 1 traders. Trader n solves for
his optimal consumption and trading strategy by plugging the price impact function (17)
into his dynamic optimization problem (6). Although strategies are defined in terms of
the average of other traders’ signals H_,(t), each trader believes that equilibrium prices
reveal the average private signal, which enables him to implement his equilibrium strategy

by conditioning his trading speed on market prices.

1.1. Prices and Consistency Condition

The equilibrium price is determined based on the actual market clearing condition which

sums up demands of the actual number of traders N in the market,

(18)

1=

N
Tm(t) =0, and > S, (t) =0.
m=1
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Using equations (15) and (17), we obtain the actual equilibrium price
(19)

N
'YH(N ‘9 ) YH Ns>937ps
Pt:—Dt—l—— N, 0, ps)H, H,,(t)
( ) ( ) VP(N 9 ) ( 4 ) O< ) NVP(NMQM/)S Z

m=1

By contrast, each trader uses in his calculations the subjective market clearing condition

by summing up demands of the perceived number of traders N,

(20) Z Tm(t) =0, and Z Spn(t) =

Each trader believes that the equilibrium price is determined by
(21)

'YD(Nsa 957 ps)
’YP(Nsa 85) ps)

N87087 S) A~ NS’QS’ S
Dty + W 05105) g oy 4 28 p:) ZH

P,(t) =
() WP(NS;QS;Ps) NS’YP(N&HS::OS m=1

The only difference between the two pricing equations (19) and (21) are indices N and Nj
over which the summation of private signals is done. In the equilibrium, all calculations are
done from the perspective of traders, so only their subjective parameters enter equilibrium
demands and prices. This is, for example, why parameters p and 6 are not in the formulas.
Among all objective parameters, only the objective number of traders N sneaks into the
pricing formula through the actual market clearing mechanism (18).

Each trader observes the market price P(t) but thinks that it is his conjectured price
P,(t). He infers the average signal of all traders in the model, and (potentially incorrectly)
interprets it as the average of Ny signals, rather than NV signals.

In continuous time, it is not difficult to estimate accurately the diffusion variance of
the process dP(t) by looking at its quadratic variation. If traders simply misinterpret
information about the averages in the price, then they would be able to learn about their
mistakes from the price dynamics. For example, if traders underestimate the total number
of participants in the market (N; < N), then traders would expect to observe a relatively
high price volatility comparing to what they see in the market, because errors in private
signals would not average out.

Since traders cannot know in real time exactly how many other traders are investing in
the same strategies, we make sure that incorrect estimates about the number of traders

cannot be easily falsified by observing the price dynamics. This requires that the quadratic
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variation of actual price dynamics dP(t) must coincide with the quadratic variation of
perceived price dynamics dPs(t). Using equations (19) and (21), we obtain the consistency
condition ensuring that the quadratic variation of p'/2dZ(t) + (1 — p)'/2L SN dB,.(t)

N m=
must coincide with the quadratic variation of pt/2dZ(t) + (1 — ps)"/ N SN dB,(1).

COROLLARY 1: Under the consistency condition

such that Var,(dP(t)) = Var,(dPs(t)), we have
(23) Cov(dI,(t),dP(t)) = Cov(dI,(t),dPs(t)).

The corollary means that, if the consistency condition (22) is satisfied, then for each trader,
the correlation coefficient between his private signal and the actual price change is consistent
with the subjective correlation between his private signal and price change. This condition
ensures that traders can not learn about their mistakes from price dynamics.

The consistency condition imposes the restriction on N, Ny, p, and p,. If Ny < N, then
the condition implies that ps < p, and vice versa. If traders underestimate the total number
of participants in the market (N; < N), they should simultaneously underestimate the cor-
relation among their private signals (ps < p) in order to bring downward the overestimated

volatility of dollar price changes due to the underestimated number of traders.
1.2. Liquidity

Equation (17) defines the subjective permanent market depth 1/\; and temporary market
depth 1/ks, as inverse slopes of residual demand functions with respect to number of shares
traded and the rate of trading,

(24) 1/ e M= D% s = (Ny = 1) .,

s
where A, is the permanent price impact coefficient and kg is the temporary price impact
coefficient according to traders’ views. Traders believe that markets are deeper when the
number of traders is higher (V, is high) and they tend to be more willing to provide liquidity
to others (7, is high).
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The subjective estimates of market liquidity may differ from the actual permanent market
depth 1/X and temporary market depth 1/k, because in reality the price is determined by
the actual market clearing condition (16), but with N, replaced by N. Using the market-
clearing condition (16) and equation (17), subjective permanent and temporary market

depth 1/\; and 1/k, are related to the actual ones as

N, —1 N, —1
25 1\ = =2 1/, 1/kg = =2 1/k.
(25) o= YA k= 1
The subjective market depth is 1]\/\[;1 times of the objective one. If traders overestimate

the number of traders in the market (Ng > N), they also overestimate both permanent
and temporary market depth. We refer to this case as “illusion of liquidity.” If traders
underestimate the number of traders, they underestimate market depth and we refer to
this case as “illusion of illiquidity.” The subjective and objective market depth differ
approximately by a factor of N;/N. For example, when traders overestimate the number
of total traders by 50 percent, the subjective market depth is larger than actual market
depth also by about 50 percent, and vice versa.

Traders do not observe actual residual demand schedules in the equilibrium. They might
be able to learn about the actual residual demand schedule’s slopes by implementing a
series of experiments and analyzing price responses to executions at some off-equilibrium
trading rates. In practice, this type of experiments however are either infeasible or very
costly to implement. Even if we assume that traders could learn about N by obtaining
some data on residual demand schedules, they still can not learn about the fraction of

informed traders 6.

1.3. Solution

The following theorem characterizes the equilibrium trading strategies and price. Traders
calculate target inventories, defined as inventory levels such that trader n does not trade
(xn(t) = 0). Traders update their targets dynamically and trade toward them smoothly,

thus optimizing the market impact of trading.

THEOREM 1: There exists a steady-state equilibrium with symmetric linear flow-strategies
and positive trading volume if and only if the siz polynomial equations (C-38)—-(C-43) have a
solution satisfying the second-order condition yvp > 0 and the stationarity condition vg > 0.

Such an equilibrium has the following properties:



14

1) There is an endogenously determined constant Cp, > 0, defined in equation (C-32),
such that trader n’s optimal flow-strateqy x,(t) is given by
dS,(t)

(26) ralt) = 2 =5 (S8~ 5.(1)).

where STI(t) is trader n’s “target inventory” defined as
(27) STIt) = O (Ha(t) = Hou(0)).

2) There is an endogenously determined constant Cg > 0, defined in equation (C-32),

such that the equilibrium price is

D(t G(t
29 piy= 20 g CU
r+ap (r+ap)(r+ ag)
where G(t) := % SV G(t) denotes the average expected growth rate.

Trader n targets a long position if his own signal f[n(t) is greater than the average signal
of other traders H _n(t) and a short position vice versa. The proportionality constant C', in
equation (27) measures the sensitivity of target inventories to the difference. The parameter
vs in equation (26) measures the speed of trading as the rate at which inventories adjust
toward their target levels. The price in equation (28) immediately reveals the average of
all signals. If C¢ were equal to one, the price in equation (28) would equal the average of
traders’ risk-neutral buy-and-hold valuations, consistent with the Gordon’s growth formula.
Aggregation of heterogeneous beliefs in a dynamic model, which we refer to as the Keynesian
beauty contest effect, makes the multiplier Cs less than one.

Obtaining an analytical solution for the equilibrium in Theorem 1 requires solving the
six polynomial equations (C-38)—(C-43). While these equations have no obvious analytical
solution, they can be solved numerically. Extensive numerical calculations lead us to con-
jecture that the existence condition for the continuous-time model is exactly the same as

the existence condition for the similar one-period model presented in Appendix A:

CONJECTURE 1: Ezistence Condition. A steady-state equilibrium with symmetric,

linear flow-strategies exists if and only if

No(1 = p)ri?
(Ny = 1)(2+ (N, = 2)p) (> = 71/%)

(29) 0, <1— <L
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Equation (29) implies that, for an equilibrium with positive trading volume to exist, the

fraction of other traders whose private information has high precision 6, cannot be too

high. The existence condition is reduced to 7']2/ 2 / Té/ >0 % if p, =0and 0, =0, as in
the setting of Kyle, Obizhaeva and Wang (2017). This condition requires Ny > 3 and T;I/ 2

to be sufficiently more than twice as large as Tj-i/ 2,

2. Properties of Crowded Markets

In this section, we study how changes in correlation of private signals and the number
of traders whose private information has high precision affect market liquidity and traders’

trading strategies.

2.1. Effects of Changes in Correlations of Private Signals

To develop intuition, we next consider the (Ny, Ny, p; Ny, Ny, p)-model with traders mak-
ing no mistakes about the level of crowdedness, but the correlation p among private in-
formation potentially may take different values. We study how changes in p affect the

market.

250

005 010 0.15 020 025 030 0.35
o

FIGURE 1. 75 AGAINST p.

Figure 1 illustrates that the speed of trade g increases with the correlation coefficient
p.! When traders observe private signals with highly correlated errors, they engage in a
rat race with each other, as in Foster and Vishwanathan (1996), and trade more aggres-
sively at a higher speed g toward their target inventory levels. Figure 2 shows that as p

In Figures 1, 2, 3, 4, and 6 parameter values are r = 0.01, A = 1, ap = 0.1, ag = 0.02, op = 0.5,
06=01,0=01, 7y =1, 7, =0.2.



16

increases, the total precision of information 7 decreases, the error variance of the growth
rate estimates increases, and the coefficient vp increases, i.e., each trader is more willing

to provide liquidity to others.?

60r 6*“
50¢ 50
40¢ 4
&30 L
20¢ 2t
10} 1t
0

0oL ‘ ‘ ‘ ‘ ‘ J S ‘ ‘ ‘ ‘ ‘ J
0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.05 0.10 0.15 0.20 0.25 0.30 0.35
p P

FIGURE 2. VALUES OF yp AND T AGAINST p.

Figure 3 shows that both permanent market depth 1/A and temporary market depth 1/x
increase, as p increases. The market becomes deeper. The perceived depth coincides with
the actual market depth, because traders do not misestimate the number of their peers in

the market.

200
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150l 000
3000/

=< 100/ x
= ~ 2000/
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O |
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FIGURE 3. VALUES OF 1/\ AND 1/k AGAINST p.

Traders believe that trading becomes more valuable and the value of trading on inno-
vations to future information (built into the constant term —ty defined in trader’s value

function (C-20)) increases in correlation p, as shown in Figure 4.

2Total precision 7 decreases with p as long as p is not very close to 1.
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FIGURE 4. VALUE OF TRADING ON INNOVATIONS TO FUTURE INFORMATION —t)y AGAINST p.

Figure 5 presents two simulated paths for target inventories (dashed lines) and actual

3 In panel (a) where correlation p is small, the market is less

inventories (solid lines).
liquid, traders adjust their inventories at a lower rate to reduce transaction costs, and
actual inventories may deviate significantly from target inventories. In panel (b) where
correlation p is larger, the market is more liquid, traders adjust their inventories at a faster

rate, and actual inventories closely track target inventories.
S7'(t) and Sp(t) S7'(t) and Sp(t)

4+ 2 4t

2,

(a) With low correlation (b) With high correlation

FIGURE 5. SIMULATED PATHS OF SI17(t) (DASHED) AND S, (¢) (SoLID).

Figure 6 shows that the coefficient Cg in the equilibrium pricing rule decreases, when

the correlation coefficient p increases. Higher correlation among private signals leads to

3The paths are generated using equations (27), (C-18), and (C-19), which describe the dynamics of
H,(t), H_,(t), and ST'(t). Numerical calculations in Figure 5 are based on the exogenous parameter
values r = 0.01, A=1, ap = 0.1, ag = 0.02, op = 0.5, 0 = 0.1, 0 = 0.1, 7y = 1, 7, = 0.2 in both (a)
and (b); p=10.051in (a); p=0.5in (b).
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FIGURE 6. C'c AGAINST p.

more pronounced price dampening effect (Cg < 1). Indeed, in the model each trader
believes that other traders make mistakes and they will revise their forecasts in the future.
Due to highly correlated signals and a lot of liquidity, traders have greater incentives to
engage in short-term speculative trading and take advantage of this predictability in short-
term trading patterns of other traders, which could be quite different from expected price
dynamics in the long run, because each trader believes that at some point in the future the

price will converge to his own estimates of fundamentals.

2.2. Effects of Changes in Crowdedness

We next study properties of the (Nys, Nys, ps; N1, Ny, p)-markets where parameters Ny,
Ny, and p describe the trading environment, and parameters Ny, Ny, ps describe traders’
subjective beliefs. Traders believe that there are Ny, and Ny, traders whose private infor-
mation has high precision (e.g., “smart traders”) and low precision, respectively, and that
the correlation among innovations in private signals is equal to ps. We study how beliefs
of traders about the crowdedness of smart traders affect the market and its properties.

We consider two cases. In both cases, we fix the trading environment N;, Ny, and
p. In the first case, we vary beliefs of traders about the number of smart traders Ny
in the same market, but fix the number of traders whose private information has low

precision Nys = Ny. In the second case, we vary Ny, but fix the total number of traders
Ny, = N;s + Nys = N4

4As we discussed, traders might implement a series of experiments and analyze price response to
executions at some off-equilibrium trading rates to estimate the total number of traders in the market V.
However, traders cannot know in real time exactly how many of these traders are smart, i.e., they don’t
know Nps.
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Since traders’ estimate of the total number of traders Ny may differ from actual parameter
N in the first case, we consider two subcases. In the base case, we change both Ny, and
ps in lockstep to satisfy the consistency condition (22) so that traders can not learn about
their mistakes by observing price dynamics. The subjective correlation is calculated as
ps = ﬁ (B2(1+ (N —1)p) —1). In another subcase, we change only Ny, but keep
ps = p fixed. These subcases allow us to disentangle the effects of changes in the perceived
correlation pg and the estimate of the number of traders Ny,. The first subcase is presented
by solid lines, and the second subcase is presented in dashed lines in Figures 8, 9, 10, 13,
14, 15 and 16 below.

Figure 7 shows how p, must change with changes in Ny, in order to satisfy the consistency
condition. When Ny, is the same as the actual number of traders Ny (N; = Ny = 30),
the subjective correlation p, converges to the actual correlation p (p = p, = 0.20). If Ny,
drops from 30 to 10, the subjective correlation ps changes only slightly from 0.20 to about
0.195. If Ny, raises from 30 to 50, the subjective correlation ps changes from 0.20 to about
0.202.5

0.202;

0.200
¢

0.198;

0.196;

FIGURE 7. ps AGAINST Nps.

It means that the consistency condition requires only small changes in subjective corre-
lations in response to large changes in subjective estimates of the number of traders. Since
it is difficult to estimate the correlation among private signals in practice, this consistency
condition is practically realistic, because potentially incorrect beliefs of traders cannot be
easily falsified by observing the price dynamics. Also, in both subcases, all variables exhibit
very similar patterns, so we do not discuss these cases separately.

SParameter values are r = 0.01, 5 =0.05, A=1, ap = 0.1, ag = 0.02, op = 0.5, o¢ = 0.1, Ny = 40,
N;=30,p=02,7g =1, 7, =0.
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Figure 8 plots the speed of trading vg against ;s for fixed number of traders with low
precision Ny = Ny (left panel)® and fixed total number of traders Ny = N (right panel).”
When traders overestimate the number of smart traders in the market, they tend to trade
less aggressively. If Ny = N is fixed in panel (b), then traders also underestimate the
number of traders with low-precision signals, which makes them to trade less aggressively
as well. If Ny, = Ny is fixed, then there are two effects. More smart traders imply that
competition among traders becomes more fierce and information decays at a faster rate
which also increases traders’ trading speed. However, more traders with high precision also
imply that adverse price impact increases, this tends to slow down traders’ trading speed.
These two opposite effects explain why ¢ may first decrease and then increase slightly when
Ny, is getting larger with fixed Ny, since first the adverse price impact effect dominates
and then the competition effect dominates. In panel (a) of Figure 8 the difference between
dashed and solid lines is hardly noticeable, this suggests that the decrease in trading speed

mainly comes from overestimating the number of smart traders, not from misestimating
the correlation.

26;
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FIGURE 8. VALUES OF g AGAINST Nys.

Figure 9 shows that what traders think about crowdedness also affects how large positions
they are willing to take. Traders target smaller positions when they overestimate the
crowdedness of the smart traders, since the profit opportunities get smaller. The effect is

In Figure 10 and in the left panel of Figures 8, 9, 13, 14, 15 and 16, parameter values are r = 0.01,
ﬁ = 0.05, A= 1, ap 20.1, ag = 0.02, op = 0.57 (Xel 20.1, NU 240, N[ = 30, P = 0.2, TH = 1, TL =0.

“In Figure 11 and in the right panel of Figures 8, 9, 13, 14, 15, and 16, parameter values are r = 0.01,
A=1,ap =01, a6=0.02,0p =05,06=01, N=N,=70, 7y =1, 7, = 0.
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slightly more pronounced when the total number of traders is fixed, because the adverse

price impact is more significant with an increased fraction of smart traders while fixing the
total number of traders in the market.
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FIGURE 9. VALUES OF E|SIT(t)| AGAINST Ni,.

Figure 10 plots permanent market depth 1/A and temporary market depth 1/x against
Nis using ps = p (dashed curve) and ps (solid curve) satisfying the consistency condition
(22). It also plots subjective estimates of market depths 1/As and 1/ks. As before, the

figure suggests that the change in market depth comes mainly from misestimation of the

number of traders, not correlation among private signals.
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FIGURE 10. VALUES OF 1/A, 1/k, 1/As, AND 1/Kks AGAINST Nj; FOR THE CASE WITH FIXED Ny .

Fear of crowding of smart traders reduces market liquidity. Indeed, when traders over-
estimate the crowdedness of smart traders (Nys > Ny), they also expect that the market

depth is somewhat low, because everybody is less willing to provide liquidity to each other.
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In reality, the actual market depth is even lower than what traders think, 1/A < 1/);
and 1/k < 1/ks. In contrast, when traders underestimate the number of smart traders
(N1s < Ny and ps < p), all types of market depth increase, because traders are more ag-
gressive in trading on private information and providing liquidity to others. The actual
market depth is even higher than the perceived one (1/\ > 1/\; and 1/k > 1/ky).

Figure 11 plots permanent market depth 1/A and temporary market depth 1/ against
Ny with fixed N. For this case, the perceived market depth is the same as the actual
market depth since traders correctly estimate the total number of market participants.
This figure shows that underestimating the number of smart traders N;, with fixed N
tends to increase market liquidity by a larger magnitude comparing to the case with fixed
Ny.
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FIGURE 11. VALUES OF 1/X, 1/k, 1/As, AND 1/Kks AGAINST Ny, FOR THE CASE WITH FIXED Ny = N.

Figure 12 presents two simulated paths for target inventories (dashed curve) and actual

8 When traders underestimate the number of smart traders—

inventories (solid curve).
and the market is more liquid—actual inventories deviate less significantly from target
inventories since traders trade at a higher rate, as in panel (a). When traders overestimate
the number of smart traders —and the market is less liquid—actual inventories deviate
more significantly from target inventories, as in panel (b).

The left panel of Figure 13 plots vp against Ny, for fixed Ny using ps = p (dashed curve)
and p; (solid curve) satisfying the consistency condition (22). The right panel of Figure 13
plots vp against Ny, for fixed N. As we can see from Figure 13, vp is lower (higher) when

8The paths are generated using equations (27), (C-18), and (C-19), which describe the dynamics of

H,(t), H_,(t), and ST(t). Numerical calculations in Figure 12 are based on the exogenous parameter
values r = 0.01, A =1, ap = 0.1, ag = 0.02, op = 0.5, og = 0.1, 7g = 1, 7, = 0, Ny = 30, Ny = 40,
ps = p=0.2 in both (a) and (b); N;s = 20 and Ny =50 in (a); Nys = 40 and Ny = 30 in (b).
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STl(t) and Sy(t)

(a) Underestimation of Nys. (b) Overestimation of Nys.

FIGURE 12. SIMULATED PATHS OF S17(¢) (DASHED) AND S, (t) (SoLID).

traders overestimate (underestimate) the number of traders whose private information has
low precision.
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FIGURE 13. VALUES OF vp AGAINST Nps.

Figure 14 illustrates changes in the total precision 7. A higher p tends to decrease the
total precision. Overestimating the number of traders tends to increase total precision, as
illustrated by the dashed curve in Figure 14. The net effect of overestimating the number of
traders and correlation increases the total precision (as shown by the solid curve in Figure
14) and decreases the error variance of the estimate of the growth rate. This makes trading
due to agreeing to disagreement less valuable, as shown in Figure 15, the value of trading

on innovations to future information (—1y) decreases.

Figure 16 presents how Cg changes with Ny, with fixed Ny and fixed N. Figure 16
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FIGURE 15. VALUES OF —1)y AGAINST Nps.

illustrates that C'¢ is higher when traders overestimate the number of smart traders. Over-
estimating the number of smart traders results in less pronounced price dampening (a larger
Cg), as traders are less willing to engage in short-term speculation due to greater adverse
price impacts.

To summarize, when traders overestimate the crowdedness of the smart traders, they tend
to have smaller target inventories, trade less aggressively toward target levels, trade less
on short-run opportunities, expect less liquidity, and believe that trading is less valuable.
When traders underestimate how many other smart traders who are trading in the same
direction as them, they tend to have larger target inventories, adjust actual inventories
faster toward target levels, trade more on short-run profit opportunities, expect higher

liquidity, and are more willing to provide liquidity to others.
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FIGURE 16. VALUES OF Cg AGAINST Nyg.

3. Crowding and Fire Sales

It is believed that crowding may make markets more fragile. As we discussed in the
previous section, when traders underestimate the crowdedness of smart traders, they tend
to take larger positions, trade more on short-run profit opportunities, and are more willing
to provide liquidity to others. When traders are concerned that they might have underes-
timated the crowdedness of the traders who are trading in the same direction. They would
liquidate some of their inventories and market becomes less liquid at the same time. This
tends to make market more fragile.

Our model allows us to study what would happen in the crowded market if some traders
suddenly have to liquidate large positions in a “fire sale” mode. For example, this analysis
will help us examine theoretically how the market is expected to respond to events similar
to quant meltdown in August 2007. We show that these unexpected off-equilibrium fire
sales would create flash crashes. When traders are concerned about the crowding in their
trading strategies, they trade less aggressively toward their targets and provide less liquidity
to others. We show that this makes flash crashes more substantial.

We present a numerical example of how the market would respond to an off-equilibrium
fire sale of a trader. For simplicity, suppose at time 0, a trader observes a private signal
H,,(0) and holds some positive inventory, which is consistent with his target inventory. We
also assume that he thinks signals of other traders are at their long-term mean H_,(0) = 0
and dividends D(0) = 0 (with H(0) = 0). It follows that his inventory at time 0 is

(30) S, (0) = ST1(0) = OL(Nis, ps) Hn(0) > 0.
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We explicitly state the argument (Ny, ps) on which the coefficient C', depends to emphasize
that this coefficient—as well as some other coefficients—depends on subjective beliefs of a
trader about the number of traders and correlations ps of signals. From equations (17) and
(24), we get

Vs(Nis, ps)
oy PO = Wy 0 2 0
A trader is not able to learn from the price about mistakes. Equations (19) and (21)
therefore imply that the perceived average of private signals must coincide with the actual
average.? This is a starting consistent-with-equilibrium point of our example.

Next, assume that at time ¢ = 0T, all traders receive new private information, so that
trader n’s signal H,,(0) and other traders’ signal H_,(0%) suddenly drop to zero, reducing
his target inventory from S77(0) to SI1(0%) = 0. Since H,(07) = H_,(0%) = 0, the new
equilibrium price is E{[P(t)] = 0. Suppose also that a trader has to trade toward his target

inventory at a fire-sale speed %g, which is much faster than the equilibrium rate ~g,

(32) Za(t) =75 (Sn'(t) — Sa(t))

at each point ¢ > 0. Since J5 > g, the trader moves to his target inventory SI”(¢) more
aggressively. This captures the idea of a sudden rushed sale in the market.

After date t = 0, off-equilibrium inventory S, (¢) is expected to evolve according to

(33) S () = e st (5n<o> + / to &5 A O (Ho(u) — Hon(u)) du).

A rushed sale leads to execution at a heavy discount. Trader n can calculate the impulse-

response functions of how market prices Eg[P(t)] are expected to change in response to his

sales, described by E{[S, ()],

(34) Eg[Su(t)] =™ 8,(0),

9For the case with fixed number of “noise traders” Ny, traders’ estimate about the total number
of traders is Ng while the actual number of traders is N. The actual average of all private signals is
1/N (H,(0)+ (N —1)H_,,(0)), whereas the trader believes that the perceived average of all private signals
is equal to 1/Ng H,,(0), since there are N, traders and signals of other traders are zero. Matching these
two averages, we get the average of other traders’ signals H —n(0) such that a trader does not learn from
the price about his misestimation of the total number of traders in the market. For the case with fixed IV,

traders correctly estimate the total number of traders, then fvf,n(O) =H_,.
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Figure 17 shows expected paths of future prices based on equation (35) for the case
without crowding (N;s = Ny) and with crowding (Nys > Ny). Figure 18 shows paths
of trader n’ s future inventories based on equation (34) for the case without crowding
(N7s = Np) and with crowding (N7; > Nj).!1° There are two cases in each figure. The
first baseline case is shown by the solid red lines: If trader n liquidates his inventory at an
equilibrium rate (§s = 7s), then the price immediately drops to the equilibrium level of

zero, but the trader continues to trade out of his inventories smoothly over time.

S[P(t)1/P(0) S[P(t))/P(0)
— —
Ys=7s Ys=7s
0.02_..-- 804" 0.06 0.0% 0.02 ’___0104 """" 0-06 0.0t8
-1 n// -1 .«.f"/‘
ot , -2 I,,"
' Vs> Vs I"
-3 -3 I," Ys>s
_4f _a¥
(a) No Crowding (N;s = Nyp) (b) With Crowding (Nys > Ny)

FIGURE 17. THE DYNAMICS OF EXPECTED PRICES WITH AND WITHOUT CROWDING.

The other case show what happens when trader n liquidates his position at an off-
equilibrium fire-sale rate, which is five times faster than normal rate (55 = 5 vg). In
panel (a) of Figure 17, black dashed line corresponds to price dynamics for the case with
no crowding (N; = Np,), and blue dashed line in panel (b) of Figure 17 corresponds to
price dynamics for the case when traders are concerned about crowding (N; < Nps).

In panel (a) of Figure 18, black dashed line corresponds to inventory dynamics for the case
with no crowding (N; = Ny,), and blue dashed line in panel (b) corresponds to inventory
dynamics for the case when traders are concerned about crowding (N; < Niy).

In both cases with and without crowding, price paths exhibit distinct V-shaped patterns,
i.e., after a sharp initial drop the price changes its direction and converges to the new equi-
librium level. As explained in Kyle, Obizhaeva and Wang (2017), faster-than-equilibrium
trading generates “flash crashes” by increasing temporary price impact.

0Parameter values are » = 0.01, A =1, ap = 0.1, ag = 0.02, op = 0.5, 0o¢ = 0.1, N = N, = 70,
N; =30, N;g =40, p=0.2, 7y = 1, 7, = 0, and D(0") = 0, Hyo(0") = 0. The endogenous parameter
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FIGURE 18. THE DYNAMICS OF EXPECTED INVENTORIES WITH AND WITHOUT CROWDING.

When traders are concerned about crowding in their trading strategies, traders are more
cautious and slower in trading on their information and providing liquidity to others, there-
fore flash crashes may be more likely to occur and their price patterns may be more pro-
nounced, as indeed confirmed by more significant price changes in panel (b) of Figure 17
when Ny, > Nj.

When traders overestimate the number of smart traders in the market, both temporary
and permanent market depth are smaller, and thus transaction costs are larger. We next
present two simple examples to illustrate how overestimating the fraction of smart traders
affects execution costs.

Suppose a “new” trader n = N + 1 silently enters the market and liquidates inventories
Sn11(t) at arate Ty1(t), unbeknownst to the other N traders. We can explicitly calculate
the effect on prices if a trader deviates from his optimal inventory policy S’ () and instead
holds inventories denoted S,,(t). As a result of the deviation, the old equilibrium price path

P*(t) will be changed to a different price path, denoted P(t), given by
(36) P(t) =P (t)+ X (Su(t) = Si(t) + & (xn(t) — x5 (2)) .

Since the new trader does not trade in actual equilibrium, we assume Sy, (t) = 23,,(t) =0
We measure his execution costs C' using the concept of implementation shortfall, as

described by Perold (1988). The expected price impact costs are given by

(37) E{C}=E { / T (P) = P*(u)) 2(u) du} |

=t

values are vg(Ny) = 15.635, for Ny = 30 and vs(Nys) = 11.6015 for N;s = 40, 55 = 5 vs(Nys) = 58.
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The expected implementation shortfall depends on how the new trader trades. Here are

two simple examples.

FExample 1: Suppose the new trader N + 1 enters the market at date ¢ = 0 and liquidates
a random block of shares B, uncorrelated with signals H,(t), n = 1,..., N, by trading at
the constant rate z(t) = B/T over some interval [0, 7]. Then his expected implementation

shortfall is given by

(38) B{Ci} = (A + Ti/Q) B;.

Example 2: Suppose instead that the new trader enters the market at date ¢ = 0 and
liquidates the random inventory B by trading at rate 2 1(t) = 75 (B — Sy41(t)). Then his
inventory evolves as S(t) = B(1—e™ "), with S(t) — B ast — oo, and the implementation
shortfall is given by

2

(39) (0o} = (At 7s) %.

When traders are concerned about crowdedness of their trading strategies, market be-
comes less liquid and the implementation shortfall increases for a trader who enters the
market and acquires certain shares of the stock. Since faster execution leads to larger
temporary price impact, overestimating the fraction of smart traders tends to have bigger
impact on the implementation shortfall when a trader needs to acquire or liquidate certain

inventory level faster.

4. Conclusion

After the Quant Meltdown of August 2007, institutional traders are increasingly con-
cerned about crowded markets, because this factor may impede their efforts to deliver
good performance and make them vulnerable to externalities imposed by other market
participants.

In this paper, we develop a continuous-time model with strategic informed traders to
study the phenomenon of crowded markets. Traders may have incorrect views about the
correlation among traders’ private signals and the number of traders chasing similar invest-

ment strategies.
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Even though equilibrium trading strategies depend only on traders’ subjective beliefs, the
equilibrium prices are determined by the actual market clearing condition, and thus the
perceived market depth may differ from the actual market depth available in the market.

Underestimation of the crowdedness of smart traders in the market increases both the
perceived and actual market depth. Traders trade more intensively, take larger positions,
and are more willing to supply liquidity to other traders. Overestimation of the crowdedness
of the market tends to increase both temporary and permanent price impact and thus
increase traders’ implementation shortfall. Traders trade less aggressively, take smaller
positions, and are less willing to supply liquidity to others.

When some traders are forced to liquidate large positions at a suboptimal fire-sale pace,
then flash crashes happen. Our paper suggests that flash-crash price patterns may be more
pronounced when traders become more concerned about the crowdedness of the market.
To reduce the risks, it is important to understand the mechanisms that drive these patterns
in crowded markets. Our analysis also implies that it is important that regulators carefully

monitor the crowding risk of many investment strategies.
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A. One-period Model

There are two assets. A risk free asset and a risky asset that has random liquidation
value v ~ N(0,1/7,). Both assets are in zero net supply. Trader n is endowed with
inventory 5, with ij:l S, = 0. Traders observe signals about the normalized liquidation
value 7,/%v ~ N(0,1). All traders observe a public signal iy = 7'01/2 (7'7,1/21)) + ep with
eo ~ N(0,1). Each trader n observes a private signal i, 1= 72/ * (1o’ 20) + p/22 + (1 — p)/2e,,
with e, ~ N(0,1), where v, z, e, €1,..., ey are independently distributed.

Traders agree about the precision of the public signal 7y and agree to disagree about the
precisions of private signals 7,,. Each trader is certain that his own private information has
a high precision 7, = 7y and N — 1 other traders can be of two types: N; — 1 traders’
private information has high precision 74 and the other Ny := N — N; traders’ private
information has low precision 7, with 7 > 7, > 0.

Denote the fraction of other traders (except trader n himself) with high precision in the
market as
Nr—1

A-1 A B
(A-1) R R

Each trader submits a demand schedule X,,(p) := X,, (4o, in, Sn,p) to a single-price auc-

tion. An auctioneer clears the market at price p := p[Xy,..., Xy|. Trader n’s terminal
wealth is
(A-2) W, i=v (Sp + Xu(p)) —p Xu(p).
Each trader n maximizes the same expected exponential utility function of wealth E"[— =4 "»]
using his own beliefs to calculate the expectation.

An equilibrium is a set of trading strategies X1, ..., Xy such that each trader’s strategy

maximizes his expected utility, taking as given the trading strategies of other traders. Let
Iy 1= ﬁ Zizlm 4n tm denote the average of other traders’ signals. When trader n

conjectures that other traders submit symmetric linear demand schedules

(A-3) X (10, %y Sy D) = @lg+ By — YD — 0 Sy m=1,....,N, m#n,
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he infers from the market-clearing condition
N

(A-4) xn—i-Z(ozio—l—Bim—vp—(SSm):O
m=1
m#n

that his residual supply schedule P(z,) is a function of his quantity x,, given by

Q@ 15} 0 1
(A-5) Pzy) = —ig+ —ip+ o S+ 75— T
Yo (N = 1)y (N —=1)y
Let E"[...] and Var"[...] denote trader n’s expectation and variance operators conditional
on all signals i, 71,...,iy. Define “total precision” 7 by

(0 p)rif* + (L= 0)r2)

(A6) 7= (Var'le) ™ = m | Lm0 o (N = ) gy

The projection theorem for jointly normally distributed random variables implies
(A-7)
1/2

w10 s am\ . O—prPr—or ,
E"[v] = (To/ ZO+—p<TH/ —TL/>Zn+ A=)+ (N=1)p) (in + (N = 1)i_,) | .

Conditional on all information, trader n’s terminal wealth W), is a normally distributed

random variable with mean and variance given by
(A-8) E"W,] = E"[v] (S, + x,) — P(x,) o, Var"[W,,] = (S, + ,)* Var"[v].

Maximizing this function is equivalent to maximizing E"[W,,] — 3 A Var"[WW,,]. Oligopolistic
trader n exercises market power by taking into account how his quantity x, affects the
price P(z,) on his residual supply schedule (A-5). The following Theorem characterizes
the equilibrium in this one-period model.

THEOREM 2:  There ezists a unique symmetric equilibrium with linear trading strategies
and nonzero trade if and only if the second-order condition

N(1 = p)r?

o T e v a0 )

holds. The equilibrium satisfies the following:
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1. Trader n trades the quantity x; given by

1—-106
(A-10) T, =0 (% =, (1 - %) 2 (rf® =) (in — i) — Sn) :

where the inventory adjustment factor § is

24 (N-2)p N p)ry”
A S N e T (VD=0 (V- D =)

2. The price p* is the average of traders’ valuations:

(A-12)
N 2 2 1/2 N
| 2 e (N DO+ (N = 1)1 — )
— — Nyl = e
N ; U= (TO o N+ (N 1)p ZZ

3. The parameters o > 0, f > 0, and v > 0, defining the linear trading strategies in
equation (A-3), have unique closed-form solutions defined in (C-2).

For an equilibrium with positive trading volume to exist, the fraction of traders whose
private information has high precision must satisfy condition (A-9). Each trader trades in
the direction of his private signal i,, trades against the average of other traders’ signals
i_pn, and hedges a fraction 0 of his initial inventory. Equation (A-12) implies that the
equilibrium price is a weighted average of traders’ valuations with weights summing to one.

Define a trader’s “target inventory” SI7 as the inventory such that he would not want

to trade (2} = 0). From equation (A-10), it is equal to

(A-13 S =1 1T () R e i i),
Then trader n’s optimal quantity traded can be written

(A-14) rh =6 (S —-8,).

The parameter §, defined in equation (A-11), is the fraction by which traders adjust posi-
tions toward target levels. It can be proved analytically that ¢ increases in correlation p
and decreases in 6 while fixing everything else.

From the perspective of trader n, equation (A-5) implies that price impact can be written

as a function of both z,, and S,,,

(A-15) P(xy,S5,) = pon + ASp + K Ty,
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where py,, is a linear combination of random variables 7o and i_,, and constants A and «

are given by

s Al=p) A+ =D+ (V=) - o))
(A—16) A= — |
(N —1)y T(N =1)(1+ (N —=1)p)(1 — 9)(7;1/2 — Ti/2)
A 1
e TS TN -y

It can be proved analytically that both A and x both decrease in correlation p and
increase in the fraction of traders whose private information has high precision while fixing
everything the same. Market becomes more liquid if traders’ private information are highly
correlated and less liquid if the fraction of traders whose private information has high

precision increases.

B. Effects of Changes in Crowding of the Total
Market

In this section we focus on the case when traders might misestimate the total number of
traders while correctly estimate the fraction of smart traders in the market. We consider
two situations: (1) the base case when both N, and ps are changing in lockstep satisfying
the consistency condition so that traders can not learn about their mistakes by observing
price dynamics, and (2) another case when only NN is changing, but ps remains fixed. The
first case is presented by solid lines and the second case is presented in dashes lines below.

Figure B.1 shows that how ps changes with changes in N; in order to satisfy the consis-
tency condition. When Ny is the same as the actual number of traders N (N = Ny = 80),
the subjective correlation ps converges to the actual correlation p (p = ps = 0.20). If N;
drops by a half to 40, the subjective correlation p, changes only slightly to about 0.19.1!

Figure B.1 shows that satisfying the consistency condition only requires small changes in
subjective correlations in response to large changes in subjective estimates of the number
of traders. Since it is difficult to estimate the correlation among private signals in actual
financial markets, this consistency condition is a very reasonable one to ensure that traders’
potentially incorrect beliefs cannot be easily falsified by observing the price dynamics.

"Tn Figures B.1, B.2, B.3 and B.7, parameter values are r = 0.01, 3 = 0.01, A= 1, ap = 0.1, ag = 0.02,
op=0506=01,0=01, N=80,p=0.2,7g =1, 7, =0.1.
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We now study how crowding affects market liquidity and traders’ trading strategies.
Figure B.2 plots the speed of trading v against traders’ subjective belief about the number
of total market participants N,. To separate the impact of the number of traders from the
impact of correlation among private signals on the trading speed, we first plot v¢ against
changing N, while keeping ps; = p fixed. The dashed curve illustrates that traders trade
less aggressively toward target inventory when there are fewer traders in the market (fixing
p); if traders believe that there are fewer of them in the market and the competition is less
intensive, then traders trade less aggressively.

When correlation p; is adjusted to satisfy the consistency condition, traders trade toward
target inventories even slower, as depicted by the solid line in Figure B.2. The subjective
correlation is calculated as p; = ﬁ (B:(1+ (N —1)p) — 1) to satisfy the consistency
condition (22), it decreases with lower Ny, and a lower subjective correlation among private
signals leads to a slower trading rate vg, as shown previously in Figure 1. Figure B.2 also
suggests that the decrease in trading speed comes mainly from underestimating the number
of traders, not from underestimating of the correlation among private signals. Indeed, the
difference between dashed line and solid lines are hardly noticeable. This difference is small
for most of other variables, so we will next discuss only our base case when both N, and
ps are changing to satisfy the consistency condition.

The left panel of Figure B.3 plots vp against N, using ps = p (dashed curve) and p;
(solid curve) satisfying the consistency condition (22). 7p is lower (higher) when traders
underestimate (overestimate) the number of market participants. The right panel of figure
B.3 illustrates changes in the total precision 7. A lower p tends to increase the total

precision. Underestimating the number of traders tends to decrease total precision, as
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FIGURE B.2. VALUES OF 75 AGAINST [Nj.

illustrated by the dashed curve in Figure B.3. The net effect of underestimating the number
of traders and correlation tends to increase the total precision (as shown by the solid curve
in Figure B.3) and decrease the error variance of the estimate of the growth rate. This
makes trading due to agreeing to disagreement less valuable, as shown in figure B.4, the

value of trading on innovations to future information (—1y) decreases.
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FIGURE B.3. VALUES OF yp AND 7 AGAINST Nj.

Figure B.5 presents how C}, changes with Ny using ps = p (dashed curve) and p; (solid
curve) satisfying the consistency condition (22). It shows that Cp, is lower when traders
underestimate the total number of participants and correlation among private signals since
traders trade less aggressively with fewer number of traders. This implies traders tend to
hold smaller positions when they underestimate the number of traders.

Figure B.6 presents how C¢ changes with Ny using ps = p (dashed curve) and ps (solid
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curve) satisfying the consistency condition (22). Figure B.6 illustrates that Cg is higher
when traders underestimate the total number of participants and correlation among private
signals. A lower p leads to a higher C¢ since traders trade less aggressively while fewer
number of traders also result in a higher Cg due to less intensive competition. Therefore,
underestimating the number of traders and correlation results in less pronounced price
dampening (a larger C) and traders are less willing to engage in short-term speculation.

Figure B.7 plots permanent market depth 1/\ and temporary market depth 1/ against
N using ps = p (dashed curve) and ps (solid curve) satisfying the consistency condition
(22). It also plots subjective estimates of market depths 1/As and 1/ks. As before, the
figure suggests that the change in market depth comes mainly from misestimation of the

number of traders, not correlation among private signals.
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When traders overestimate the crowdedness (Ny; > N and ps > p), traders trade more
intensively. Fear of crowding leads to illusion of liquidity in the market, and indeed market
depth increases. However, the actual market depth is much lower than the perceived one
(1/A < 1/As and 1/k < 1/ks). The actual permanent market depth 1/\ does not change
much comparing to the case without crowing. When traders underestimate the crowdedness
(Ng < N and ps < p), all types of market depth decrease, because traders trade less
aggressively on their signals and are less willing to provide liquidity. Underestimating the
crowdedness tends to reduce market liquidity, but the actual market depth is higher than
the perceived one (1/A > 1/\; and 1/k > 1/kg). In this example, the drop in the actual
permanent market depth is not as substantial as the drop in the actual temporary market
depth. When traders underestimate the crowdedness of the market by a half (e.g., Ny = 40
and N = 80), then 1/X changes only slightly from about 150 to 140, whereas 1/ drops by
about a half from approximately 3000 to 1500.
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FIGURE B.7. VALUES OF 1/X, 1/k, 1/As, AND 1/Kk, AGAINST Nj.
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Figure B.8 presents two simulated paths for target inventories (dashed curve) and actual

12 When traders underestimate the number of traders and the

inventories (solid curve).
correlation among private signals—and the market is less liquid—actual inventories deviate
more significantly from target inventories since traders trade at a lower rate, as in panel (a).
When traders correctly estimate the number of traders and correlation among private
signals—and the market is more liquid—actual inventories deviate less significantly from

target inventories, as in panel (b).

ST(t) and S,(t)

(a) Underestimate N and p (b) Correctly estimate N and p

FIGURE B.8. SIMULATED PATHS OF S17(t) (DASHED) AND S, (t) (SOLID).

To summarize, when traders overestimate crowding in the market, they tend to have
larger target inventories, trade more aggressively toward target levels, trade more on short-
run opportunities, expect more liquidity, and believe that trading is more valuable. When
traders underestimate how crowded strategies are, they tend to have smaller target inven-
tories, adjust actual inventories more slowly toward target levels, trade less on short-run
profit opportunities, expect less liquidity, and are less willing to provide liquidity to others.

Figure B.9'3 suggests that, in crowded markets, flash crashes may be more likely to occur
and their price patterns may be more pronounced, as indeed confirmed by more significant
price changes in Figure B.9 when Ny, < N.

12The paths are generated using equations (27), (C-18), and (C-19), which describe the dynamics of

H,(t), H_,(t), and STT(t). Numerical calculations in Figure B.8 are based on the exogenous parameter
values r = 0.01, A=1, ap = 0.1, ag = 0.02, op = 0.5, o = 0.1, 0 = 0.1, 7y = 1, 7, = 0.2 in both (a)
and (b); Ny =40 < N =80 and p; =0.19 < p=0.21in (a); Ny = N =80 and p; = p=0.2 in (b).

BParameter values are r = 0.01, A=1, ap =0.1, ag =0.02, op = 0.5, 06 =0.1,0 =0, =0, 7y = 1,
7, = 0.1, and D(0") = 0, Hp(0") = 0. The endogenous parameter values are vs(N, p) = 24.04, for N = 80
and p = 0.2; and vg(Ns, ps) = 11.23 for Ny = 40 and p, = 0.19, 35 = 5 y5(Ng, ps) = 56.14.
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FIGURE B.9. UNDERESTIMATING THE CROWDEDNESS OF THE TOTAL MARKET LEADS TO MORE PRO-
NOUNCED FLASH-CRASH PRICE PATTERNS.

C. Proofs
C.1. Proof of Theorem 2

The first-order condition yields the optimal demand:

B[] = (20 +2i0) = (i +2) S

(C-l) Ty = 2 A
(N—1)y + 7

Solving for i_,, instead of p in the market-clearing condition (A-4), substituting this solution
into equation (C-1) above, and then solving for x,,, yields a demand schedule X, (ig, iy, Sp, D)
for trader n as a function of price p. In a symmetric linear equilibrium, the strategy chosen
by trader n must be the same as the linear strategy (A-3) conjectured for the other traders.
Equating the corresponding coefficients of the variables ig, 7,, p, and S,, yields a system of

four equations in terms of the four unknowns «, 3, v, and 0. The unique solution is

71/2%1/2 — 71/2 — 7'1/2 1/2
(C-2) =" v 8=C aﬁimL)%/&
B 7(1+ (N —1)p) B
(C3) A 0o (VD0 A
2+ (N-2)p N(L= p)ry”
SV TN e T D00 (V- DA
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Substituting (C-2) into (C-1) yields trader n’s optimal demand (A-10). Substituting
(A-10) into (A-5) yields the equilibrium price (A-12).
The second-order condition has the correct sign if and only if ﬁ + é > (. This is

equivalent to

N(L—p)7?
(N =12+ (N =2)p)(rf* =%

(C-5) 0<1-—

C.2. Proof of Theorem 1

We assume that all traders believe that there are N, traders in the market, and that their
private signals are pairwise positively correlated with correlation coefficient of p;.

Apply the Stratonovich-Kalman—Bucy filter to the filtering problem. This yields trader
n’s filtering estimate of the growth rate G, (t) defined by the It6 differential equation

(C-6)
1/2 1/2 T(Jl/zdt
dG(t) = — ag Ga(t) dt + 7%06 Q) (d[o(t) - Wen(t))
+<“*“N?‘”%”#2—UW‘1mﬂyﬁOCQUQ@f@)—7#%ta<w>
(1= ps)(1+ (Ns = 1)ps) ! og /2"
1/2 1/2 1/2 N, B 1/2
L T = ey )06 §) (Z ar, (1) — 1)1TL2 at n(t)>.
(1= ps)(1+ (Ns — 1)ps) 1 o QU

m#n

Rearranging terms yields

(C-7)
(2 = pryfBoc Q12 &
(1= ps)(1+ (N - 1)ps) ; dIn(t)

m#£n

dG,(t) = — (ag + 7) Gu(t) dt + 70206 QY2dIo (1) +

((1+ (N, = 2)p)mf* = (N, = Dpury*) o6 Q12
(1= ps)(L+ (Ns = 1)ps)

The mean-square filtering error of the estimate G(t), denoted o2 Q(t), is defined by the

+ dI,(t).
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Riccati differential equation

(C-8)
(0, = p)rif? + (1 =07
agd%“ = —2ag0gQt)+oa—0eQt) | 0+ 75 + (N; — 1) ( (AR APN )

Let €2 denote the steady state of the function of time Q(¢). Using the steady-state assump-
tion d2(t)/dt = 0, solve the second equation for the steady state value 2 = () to obtain
equation (8). The error variance 2 corresponds to a steady state that balances an increase
in error variance due to innovations dBg(t) in the true growth rate with a reduction in
error variance due to (1) mean reversion of the true growth rate at rate o and (2) arrival
of new information with total precision 7.

Note that € is not a free parameter but is instead determined as an endogenous function
of the other parameters. Equation (8) implies that € turns out to be the solution to
the quadratic equation Q™! = 2 ag + 7. In equations (3) and (4), we scaled the units
with which precision is measured by the endogenous parameter 2. This leads to simpler
filtering expressions. The estimate G,,(t) can be conveniently written as the weighted sum
of N + 1 sufficient statistics H,(t) corresponding to Ny + 1 information flows dI,,. The
sufficient statistics H,(t) is defined by equation (10). G, (t) becomes a linear combination
of sufficient statistics H,(t) as given by equation (12). Using the two composite signals,
H,(t) and H_,(t), defined in equation (13), trader n’s estimate of the dividend growth rate

can be expressed as a function of the two composite signals H,(t) and H_,(t) as

o (=0 =) (0= p)rt (-0
Gult) = 0 9 (=12 (e e G
(0 — po)7i " + (1= 0)7,"
(1 - ps)(l + (Ns - 1)ps)

Define the processes dBj, dB}!, and dB)}, m = 1,..., N5, m # n, by

, G*(t) = Galt
(C-10) dBj(t) = m* —(Ul 012 -

(C-9)

+ (N, = DI (1)),

dt + dBy(t),

/2 G*(t) — Gu(?)

(C-11) dB(t) = 74 oo Q2 dt + p2dZ(t) + (1 — ps)?dB,(t),



45
and

G*(t) — G (t)

(C-12) dBj(1) = (Borif* + (1= 0.)m/") = o

dt ++pL2dZ (1) + (1 — ps)/2d B, (1).

The superscript n indicates conditioning on beliefs of trader n. These Ny 4 1 processes
are correlated distributed Brownian motions from the perspective of trader n. Trader n

believes that signals change as follows:

(C-13) dHy(t) = —(ag + 7) Ho(t) dt + 7, Gult) gy dB (1),
oG 0O1/2

(C-14) dH,(t) = —(ag +7) Hy(t) dt + 7}/ Gull) oy 4 dB™(¢),
oc Q12 n

(C-15)

Ga(t) 1 &
)z _ H_ 1/2 1 1/2 n Bn )
dH_,(t) = —(ag +7) H_(t) dt + (071> + (1 = 0,)7,%) prOTVE dt+ 7 > dBy(t)

Note that each signal drifts toward zero at rate ag + 7 and drifts toward the optimal

forecast G,,(t) at a rate proportional to the square root of the signal’s precision 7'01 / 2, 7']1{/ 2,

or 957';1/ ‘r(1- 95)7';/ ? | respectively.
In terms of the composite variables H, and H_,, we conjecture (and verify below) a
steady-state value function of the form V (M, S,, D, H,, H_,,). Letting (¢, (t), z,(t)) denote

consumption and investment choices, write
(C-16) 1% (Mn,sn,p,ﬁn,ﬁ,n> = max EP [ / — e Al=ti=Aen(s) ggl
t s=t

[en (t),2n

where P(x,(t)) is given by equation (17), dividends follow equation (1), inventories follow
dS,(t) = z,(t) dt, the change in cash holdings dM,(t) follows

(C-17) AM,, (1) = (r My (t) + Su(t) D(t) — cn(t) — Pln(t)) 2a(t)) dt,

and signals H, and H_,, are given by

1/2 |~ 1/2

(C-18)  dH, () = —(ag +7) Ha(t) di + L1070

e Galt) dt + @ dBY (1) + dB; (1),
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(C-19)
957'11{/2 +(1- 05)7%/2 + arl/? 1 s

A~ A~ 0 A~ n
dH_,(t) = —(ag+7)H_,(t)dt+ P OTVE G (t)dt+adB( (t)+

Ny —1

The dynamics of H,, and H_, in equations (C-18) and (C-19) can be derived from equa-
tions (C-13), (C-14), and (C-15).

Note that the coefficient 7',1{/ >4 dTg /2 in the second line of equation (C-18) is different

from the coefficient 957']1{/ +(1- 6’8)7',1/ 4 &7'&/ ? in the second line of equation (C-19). This
difference captures the fact that—in addition to disagreeing about the value of the asset in
the present—traders also disagree about the dynamics of their future valuations.

We conjecture and verify that the value function V (M, S, D, ]:In, H _n) has the specific

quadratic exponential form

(C-20)
V (M, S, D, Hoy Ho ) = = exp (o + s My + $05sS2 + vispSu D
The nine constants v, ¥ar, ¥ss, Ysp, Ysn, Vses Unny, Vue, and 1, have values consistent

with a steady-state equilibrium. The Hamilton-Jacobi-Bellman (HJB) equation corre-

sponding to the conjectured value function V (M, S,, D, H,, ﬁ_n) in equation (C-16) is

(C-21)
0 = max {U(cn) =BVt i Mt SuD = e = Plaw) ) + 8—871%}

oV oV . i +ar” PV,
+ 8—D(—CIDD+Gn(t)) + 8]:] <_(Q/G+T)Hn(t)+WGn(t) +§WUD

n

(1+a%

oV - O + (1 — 077 + ary” PV
+ 8fl_n (_(aG + T)H—n(t> + o 01/2 Gn(t> 56]:17%

+182V( +1_ps+&2)+( oV + oV )&0 +82—V( +a”)
2om2, \"* TN, — 1 opof,  opon_. )" T emoen. . T

For the specific quadratic specification of the value function in equation (C-20), the HIB
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equation becomes

(C-22)
e—Acn
0 = min [— v B+ y(rM, + S, D —c, — P(x,) x,)
+ (V5550 + 5D + YsnHy + hse H )20 | + spSn(—apD + Gp(t))
1/2 |, ~ 1/2

A + a7y

o+ (VsuSu + Y + e ) (= (0 + 1) Ha (1) + THO_GWG”@))

~ N . 98 1/2 1_95 1/2+A 1/2

+ (’wsxsn + @Z)M;H_n + @anHn) (—(Oz(; + T)H_n<t) + Ty + ( - Ql)/ZL arg Gn<t)
G

+ 3025520% + 1 (WsnSy + Yun By + Vol 0)* + ) (1+32)

2 2 I—ps .
1 2 s 2
+ 35 ((z/»sxSn + Vo H_yy + na Hy)* + wm) <ps TN Tl )
+ ((an + 77Z)S$)Sn + (¢nn + ¢nz)ﬁn + (77Z}xx + wnx)H—n> ¢SDSndUD

The solution for optimal consumption is

(C-23) cn(t) = 1 log (T)

The optimal trading strategy is a linear function of the state variables given by

T (t) = W — Ly ( (wSD - wj”) D(t) + (wss — ij—ypr) S, (t)

P

Trader n can infer from the market-clearing condition (16) that H_, is given by

©2)  H.=2 (Pe)-DH)2) - () - 25— s.(1).
YH Yp (Ng — Dy (N =1D)vm

Plugging equation (C-25) into equation (C-24) yields z,(t) as a linear demand schedule
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given by
_(Ns—1)yp ( @’Y_P>_1
m(f) = Yum b Yy vH
) i
(C-26) : ( (¢SD - wsxi> D(t) + (¢ss - %&ﬁ) S (t)

+ s Ho() + (wsgﬁj—f] - z/»M) P<t>>-

~

Equating the coefficients of D(t), H,(t), Sn(t), and P(t) in equation (C-26) to the con-

jectured coefficients vp, vy, —7vs, and —vyp results in the following four equations:

] (s — e ( %’V_P)l ( _ “Y_D) _
(C-27) my 1+¢M7H VYsp ¢S:c7H =D,

(0-28) (Ns - 1)7P (1 + w,S'a:’V_P

-1
ar nr 7H) Ysn = Y,

(0_29) (]VS_—I),'VP (1 + @E)_ <wSS - wSx(L) = =78,

(Y Yy vH Ns — Dvm
N, —1 P\
(C-30) Eooihe (14 200 (320 ) = o
(Y Yy VH YH

We obtain

Ns -2 Ns’yP (Ns - ]-)'YP yp
C‘Sl r — ny = - ns g — , —_ .
(C-31) s 5 Vsn Y0 =5 ont Ysns Vs oo Yss, b o Ysp

Define the constants C'p and Cg by
(C-32)
Oy i —Lon Cpr e V8n N.(r +ap)(r+ ) (14 (¥, ~ )p.)
2ss’ 2001 6612 (L4 (N, = D6) 7 + (N = D(1 = 6.)7;°)

Substituting equation (C-31) into equation (C-24) yields the solution for optimal strategy.

(C-33) z(t) =75 (Co (Halt) = H_a(1)) = Sa(1)).
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Define the average of traders’ expected growth rates G(t) by

N,

G,
S n=1

(C-34) G(t) =
Then, the equilibrium price is

D(t) i Cq G(t)

(C-35) Pr) = r+ap (r+oap)(r+ag)

Plugging (C-23) and (C-24) back into the Bellman equation and setting the constant
term and the coefficients of M,, S, D, S2, S, H,, S, H_,, H2, H2  and H, H_, to be

zero, we obtain nine equations. Using the first equation (C-31) to substitute g, for 1g,,

n?

there are in total nine equations in nine unknowns vyp, Yo, ¥ar, YUsp, Vss, Vsn, Unn, Yz, and

Ung-

By setting the constant term, coefficient of M, and coefficient of S,,D to be zero, we

obtain
rA
- — —rA - _
(C 36) wM rA, 7v/}S'D "+ OCD7
(C-37)
- 1 1 A2 L[5 1+ (Ns —2)ps )
¢0—1—lnr+r( B+2(1+a)wm+2<a+ N 1 Yz + (0% 4 ps)Unz | -

In addition, by setting the coefficients of S2. S, H,, S, H_,, H2, H2 and H, H_, to be
zero, we obtain six polynomial equations in the six unknowns vp, ¥ss, Ysn, Vnn, Vaz, and

Une. Defining the constants aq, as, az, and a4 by

12 _1)2 1/2 1/2
— 12 o o ((UL=0) (" —77)  (0s — ps)Ty~ + (1= 0s)711
ap = —(ag +71) + (14~ +an )< 1= 0= 00T (V.= 1)ps) >,

(6 = p )y + (1= 6)7,”
(1 - ps)(l + (Ns - 1)P5) ’

2 oy, _p) =)t + (1= 0)n

az = (14~ +amn (1—ps) 1+ (N, —1)p,)

(1—0) (> —7"%) (B — p )i + (1 — emi”)
1—ps (1—ps)(14+ (Ny—1)ps) /’

a = —(ag +7) + (N, = 1) (057} + (1 = 0)7* + am)?)

Ay = <65711{/2 + (1 - Hs)Té/Z + &Tgl/2> (
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these six equations in six unknowns can be written

(C-38)
1 vp(Ns—1) , r?A%0% 1 o\ 9
= — — _—_ _— — 1
0 2T¢SS rA lbss + 2(7‘ +OzD)2 + 2( +a )¢sn+
1/, 1+(N;—2)ps\ (Ns—2)? , rA N, Ne—2 5
+3 (G + N 1 1 Vsn r+ap7P Psn + 5 Vgn(@” + ps)
(C-39)
rA (1 =0)(r” =% (0, — p)ri* + (1 — 67,
0= _ o QL2 s)\TH L 5 H L\, .
A G s (T =Dy ) Y
N, —1 N, —2 ) N,—2 /. 1+ (N,—2)p,
—%ﬂ)ssd@n +— ag®sy + (14 @*)Ypnthsn + 5 (CL2 5\78 —3 L ) YnzWsn
rA 9 N, —2
_7’ T ap aop (wnn + wnx) + (a + ps) (wnwan + 9 ¢nnw5n> )
(C-40)
0 Ns - 2¢ + ’YP(NS - ]-)w w rA QI/Z(N 1) (08 - pS)T}—I/Q + (]' — 08)7—11,/2
- - n - i n o s
T T (1= p)(1+ (N, = 1)ps)
N, —2 R s—2 (. 14+ (Ng —2)ps
+<a3 + 9 a2)an + (1 + a2>w5nwnx + T (a2 + E\[ 1 )p ) wrwan
rA | R Ny —2
- aop (wmc + 77bn:1:) + (CL2 + ps) <wzmw5n + —wnmw5n> ;
"+ ap 2
N, —1 1 R
0=-— fwnn - %1@% + alwnn + a41/)n:c + 5(1 + a2)¢72m,
(C-41) Ll (N, —2)
L9 + (Vs — 2)ps 2 A2
N, —1 1+ a2
0 = - gwrm - M4—A)¢§'n + a2¢x:p + a3’l/}nm + % 12wr
(C-42) "

L[ 1+ (Ns—2)ps 2 ~2
+§ (CL + NS — 1 ¢xz + (CL +ps)¢manxa
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7P<Ns - 1)
0=— nx e E—
rne + 2rA

1
+(1+ @) Vnnthns + (&2 4=

1/{29” + a3¢nn + aﬁﬂ/]mc + (al + a2)¢nm

(Ns - 2),03
N, —1

(C-43)

) Yratns + (6 + po) (Ganthas + 02,).

We solve equations (C-38)—(C-43) numerically. For a solution to the six polynomial
equations to define a stationary equilibrium, a second-order condition implying vp > 0, a
stationarity condition implying vg > 0, and a transversality condition requiring r > 0.

The transversality condition for the value function V(...) is

A

(C-44) lim ET [e*ps@*ﬂ v (MH(T),SH(T),D(T),HH(T),H’_n(T)ﬂ —0.

T—+o0

The transversality condition (C-44) is satisfied if 7 > 0. Under the assumptions vp > 0 and
vs > 0, analytical results imply vp > 0, ¥ < 0, ¥sp < 0, and ¥gg > 0. The numerical
results indicate that vy > 0, g, < 0, Vs, < 0, ¥, < 0, ¥, < 0 and the sign of 1, is

intuitively and numerically ambiguous.

C.3. Proof of Corollary 1

The consistency condition in equation (22) implies that

(Ns = N)(1—p)
N(N, — 1)

(0_45) Ps — P =

Equation (C-45) implies that, if Ny < N, then ps < p.

(C-46)

Cov(dI,(t), dP(t)) =Cov(p*2dZ(t) + (1 — p)Y/2dB,(t), p'/?dZ(t) + (1 — p)l/z% Z dB,,(1))
=p+ %(1 =)

(C-47)

Cov(dI, (1), dP,(1)) =Cov(pdZ(1) + (1~ p) B, (1), pPdZ(t) + (1~ p) < 3 dB(D)

1
—po+ —(1 = py).
pat 7 (1= ps)
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Therefore, if the consistency condition (22) is satisfied, then for each trader, the correlation
coefficient between his private signal and the actual price is consistent with the correlation

between his private signal and his “subjective” price.
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1 Introduction

New technologies have dramatically changed financial markets. One of the main innovations of
recent years is computerised algorithmic trading (AT), which broadly refers to the direct use of
computers to implement trades. AT is now widely used by financial institutions such as banks
and hedge funds, and has important effects on the operation of financial markets. It can improve
market liquidity by reducing transaction costs (Hendershot ef al., 2011) and the reliance on
financial intermediaries (Menkveld, 2013). It can also make security prices more efficient, in the
sense that they better reflect fundamental values (O’Hara, 2015). It can even reduce risks by
lessening the impact of human feelings on overall investor behaviour, such as panic reactions
and herding behaviour. On the other hand, AT may have less desirable implications because it
can increase market power over slower traders (Hoffmann, 2014), raise adverse selection (Biais
et al., 2015), excess volatility or extreme market movements (Foucault et al, 2016) and so

potentially harm financial stability. It is this last issue we focus on in this paper.

We analyse the role of AT in foreign exchange (FX) markets in a period containing the 15
January 2015 announcement by the Swiss National Bank that it had discontinued its policy of
capping the value of the Swiss franc against the euro. This ‘Swiss franc event’ represents a
natural experiment as one of the largest shocks to the FX market in recent years and probably
the most significant ‘black swan’ event in the period in which AT has been a prominent force in
FX markets.' In particular, we study the contribution of AT and human traders to two important
dimensions of market quality, namely liquidity and price efficiency. Our analysis is based on a
unique dataset with a detailed identification of AT obtained from EBS Market, which is the
leading platform for electronic spot FX trading in many of the major currencies.”

A detailed understanding of AT in distressed situations is important for at least two
reasons. First, a better comprehension of whether AT is beneficial or detrimental for market
quality in extreme situations would help inform the ongoing reform of trading venues, as
pursued by Regulation NMS in the United States and MiFID I and II in Europe. Second, the
resilience of an exchange system depends on the behaviour of different types of market
participant and their reciprocal influence on each other. For instance, a tendency of AT to offer
liquidity in calm markets and withdraw it in distressed situations could lead less sophisticated
agents to become reliant on high levels of market liquidity only to find it in short supply when
they most needed it. If these adverse consequences of AT were predominant or not offset by
other traders, then AT could represent a systemic threat to the whole trading system. To shed
light on this key issue for financial stability, we analyse whether human traders and AT

substitute for or complement each other in supplying and consuming liquidity.

' A “black swan’ is a metaphor that describes an event that comes as a complete surprise and has a major effect. The term is based on an
ancient saying that presumed black swans did not exist, but the saying was rewritten after black swans were discovered in the wild.

% While EBS has supplied the relevant market data, it does not endorse or support any conclusions made in this paper and has not
contributed to any of the analysis in it.




We proceed in three steps. First, we describe the EBS Market platform and our sample of
data from it. The platform is the central limit order book for spot FX operated by EBS Service
Company Limited, which is part of NEX Markets, a business division of the NEX Group plc. To
introduce our analysis, we provide an overview of trading patterns conducted by AT and human
traders around the Swiss franc event. Second, we perform an in-depth analysis of market
liquidity and price movements by decomposing order flow, effective spreads and intraday
volatility by type of trader. This enables us to highlight the contribution of AT and human
traders to liquidity provision and consumption, transaction costs and realised volatility. Third,
we study the contribution to efficient pricing of AT and human traders. To do this, we analyse
the formation of efficient prices by performing a vector autoregression (VAR) as in Hasbrouck
(1991(a), 1991(b), 2007), but conditioning on traders’ types as in Hendershott et al. (2011). We
substantiate the analysis of price efficiency by looking at arbitrage opportunities (Chaboud et
al., 2014) and variance ratios (O’Hara and Ye, 2011).

Our study delivers two important findings. First, in reaction to the Swiss franc event, we
find that AT tended to consume liquidity and reinforce the price disruption. Opposite and
offsetting patterns apply for human traders, who supported market quality by providing liquidity
and aiding price discovery. Second, we find that this market quality degradation coming from
AT was concentrated in the shocked FX rate (EUR/CHF) and, to a lesser extent, USD/CHF.
Non-CHF currency pairs (USD/JPY, EUR/JPY and EUR/USD in our sample) were essentially
unaffected.’ This suggests that AT models were somewhat compartmentalised, which, along

with human trading, helped to sustain market quality beyond the CHF currency pairs.

Of course, like Tolstoy’s comment on unhappy families, each period of market distress is
distressed in its own way. This limits our ability to draw general conclusions. However, as in
previous papers investigating important shocks such as the failure of Lehman Brothers in 2008
(Afonso et al., 2011) or the ‘Flash Crash’ in 2010 (Kirilenko et al., 2017), our analysis of a

single event should provide indicative evidence on these broader issues.

Our paper contributes to the growing literature on algorithmic trading, which we survey in
the next section. Except for the thorough analysis by Chaboud et al. (2014), prior research on
FX algorithmic trading is scant. While that work shows AT improves price efficiency in
‘normal’ market conditions, we find that AT reactions to an extreme event were detrimental to
market liquidity and price resilience, whereas human traders sustained market quality during the
event. FX markets have a different structure to other markets where AT is prevalent, with more
trading conducted bilaterally and on multilateral platforms, and less on centralised exchanges.

Hence, it is important to build the literature on FX markets.

The paper proceeds as follows. After briefly describing related literature (Section 2) and
our data (Section 3), we give an overview of trading patterns around the Swiss franc event

(Section 4). We then undertake a more formal analysis of liquidity (Section 5), volatility

? The currency codes are: CHF for Swiss francs, EUR for euros, JPY for Japanese yen and USD for US dollars.




(Section 6) and market efficiency (Section 7) for Swiss franc currency pairs, followed by

analysis of non-CHF FX rates (Section 8).
2 Literature review

The literature on AT has grown substantially in the last few years.* The theoretical literature
focuses on how high-frequency trading (HFT), which is the most commonly discussed form of
AT, affects liquidity and price efficiency. The HFT community’s ability to revise their quotes
quickly after news arrives reduces the winner’s curse problem but creates disincentives for
trading by slower traders (Hoffmann, 2014; and Jovanovich and Menkveld, 2016), including by
increasing adverse selection and price impact (Foucault et al., 2016). Ait-Sahalia and Saglam
(2014) and Rosu (2016) model HFT that is averse to inventory risk and predict that volatility
will lead high-frequency traders to reduce their provision of liquidity. Biais ef al. (2015) find a
role for HFT in fragmented markets that produces adverse selection, negative externalities and

. . eyer 5
over-investment in equilibrium.

The focus of prior empirical research has been the stock market. As described by O’Hara
(2015), the consensus is that HFT market making enhances market quality by reducing spreads
and raising informational efficiency.® However, it is not clear whether HFTs go with or lean
against the wind, that is amplify price falls (rises) by actively selling (buying) or dampening
them by actively buying (selling) (see Korajczyk and Murphy, 2016; van Kervel and Menkveld,
2016; Breckenfelder, 2013; and Tong, 2015).

By analysing a ‘black swan’ event, our paper is related to the stock market literature,
which provides mixed evidence on the role of HFT in distressed markets. On the one hand,
HFTs are found to withdraw from their market-making role during ‘flash crashes’ (see e.g.
CFTC-SEC, 2010; Easley et al., 2012; Kirilenko et al., 2017; and Menkveld and Yueshen,
2015) or when market conditions become unfavourable (see e.g. Raman et al., 2014; Anand and
Venkataraman, 2015; and Korajezyk and Murphy, 2015). On the other hand, HFT provides
liquidity and absorbs imbalances created by non-high frequency traders around large price
movements (Brogaard et al., 2017) and the short-interval return volatility of most stocks varies
inversely with a market-wide measure of correlated HFT strategies (Boehmer, Li, and Saar,
2016).

The only earlier paper that provides an in-depth analysis of AT in the FX market is
Chaboud et al. (2014). They show that algorithmic trading is associated with a reduction in

arbitrage opportunities while AT liquidity provision decreases return autocorrelation.

* There are many excellent surveys on AT and HFT, including recent papers by Biais and Woolley (2011), Chordia ef al. (2013), Easley
et al. (2013), Gomber et al. (2011), Goldstein et al. (2014), Jones (2013), Kirilenko and Lo (2013), Biais and Foucault (2014), SEC
(2010), O'Hara (2015) and Menkveld (2016, 2017).

3 The role of AT in fragmented markets with multiple exchanges is studied in Pagnotta and Philippon (2015). Other papers analyse the
welfare implications from double auctions (e.g. Cespa and Vives, 2015; Du and Zhu, 2015) and asynchronous arrivals (e.g. Budish et
al., 2015; Bongaerts and Van Achter, 2016). Bernales (2014) and Rojcek and Ziegler (2016) use numerical methods for dynamic models
encompassing the endogenous role of HFT, general limit order book and latency.

¢ See, for example, Boehmer e al. (2015), Brogaard et al. (2015), Carrion (2017), Conrad et al. (2015), Hasbrouck and Saar (2013),
Hendershott ef al. (2011), Menkveld (2013) and Malinova et al. (2013).




3 Market structure and data
3.1 Market structure

Two significant global electronic spot trading platforms in major currency pairs are EBS and
Reuters. USD/CHF and EUR/CHF, which are the focus of this study, trade primarily on EBS
(see King, et al., 2011). Prices on EBS also constitute the reference for derivative pricing in
these currencies. Moreover, during the period of the Swiss franc event, EBS was the key trading
platform for all Swiss franc positions as trading of futures on the Chicago Mercantile Exchange
was suspended and over-the-counter trading had largely disappeared (Hagstromer and
Menkveld, 2016).

EBS Market is an order-driven electronic trading system, which unites buyers and sellers
of spot FX across the globe on a pre-trade anonymous central limit order book. EBS is
accessible to foreign exchange dealing banks and, under the auspices of dealing banks (via
prime brokerage arrangements), to hedge funds and commodity trading advisors (CTAs). EBS
controls the network and each of the terminals on which trading is conducted, and records
whether a trade is placed by an ordinary keyboard (‘manual’ or ‘human’ trades), or by a direct
computer interface (‘algorithmic’ trades).

As well as this simple distinction by terminal type, EBS requires market participants to
identify what types of trading they engage in. This allows EBS to decompose the algorithmic
trades into two different categories, referred to as ‘bank AI’ and ‘PTC AI’, where PTC stands
for Professional Trading Community and Al for algorithmic interface, which is how EBS labels
the direct computer interfaces. Market data at this level of granularity is not ordinarily sold or
distributed by EBS to third parties. PTC essentially refers to principal trading firms, hedge funds
and commodity trading advisors, which can trade directly on EBS under the auspices of dealing
banks (via prime brokerage arrangements). Trading through this route is all AT in the sense that
trades are initiated by computers. Bank Al is harder to categorise since it includes a significant
share (EBS estimates approximately 30%) of aggregators that are computer-based trading
systems that simply process orders received from bank customers and then execute them
algorithmically. The source of these trades may be described as ‘agency algorithms’ or ‘smart
execution algorithms’, as discussed by Gomber et al. (2011), rather than the proprietary
algorithms usually highlighted in the AT literature. Note that the former category also includes
‘auto-liquidation’ algorithms that respond to margin calls, which have been highlighted as a
source of price distortions during crashes (e.g. McCann and Yan, 2015). Note that PTC firms or
banks may also submit manual orders. The three trade categories and their shares of average

transaction volumes in EBS Market are represented in Figure 1.

Computer-based trading classified as PTC or bank Al accounts for approximately 70% of
EBS Market transaction volume. However, the system includes features designed to prevent
strategies where speed or low latency is the sole contributor to success. First, it imposes a

minimum quote life (MQL) for the five core currency pairs on EBS Market, so that once a good-




till-cancelled order is submitted, it cannot be cancelled for 250 milliseconds.” Second, and more
importantly, EBS Market operates a randomised batching window on all messages that enter its
matching engine, referred to as a ‘Latency Floor’. This mechanism generates batching windows
of 1-3 milliseconds®, in which messages are processed on a randomised basis. As a result, the
first message to arrive may not be the first released and sub-millisecond differences in latency
become less important for trading on EBS Market. Note that this is not analogous to the frequent
batch auction system described by Budish, Crampton and Shim (2015), which eliminates

sniping of stale quotes, but is more like the random order delay system of Harris (2012).

Figure 1: Indicative breakdown of EBS trading volumes
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Source: EBS.

As EBS Market is a ‘wholesale’ trading system, the minimum trade size over our sample
period is one million of the base currency’, and trade sizes are only allowed in a multiple of

millions of the base currency.

3.2 Data

Our data consist of both intraday quotes and transactions for EUR/CHF, USD/CHF, EUR/USD,
USD/JPY and EUR/JPY during 5-23 January 2015. We specify 15 January as the Swiss franc
event day, 5-14 January as the pre-event period, and 16-23 January as the post-event period.
Throughout the subsequent analysis, we focus on data between 8.00 GMT and 17.00 GMT,

" A MQL of 250 milliseconds was applied in the EUR/USD, USD/JPY, USD/CHF, EUR/CHF and EUR/JPY currency pairs on EBS
Market for the dates referenced in this paper.

8 For the dates referenced in this paper.

% The base currency is the first currency displayed in the symbol of the currency pair. For example, the euro is the base currency of
EURCHEF.




which represent the effective trading hours of the day. We also exclude weekends, when the

EBS trading platform is inactive.'®"!

The transaction data set records the time stamp to the nearest millisecond of each trade
that occurred, along with the actual transaction price, the amount transacted, and the direction of
the trade. Importantly for our study, the nature of the party providing liquidity (submitting the
good-till-cancelled (GTC) order) and consuming liquidity (submitting the immediate-or-cancel
(“IOC”) order) is categorised by EBS as human, bank Al or PTC AL"? Thus, each trade may be
classified according to nine different possible combinations of liquidity provider and consumer.
In addition, each trade has an indicator of whether the liquidity provider was the buyer or the
seller. We line up these millisecond time-stamped transactions with the quote data, which are
available at 100 millisecond intervals, so for a given transaction the top 10 anonymised best bid
and ask prices at the nearest previous whole 100 millisecond interval are also available. All
quotes are firm and therefore truly represent the market prices at that instant.'> Unlike in the

transactions data, the type of trader that posts each quote is not available to us.

4 Overview of trading patterns around the Swiss franc event
4.1 The Swiss franc event

The Swiss National Bank (SNB) began intervening in FX markets to cap the value of the Swiss
franc against the euro on 6 September 2011. In a press release of the same date, the SNB said
“the massive overvaluation of the Swiss franc poses an acute threat to the Swiss economy and
carries the risk of a deflationary development”. Therefore, “it will no longer tolerate a
EUR/CHF exchange rate below the minimum rate of CHF 1.20 ... and is prepared to buy

foreign currency in unlimited quantities” (SNB, 2011).

Following the introduction of this policy, the franc generally traded a little below its cap
(Figure 2). It pushed against it for a period in mid-2012, before appreciation pressures again
intensified towards the end of 2014 due to weakness in the euro-area economy. In response, the
SNB cut its interest rate on sight deposits to minus 0.25%. However, commitment to the
exchange rate policy appeared to remain firm. On 18 December 2014 the SNB Governor stated
that the central bank was “committed to purchasing unlimited quantities of foreign currency to

enforce the minimum exchange rate with the utmost determination” (Jordan, 2014). Similarly,

1% See Chaboud et al. (2014) for further discussion of trading activity on the EBS system. In addition, EBS indicated to us that their
dealing services are ordinarily open for trading 24 hours a day, 7 days a week, with the exception of a maintenance window that
ordinarily occurs from 5:50pm New York time on a Friday until Saturday morning. For the purpose of computing market data products,
such as ‘highs’ and ‘lows’, EBS regards trades between 5pm Friday New York time and 5am Monday Sydney time as not conducted in
normal market conditions or market hours and excludes these trades from the calculations. However, the trades remain in EBS’ data.

""" In our sample, we drop five transactions and 24 quotes on EUR/CHF that took place between 09:32:29 GMT and 09:32:39 GMT on
January 15, where the price was exceptionally low at 0.0015, with volume of one million of the base currency for each transaction. EBS
confirmed that those transactions turned out to be errors made by the traders, and the counterparties have settled solutions outside EBS.
2 GTC and IOC orders respectively align closely with the concepts of limit and market orders in the broader market microstructure
literature.

"> The historical market data provided by EBS is time-sliced at 100 milliseconds and is therefore a snapshot of the activity during
previous time-period. Consequently the quote and paid/given trade data provided are a summary and not a full life-cycle of every event.




on 12 January 2015, another member of the SNB Governing Board said that “we are convinced
that the minimum exchange rate must remain the cornerstone of our monetary policy” (Reuters,
2015a).

Figure 2: EUR/CHF exchange rate versus the cap set by the Swiss National Bank
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Despite that, the policy of capping the value of the franc against the euro was discontinued
at 9:30 GMT on 15 January 2015. A press release gave the following explanation: “Recently,
divergences between monetary policies of the major currency areas have increased significantly.
The euro has depreciated significantly against the US dollar and this, in turn, has caused the
Swiss franc to weaken against the US dollar. In these circumstances, the SNB concluded that
enforcing and maintaining the minimum exchange rate for the Swiss franc against the euro is no
longer justified”. This news came as a complete surprise to market participants, as was reflected
both in FX options prices leading up to the announcement (Mirkov et al., 2016) and financial
reporting after it (e.g. Reuters, 2015b; Bloomberg, 2015).

4.2 Overview of trading patterns

In this section we provide an overview of the market reaction to the SNB announcement on 15
January 2015. In particular, we illustrate graphically some of the key features of human and
algorithmic trading around the announcement as a prelude to the more formal analysis in the rest
of the paper. We first focus on the seconds around the announcement, then the minutes, and
finally the hours.

Figure 3 plots the volume of GTC orders to buy (‘bid”) or sell (‘ask’) euros for Swiss
francs as well as the mid-price, which is the mid-point between the best bid and ask prices,
during the 90 seconds following the announcement. Not shown, for reasons of sensitivity, is a
sharp fall in outstanding orders to sell francs in the seconds approaching 9:30. While our data
from EBS does not include the identities of the institutions submitting the orders, we presume
this was driven by the SNB in preparation for its 9:30 announcement. The chart does show that
it was not until about 44 seconds after the announcement that the market reacted significantly.

At this time, the mid-price started to reflect a very rapid appreciation of the franc, as both sides




of the order book collapsed in size.'* Indeed, for a few seconds during the minute of 9.31, there
were no orders to buy euros in exchange for Swiss francs at any price. We take the delayed

response to the announcement as further evidence that it was not anticipated.

Figure 3: EUR/CHF price and orders in the seconds following the SNB announcement
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Figure 4 shows the prices at which different types of trader exchanged euros for Swiss
francs in the 30 minutes following the SNB announcement depending on whether their trades
were consuming liquidity (top panel) or providing it (bottom panel). Trades that consume
liquidity result from IOC orders, while those that provide it result from GTC orders. The top
panel shows that bank Als consumed liquidity at extreme prices (prices significantly different to
those of immediately preceding trades) on a number of occasions, notably between 9.31 and
9.36. Thus, over 75% of the cumulative appreciation of the franc in the 20 minutes to 9.50 was
attributable to bank Als, which accounted for 61% of the volume of liquidity-consuming trades.
Indeed, we show below that bank Als accounted for an even larger share of the realised variance
of the EUR/CHEF rate at this time. The lower panel shows that bank Als also provided liquidity
for some of the extreme-price trades. That bank Als both consumed and provided liquidity at
extreme prices may reflect the diverse set of traders from whom these trades may originate. This
includes not only the different banks but also their various clients. In addition, a roughly equal
number of extreme-price trades were accommodated by human traders. Indeed, human traders
accounted for a significantly higher share of liquidity-providing trades (50%) than they did for
liquidity-consuming trades (19%) during the 20 minutes to 9.50 when the Swiss franc
appreciated sharply. 13

Y We thank Alain Chaboud for pointing out to us this ‘Wile E. Coyote’ moment, in which a significant portion of the orders
underpinning the value of the euro against the franc were withdrawn but it was not until seconds later that the price started to fall.

'3 Figure 4 excludes trades that we infer (as discussed later) may have involved the SNB, though we found few such trades in the first
twenty minutes after the announcement.
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Figure 4: EUR/CHF trades in the minutes following the SNB announcement”
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Figure 5 gives an overview of the reaction of both the EUR/CHF and USD/CHF markets
to the SNB announcement over the whole trading day of 15 January 2015. The first row shows
that the Swiss franc appreciated extremely sharply against both ‘base’ currencies in the first 20
minutes following the announcement, but that sizeable portions of these gains were reversed in
the subsequent hour. After that the two spot rates were much more stable, with the Swiss franc
worth about 10% more than at the start of the day. The second row shows that algorithmic
traders were net purchasers of Swiss francs over the day, particular bank Als against the euro
and PTC Als against the US dollar, while human traders were net purchasers of the base
currencies. Thus, computers traded ‘with the wind’, buying the franc as it appreciated, while
humans ‘leaned against the wind’. Note, however, that human traders did not make net
purchases of the base currencies in the key 20-minute period immediately after the
announcement. Finally, the third row shows that human traders were consistently net suppliers
of liquidity over the day, while PTC Al trades consumed it. However, as we shall see below, net

liquidity consumption by PTC Als is not unusual in these two currency-pairs.

11



Figure 5: Market reaction on the day of the SNB announcement
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Overall, our graphical overview suggests that algorithmic traders contributed both to the
liquidity dry-up (as they were net consumers of liquidity) and the price move (as they were net
purchasers of the appreciating currency) after the SNB announcement. In the following sections,

we examine these issues in more detail.
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5 Liquidity contributions of computer and human trading

In this section we investigate the contributions of computer and human traders to the liquidity of
EUR/CHF and USD/CHF markets before, during and after the day of the SNB announcement.
We study both quantity-based and price-based indicators of liquidity.

5.1 Volumes of liquidity provided and consumed

First, we focus on volumes of liquidity. As in Section 4, we identify whether the consumer and
provider of liquidity for each trade was a human (H), a bank AI (B) or a PTC AI (P). We then
record the shares of total trade volumes in three different periods for which providers and
consumers of liquidity were H, B or P. The three periods are a ‘pre-event’ period (5-14 January
2015, excluding weekends), the ‘event day’ (15 January 2015) and a ‘post-event’ period (16-23
January 2015, excluding weekends). Finally, we record ‘net liquidity provision’, which is the
difference between the share of trades for which a given type of trader provided liquidity and the

share for which it consumed liquidity. The results are reported in Table 1.

Table 1: Liquidity volumes by trader type
EUR/CHF

Liquidity provider Liquidity consumer Net liquidity provision(l)
Human Bank Al PTCAI | Human Bank Al PTCAI | Human BankAl PTCAI

Share of trade volume (%)

Pre-event period 38.8 54.1 7.1 19.4 42.0 38.6 19.4 12.1 -31.5
Event day 68.4 25.1 6.5 349 26.7 38.4 335 -1.6 -31.9
Post-event period 50.1 35.3 14.5 21.5 23.3 55.1 28.6 12.0 -40.6
Statistical tests (t-statistics) @
Event day = pre-event? 60" 43" 03 |11.6™ 550 -0.1 317 22" -0.1
Post-event = pre-event? 197 257 317 1.1 537 46 1.7 0.0 27
USD/CHF
Liquidity provider Liquidity consumer Net liquidity provision(l)

Human Bank Al PTC Al | Human Bank Al PTCAI | Human BankAl PTCAI

Share of trade volume (%)

Pre-event period 3.8 15.4 69.1 16.6 315 403 | -12.8 -161 289

Event day 8.9 25.6 60.3 34.1 34.6 262 | 251 -90 34.1

Post-event period 7.7 24.9 56.3 27.6 39.0 22.4 -19.8 -14.1 34.0

Statistical tests (t-statistics) @

Event day = pre-event? 1767 1007 887 | 2037 247 1167|2087 66  -44"

* * * * * *

Post-event = pre-event? 87 59 937 | 81" 37 90 |56 08 -29°

(D Share of volume as liquidity provider minus share of volume as liquidity consumer.
@™ /™ " denote statistical significance at the 1% / 5% / 10% level.
Sources: EBS and authors’ calculations.

The table shows that net liquidity provision by Als fell on the event day and in the post-
event period compared with the pre-event period, while it increased for humans. The increases
in human net liquidity provision were all statistically significant, while the decreases for

algorithmic traders were significant for at least one type of Al. In EUR/CHF, net liquidity
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provision by bank Als declined significantly on the event day, while it was that of PTC Als that
declined significantly in the post-event period. In USD/CHF, net liquidity provision by both
types of Al declined significantly on the event dayand that of PTC Als declined significantly in
the post-event period. Economically, the most significant changes were the decline in the share
of bank AI liquidity-providing trades on the event day in EUR/CHF and the offsetting increase
in the human share. Thus, although bank Als also increased their share of liquidity-consuming
trades on the event day, and humans reduced their share, this was not enough to change the

pattern in net liquidity provision.

One possible explanation for the importance of human traders in supporting liquidity on
the event day and in the post-event period is that the SNB was an active trader in this category.
If that were the case, it would be hard to draw general conclusions from our analysis about the
role of human traders in extreme events. Hence, we have estimated how the SNB may have
traded during this period. We need to make estimates, based on assumptions, as our data from
EBS is anonymous so we cannot identify from this any trades of the SNB or any other
individual institution. We then repeat the analysis underpinning Table 1 excluding these

estimated trades to see if the results are materially affected.

Our estimates of SNB trading activity are based on three assumptions. First, that SNB
activity over our full sample period cannot have exceeded about 16% of the turnover on EBS.
This figure is derived from public data on SNB sight deposits, which is the key liability created
by FX interventions. It is an upper bound because other public documents suggest that the SNB
favours a diversified approach to FX interventions (Moser, 2016), including substantial use of
telephone orders (Fischer, 2004). Hence, only a share of any such activity may take place
directly through EBS. The other assumptions are based on Fischer (2004), who notes that SNB
interventions cluster around prices ending in 00 or 50, and that they tend to come in bursts of
many transactions within short periods. Hence, we assume that bid orders ending in 00 or 50
originated from the SNB if there was a trade at the same price within 100 milliseconds with a
human liquidity provider that was buying EUR. Our strategy does not estimate IOC orders
placed by the SNB, so we may overestimate net liquidity provision by the SNB.

Table 2 shows adjusted results for liquidity provision and consumption by computers and
humans excluding estimated SNB trades. It only shows results for EUR/CHF, as we made
relatively more adjustments for this currency pair. These results are very similar to those in
Table 1. In particular, we still find that human traders supported liquidity on the event day and
in the post-event period, offsetting a reduction in net liquidity provision by computers. Hence,

we proceed using the full data set in the rest of the paper.

14



Table 2: Adjusted EUR/CHF liquidity volumes by trader type

Liquidity provider Liquidity consumer Net liquidity provision™")

Human Bank Al PTC Al | Human Bank Al PTCAI | Human Bank Al PTCAI
Share of trade volume (%)
Pre-event period 38.7 54.2 7.1 19.4 41.9 38.6 19.3 12.3 -31.5
Event day 63.9 28.7 7.5 33.5 25.6 40.9 30.4 3.1 -334
Post-event period 50.1 35.4 14.5 21.6 23.3 55.2 28.6 12.1 -40.6
Statistical test (t-statistics) @
Event day = pre-event? 51™ 38" 0.2 106" 54 0.9 24" -1.5 -0.7
Post-event = pre-event? 1.9" 257 31™ 1.1 537" 46" 1.7" -0.0 27

() Share of volume as liquidity provider minus share of volume as liquidity consumer.
@™ /** ¥ denote statistical significance at the 1% / 5% / 10% level.
Sources: EBS and authors” calculations.

5.2 Effective spreads

We now turn our focus to a price-based indicator of liquidity. We saw in Section 5.1 that
computers reduced their net volume of liquidity provision on the event day and afterwards, but
did they widen bid-ask spreads on trades for which they did still provide liquidity? To
investigate this question, we calculate a series of effective spreads, s, for each of our trader

types:

Sy = Gk (Pex — Me)

m
where ¢ indexes the time of the trade, k indexes the type of trader providing liquidity, i.e.
supplying the GTC order (human, bank Al or PTC Al), g is a binary variable equal to +1 for
trades in which the liquidity consumer was buying the base currency and -1 for trades in which
it was selling it, p is the transaction price and m is the mid-point between the best bid and ask
quotes from any type of trader in the 100 millisecond window in which the trade took place.

Table 3 shows median effective spreads for EUR/CHF and USD/CHF. We report median
values as our calculated spreads include some extreme observations, particularly on the event
day. For the same reason, the tests of equality of the medians reported in the table are non-
parametric tests.'® For EUR/CHF, median effective spreads were very similar across trader types
in the pre-event period. They increased very sharply for all trader types on the event day, but
significantly more so for computer trades than human trades, and they only contracted a little
moving into the post-event period. The results are similar for USD/CHF. In this case, humans
offered narrower spreads in the pre-event period, but all spreads again increased very sharply on
the event day, particularly those of PTC Als, and they remained much wider in the post-event

period than in the pre-event period.

' In particular, we use K-sample tests to investigate equality across periods and Snedecor and Cochran (1989) tests to investigate
equality across trader types.
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Table 3: Effective spreads by type of liquidity provider

EUR/CHF
Median spread (basis points ) Statistical tests'" (p-values)
Human Bank Al PTC Al Human = Bank AI? Human = PTC AI?
Pre-event period 0.21 0.21 0.21 0.45 0.41
Event day 0.92 1.22 1.91 0.03” 0.00™"
Post-event period 0.91 0.91 1.70 0.12 0.00™"
Statistical tests™ ()(2 statistics )
Event day = pre-event? 303.1"" 4133 2229
Post-event = pre-event? 830.8 880.3 826.6
USD/CHF
Median spread (basis points ) Statistical tests™ (p-values)
Human Bank Al PTC Al Human = Bank AI? Human = PTC AI?
Pre-event period 0.24 0.30 0.43 0.00"" 0.00"™"
Event day 0.96 0.94 2.00 0.38 0.00""
Post-event period 0.86 1.05 1.80 0.00™" 0.00™"
Statistical tests™ ()(2 statistics )
Event day = pre-event? 7177 7337 97.1""
Post-event = pre-event? 429.6™ 666.7 864.2"

dokk kok
/

() The tests are described in footnote 18. /" denote statistical significance at the 1% / 5% / 10% level.

Sources: EBS and authors’ calculations.

Taking our quantity-based and price-based indicators of market liquidity together, we
conclude that those classified as Al traders significantly reduced their net volume of liquidity
provision and, where they did still provide liquidity, this was only at much wider spreads. In
contrast, human traders significantly increased their net volume of liquidity provision relative to

Als and did so at narrower spreads than algorithmic traders.

6 Impact of computer and human trading on volatility

A second important dimension of market quality, alongside liquidity, is pricing efficiency. In
theory, in an efficient market any gaps that might arise between the actual price of an asset and
its “efficient price’, which reflects its fundamental value, tend to be small and closed quickly by
traders drawing on the available information about the fundamental value.'” As a result there
would be little excess volatility in prices, i.e. on top of that attributable to changes in the
efficient price. In this section, we will examine the contributions of different trader types to
efficient pricing of the EUR/CHF and USD/CHF exchange rates around the SNB
announcement. However, we begin relatively simply by looking at contributions of different

trader types to the realised variance of returns.

'7 As Hendershott and Menkveld (2014) note, the net provision of limit orders need not be a good measure of liquidity supply, since a
market order that leans against price pressure (goes against the prevailing market trend) can be thought of as a contribution to liquidity
and reducing volatility.
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6.1 Contributions to realised volatility

Following O’Hara and Ye (2011), we calculate contributions of different trader types to the

realised variance of returns in our pre-event, event day and post-event periods as:

N, N
Vo= Grdue)? / X
n=1 n=1

where k indexes our different types of trader (human, bank Al or PTC Al) and » indexes the
return observations, of which there are N in total; » denotes the returns, which are logarithmic
returns derived from successive transaction prices, and d is a dummy variable that equals one if
the trader initiating the trade (i.e. consuming liquidity) is of a particular type and is otherwise
zero. So, for example, if prices changed by 2% during a particular period as a result of two
trades, one by a computer that moved the price by 1% and another by a human trader that moved
the price by a further 1%, then each type of trader would have contributed 50% of the realised
variance in that period. Results of this breakdown applied to EUR/CHF and USD/CHF during

our three periods are shown in the left-hand panel of Table 4.

Table 4: Contributions to realised variance

Share of total variance Per-trade share of variance

Per cent Human Bank Al PTC Al Normalised™ Human Bank Al PTC Al
EUR/CHF EUR/CHF

Pre-event period 17.4 45.0 37.6 Pre-event period 1.14 1.14 0.83
Event day 1.0 90.7 8.3 Event day 0.05 3.55 0.15
Post-event period 17.7 46.8 35.6 Post-event period 0.94 1.81 0.64
USD/CHF USD/CHF

Pre-event period 5.3 17.7 77.1 Pre-event period 0.93 0.95 1.02
Event day 6.8 33.7 59.5 Event day 0.62 1.22 0.97
Post-event period 8.3 26.4 65.3 Post-event period 0.88 0.98 1.03

() Such that the average variance per trade across all three periods and all trader types is one.
Sources: EBS and authors’ calculations.

The results for EUR/CHF show a remarkable increase in the variance contribution of bank
Als on the event day. This jumped to over 90% of the total, before the variance shares of all
trader types returned close to pre-event levels in the post-event period. The results for USD/CHF
show a similar pattern, but the event-day increase in the bank Al share is much smaller and the
variance shares of the different trader types do not fully revert to pre-event levels in the post-
event period. As bank Als include both proprietary algorithmic trading by banks (estimated to
be about 70% of total bank Al trading) and computer systems that aggregate and transact client
orders (estimated to be about 30% of total bank Al trading), either of these could have been
responsible for the event-day jumps in variance contributions. To the extent that PTC Als run
similar proprietary trading algorithms to those of banks, the fact we see a different pattern for
bank Al and PTC Al suggests that aggregators may have played an important role.

The breakdown in the left-hand panel of Table 4 is effectively a combination of the share
of total trading of each type of trader and the per-trade impact on volatility of each type of trade.
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Changes in variance contributions could therefore simply reflect changes in trading shares. We
therefore calculate a per-trade variance impact coefficient, which simply scales variance

contributions by the number of trades undertaken by the different trader types.

The right-hand panel of Table 4 shows the results of this analysis. The remarkably high
contribution of bank Als to EUR/CHF volatility on the event day is still present on a per-trade
basis, as is an increase in its contribution to USD/CHF volatility. This panel also shows that the
contribution to volatility of human trades declined on a per-trade basis for both EUR/CHF and
USD/CHF, particularly on the event day itself. We obtain the same qualitative results if we

normalise by trade volume rather than number of trades.

As a complement to our per-trade variance results, Table 5 shows estimated price-impact
coefficients (Kyle, 1985). These were derived by regressing five-minute returns on the net order
flow for each type of trader during the same five-minute periods. Specifically, returns were
computed as logarithmic returns (on the base currency) between successive mid-points of the
best bid and ask quotes in the final 100 milliseconds of each period. Net order flow was
computed as the difference between liquidity-consuming purchases of the base currency and

liquidity-consuming sales of the base currency by each trader type.

Table 5: Price impact coefficients”

EUR/CHF USD/CHF
Human Bank Al PTC Al Human Bank Al PTC Al
Pre-event period 0.001 0.000 0002 Pre-event period  0.064  0.073 0.034
Event day -0.102 0.000 0.118 Event day 0716 14217 -0.371
Post-event period 0.454°  0.480 0.151 Post-event period  0.244 0516 -0.023

(W™ /™ /™ denote statistical significance at the 1% / 5% / 10% level.
Sources: EBS and authors” calculations.

The results share some similarities with the right-hand panel of Table 4. In particular, bank
Al order flow had the largest price impacts on both EUR/CHF and USD/CHF in the post-event
period, as well as on USD/CHF on the event day itself. However, the price impact of bank Al
order flow was effectively zero in EUR/CHF on the event day, while bank Al trades generated
the most volatility. This suggests that bank Als contributed a lot of uninformative ‘noise’ to the
EUR/CHF market on the event day. We investigate the information contributions of our three

trader types in more detail in the next section.

6.2 Contributions to efficient pricing

Since it would be possible to argue that any increase in volatility driven by Al or human trading
was valuable if it helped market prices to fully reflect available information, it would be
desirable to view the results in Section 6.1 in combination with estimated contributions of

different trader types to the formation of efficient prices. We estimate the latter using a variant
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of the vector autoregression (VAR) model developed in Hasbrouck (1991(a), 1991(b), 2007)
and employed in Hendershott ef al. (2011)."® Specifically, we estimate the following model:

_ VK K K K
T = k=1 OkTi—k + Lk=0BrpXt-kp T 2k=0PrpXt—kp T Zk=0PruXt—ku T Ert
_ VK K K K
Xep = Xg=1 VkTt—k T 2k=1 0k pXt—kp T 2k=0 Ok 8Xt—kp T Lk=0 Ok uXt—ku + Ept
Xep = 28 Gl + 2K X + YK X + YK X +¢
t,B k=1SkTt—k k=1NMkpXt—k,P k=1"kBXt—k,B k=0 Nk,HXt—nH Bt

_ VK K K K
Xen = Dk=1AkTt—k + Xk=1VipXt—kp T Xk=1VkBXt—k B T Xk=1 Vi HXt—kn T €t

where r denotes returns on the base currency and x denotes its order flows, i.e. net liquidity-
consuming purchases, both are calculated over five-minute periods, indexed by ¢. More
specifically, returns are logarithmic returns based on the mid-point of the best bid and ask
quotes in the final 100 milliseconds of the current and previous periods, and order flows are
computed separately for the different types of trader.

The only structural assumptions in this model relate to timings. Thus, we assume that PTC
Als — as the fastest traders in the market — can adjust their net orders to the contemporary order
flow of other market participants. Similarly, bank Als — as the next fastest trader type — can
adjust their net orders to the contemporary order flow of human traders, but not to that of PTC
Als. Finally, human traders can only adjust their net orders to the previous order flows of other
market participants.19 These assumptions are in a similar vein to those of Brogaard et al. (2014)
in their study of HFT and non-HFT trading activity.

We estimate this model, selecting K = 5 as the optimal number of lags, and transform it to
a vector moving-average representation by repeatedly substituting for the right-hand side

terms.?’ The resulting equation for returns is:

L (5r,t + Xke1 akgr,t—k) + Xk=o by pept-k + 2k=0 by pept—k + Y=o by HEwH -k

As suggested by Hendershott ef al. (2011), the last three terms may be considered ‘private
information’ as they reflect order flows from particular trader types, while the first term may be
considered ‘public information’. Thus, we can identify separate contributions to efficient pricing
from public information and private information pertaining to each of our three trader types

via:?!

2 2 2
Urz =1+ Zloco=1 ak)zo'esz,r + (ZI?=0 bP,k) O'sZ,P + (ZI?:O bB,k) O'eZ,B + (Zl?:o bH,k) 0'22,1-1

'® The model is described in some detail on pages 78-85 of Hasbrouck (2007).

' This is the most logical ordering, but even with alternative orderings the pattern of results across periods remains similar.
% We did this ten times, by when the marginal effect of each substitution had become small.

2! To be clear, this follows from the assumptions of the model, and not from information in the market data provided by EBS.
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where g2 is the overall variance of returns, and the terms on the right-hand side respectively
represent contributions to this from public information and private information pertaining to
PTC Al bank Al and human traders. 02, 62p, 025, 02y denote the variances of return shocks

and shocks to order flows of each trader type. Table 6 presents the results of this decomposition.

Table 6: Estimated contributions to variance of efficient returns

FEUR/CHF USD/CHF
Per cent Returns Order flow Per cent Returns Order flow
Human Bank Al PTC Al Human Bank Al PTC Al
Pre-event period 63.8 4.4 0.3 315 Pre-event period 79.5 4.3 11.0 5.2
Event day' 11.8 69.2 18.1 0.9 Event day'"! 19.2 17.9 26.1 36.9

Post-event period 39.9 27.3 19.4 13.4 Post-event period  85.3 3.1 11.3 0.2

(M A small number of the most extreme returns on the event day were excluded to avoid these driving the results.
Sources: EBS and authors’ calculations.

The results for EUR/CHF show a striking shift in information contributions across our
three periods. In the pre-event period, PTC Als are estimated to have made by far the largest
contribution to the variance of efficient returns of all types of order flows, with bank Als and
human traders contributing very little. On the event day, human trading took over as the most
significant contributor, while the influence of PTC Als all but disappeared. Human trading also
maintained a significant contribution in the post-event period. The role of bank Als on the event
day and in the post-event period was similar to that of human traders, though not as dramatic,
stepping up from pre-event levels. This was dwarfed by the increased contribution of bank Al to
total realised volatility highlighted in Section 6.1.

The pattern for USD/CHF is somewhat less clear, as the informational role of all types of
trading is estimated to be relatively small in both the pre-event and post-event periods. When the
contribution of public information collapsed on the event day, however, order flows did

temporarily become much more informative, particularly those from Al trades.

This section suggests that human traders played an important role in the discovery of
efficient prices, notably in the EUR/CHF market on the event day. Here, they substituted for
computers, notably PTC Als, which still contributed less to price discovery than human traders
in the post-event period. Combining these results with previous ones, showing that Al traders
made large contributions to realised volatility, we conclude that these traders added significant
noise to FX rates following the SNB announcement. This may reflect the possibility that many
computer trades after the announcement were driven by liquidity needs rather than information.
Such ‘fire-selling” would be consistent computers being net consumers of liquidity, as we saw in

Section 5.
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7 Arbitrage opportunities and market efficiency

Studies have found that computer trading algorithms sometimes help to iron out market
imperfections such as arbitrage opportunities. In this section, we present measures of market
efficiency relating to triangular arbitrage to see if there were changes in the efficiency of Swiss
franc currency markets as computer traders withdrew liquidity following the SNB

announcement on 15 January 2015.

The Swiss franc is one of the few currencies continuously quoted directly against both the
euro and the US dollar. Some computer trading in these markets may therefore be engaged in
triangular arbitrage. This involves searching for and trading on instances of direct quotes for
EUR/CHF that have moved out of line with implied quotes derived from USD/CHF and
EUR/USD.

We begin by calculating the frequency and average size of such arbitrage opportunities on
the day of the SNB announcement and in the periods preceding and following it. Specifically,
we examine the best bid and ask quotes in each 100 millisecond window and record the
existence of an arbitrage opportunity if a profit could have been made by buying EUR/CHF
directly and selling ‘synthesised” EUR/CHF via USD/CHF and EUR/USD trades or vice versa.
The profits have to exceed a de minimus one basis point, and we record the average profitability
of all arbitrage opportunities meeting this criterion. The results are shown in the left-hand panel
of Table 7.

Table 7: Arbitrage opportunities between EUR/CHF, USD/CHF and EUR/USD

Size and frequency of opportunities Trading on arbitrage opportunities(l)
Frequency®  Profitability®®) Coefficents ~ Pre-event Post-event
Per cent Basis points period period
Pre-event period 0.004 9.9 Human -0.0022 0.0010
Event day 0.897 181.2 Bank Al 0.0061""" 0.0025
Post-event period 0.046 4.8 PTC Al 0.0089""" -0.0050

(™ /** 7 denotes statistical significance at the 1% / 5% / 10% level.

@ Percentage of 100 millisecond periods in which the combination of best bid and ask quotes across the three
currency-pairs offers a profit in excess of one basis point.

® Average profitability of arbitrage opportunities where they exist.

Sources: EBS and authors’ calculations.

Not surprisingly, by far the largest and most frequent arbitrage opportunities occurred
during the event day itself. Arbitrage opportunities then remained over ten times more frequent
in the post-event period compared with the pre-event period. This suggests that algorithmic
trading may have become less active in this latter period, possibly in response to the increased

volatility of the two CHF rates in the arbitrage triangle.

To investigate more thoroughly how the role of algorithmic trading in arbitrage in the
post-event period compares with that of the pre-event period, we estimate a structural vector

autoregression (SVAR) model of the relationship between arbitrage opportunities and the
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trading volumes of different types of trader. This analysis closely follows that of Chaboud et al.
(2014). In particular, we estimate the following model:

AYt = a(L)Yt + 'BXt + 6Gt + Et

where Y contains four endogenous variables, the first of which measures the frequency of
arbitrage opportunities, while the remaining ones measure the order flow of each trader type
relative to total market order flow. These variables are measured over five-minute windows. 4 is
a 4x4 matrix of coefficients governing contemporaneous relationships between the endogenous
variables. These were estimated using the approach of Rigobon (1993). Two lags of the
endogenous variables are also included in the model, as are six exogenous variables, X. These
are total trade volumes and return volatilities for each of the three currency pairs in the arbitrage
triangle, all computed over the preceding ten minutes. Finally, we include nine time dummy

variables, G, one for each hour of the trading day.

The right-hand panel of Table 7 shows the estimated contemporaneous coefficients that
reflect how the trading activity of each type of trader responds to arbitrage opportunities. It
reveals statistically significant positive responses of human, bank Al and PTC Al trading in the
pre-event period, with both bank Al and PTC Al trading responding more than that of human
traders. In the post-event period, however, human traders pursued triangular arbitrage
opportunities more than bank Als and PTC Als, even though the relationship was weaker and no
longer statistically significant. Thus, our results suggest a significant reduction in computer
resources devoted to triangular arbitrage following the Swiss franc event, with human trading
becoming the most important source of arbitrage (though not significantly so). The fact that no
type of trading made a significant contribution to arbitrage suggests that most mis-pricings were

closed by quote adjustment rather than active trading.

8 Non-CHF foreign exchange rates

Although we have some evidence that Al trading adversely affected market liquidity and price
formation in exchange rates featuring the Swiss franc after the SNB announcement, an
important question for financial stability is whether these effects spread to exchange rates more
widely. If so, to what extent did Al trading undermine the quality of these FX markets? In order
shed light on this issue, we now focus on three other currency pairs, EUR/USD, USD/JPY and
EUR/JPY. We chose these three cross-rates as EUR/USD and USD/JPY are the two most traded
currency pairs in all FX markets, and while EUR/USD is associated with EUR/CHF and
USD/CHF through triangular arbitrage, USD/JPY is not. We added EUR/JPY to study arbitrage

in another triangle of currencies.

First we repeat the analysis of liquidity provision and consumption of Section 5.1 for these

three currency pairs. Here, we focus on net liquidity provision, which is shown in Table 8.
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Table 8: Net liquidity provision

(O]

EUR/USD UsD/JPY EUR/JPY

Human Bank Al PTC Al | Human BankAl PTC Al | Human Bank Al PTC Al
Share of trade volume (%)
Pre-event period 20.9 5.0 -25.9 20.1 7.7 -27.8 353 18.5 -53.8
Event day 17.7 -2.1 -15.6 18.2 -2.4 -15.8 31.9 18.4 -50.4
Post-event period 18.5 4.1 -22.6 19.6 7.7 -27.3 36.6 20.4 -57.0
Statistical tests (t-statistics) @
Event day = pre-event? 33" 67" 9™ -1.6 80" 74™ 2.1 -0.1 1.8
Post-event = pre-event? -1.3 -0.6 1,4* -0.3 0.0 0.1 0.3 0.6 -0.8

(D Share of volume as liquidity provider minus share of volume as liquidity consumer.

@ *

/" denote statistical significance at the 1% / 5% / 10% level.
Sources: EBS and authors’ calculations.

Table 9: Effective spreads by type of liquidity provider
EUR/USD

Median spread (basis points)

Statistical tests™ (p-values)

Human Bank Al PTC Al Human = Bank AI?  Human = PTC AI?

Pre-event period 0.17 0.21 0.34 0.00™" 0.00™"
Event day 0.22 0.30 0.51 0.00"" 0.00""
Post-event period 0.20 0.25 0.42 0.00"" 0.00"™"
Statistical tests ()(2 statistics )

Event day = pre-event? 426" 623" 844"

Post-event = pre-event? 515 101.8"™ 160.7""

USD/JPY

Median spread (basis points )

Statistical tests™ (p-values)

Human Bank Al PTC Al Human = Bank AI?  Human = PTC AI?

Pre-event period 0.14 0.24 0.35 0.00™" 0.00"™"
Event day 0.18 0.27 0.47 0.00™" 0.00""
Post-event period 0.14 0.26 0.41 0.00™" 0.00"™"
Statistical tests™ ()(2 statistics)

Event day = pre-event? 187" 118" 456"

Post-event = pre-event? 0.6 1327 575

EUR/JPY

Median spread (basis points )

Statistical tests™ (p-values)

Human Bank Al PTC Al Human = Bank AI? Human = PTC AI?
Pre-event period 0.22 0.36 0.45 0.00"" 0.00"™"
Event day 0.46 0.56 0.92 0.91 0.00°7"
Post-event period 0.28 0.48 0.64 0.00™" 0.00™"
Statistical tests™ ()(2 statistics )
Event day = pre-event? 283" 19.07 7397
Post-event = pre-event? 14,8*** 20.2*** 60.0***

O The tests are described in footnote 18. ™"/

EEEE Y

Sources: EBS and authors’ calculations.

/¥ denote statistical significance at the 1% / 5% / 10% level.
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The table shows no significant change in the net supply of liquidity in non-CHF currency
pairs in the post-event period compared with the pre-event period. On the event day, there was
some decline in net liquidity provision in EUR/USD and USD/JPY by bank Als, but this was

compensated for by an increase from PTC Als.

Second, we look at effective spreads, as in Section 5.2. Table 9 shows how effective
spreads varied on and after the day of the SNB announcement by type of liquidity provider for
our three non-CHF currency pairs. Across these currency pairs, spreads on human trades were
always narrower than spreads on computer trades, but all spreads widened on the event day and
reverted towards pre-event values in the post-event period, such that the relative positions of

spreads with human and computer traders did not change.

Finally, we repeat our analysis of the frequency and size of arbitrage opportunities in
Section 8.1 for the USD/JPY-EUR/JPY-EUR/USD triangle. If the Swiss franc event had a
widespread impact on computer trading in all FX cross-rates we might expect more arbitrage
opportunities to have appeared in this triangle. However, as Table 10 shows, although there was
some increase in arbitrage opportunities on the event day, which was statistically significant,

they were almost identical in the pre-event and post-event periods.

Table 10: Arbitrage opportunities between USD/JPY, EUR/JPY and EUR/USD

Frequency(l) Profitability(z)

Per cent Basis points
Pre-event period 0.012 0.2
Event day 0.494 1.9
Post-event period 0.014 0.2

(M Percentage of 100 millisecond periods in which the combination of best bid and ask quotes across the three
currency-pairs offers a profit in excess of one basis point.

@ Average profitability of arbitrage opportunities where they exist.

Sources: EBS and authors’ calculations.

9 Conclusion

The Swiss franc event is probably the most significant shock to FX markets since computerised
algorithmic trading has been prominent. Studying the reaction to this shock, we find that
algorithmic trading contributed to the decline of EUR/CHF and USD/CHF market quality on the
event day and afterwards as they withdrew liquidity and generated uninformative volatility.
Human traders took over as the main contributors to efficient pricing, while algorithms tended to
amplify price movements by following trends. Trades by bank algorithms, in particular,
contributed substantially to non-informative EUR/CHF volatility. This may indicate that the role
of trade aggregators, which has been highlighted in other extreme market events (see for
example BIS, 2017), was important. Both PTC and bank algorithms, which had traded on
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triangular arbitrage opportunities before the event, ceased doing so afterwards. However,
adverse effects on non-CHF currency pairs were limited, suggesting that algorithmic trading did

not propagate contagion in the FX market, at least on this occasion.

Of course, it is hard to draw general conclusions from one event, not least because we
have only studied how algorithmic trading reacted and not why it did so. Was it due to more
stringent capital or trading requirements applied to algorithmic trading or because of the
behaviour of the algorithms themselves? If the latter, were there types of algorithm that reacted
more and types that reacted less or even partially offset the behaviour of the others? If that were
the case, the mix of algorithms operating at the time of future financial market shocks could
affect the scale of any amplification that occurs. Indeed, that mix could be affected by the
adaptation of algorithms as they experience periods of market stress like the one studied in this
paper. Nevertheless, our results contrast with evidence that algorithmic trading in aggregate
improves liquidity and price discovery in normal times. This suggests there is some value in
maintaining a diversity of trader types to help keep markets resilient through different trading

conditions.
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behaving randomly, but because it’s too computationally complex to predict
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1 Introduction

Imagine you're a trader who’s just discovered that stock Z is under-priced. In a
market without noise, there’s no way for you to take advantage of this discovery. The
moment you try to buy a share, other traders will immediately realize that you must
have uncovered some good news. And, you won’t find anyone willing to sell you a
share at the old price (Aumann, 1976; Milgrom and Stokey, 1982).

Noise pulls the rug out from under this no-trade theorem. In a market with noise,
someone may always be trying to buy or sell stock Z for erratic non-fundamental
reasons. So, when you try to buy a share, other traders won’t immediately realize
that you’ve uncovered good news since your buy order could just be some more
random noise. It’s this plausible cover story that allows you to both trade on and
profit from your discovery. It’s this plausible cover story that Fischer Black was
referring to when he wrote that “noise makes financial markets possible”.

But, where exactly does this all-important noise come from? Who generates it?
And, what are their erratic non-fundamental reasons for trading?

The standard answer to these questions is that i) noise comes from individual
investors, and that ii) their demand looks erratic and unrelated to fundamentals be-
cause individual investors are just plain bad traders. These are the standard answers
for a reason. Not only do individual investors suffer from all sorts of behavioral biases
when they trade (Barberis and Thaler, 2003) but they trade far too often (Barber
and Odean, 2000). So, it’s clear that individual investors can generate noise.

But, are they the only source? It seems unlikely. The importance of individual
investors has steadily declined over the past few decades. While individual investors
held 47.9% of all U.S. equity in 1980, this percentage was down to only 21.5% by 2007
(French, 2008). And, in June 2017 JP Morgan strategists reported that only around
“10% of trading is done by traditional, ‘discretionary’ traders, as opposed to system-
atic rules-based ones.”! However, this steady downward trend in the importance of
individual investors has not been accompanied by a drop in trading volume.

Motivated by this explanatory gap, we propose an alternative noise-generating
mechanism based on computational complexity. A stock’s demand might appear ran-
dom, not because individual investors are behaving randomly, but because it’s too
computationally complex to predict how a wide variety of simple, deterministic, trad-

ing rules will interact with one another—even if you yourself are fully rational. There

!Financial Times. 6/14/2017. Not Your Father’s Market: Tech Tantrum Shows How U.S. Equi-
ties Trading Has Changed.



are two parts to our analysis. First, we show theoretically how computational com-
plexity can generate noise by modeling a particular kind of trading-rule interaction:
index-fund rebalancing cascades. Then, we give empirical evidence that index-fund
rebalancing cascades actually generate noise in real-world financial markets using data
on the end-of-day holdings of exchange-traded funds (ETFs).

Theoretical Model. As individual investors have shrunk in importance, “passive
investing—indexing—has become popular as an alternative to active investment man-
agement” and “active managers...have become more index-like in their investing
(Stambaugh, 2014).” However, these new ‘index-like’ funds have not been created
in Jack Bogle’s image. Many choose their holdings “based on custom criteria” that
involve threshold-based rules.? For instance, the PowerShares S&P 500 Low-Volatility
ETF [SPLV| tracks the lowest-volatility quintile of S&P 500 stocks. This fund uses
a threshold-based rule because an arbitrarily small change in a stock’s volatility can
move it from 101st to 100th place on the low-volatility leaderboard. When this hap-
pens, SPLV has to exit its position in one stock and build a new position in another,
affecting each stock in equal-but-opposite ways. The price of the stock being added
will rise while the price of the ‘stock formerly known as 100th’ will fall.

We begin our analysis by presenting a model where, because there are so many
index funds tracking so many different threshold-based benchmarks, a small change
in stock A’s price can cause one index fund to buy stock A and sell stock B, which
can then cause a second index fund following a different threshold-based benchmark
to sell stock B and buy stock C', which can then cause. .. Our main theoretical result
is that, although it’s possible to determine if a stock will be affected by one of these
index-fund rebalancing cascades, the problem of determining how the stock will be
affected (buy? or sell?) is computationally intractable. In fact, it’s NP hard. Thus,
index-fund rebalancing cascades can generate seemingly random demand shocks even
though each index fund involved in the cascade is following a completely deterministic
trading rule. In other words, index-fund rebalancing cascades generate noise in a way

that does not require traders to suffer from behavioral biases or make cognitive errors.

Rebalancing Cascades. Our theoretical model shows how index-fund rebalancing
cascades are able to generate seemingly random demand shocks. But, is there any
evidence that they are actually doing this in real-world financial markets? To answer
this question, we study end-of-day ETF holdings using data from ETF Global, which

covers every trading day from January 2010 to December 2015. We focus our attention

2Bloomberg. 5/12/2017. There Are Now More Indexes Than Stocks.



on ETFs that rebalance daily. So, when you look at our results, you should be thinking
about the PowerShares S&P 500 Low-Volatility ETF [SPLV] rather than the SPDR
S&P 500 ETF [SPY|. ETFs that rebalance daily are smaller than funds that track
broad value-weighted market indexes, such as SPY. But, their rebalancing activity
matters because these funds tend to do the bulk of their trading during the final
20-to-30 minutes of the trading day.®> We also net-out changes in ETF holdings due
to creations and redemptions. These trades are executed as in-kind transfers for tax
reasons (Madhavan, 2016) and so can’t contribute to index-fund rebalancing cascades.

Here’s how we structure our tests. Our theoretical model studies index-fund re-
balancing cascades that stem from an initial shock. So, we study ETF rebalancing
cascades that stem from an initial M&A announcement, referring to the target of
an M&A announcement as stock A. Our data on M&A announcements comes from
Thomson Financial. M&A deals are a natural choice for the initial shocks because “a
profusion of event studies has demonstrated that mergers seem to create shareholder
value, with most of the gains accruing to the target company (Andrade et al., 2001).”
While M&A targets are not randomly chosen, the exact date of the announcement
(Tuesday? Wednesday? or Thursday?) may as well be.

Following each stock A’s announcement as an M&A target, we examine the set of
unrelated stock Zs. For stock A and stock Z to be unrelated, they have to be twice
removed in the network of ETF holdings at the time of the M&A announcement.
Stock Z can’t have been recently held by any ETF that also held stock A. And, if
stock A and stock B both belong to the same benchmark, then stock Z can’t have
been recently held by any ETF that also held stock B. In other words, the chain
has to be A - B — C' — Z or longer. Because there are smart-beta ETFs focusing
on things like large-cap, value, and industry-specific benchmarks, this unrelatedness
criteria also implies that stock Z doesn’t share any well-known characteristics such
as size, book-to-market, or industry with stock A.

Our theoretical model predicts that, all else equal, a stock Z that’s on the cusp
of more ETF rebalancing thresholds is more likely to be hit by an ETF rebalancing
cascade. So, we split the set of stock Zs for each M&A announcement into two
subsets: those that are on the cusp of rebalancing for an above-median number of
ETFs, and those that aren’t. Consistent with our theoretical prediction, we find that
ETF rebalancing volume grows by 169% more for the above-median group of stock

Zs than for the below-median group in the 5 days immediately following an M&A

3Wall Street Journal. 5/27/2015. Stock-Market Traders Pile In at the Close.



announcement. And, we show that this increase is no more likely to be made up of
buy orders than of sell orders. Taken together, these results suggest that it’s possible
to predict if stock Z will be affected by an ETF rebalancing cascade but not how
stock Z will be affected. What’s more, because the same stock Z can be above-median
relative to one M&A target but below-median relative to another, our results can’t

be attributed to unobserved characteristics of stock Z.

Market Reaction. To show that ETF rebalancing cascades are actually generating
noise, however, we need to do more than just give statistical evidence that they are
unpredictable. To be convincing, we need to show that market participants treat the
resulting demand shocks as noise, too. The natural way to investigate whether market
participants are treating the demand coming from ETF rebalancing cascades as noise
is to look for differences in liquidity. As highlighted in the opening paragraphs, if
there is more demand noise, then a randomly selected trade is less likely to be coming
from an informed trader. So, we look for otherwise identical stock Zs and ask: ‘Is
stock Z; more liquid than stock Z; at times when stock Z; happens to be more
susceptible to ETF rebalancing cascades than stock Z,7" The data reveals that the
answer is ‘Yes’. Above-median stock Zs are much more liquid than the below-median
stock Zs suggesting that market participants treat the demand shocks coming from

ETF rebalancing cascades as noise.

Broader Implications. John Maynard Keynes (1921) pointed out that, because a
daily national census is logistically impossible, the answer to the question ‘Is the pop-
ulation of France an even or an odd number?’ is effectively a coin toss. So, economists
had intuited a connection between apparent randomness and computational complex-
ity long before ETFs arrived on the scene. But, in the past, this intuitive connection
his always been just that—an intuition. The goal of our theoretical model is to make
the connection concrete.

By showing precisely why it’s computationally intractable to predict ETF re-
balancing cascades even if you yourself are fully rational, we make it possible for
researchers to identify other situations where the same logic holds. For example, our
theoretical model also applies to any other group of funds following a wide variety of
threshold-based rebalancing rules. Think about quantitative hedge funds following
strategies of the form ‘Buy the top 30% and sell the bottom 30% of stocks when
sorting on X’ (Khandani and Lo, 2007). Or, consider pension funds with strict port-
folio mandates of the form ‘15% of our assets will be held in alternative investments’
(Pennacchi and Rastad, 2011).
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Figure 1: How This Paper Is Different. Papers on index-linked investing fall into two
groups. The first studies how trading due to index inclusion can amplify an initial shock to
stock A (Row 1). The second studies how stock A’s returns suddenly co-move with stock B’s
returns as soon as stock A gets added to stock B’s index (Row 2). By contrast, this paper
focuses on the unpredictable consequences of stock A’s index inclusion, not for stock A or
for stock B, but for seemingly unrelated stock Zs (Rows 8 and 4).

1.1 Related Literature

This paper connects to three main strands of literature.

Noise. The problem we study is motivated by the central role that noise plays in
information-based asset pricing models (Grossman and Stiglitz, 1980; Hellwig, 1980;
Admati, 1985; Kyle, 1985) and limits-to-arbitrage models (Shleifer and Summers,
1990; Shleifer and Vishny, 1997; Gromb and Vayanos, 2010). We propose an expla-

nation for noise that does not rely on individual investors behaving randomly.

Indexing. Our paper also relates to work on index-linked investing (Wurgler,
2010). Some of these papers study how index inclusion can amplify an initial shock
to stock A. For instance, Chang et al. (2014) shows how getting added to the Russell
2000 results in further price increases. For examples involving ETFs, see Ben-David
et al. (2017), Brown et al. (2016), and Israeli et al. (2017). Other papers study how
stock A’s returns suddenly co-move with stock B’s returns as soon as stock A gets
added to stock B’s index. For instance, Barberis et al. (2005) shows that a stock’s
beta with the S&P 500 jumps sharply after index inclusion. For other examples, see
Greenwood and Thesmar (2011), Vayanos and Woolley (2013), and Anton and Polk
(2014). By contrast, we focus on the unpredictable consequences of stock A’s index

inclusion, not for stocks A or B, but for seemingly unrelated stock Zs.

Thresholds. Finally, people use threshold-based rules to make all sorts of decisions
(Gabaix, 2014). The literature on heuristic decision making typically measures the
cost of using a heuristic rule in expected-utility loss (Bernheim and Rangel, 2009).

Whereas, we look at how simple decision rules can affect demand volatility.



2 Theoretical Model

Because there are so many index funds tracking so many different benchmarks, a small
change in stock A’s characteristics can cause one index fund to buy stock A and sell
stock B, which can then cause a second index fund following a different benchmark to
sell stock B and buy stock C', which can then cause. .. This section presents a model
showing that, while it’s possible to determine if a stock will be affected by one of these
index-fund rebalancing cascades, predicting how the stock will be affected (buy? or
sell?) is an NP-hard problem. As a result, demand shocks coming from index-fund
rebalancing cascades are effectively random even though each index fund involved in

a cascade is following a simple, completely deterministic, rebalancing rule.

2.1 Market Structure

Here’s how we model index funds transmitting an initial shock from stock A to stock
B, and then from stock B to stock C', and then from stock C' to stock D, and so on.

Network. Imagine a market with a set of stocks S = {1,2, ...,5}. Index-fund
rebalancing rules define a network over these stocks. There is an edge from stock s
to stock &', not if they both currently belong to the same benchmark, but rather if a
shock to stock s would cause an index fund to swap its position in stock s for a new
position in stock s’. If a positive shock to stock s would cause some fund to sell stock

s" and buy stock s, then stock s’ is a negative neighbor to stock s:
N, = {s’ € S|positive shock to s = negative shock to s'} (1)

Whereas, if a negative shock to stock s would cause some fund to buy stock s and

sell stock s, then stock s’ is a positive neighbor of stock s:
NT = {s’' € S|negative shock to s = positive shock to s’} (2)

The market structure is the set of positive and negative neighbors for each stock,
M = {(N;[[Ny ), (N5lIN5), .. (NG INg)}-

Distortion. This network of rebalancing rules propagates shocks through the mar-
ket in discrete rounds, which are indexed by t = 0,1,2, ... For this to happen, index-
fund rebalancing decisions must have the potential to distort stock characteristics. If
one fund decides to sell stock s, then this decision must have the potential to change
stock s in a way that causes a second fund to rebalance, too. In other words, it’s

important that demand curves slope down (Shleifer, 1986).



This assumption is consistent both with trader descriptions of index-fund rebalanc-
ing and with current academic research (Ben-David et al., 2017). More and more peo-
ple are talking about how ETF rebalancing “influences trading in individual stocks.”
And, there’s a lot of overlap between index-fund portfolios. The same stock is often
involved in numerous ETF benchmarks, such as “active beta, momentum, dividend
growth, deep value, quality, and total earnings.”®

We embed this rebalancing-distortions assumption in our model by using a single
variable, z,, to keep track of both index-fund rebalancing decisions and changes in

stock characteristics:
Tst € {_17 07 ]—} Axs,t =Tst — Tst—1 (3)

If (254, Azsy) = (1,1), then stock s has realized a positive shock because some fund
built a new position in stock s. If (z,,, Azss) = (—1, —1), then the opposite outcome
has taken place. Stock s has realized a negative shock because some fund exited an
existing position in stock s. To emphasize that index-fund rebalancing decisions can

affect more than just a stock’s price, we refer to changes in stock ‘characteristics’.

Propagation. Because we want to illustrate how computational complexity can
generate seemingly random demand shocks even in the absence of any random be-
havior on the part of individual investors, we model how index-fund rebalancing
decisions propagate shocks through the market as a mechanical 3-step process. STEP
1 involves identifying the set of stocks that will be affected at time (¢ 4+ 1) by index
funds’ rebalancing decisions at time t:

{s"eNf|s ¢ Out,, } if (x50, Aryy) = (—1, —1)

Out;t = (4a)
0 otherwise

Out-, = {s’ eN;|s¢ Out;t_l} if (w54, Azgy) = (1,1) (4b)

7 0 otherwise
Out,, is the set of stocks that will be negatively affected at time (£+1) by some index
fund’s decision to buy stock s at time t. Likewise, Out;t is the set of stocks that
will be positively affected at time (¢t + 1) by some index fund’s decision to sell stock
s at time t. The restrictions on Out, and Out_, that s ¢ Out,, , and s ¢ Out), ,
respectively ensure that a shock doesn’t just bounce back and forth between stocks s

and s’ over and over again in perpetuity.

4Bloomberg. 4/10/2015. Tail Can Wag Dog When ETFs Influence Single Stocks, Goldman Says.
®Financial Times. 10/7/2017. On The Perverse Economic Effects Created by ETFs.
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Figure 2: An Example. An example of an indezx-fund rebalancing cascade involving 5
stocks that starts with a positive shock to stock A, A = {A}. Grey box depicts market struc-
ture, M. Columns to the right depict state of each stock, xs;, at timest = 1,2,3,4. Diagram
above each column depicts shock propagation through the market. Dots denote stocks. Red
dot indicates x5y = +1; blue dot indicates x5y = —1; and, black dot indicates xs; = 0.
Dashed box reports result of index-fund rebalancing cascade at time t = 4, Cascadem 4(A).
Notice that cascade has positive effect on stock Z in round t = 3, Effectm 3(A, Z) = +1. But,
in round t = 4, its net effect on stock Z reverts to Effectpm 4(A, Z) = 0.

STEP 2 involves identifying all the ways that each stock s € S will be affected at
time (¢ + 1) by this collection of outgoing links at time ¢:

Inf,,, ={s" €S|seOutf, (5a)
In;, ., ={s' €S|seOut,,} (5b)

Positive incoming links for stock s correspond to situations where an index fund sold
stock s’ at time ¢, and this selling pressure then forced a second index fund following a
different benchmark to sell stock s’ and buy stock s at time (¢+1). Negative incoming
links for stock s correspond to the same sequence of events with opposite signs.
Finally, STEP 3 involves calculating how this collection of incoming links will

distort the characteristics of each stock at time (¢ + 1):

U =1 - —1 - a
sit+1 {Iln;t+1|>|lns,t+1‘} {||"s+,t+1‘<“ns,t+1|} (6 )

Tspr1 = Sign[Ts s + Us p41] (6b)

In the equation above, Sign[y| = y/|y|. This updating rule simply says that, if more
index funds decided to buy stock s than sell stock s at time (t+ 1), then it will realize

a positive shock; whereas, if more index funds decided to sell stock s than buy stock



s, then it will realize a negative shock.
Cascades. An index-fund rebalancing cascade starts in round ¢ = 0 with all stocks
at their default levels:
(IS,Oa AIS,O) = (07 O) (7>

Then, at time ¢ = 1, nature selects an e-small subset of stocks, A, to receive an initial

positive shock:
(51, Azsq1) = (1,1) for each s € A (8)

We assume that everyone knows the identity of the stocks in A. We say that A is
e-small if there’s a positive constant € > 0 such that |A|] < ¢-S as S — oo. The
positive-initial-shock convention is without loss of generality.
Following this initial shock, an index-fund rebalancing cascade is just the iteration
of the 3-step updating procedure until a time limit 7" € {1,2, ...} has been reached:
function Cascadem r(A):
t<0
for all (s € A):
(s, Azg) < (1,1)
while (t <T):

for all (s €S): ©

STEP 1: (Out!, Out,) < Update[(Out!, Out, )|(zs, Az,)]
for all (s €S):
STEP 2: (Inf,In]) + Update[(In],In])]
STEP 3: (x5, Azg) < Update[(zs, Axs)]
t«t+1
return [z zy -+ Tg|

An index-fund rebalancing cascade’s effect on stock Z, Effecty r(A, Z), is the Zth
element of the output from Cascadey r(A). Notice that how description of an index-
fund rebalancing cascade suggests a second interpretation for the symbol M. M is not
just a description of index-fund rebalancing rules. It’s also a description of a machine

that computes the effects of index-fund rebalancing cascades.

An Ezample. Figure 2 shows an example of an index-fund rebalancing cascade
involving 5 stocks that starts with a positive shock to stock A. At time t = 3, the
cascade delivers a positive shock to stock Z, Effectms({A}, Z) = +1. But then, at
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time t = 4, a second branch of the cascade hits stock Z, canceling out the effect of the
first shock, Effectm 4({A}, Z) = 0. This example highlights the two questions we want
to ask about index-fund rebalancing cascades in the following two subsections. First,
is there any way for an index-fund rebalancing cascade that starts at stock A to effect
stock Z7 Second, suppose there is. What will be the net effect of the rebalancing
cascade on stock Z?7 In the next two subsections, we’re going to investigate the

computational complexity of answering each of these questions.

2.2 ‘If?”’ Problem

How hard is it to figure out whether an index-fund rebalancing cascade triggered by

an initial shock to stock A might eventually affect the demand for stock Z7

Decision Problem. Solving this decision problem means finding at least one path
connecting a particular stock A to stock Z. A K-path connecting stock A to stock
Z is a sequence of K stocks {sy, ..., sk} such that the first stock is stock A, the last
stock is stock Z, and

N* & odd
Sk € o forall k € {2, ..., K} (10)
N;,_, Kk even

For example, in Figure 2, there are two different paths from stock A to stock Z. One
travels from stock A to stock B to stock Z:

A*\./;Z {@I{B}), ({A,Z}1(0), (DI{B})} (11)

Stock A — Stock B — Stock Z

The other travels from stock A to stock B’ to stock C’ to stock Z:

!/ O/
v R OB, (ACYH. OIB.Z). (YD) (12)
*

A Stock A — Stock B’ — Stock C/ — Stock Z

If such a path exists, then it’s possible that an index-fund rebalancing cascade trig-
gered by an initial shock to stock A might affect the demand for stock Z.

Below we give a formal definition of the ‘If?” problem.
Problem 2.2a (If).

e Instance: A choice for stock Z; a market structure M; a time T > 1; and, a
subset of stocks Scs.

e Question: For each stock s € S, is there a K -path connecting stock s to stock Z
for some K <T7?

11



If denotes the set of instances where the answer is ‘Yes’. Solving the ‘If?” problem
means deciding whether (Z, M, T,S) € If. If (Z,M, T,S) € If, then there’s at least one
K-path connecting each stock s € Stostock Zin K <T steps.

If Complezity. Problems with polynomial-time solutions are considered “tractable
problems” that “can be solved in a reasonable amount of time (Moore and Mertens,
2011).” And, the proposition below shows that If can be solved in polynomial time.
So, it’s easy to determine which stocks have the potential to trigger an index-fund

rebalancing cascade that might affect stock Z.
Proposition 2.2a (If Complexity). If can be solved in polynomial time.

We say that f(y) = O[g(y)] if there exists an a > 0 and a yo > 0 such that [f(y)| <
a-|g(y)| for all y > yo. And, we say that f(y) = Poly|y] if there exists some g > 0 such
that f(y) = O[y®]. The size of an instance of If is governed by the number of stocks
in the market, S. So, a polynomial-time solution for If is an algorithm that decides
whether (Z,M, T, é) € If in Poly[S] steps for every possible choice of (Z,M, T, é)—
i.e., computational-complexity results typically provide bounds on the time needed

to solve worst-case instances.

Predicting If. The computational tractability of If also means that you can make
useful predictions about the size of S for a given stock Z. To illustrate, suppose that
for any pair of stocks (s,s’) € S?, stock s is chosen as a positive neighbor to stock
s independently with probability #/s where x > 0 is some Ollog(S)] function. Under
these assumptions, the number of positive neighbors for each stock, N7 = N[, obeys

a Poisson distribution as S — oo (Erdos and Rényi, 1960)
N ~ Poisson(k, S) (13)

which implies that the typical stock has E[N;| = & positive neighbors. Thus, if k & 0,
then the market will be fragmented with most stocks having no neighbors; whereas,
if k =~ log(.S), then the market will be densely connected with each stock on the cusp
of rebalancing for many different funds.

The proposition below shows that it’s easy to predict how many stocks are con-

nected to stock Z just by counting the number of neighbors for stock 7.

Proposition 2.2b (Predicting If). If M is a market structure generated using con-

nectivity parameter k > 1 and

Smax(Z,M, T) = max { |S] s.t. (Z2,M,T,S) € If } (14)

Seas
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denotes the number of stocks with a K-path to stock Z for some K < T, then

E[Smax(Z, M, T)] is increasing in the total number of neighbors to stock Z.

Put differently, stocks with more neighbors are more likely to be affected by index-
fund rebalancing cascades. And, you can infer this property about stock Z without
having to trace out each individual path that a rebalancing cascade might take. We

will make use of this fact in our empirical analysis below.

2.3 ‘How?’ Problem

Although it’s easy to predict if a stock is likely to be affected by an index-fund rebal-

ancing cascade, predicting how a stock will be affected is computationally intractable.

Some Intuition. What does it mean to say that ‘If?’ is an easier question than
‘How?’? To build some intuition, let’s start by looking at Figure 3. Each row depicts
a single market with S = 25 stocks and is broken up into 3 panels. Here’s the exercise
we have in mind. First, examine the left panel in each row, which depicts the index-
fund rebalancing rules that define each market. Then, ask yourself: i) ‘Will stock Z,
which is denoted by the large black square with a question mark in it, be affected
by an index-fund rebalancing cascade that starts at stock A, which is denoted by the
large blue star?” and ii) ‘If so, how exactly will stock Z be affected (buy vs. sell)?’

On one hand, you can immediately see how easy it is to answer the first question.
The middle panels show that there’s a path connecting stock A to stock Z in My, M3,
and My but not in M;. So, stock Z might be affected by an index-fund rebalancing
cascade starting with stock A in My, M3, and My but not in My. Answering this first
question gives you a sense of what it means to have a polynomial-time solution.

But, on the other hand, you can also immediately see how hard it is to answer
the second question. There’s no way to guess how an index-fund rebalancing cascade
will affect stock Z by examining the set of index-fund rebalancing rules involved,
even though these rules are completely deterministic. My, M3, and My all have paths
connecting stock A to stock Z ending positive shocks. But, the effect of the entire

index-fund rebalancing cascade only agrees with this naive prediction in M.

Decision Problem. Below is the formal definition of the ‘How?’ decision problem.
Problem 2.3a (How).

e Instance: A choice for stock Z; a market structure M; a time T = Poly[S]; a

positive constant € > 0; and, the power set A C 25 of all e-small sets A C S.
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How?

Figure 3: Some Intuition. Fach row contains 3 panels and depicts simulated results for
a single market with S = 25 stocks—i.e., one market structure per row. Nodes are stocks.
Node color denotes effect of index-fund rebalancing cascade: blue=positive, red=negative,
black=no effect. Star: stock A. Square: stock Z. Edges denote index-fund rebalancing
rules. Blue(s)-to-red(s'): stock s’ is negative neighbor to stock s. Red(s)-to-blue(s'): stock
s’ is positive neighbor to stock s. Stock A and stock Z are in same position in all panels.
Network: Indez-fund rebalancing rules. If?: Path connecting stock A to stock Z if one exists.
How?: Net effect of index-fund rebalancing cascade if path exists.
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e Question: Is there some A € A such that Effecty (A, Z) # +17

How denotes the set of instances where the answer is “Yes’. Here’s what How is
asking in plain English. Imagine the universe of all index-fund rebalancing cascades
that stem from an initial positive shock to an arbitrarily small subset of stocks in the
market. Will every single one of these rebalancing cascades have a positive effect on

stock Z after T' rounds of rebalancing?

How Complexity. The proposition below gives a mathematical result that mirrors

the intuition we built up in Figure 3. Solving How is much harder than solving If.
Proposition 2.3a (How Complexity). How is an NP-complete problem.

Just like instances of If, the size of instances of How are governed by the number
of stocks in the market, S. The complexity class NP is the set of decision problems
with solutions that can be verified in polynomial time. A crossword puzzle is a good
example of a problem that’s hard to solve but easy to verify (Garey and Johnson,
2002). Solving this Sunday’s grid might take you an hour, but it will only take a
second to verify your guess for 31-down using the answer key.

What does it mean for a decision problem to be NP complete? For any pair of
decision problems, Prob; and Proby, we say that solving Proby can be reduced to
solving Prob; if you can solve Proby by just mapping each instance of Prob, over to a
corresponding instance of Prob; and then simply solving Prob;. Intuitively, if solving
Prob, can be reduced to solving Prob;, then solving Probs is no harder than solving
Prob;. A decision problem is NP complete if every decision problem in NP can be
reduced to it and it belongs to NP.

Root of the Problem. Figure 4 illustrates why How is so computationally in-
tractable. Each vertical gray region denotes a separate sequence events, starting at
the top and ending at the bottom. On the left, there’s a proposed path connecting
stock A to stock Z that ends with a positive shock to stock Z:

e—) C ) Z

The trouble is that stocks A and D are also connected to other stocks that may not
belong to the original path (dotted lines), which means that the market structure
could contain a secondary path. The four gray regions to the right show how small
changes in the length of this secondary path can change the cascade’s net effect on
stock Z. 1If stock A and stock D are directly connected, My, then the secondary
path doesn’t matter. If there is a 1-path connecting stock A to stock D, My, then
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Figure 4: Root of the Problem. FEach vertical gray region denotes a separate sequence
events, which starts at the top and ends at the bottom. Fach node denotes a stock. Node
color denotes effect of cascade: blue=positive, red=negative, black=no effect. Star: initial
shock to stock A. Square: final effect for stock Z. FEdges denote index-fund rebalancing
rules. Blue(s)-to-red(s’): stock s' is negative neighbor to stock s. Red(s)-to-blue(s’): stock s’
is positive neighbor to stock s. Path: path connecting stock A to stock Z. Location of stocks
A, B, C, D, and Z remain unchanged in all sequences. Dotted lines: neighbors to stock A
and stock Z that could form alternate path. Mg:
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path with k € {0,1,2,3} stocks separating stock A and stock D.
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the secondary path implies that stock Z will be unaffected by the entire index-fund
rebalancing cascade. But, if there’s a 2-path connecting stock A to stock D, Ms, then
the secondary path won’t matter once again. And, if there’s a 3-path connecting
stock A to stock D, Ms, then stock Z will be positively affected by the index-fund
rebalancing cascade even though stock D will be unaffected. Tiny changes in the
structure of a rebalancing cascade can lead to different outcomes for stock Z.

As a result, determining how a particular index-fund rebalancing cascade will af-
fect stock Z requires a detailed simulation of how the entire cascade will play out.
So, finding an initial shock which results in a negative effect on stock Z could re-
quire checking every possible e-small subset. And, the size of this power set scales
exponentially with the number of stocks in the market, S. Suppose you could solve
instances of How in less than one microsecond when there were only 20 ETFs in the
market. Proposition 2.3a implies that this same algorithm would take longer than
the current age of the universe to execute in today’s market, which contains roughly
2,000 U.S.-listed ETFs.% “A running time that scales exponentially implies a harsh
bound on the problems we can ever solve—even if our project deadline is as far away
in the future as the Big Bang is in the past (Moore and Mertens, 2011).”

Predicting How. Proposition 2.3a says that the problem of figuring out how ev-
ery single index-fund rebalancing cascade will effect stock Z is computationally in-
tractable. But, maybe this is an unreasonable goal. What if you only try to figure
out how most index-fund rebalancing cascades will affect stock Z7 We introduce the

following decision problem to make this idea precise.
Problem 2.3b (MajorityHow).

e Instance: A choice for stock Z; a market structure M; a time T = Poly[S]; a

positive constant € > 0; and, the power set A C 25 of all e-small sets A C S.
o Question: Is ) a 1{Efectu.r (A, 2)=11} > \A|/2?

Compared to How, MajorityHow seems like a much closer analogue to the problem
that real-world traders care about. Traders know which index funds hold each stock.
And, they know the rebalancing rules that index funds are following. So, given this
information, they would like to determine whether or not some stock Z will be affected
by the majority of index-fund rebalancing cascade that might occur. For a particular

market structure, will more than half of all possible index-fund rebalancing cascades

SFinancial Times. 1/14/2017. ETFs Are Eating The US Stock Market.
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result in buy orders?

At first, MajorityHow seems like a much easier problem to solve than How because
it doesn’t involve finding a particular verboten instance. But, this first reaction is
wrong. Proposition 2.2b shows that stock Zs with more neighbors are more likely
to be hit by index-fund rebalancing cascades. But, Proposition 2.3b shows that
determining whether more than half of all possible index-fund rebalancing cascades

will result in buy orders is tantamount to predicting the outcome of a coin flip.
Proposition 2.3b (Predicting How). MajorityHow is an NP-hard problem.

A decision problem is NP hard if every decision problem in NP can be reduced to it but
the problem itself might not belong to NP. So, if MajorityHow is an NP-hard problem,
then it is at least as hard as any decision problem in NP. And, a polynomial-time

solution to MajorityHow would imply P = NP.

2.4 Key Ingredients

We’ve just seen that predicting how index-fund rebalancing cascades will affect a
stock’s demand with accuracy better than a coin flip is an NP-hard problem. As
a result, the demand shocks coming from the rebalancing cascades are effectively
noise. To make it easier for other researchers to spot other situations where the same
mathematical reasoning applies, we now describe three key features of index-fund

rebalancing cascades that make them so hard to predict.

Alternation. First, index-fund rebalancing cascades are only hard to predict if
they involve alternating sequences of buy and sell orders. In a world where a positive
shock to stock A can only ever result in a positive shock to stock B, predicting how
stock Z will be affected by a rebalancing cascade is easy. In fact, it’s equivalent to

solving the ‘If?” problem.

Proposition 2.4a (Necessity of Alternation). Without alternation, How is solvable

i polynomial time.

Index-fund rebalancing cascades necessarily involve an alternating sequence of buy
and sell orders. When an index fund rebalances its portfolio, it swaps out an existing
position in one stock for a new position in another. But, there are other cascade-like
phenomena where this isn’t the case. For example, think about bank runs. During a
bank run, depositors are choosing whether to withdraw their money—sell only. As a

result, equilibrium demand in these models behaves in a predictable way depending
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on whether some threshold has been crossed (Diamond and Dybvig, 1983).

Feedback Loops. Second, index-fund rebalancing cascades are only hard to predict
in a market structure that involves cancellation due to feedback loops. It’s important
that different cascade paths have the potential to cancel each other out, as shown in
Figure 4. To illustrate, think about what would happen if every stock in the market
had exactly 2 neighbors. In this setting, if there exists a path connecting stock A to
stock Z, then you can determine how a rebalancing cascade starting with stock A will
affect stock Z by counting the number of stocks in the path. If it’s an odd number,
then stock Z will realize a positive shock, like in Equation (11). Whereas, if it’s an

even number, then the shock will be negative, like in Equation (12).

Proposition 2.4b (Necessity of Feedback Loops). Without cancellation due to feed-

back loops, How is solvable in polynomial time.

Again, we feel that feedback loops are a natural part of the index-fund universe.
There is no central-planning committee that limits the number of indexes that a
single stock can belong to. There’s nothing stopping 20 different smart-beta ETFSs
from holding the same stock at the same time.” Thus, the associated collections of
rebalancing rules will contain market structures with feedback loops. And, it’s these

loopy instances that make solving How computationally intractable.

Thresholds. Third, index-fund rebalancing cascades are only hard to predict if
their benchmark indexes involve threshold-based rebalancing rules. For example,
it’s important that the PowerShares S&P 500 Low-Volatility ETF [SPLV| tracks a
benchmark consisting of only the 100 lowest-volatility stocks on the S&P 500 and not a
benchmark including all S&P 500 stocks with relatively more shares of lower-volatility
constituents. In the first case, an arbitrarily small change in a stock’s volatility can
move it from 101st to 100th place on the low-volatility leaderboard and force SPLV
to exit its entire position. In the second case, an arbitrarily small change in a stock’s
volatility would only lead to an even smaller change in the fund’s portfolio position.
Without threshold-based rebalancing rules, longer cascade paths would necessarily
have smaller effects for the same reason that AR(1) impulse-response functions get
weaker at longer horizons. So, you could approximate an index-fund rebalancing

cascade’s net effect on stock Z by using the effect of the shortest path to stock Z.

Proposition 2.4c (Necessity of Thresholds). If index funds don’t use threshold-based

rebalancing rules, then there’s a fully polynomial-time approximation scheme for How.

"SeekingAlpha. 6/27/2017. Smart Beta ETFs Love These Stocks.
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It’s a simple fact that index funds use threshold-based rebalancing rules. This is
how many index funds operate. But, threshold-based trading rules can be found all
over the place in financial markets. A typical stat-arb trading strategy will have the
form, ‘Buy the top 30% and sell the bottom 30% of stocks when sorting on X.” where
X is some variable that predicts the cross-section of expected returns. Our goal is
not to explain why funds choose to follow these sorts of trading rules; instead, we

point out one natural consequence of this choice: noise.

No-Trade Theorem. We began this paper with a discussion of Milgrom and Stokey
(1982)’s classic no-trade theorem. There’s no error in their paper. So, at this point,
you might be wondering why doesn’t their result apply to the setting we study in our
paper. What implicit assumption is being violated?

Milgrom and Stokey (1982) consider a setting where all traders start out with com-
mon priors and then one of them gets a private signal. They then prove that, if this
lone trader acts on his private signal using a simple deterministic trading rule, then
everyone else in the market will be able to figure out what he’s learned by studying
his trading behavior. We show that this result can break down in modern financial
markets because there isn’t just one lone trader following a simple deterministic trad-
ing rule. There are hordes of them. So, even if each index fund is using a simple
deterministic rebalancing rule, the net demand coming from the entire interacting

mass of index funds can still appear random.

Different Application. Finally, we would like to point out a nice parallel be-
tween our main theoretical results and the analysis in Arora et al. (2011). Instead
of studying the demand-shock distribution for a single stock, Arora et al. study the
loan-quality distribution within a single mortgage-backed security. They too show
that the problem of determining whether an asset-backed security contains slightly
more bad loans than expected is NP hard. Same mathematical insight. Different

financial applications.

3 Rebalancing Cascades

We’ve just seen that index-fund rebalancing cascades can generate seemingly random
demand shocks in a theoretical model. We now use data on end-of-day ETF holdings
to show that the ETF rebalancing cascades generate unpredictable demand shocks in

real-world financial markets.
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3.1 Index Funds

We study index-fund rebalancing cascades using data on a particular kind of index

fund—namely, exchange-traded funds (ETFs). There are three reasons for this choice.

Reason #1: Diversity. First, we need a large group of index funds that follows
a very heterogeneous collection of benchmark indexes. Prior to January 2008, ETFs
all looked like the SPDR S&P 500 ETF [SPY| in that they all tracked some sort of
pre-existing market index, like the S&P 500. But, in early 2008, the SEC changed
its guidelines so that an ETF could track its own self-defined benchmark. After this
change, Invesco PowerShares was free to create an ETF tracking the returns of the
quintile of S&P 500 stocks with the lowest historical volatility even though there was
no pre-existing low-volatility S&P 500 index. All Invesco had to do was promise to
announce the identities and weights involved in the benchmark one day in advance.

Now, there are more ETFs than stocks.® “From ProShares we have CLIX (100%
long internet retailers and 50% short bricks-and-mortar U.S. retailers) and EMTY
(which just bets against bricks-and-mortar retailers). . . meanwhile from EventShares,
we have policy-factor ETFs. . . like...GOP (full of oil drillers, gun manufacturers, and
so on that would benefit from Republican policies) and DEMS (with companies that
should do well under Democrats, such as clean-energy companies). There is also an
ETF called TAXR that invests in companies poised to benefit most from a successful
attempt to pass a tax reform bill.””

The sheer number and variety of these so-called ‘smart-beta’ ETFs has become
something of a hot-button issue of late. To be sure, niche ETFs like DEMS tend to be
smaller than broad value-weighted market ETFs, like the SPDR S&P 500 ETF SPY.
But, even the rebalancing activity of niche ETFs can affect a stock’s fundamentals
because ETFs often execute the bulk of their trades during the final 20 to 30 minutes
of the trading day. The numbers are stark: “37% of New York Stock Exchange trading
volume now happens in the last 30 minutes of the session, according to JPMorgan.
The chief culprit is the swelling exchange-traded fund industry. .. ETFs are essentially
investment algorithms of varying degrees of complexity, and typically automatically

rebalance their holdings at the end of the day.”!°

Reason #2: Discretion. Second, ETF managers have less ability to deviate from

their stated benchmarks than either mutual- or hedge-fund managers due to the

8Bloomberg. 5/16/2017. Mutual Funds Ate the Stock Market. Now ETFs Are Doing It.
9Financial Times. 11/21/2017. A ROSE by any other ticker symbol. . .
YFinancial Times. 3/17/2017. Machines and Markets: 5 Areas To Watch.
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underlying structure of the ETF market (Madhavan, 2016; Ben-David et al., 2017).
The company running an ETF (its ‘sponsor’) has an obligation to create or redeem
shares at the end-of-day market value of its stated benchmark. So, if an ETF’s price
is higher than the end-of-day market value of its benchmark, then an arbitrageur can
sell shares of the ETF back to the sponsor and use the proceeds to buy shares of the
underlying assets in the benchmark index. The reverse logic holds when underpriced.

If arbitrageurs are constantly asking an ETF sponsor to create or redeem lots of
shares, then the sponsor must be losing lots of money. So, just like you'd expect,
creations and redemptions are only a small fraction of daily trading volume for ETFs,
and these trades involve less than 0.5% percent of ETFs’ net assets (Investment Com-
pany Institute, 2015). Instead, ETF trading volume primarily comes from managers’
rebalancing activity just prior to market close. This end-of-day trading is how ETF
sponsors make sure that there is very little difference between the market value of
their end-of-day holdings and the market value of their stated benchmark.

An ETF manager who does the bulk of his rebalancing right at market close will
incur higher trading costs. But, the typical investor in a smart-beta ETF is not
looking for a cheap way to buy and hold a broad market portfolio. ETF investors
traded “$20 trillion worth of shares last year even though ETFs only have $2.5 trillion
in assets. That’s 800% asset turnover, which is about 3-times more than stocks.”!!
An investor interested in holding a smart-beta ETF is looking for quick access to a
very targeted position. He’d rather the ETF manager have slightly higher trading
costs and be much more faithful to his stated benchmark. For a niche ETF, the
additional trading costs incurred by the end-of-day trading are nothing compared to

the costs associated with replicating the entire position from scratch.

Reason #8: Data. Third, we can observe end-of-day portfolio positions for ETFs.
Specifically, we use data from ETF Global that includes both the assets under man-
agement, AUM;,, and the relative portfolio weight on each stock, €2+, for each ETF
fe{l, ..., F} at the end of each trading day from January 2010 to December 2015.
We restrict our sample to include only those ETFs that rebalance their positions
daily—think about the PowerShares S&P 500 Low-Volatility ETF [SPLV| rather than
the SPDR S&P 500 ETF [SPY|. Thus, if P;; is the price of stock s on day ¢, then the
actual number of shares of stock s that the fth ETF holds on day ¢, Qs+, is:

Qf,s,t - %,t X {Qﬁ&t . AUMﬂt } (15)

UBloomberg. 3/3/2017. 5 Ways ‘Passive’ Investing Is Actually Quite Active.
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And, total ETF trading volume for stock s on day t is given by Z?Zl | Qrst—Qfsi—1]-

This end-of-day data is important. Other papers in the ETF literature, such as
Ben-David et al. (2017), impute ETFs’ daily portfolio positions from their end-of-
quarter financial statements. But, we are interested in how the rebalancing decisions
of different ETFs interact with one another over the course of a few days. And, we
can’t study these interactions if we are forced to impute daily holdings from end-of-

quarter data.

Rebalancing Volume. We use data on end-of-day ETF holdings to create two main
variables of interest. The first is ETF rebalancing volume. This requires a little bit of
subtlety because not all ETF trading is due to rebalancing decisions. If money pours
into ETF f on day ¢, AUMy; > AUM;,_1, then the fund is going to have to buy a
bunch of shares of each stock that it holds. But, this trading volume won’t be due to
any rebalancing decision. The fund manager is just scaling up his existing holdings.
So, to adjust for trading due to inflows and outflows, we first calculate each ETF’s
predicted holdings on day t given its portfolio weights on the previous day (¢ — 1) and

the realized inflows and outflows on day ¢:
Qf,s,t = % X {Qf,s,tfl : AUMf,t} (16)
Then, for each stock s, we compute the total difference between every ETF’s actual

end-of-day holdings and this inflow-adjusted prediction on day t:

etfRebalVlm,, = S5, | Qs — Qpor | (17)

We use this as our daily measure of ETF rebalancing volume for each stock. Note
that we will write all regression variables in teletype font to distinguish them from
estimated parameters. Table 2 shows that the typical stock during our sample period

had €762 ~ 2,038 shares traded each day due to ETF rebalancing decisions.

Order Imbalance. Then, to evaluate whether ETFs are trading in different direc-

tions, we also compute a corresponding measure of ETF order imbalance:

~ Q1= Q
etfOrdImbal,, = » -—oot <=t (18)
’ — etfRebal,;
This variable lies on the interval [—1, 1]. If etfOrdImbal,; = —1, then every share of

stock s traded on day ¢ was a sell order. Whereas, if etfOrdImbal,; = 1, then every
share of stock s traded on day ¢t was a buy order. Table 2 contains summary statistics

describing the typical ETF order imbalance for each stock during our sample period.
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3.2 Initial Shocks

We use M&A announcements for our set of initial shocks, referring to the stock that’s

the target of the M&A announcement as stock A.

MéEA Announcements. Our source for data on M&A deals is Thomson Financial.
We use all deals with an announcement date between January 1st, 2010 and December
31st, 2015 where the target is a public company. Table 2 shows that there were 884
such events during our sample period. M&A announcements are a natural choice
for our initial shocks because there is solid empirical evidence that the target of an
M&A announcement realizes a sharp price increase (Andrade et al., 2001). And,
while acquirers do not choose their M&A targets at random, the exact day that a
deal is announced can be taken as random. We use t4 to denote the day of the M&A

announcement in which stock A was the target firm.

Desired Effect. Table 3 contains direct evidence that ETFs rebalance in response to
these initial shocks. We create a panel dataset containing the ETF rebalancing volume
for each M&A target in our sample during the time window ¢ € {t4 —20, ... ,t4+5}.
Then, we regress log ETF rebalancing volume on indicator variables for the date of

the M&A announcement:
In(etfRebalyy) = a4 - Lppmpy—1) + 7 - Lppmtay +0 - Lpmpyiny + - +eap (19)

In different specifications, the “---” term in the equation above contains year-month
fixed effects, stock A fixed effects, and lagged trading volume. The first column in
Table 3 shows that ETF rebalancing volume for stock A rises by 166% on the day it’s
announced as an M&A target. The second column in Table 3 shows that this jump

in ETF rebalancing activity is not explained by lagged volume.

Manager Discretion. The third column of Table 3 shows the results of the same re-
gression specification but with additional indicator variables for days (t4—2), (t4—3),
(ta—4), and (t4—>5). This column reveals that there is no pretrend in ETF managers’
reaction to the M&A announcement. ETF rebalancing volume only starts to rise on
the day immediately before the announcement, and this 1-day-early effect is due to
the way overnight announcements are coded by Thompson Financial. What’s more,
after we include lagged volume in the specification, the jump in ETF rebalancing
volume is gone the day after. This supports our claim that ETF managers don’t have
much discretion when it comes to deviating from their benchmark index overnight.
There’s no reason to suspect that ETF managers are slowly rebalancing their position

in stock Z in response to demand shocks coming from ETF rebalancing cascades if
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they aren’t doing the same thing in response to the initial M&A announcement shock
to stock A.

Placebo Test. Finally, the fifth column of Table 3 shows the results of the same
regression specification using randomly selected dates for ¢4 rather than the actual
M&A announcements dates. Just as expected, there is no sharp jump in ETF re-
balancing volume on these randomly selected dates. But, more importantly, the
coefficients on lagged trading volume are also unchanged. This placebo test suggests
that our result isn’t being driven by some broader trading-volume anomaly that oc-
curs around the time of each M&A announcement. Things look normal other than

the spike in ETF rebalancing volume.

3.3 Main Results

We now give evidence that these M&A announcements lead to ETF rebalancing

cascades that result in unpredictable demand shocks for unrelated stock Zs.

Diff-in-Diff Approach. Here’s how we set up our tests. First, we create a panel
dataset containing the ETF rebalancing volume on days ¢ € {t4 —20, ... ,t4 + 5} for
each unrelated stock Zs relative to each M&A target announcement in our sample.
We use afterAncmt,; as an indicator variable to flag the 5 days after the M&A
announcement for a given stock A:

1 ifteftatl, ... tat5
afterAncmt,y, = {ta 4 } (20)

0 otherwise

For stock Z to be unrelated to stock A, it has to be twice removed in the network
of ETF holdings. It can’t have been recently held by any ETF that also recently
held stock A. And, if stock B and stock A are both held by the same ETF, then
stock Z can’t have been recently held by any ETF that also recently held stock B
either. i.e., the chain has to he A — B — C' — Z or longer. Because there are so
many different smart-beta ETFs that are specifically designed to give their investors
exposure to things like size and value, this criteria implies that each set of stock Zs
doesn’t share well-known characteristics with the associated stock A.

Proposition 2.2b suggests that, all else equal, stocks on the cusp of more rebalanc-
ing thresholds are more likely to be hit by an ETF rebalancing cascade. So, we split
the set of stock Zs for each initial M&A announcement into two subsets: those on
the cusp of an above-median number of ETF rebalancing thresholds (i.e., stocks with

lots of neighboring stocks in the ETF rebalancing network) and those on the cusp of
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Figure 5: Empirical Design. Each panel depicts the the same set of stocks during 3 dif-
ferent MEA announcements: Owens & Minor’s purchase of Medical Action Industries [MAI]
announced on Jul. 21, 2014; Sonus Networks’ purchase of Network Equip Technologies [NET]|
announced on Jun. 19, 2012; and, Old National Bancorp’s purchase of Indiana Community
Bancorp |INCB| announced on Jan. 25, 2012. The target of each MEA announcement, stock
A, is denoted by a blue star. Each black circle denotes a stock that’s related to stock A at the
time of the announcement. Each white square denotes a stock that’s unrelated to stock A at
the time of the announcement. This is the set of stock Zs. Unrelated stocks that are neighbors
with an above-median number of other stocks are labeled with an “H”; whereas, those that
are neighbors with a below-median number are labeled with an “L”. Oracle Corp. is a related
stock in the left panel, a below-median stock Z in the middle panel, and an above-median
stock Z in the right panel.

a below-median number of ETF rebalancing thresholds. We use manyNbrs, ,,, as an
indicator variable to flag the subset of stock Zs that are on an above-median number
of ETF rebalancing thresholds:

1 if stock Z has an above-median number of neighbors
manyNbrs, ,,, = (21)

0 otherwise
We say that stock s’ is a neighbor to stock s if a fund that currently holds stock s
also rebalanced its position in stock s’ at some point during the previous month.
There are two key predictions from Section 2 that we want to test. First, Propo-
sition 2.2b suggests that stock Zs with more neighbors should be more likely to be
hit by ETF rebalancing cascades and so should have proportionally higher ETF re-
balancing volume in the days immediately following the initial M&A announcement

for stock A. We test this prediction using a standard diff-in-diff regression:
In(etfRebalVlmy;) = a + [ - afterAncmt 4
+ 7 - manyNbrs
A—Zt (22)
+ 0 - {afterAncmt 4 ; X manyNbrs, ,,,}

+o o any
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The null hypothesis is that ETF rebalancing cascades only affect stocks that are
closely related to the initial stock A. If this were the case, then we’d expect to find
0 = 0. By contrast, if stock Zs with more neighbors are indeed more likely to be hit
by a rebalancing cascade, then we should estimate ¢ > 0.

How should we interpret 5?7 ETF rebalancing cascades have the potential to
affect the demand for all stock Zs; it’s just that they’re much more likely to affect the
demand of stock Zs with more neighbors. Stocks with only 1 or 2 neighbors can still
be included in a rebalancing cascade as shown in Figure 4. So, if ETF rebalancing
cascades are taking place, then we should also expect to find § > 0. And, we can
use this auxiliary prediction as a way of checking the internal consistency of our
results. But, while finding 5 > 0 is consistent with the existence of ETF rebalancing
cascades, it’s also consistent with general market conditions changing following an
M&A announcement. By checking whether § > 0, we can see whether this increase in
ETF rebalancing volume for stock Z is related to the structure of ETF rebalancing
rules in a way that’s predicted by our theory.

Second, even though stock Zs with more neighbors are more likely to be hit
by ETF rebalancing cascades, Proposition 2.3b suggests that the direction of the
resulting demand shock should be a coin flip. We test this prediction using the
same diff-in-diff specification as before but with order imbalance as the left-hand-side

variable:

In(etfOrdImbaly;) = o + [ - afterAncmt 4

+ 7 -manyNbrs,_, ,, (23)
+ 0 - {afterAncmt 44 X manbersAHZ’t}

+o o eany

If a stock Z with many neighbors is no more likely to realize a positive demand shock

than a stock Z with few neighbors, then we should estimate § = 0.

Empirical Design. At this point, you might be worried that the unrelated stock
Zs with more neighbors are just different kinds of stocks than the unrelated stock Zs
with few neighbors. And, this is a valid concern. But, there is an important detail
about how we set up our diff-in-diff approach that helps us address this concern.
Specifically, we define the set of unrelated stock Zs separately for each initial M&A
announcement for a stock A. This means that the exact same stock can play the role
of an above-median stock Z relative to one M&A announcement while playing the

role of a below-median stock Z relative to another. Figure 5 gives an example from
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our dataset of this sort of thing happening for Oracle Corp.

By including fixed effects for each stock Z in our regression specification, we can
estimate how the ETF rebalancing activity for the exact same stock changes when it
happens to have many neighbors. This design feature means that any empirical results
we find can’t be explained by ETFs always trading some stocks differently than others.
Any confounding variable has to explain why ETFs suddenly change their rebalancing
behavior for an ever-changing subset of stock Zs in the days immediately following

an M&A announcement about a completely unrelated stock A.

Rebalancing Volume. Table 4 provides the estimated coefficients for the regression
described in Equation (22). The first column shows that ETF rebalancing volume
for all unrelated stock Zs tends to rise by 5.0% on average in the wake of an M&A
announcement for stock A. But, the third column shows that this growth is concen-
trated among unrelated stock Zs that have many neighboring stocks in the network
defined by ETF rebalancing rules. Consistent with our economic story, we find that
ETF rebalancing volume is 3.7% higher for the above-median group of stock Zs than
for the below-median group in the five days immediately following each M&A an-
nouncement.

There are three important points to emphasize about this result. The first is
that we include stock-Z fixed effects in our regressions. So, because the same stock
Z can have many neighbors relative to one M&A target and few neighbors relative
to another, these results can’t be due to persistent differences in how ETFSs tend to
rebalance their positions in particular stocks. The second is that there is no pre-
trend. Figure 6 shows that in the run-up to each M&A announcement, the difference
between the amount of ETF rebalancing activity in stock Zs with many neighbors
and the amount of ETF rebalancing activity in stock Zs with few neighbors remains
constant. Finally, the second and fourth columns of Table 4 confirm that the sudden
spike in log ETF rebalancing volume for stock Zs with many neighbors isn’t due to
a general run-up in trading volume. When we include lagged trading volume in our

regression specification, our point estimates are largely unchanged.
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Order Imbalance. Table 4 gives evidence of long rebalancing cascades; whereas,
Table 5 gives evidence that these cascades have an unpredictable effect on demand.
This table reports the estimated coefficients for the regression described in Equation
(23). The main takeaway from this table comes from comparing the coefficients in
the first and third columns. While the first column shows that there is a statistically
significant 5 = 0.0075%pt increase in ETF order imbalance for unrelated stock Zs
in the days immediately after an M&A announcement, the third column shows that
there is no measurable difference between the ETF order imbalance of stock Zs with
many neighbors and stock Zs with few neighbors. What’s more, the size of the
statistically insignificant point estimate for this difference, detsorammpar = 0.0024%pt,
is more than 2 orders-of-magnitude smaller than the corresponding difference in ETF
rebalancing volume, O (ettrebal) = 3.70%. Taken together, this evidence suggests
that, while it’s possible to predict which stock Zs are likely to be affected by a ETF
rebalancing cascade, it’s much harder to predict how these stock Zs will be affected

by the resulting demand shock.

Aggregate Tests. Among empirical economists, it’s taken almost as an article of
faith that empirical tests should be run using the most micro-level data possible.
So, at this point, you might be surprised that we didn’t try to trace out the precise
buy-sell-buy-sell sequences of each ETF cascade in our sample. But, there is a good
reason why we didn’t do this. This empirical approach would fundamentally ignore
the central message of our theoretical analysis: it is computationally intractable to
make predictions about the fine-grained structure of rebalancing cascades. Instead, we
need to run our tests using well-chosen macro-level variables. Even if it isn’t practical
to track the precise buy-sell-buy-sell sequence of ETF rebalancings, it’s relatively easy
to proxy for the total number of thresholds that a stock is close to. By analogy, even
if it isn’t possible to keep track of the location and momentum of every single gas
molecule in a 1m? box, it’s easy to measure macro-level variables like the pressure

and temperature inside the container.

4 Market Reaction

We've just seen evidence that ETF rebalancing cascades exist and that the resulting
demand shocks are unpredictable from the standpoint of an econometrician. But,
maybe these demand shocks look less random to traders? In this section, we pro-

vide evidence that market participants treat the erratic demand coming from ETF
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rebalancing cascades as noise by studying cross-sectional variation in liquidity.

4.1 Liquidity

If market participants treat the erratic demand coming from ETF rebalancing cas-
cades as noise, then we should find that stock Zs with more neighbors also have higher

levels of liquidity.
Variable Definitions. We calculate the liquidity of each stock Z on a daily basis

in two different ways. First, we compute an intraday variant of the Amihud (2002)

measure:

1 Rz ..
amihudz; = — - Z | Z | (24)

Above, m € {1, ...,390} indexes the 390 minutes in each trading day, rety,, denotes
the return of stock Z in minute m, and $V 2, denotes the number of dollars of stock
Z traded in minute m. We scale this variable so that it’s reported as the percent-
change in stock Z’s price per million dollars of traded volume. In addition, we also

compute the average bid-ask spread of stock Z during the trading day:

1 1 .
baS d,, = — | — - ) [PPd _ pask 25
a prea Zt PZ’t ( 390 Z[ Z,m Z,m} > ( )

met
We scale this second variable so that it’s reported in basis points as a fraction of stock

Z’s closing price on day t.

Around Initial Shocks. Market participants can see whether each unrelated stock
Z has many neighbors or few neighbors. And, because the stock Zs with many neigh-
bors are more likely to be hit by an ETF rebalancing cascade, market participants
should realize that they are more likely to see erratic non-fundamental demand shocks
for these stocks as a result. So, the stock Zs with many neighbors should have higher
liquidity. The second and fourth columns of Table 6 confirm this prediction by show-

ing that v < 0 when estimating the regression below for y € {amihud, baSpread}:

yz:+ =+ [ -afterAncmt 4,

+ 7 - manyNbrs
A—Zt (2 6)
+ 0 - {manyNbrs, ,,, x afterAncmta,}
+tEaszy

Note that both the Amihud (2002) measure and the bid-ask spread are inversely
related to liquidity. So, 7 < 0 implies that stock Zs who happen to have more
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neighbors also have more liquidity.

These same columns also show that there is no change in the relative liquidity of
the stock Zs with many neighbors and the stock Zs with few neighbors in the days
immediately after the initial M&A announcement for stock A. This result is in stark
contrast to the earlier findings in Tables 4 and 5. But, this result is also exactly
what we’d expect to find in a market where traders knew which stock Zs were most
susceptible to the erratic non-fundamental demand coming from ETF rebalancing
cascades. This knowledge should be priced into each stock Z’s bid-ask spread ahead
of time. The market as a whole might contain more asymmetric information after
an important M&A announcement and thus be less liquid in general. But, if market
participants already understood which stocks were more likely to be hit by ETF
rebalancing cascades and considered this demand to be noise, then there should be
no differential effect for stock Zs with many neighbors vs. those with few neighbors

following the M&A announcement for stock A.

4.2 Panel Regressions

If market participants recognize ex ante that stocks with more neighbors are more
likely to be hit by ETF rebalancing cascades, then you might expect that stocks
with many neighbors actually have higher liquidity than stocks with few neighbors

unconditionally. And, this is exactly what we find in the data.

Unconditional Results. The third and fifth columns of Table 7 show the estimation

results for the regression below where y € {amihud, baSpread}:
Vsi =+ [ -#nbrsg, + - + 54 (27)

The key difference between this regression and the earlier regressions is that the data
we use to estimate this regression do not only include the unrelated stock Zs around
each initial M&A announcement. They include all stocks in our data sample. Again,
we estimate 8 < 0 for both liquidity measures, suggesting that market participants

are treating the erratic demand coming from ETF rebalancing cascades as noise.

Implication for Traders. A natural next question is: ‘What should a trader do
with this information?’” The answer isn’t to directly buy or sell stocks with many
or few neighbors. Instead, these results suggest a way of amplifying the returns to
any existing cross-sectional trading strategy. For example, suppose that you would
like to construct a classic momentum portfolio that is long the 30% of stocks with

the highest returns over the previous 6 months and short the 30% of stocks with
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the lowest returns over the previous 6 months. Our results suggest that you could
implement this strategy more efficiently by focusing each leg of this strategy on the
stocks with the most neighbors. This position will have the same average return,
but it will have lower implementation costs due to the liquidity provided by ETF

rebalancing cascades.

Neighbors vs. Holdings. Are our results just due to the fact that ETFs like holding
liquid stocks? No. And, we can use the regression specification in Equation (27) one
more time to further emphasize this point. Our results are due to the overlapping
network of ETF rebalancing decisions and not due to which stocks ETFs choose to
hold. Specifically, we re-estimate the regression where y € {amihud, baSpread}, but
this time including fixed effects for the number of ETFs that hold a particular stock:

Vs =+ B -#nbrsg; + v Lpers—iy + - + €y (28)

By doing this, we are able to estimate the amount of additional liquidity that is
associated with having more neighbors while controlling for the effect of being held
by more ETFs. Again, we find that 5 < 0, suggesting that market participants are
reacting to a stock’s susceptibility to ETF rebalancing cascades rather than just the
number of ETFs that hold it.

5 Conclusion

“To generate randomness, we humans flip coins, roll dice, shuffle cards,
or spin a roulette wheel. All these operations follow direct physical laws,
yet casinos are in no risk of losing money. The complex interaction of a
roulette ball with the wheel makes it computationally impossible to predict
the outcome of any one spin, and each result is indistinguishable from
random.” —Fortnow (2017)

This paper proposes an analogous explanation for seemingly random demand
shocks in financial markets. A stock’s demand might appear random, not because
individual investors are behaving randomly, but because it’s too computationally com-
plex to predict how a wide variety of simple, deterministic, trading rules will interact
with one another. First, we show theoretically how computational complexity can
generate noise by modeling a particular kind of trading-rule interaction: index-fund
rebalancing cascades. Then, we give empirical evidence that index-fund rebalancing

cascades actually generate noise in real-world financial markets using data on the
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end-of-day holdings of exchange-traded funds (ETFs).

By showing precisely why it’s computationally intractable to predict ETF rebal-
ancing cascades, we make it possible for researchers to identify other situations where
the same logic holds. For example, our theoretical model also applies to any other
group of funds following a wide variety of threshold-based rebalancing rules. Think
about quantitative hedge funds following strategies of the form ‘Buy the top 30% and
sell the bottom 30% of stocks when sorting on X’ (Khandani and Lo, 2007). Or,
consider pension funds with strict portfolio mandates of the form ‘15% of our assets

will be held in alternative investments’ (Pennacchi and Rastad, 2011).
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A  Proofs

Definition (Binary String). Let {0,1}* = U,—012..{0,1}" denote the set of all bi-
nary strings.

Definition (Problem Solving). Let Prob € {0,1}* denote a decision problem. An
algorithm F : {0, 1}* +— {0, 1} solves Prob (a.k.a., decides membership in Prob) if for
every instance ¢ € {0, 1}*

i€Prob < F(i)=1
Problem A (stCon).

e Instance: A directed graph G, and two vertices (s,t).

e Question: Is there a path from s to t?
Theorem A (Wigderson, 1992). stCon is solvable in polynomial time.

Definition (Reduction). Let Prob; and Proby denote two decision problems. We
say that Proby is (Karp, 1972) reducible to Prob; if there exists a polynomial-time
algorithm F : {0,1}* — {0, 1}* such that

1 € Proby < F(Z) € Prob;

Proof (Proposition 2.2a). If S contains a single stock, then If and stCon are the
same problem—there is a trivial reduction from If to stCon. Both involve finding a
path from one node in a directed network to another. What’s more, each K-path
to stock Z is evaluated separately. For example, in the market described by Figure
2, the path described in Equation (11) exists with or without the path described
by Equation (12). This means that if (Z,M,T,{s}) € If and (Z,M,T,{s'}) € If,
then (Z,M,T,{s,s'}) € If. Thus, we don’t need to check every single subset ScCSs
separately. To see which subsets of stocks are connected to stock Z, we can just check
which stocks are connected to stock Z. This is reducible to solving (S — 1) separate
instances of stCon, which is doable in polynomial time because stCon itself if solvable
in polynomial time (Wigderson, 1992). O

Remark (Time Complexity). Let Prob; and Proby denote decision problems with
instances of size S. Prob; is solvable in polynomial time if there’s a solution algorithm
that runs in O[S*] steps for some k > 0. Whereas, Prob, requires exponential time if
every solution algorithm requires 2 steps on at least one instance for some ¢ > 0.

Decision problems with polynomial-time solutions are considered tractable while
those that require exponential time are not. However, a polynomial-time solution for
Prob; could require a £ = 10000, and an exponential-time solution for Prob, could
use an ¢ = 0.00001. For these values of k and ¢, Proby would be easier to solve than
Prob; on reasonable instance sizes.

“If cases like this regularly arose in practice, then it would’'ve turned out that
we were using the wrong abstraction. But so far, it seems like we're using the
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right abstraction. Of the big problems solvable in polynomial time—matching, lin-
ear programming, primality testing, etc...—most of them really do have practical
algorithms. And of the big problems that we think take exponential time—theorem-
proving, circuit minimization, etc...—most of them really don’t have practical algo-
rithms. (Aaronson, 2013)” In short, when seen in this context, your first guess for
both k£ and ¢ should be something like 1, 2, or 3.

Remark (Random Networks). To make predictions about the likelihood of being
affected by an index-fund rebalancing cascade, we assume a data-generating process
for the market structure. A standard way to do this is to use a random-networks
model (Jackson, 2010). The particular random-networks model we use dates back
to Erdos and Rényi (1960). We chose this model because it is the simplest. Our
main economic insight is about complexity not networks. Proposition 2.2b can be
extended to other models with power-law and exponential edge distributions. See
Newman et al. (2001) for more details.

Remark (Percolation Threshold). The largest connected component of a directed
graph is the largest set of nodes that are each connected to one another by a path.
There’s a sharp phase transition in the size of the largest connected component in an
Erdés-Rényi random-networks model (Bollobés, 2001). When x < 1, the size of the
largest connected component remains finite as S — oo; whereas, when x > 1, the
largest connected component is infinitely large as S — oo. i.e., the largest connected
component includes a finite fraction of infinitely many nodes. When x > 1, the
largest connected component is called the ‘Giant Component’. For our purposes, this
percolation threshold implies that the probability of stock Z being affected by an
index-fund rebalancing cascade starting somewhere else in the market is vanishingly
small when x < 1.

Remark (Connectivity Threshold). There’s a similar phase transition in the exis-
tence of small connected components for the Erdos-Rényi random-networks model
(Bollobas, 2001). When x < log(.S), the typical random network will contain many
small connected components; whereas, when x > log(.5), the typical random network
will contain only the giant component and nodes without any edges whatsoever. For
our purposes, this connectivity threshold implies that the probability stock Z isn’t
affected by an index-fund rebalancing cascade starting somewhere else in the market
is vanishingly small when x > log(S).

Proof (Equation 13). Suppose M contains S stocks and was generated using con-
nectivity parameter xk > 0. If (s,s") € S?, then stock s’ will be a positive neighbor to
stock s with probability #/s. Because the outcome is determined independently for
each stock s’ € S, the probability that stock s has exactly n positive neighbors is

Pr(NS =n|8) = (7) - (*/s)" - (L —r/s)°"
This is the probability of n successes in S independent Bernoulli trials, which implies
N ~ Binomial(x/s, S)
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So, given the additional restriction that x = Ol[log(S)], we know that as .S — oo
N ~ Poisson(k, S)

since the Binomial distribution converges to the Poisson distribution as S — oo for
small values of . O

Proof (Proposition 2.2b). Let C; € {True, False} be an indicator variable for whether
a stock s is connected to the giant component of the random graph induced by M.
We can write
Pr[(Z,M,T,{s}) € If | Ny = n|] = Pr[(Cs = True) A (Cz = True) | Nz = n]
= Pr[Cs = True] - Pr[Cyz = True | Nz = n|

A~

The second line implies that E[Syax(Z, M, T')] will be increasing in Ny if and only if
E[Cz|Nz = n] is increasing in n since the path connecting each stock s € S to stock
Z can be evaluated independently. Bayes’ rule implies

Pr[Nyz = n|Cy = True]
E|CzINz =n| = E|C
(C2|Nz =) ( Pr[N; = n] < B[]
And, Pr[Nz = n|Cz = True|/Pr[N; = n] is increasing in n. So, we can conclude that
E[C|N = n] is increasing in n. O

Definition (Complexity Class NP). Let Prob denote a decision problem, and let |i|
denote the size of instance i. We say that Prob € NP if there exists a polynomial-time
Turing machine M such that

i€Prob < Fwe {0,137V gt M@, w) =1

The string w is known as the ‘witness’ or ‘proof’ that ¢ € Prob.

Definition (Hardness). Let CC denote an arbitrary complexity class, such as NP.
We say that Prob is hard with respect to CC if every decision problem in CC can be
reduced to Prob.

Definition (Completeness). Let CC denote an arbitrary complexity class. We say
that Prob is complete with respect to CC if both i) Prob € CC and ii) Prob is CC hard.

Problem B (3Sat).

e Instance: A Boolean formula defined over N input variables
F : {True,False}" > {0,1}
where some clauses contain 3 variables.

e Question: Is there an assignment x € {True,False}" such that F(x) =17
Theorem B (Cook, 1971). 3Sat is an NP-complete problem.

Corollary. Let Prob denote any decision problem. If Prob is reducible to 3Sat, then
Prob is NP complete.

39



Proof (Proposition 2.3a). We show that How is NP complete by reducing it to 3Sat.
There are two steps to the proof.
STEP 1: First, create variables to track of the state of the rebalancing cascade:

e For each possible value of (z,;, Azy,),

k € {(070)7 (171)7 (170)7 (O’ - 1)7 (_1: - 1)7 (_170)7 (071)}
define for each stock s € S

(k)st = L{(wor,Ane )=k}
e For each pair of stocks (s,s’) € S? such that s # s define
6:,_3’,15 = 1{sfeout;ﬁt}
Bews = Lweous )
e For each pair of stocks (s,s’) € S? such that s # s’ define
7§,S,t+1 = 1{selnj/’t+l}
Vot = Lisems 1}
e For each stock s € S define
dj:t—}—l = Lug =1
5;t+1 = Lugr1=—1}

Total number of new variables is polynomial in S.
STEP 2: Encode constraints on variables in conjunctive-normal form clauses.
There are two kinds of constraints to consider.

e First, there are constraints that impose variable consistency. e.g., we can’t have
both «(0,0)s; =1 and «(1,1)s; = 1 at the same time:

((0,0),, Vv a(L,1),,)

e Second, there are constraints that encode the rebalancing cascade updating
rules. e.g., if stock s has one negative neighbor, s’, and one positive neighbor,
s”, then the rebalancing-cascade rules are encoded in four different clauses:

55 A, Au.|  Violated Clause

0 0 0 [V
0o 0 1 |V
0 1 0 |@ (0FVA, VAL
o 1 1 |V
10 0 |®@ (6FVAL VAL
10 1 |®@ (6FVAL VAL
1 1 0|V
11 1 |®@ (6FVAL, VAL

W
(e}



/‘ \/’ \ Figure 7: State Diagram. All possible ways that
a single stock could move between the 7 possible val-

ues of (xs, Axgy) in successive rounds of an index-

K /\ / fund rebalancing cascade. Arrows denote transitions.

Loops denote unchanged values in successive rounds.

Again, the total number of new clauses is polynomial in S.
Whenever stock s has both positive and negative neighbors, some of these clauses
involve 3 variables. Thus, we have a polynomial reduction of How to 3Sat. O

Definition (Complexity Class PP). Let Prob denote a decision problem, and let r €
{0,1}* denote an arbitrarily long sequence of random bits. We say that Prob € PP if
there exists a polynomial-time randomized algorithm F such that

i€Prob < Pr[F(i,r)=1]i¢ Prob] >1/2
Problem C (Majority).

e Instance: A Boolean formula defined over N input variables

F : {True,False}”" > {0,1}

o Question: Is Y v F(x) > 2N-12

x€{True, False

Theorem C (Gill, 1977). NP C PP, and Majority is a PP-complete problem.

Corollary. Let Prob denote any decision problem. If Prob is reducible to Majority,
then Prob is PP hard.

Proof (Proposition 2.3b). The proof of Proposition 2.3a showed how to reduce in-
stances of How into Boolean formulas. So, since Majority is defined in terms of Boolean
functions, the same reduction converts instances of MajorityHow into instances of
Majority. Hence, because MajorityHow is a PP-complete problem (Gill, 1977), the
corollary above implies that MajorityHow is an NP-hard problem. O

Problem D (2Sat).

e Instance: A Boolean formula defined over N input variables
F : {True,False}" > {0,1}
where no clause contains more than 2 variables.

e Question: Is there an assignment x € {True,False}" such that F(x) =17

Theorem D (Cook, 1971). 2Sat is solvable in polynomial time.
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Proof (Proposition 2.4a). If there is no alternation, then stocks only have positive
neighbors. So, a stock Z will be affected by an initial shock to the stocks in A if and
only if there is a path from stock s € A connecting to stock Z. Without alternation,
there is no way for two different paths in an index-fund rebalancing cascade to interfere
with one another. And, since within a single path, each stock has only O (stock A)
or 1 (all other stocks) incoming links at any point in time, there would be no need to
create clauses with more than two variables in the proof of Proposition 2.3a. Thus,
without alternation, How is reducible to 2Sat. And, this reduction implies it’s solvable
in polynomial time (Cook, 1971). O

Proof (Proposition 2.4b). If there are no loops, then there is either a single path
from any stock s to stock Z or no such path. After all, if there is more than one
path, then these two paths would define a closed loop. As a result, no stock can have
more than 1 incoming link. And so, the rebalancing cascade rules can be encoded
using clauses with no more than 2 variables as in the proof of Proposition 2.4a. Thus,
without loops, How is reducible to 2Sat. And, this reduction implies that it’s solvable
in polynomial time (Cook, 1971). O

Problem E (SmoothHow). Suppose that the updating rule in Equation (6) was changed
to the following for some 6 € (0,1):

N S —
uS,t—‘,—l - ( Zsleln;t+lx5,’t Zs”eln:tJrlIS”:t )

||”j,t+1 I+1Ing 41l

Tsty1 = 0 - (xs,t + us7t+1)

e Instance: A choice for stock Z; a market structure M; a time T = Poly[S]; a
positive constant € > 0; and, the power set A C 25 of all e-small sets A C S.

e Question: Does there exist a A € A such that Effecty r(A, Z) < 02

Proposition 2.4c (Necessity of Thresholds, Restated). Let i denote an instance of
SmoothHow. There’s a polynomial-time algorithm, ¥, such that for any 6 > 0

D il igProb L{F()=1} < O

Proof (Proposition 2.4c). Because 6 < 1, the effect of a long direct path connecting
to stock Z (i.e., where each stock in the path has exactly one incoming neighbor) will
decay at an exponential rate. A direct path from stock A to stock Z that involves
(K — 1) intermediary stocks will have an affect on stock Z proportional to . And,
the effects of any indirect paths (i.e., where each stock in the path has more than
one incoming neighbor) will decay even fast due to averaging. Having more than
one incoming neighbor presents that possibility that a stock will be hit by both a
positive and a negative shock at the same time. So, to get an approximate solution
to SmoothHow, just compute the effect of all direct paths connecting to stock Z of
length K = Poly[S]. If there exists a path with a negative effect, then answer ‘Yes’;
otherwise, answer ‘No’. O
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B Tables

Summary Statistics, E'TFs

a) Time Series

Avg Sd | 1% 25% 50% 75% 99%
#etf | 1049 153 | 863 911 1206 1337
#bmark | 876 128 | 731 768 1006 1117
mktCap [$1b] || 1291 584 984 1420 1683 2283
b) Cross-Section
Avg Sd | 1% 25% 50% T75% 99%
#stock | 241 505 | 1 29 75 243 2335

Table 1: Summary statistics for the ETF market. Data is from ETF Global. Sample period
runs from January 2010 to December 2015. Panel a) reports monthly aggregates for the
entire ETF market. #etf: number of ETFs in the sample each month. #bmark: number
of different benchmarks reported by these ETFs. mktCap: total market capitalization of the
ETF industry each month in billions of dollars. Panel b) reports cross-sectional statistics
for fund-month observations. #stock: number of stocks held by an ETF in a given month.
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Summary Statistics, Trading

a) Announcements

Avg Sd Min 25% 50% 75% Max
gameme | jy73 509 4 11 14 19 28
sstockz || 077,02 1151.21 | 162 456 641 912 4509

b) Stocks

Avg Sd Min  25% 50% 75% Max

#etfOwned || 17.39 16.38 | 1.00 287 13.29 27.17 60.08
In(etfRebalVlm) | 7.62 2.81| 0.65 581 824 9.68 12.58
etfOrdImbal | —0.03 0.14 | -0.72 —-0.05 —-0.02 0.01 0.22
amihud [%/s1m] 0.85 3.90| 0.00 0.00 0.01 0.07 18.09
baSpread [%] 0.01 0.01| 0.00 0.00 0.00 0.01 0.05

Table 2: Summary statistics for trading data. Announcement data is from Thompson
Financial. Stock-market data is from CRSP and TAQ. Sample period runs from January
2010 to December 2015. Panel a) reports summary statistics for the MEA announcement
data. % number of announcements per month. % number of stocks that are
unrelated to the stock named as the target of each MEA announcement. Panel b) reports
cross-sectional summary statistics at the stock-month level. #etfOwned: number of ETFs
that own each stock. ln(etfRebalVlm): log ETF rebalancing volume. etfOrdImbal: ETF
order imbalance, which ranges from [—1,1]. amihud: Amihud (2002) liquidity measure quoted
in units of percent per $1m of trading volume. baSpread: bid-ask spread quoted as a percent
of the closing price.
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Rebalancing Volume, Stock A

In(etfRebalVlmy ) |%]

Actual Announcements Placebo
1 22.07* —10.2 22.14* —10.1 —-16.4
{t=tat} (11.(% (1978% (11.71) (19.825)) (1@.43
L=t} 165.62*  167.78**  165.69"*  166.87* | —11.47
(10.25) (10.28) (10.30) (10.33) (15.42)
T—ta—1) 60.66™* 63.94* 60.93*** 64.19"* | —10.53
(10.52) (10.35) ( 9.82) ( 9.56) (19.38)
1oy, 5.16 6.81 10.98
{t=ta=2} ( 8.33) ( 8.28) (17.90)
Toimy, — —2.45 —2.45 —13.28
{t=ta=3} ( 9.38) ( 9.35) (16.43)
1oy, — 13.70 14.19 13.21
{t=ta—4} ( 9.71) ( 9.72) (21.36)
Loy, 3.59 5.81 7.45
{t=ta=5} ( 9.15) ( 9.14) (15.92)
In(vima; 1) 12.29"** 12.29"* 12.29*
( 0.41) ( 0.41) ( 0.41)
In(vima; o) 3.85%* 3.85* 3.85"*
( 0.29) ( 0.29) ( 0.29)
In(vlima; 3) 3.09** 3.09* 3.09**
( 0.34) ( 0.34) ( 0.34)
Month-Year FE Y Y Y Y Y
Stock-Specific FE Y Y Y Y Y
R? 57.0% 57.1% 57.0% 57.1% 27.0%
Observations 5,197,276 5,197,276

Table 3: Effect of initial MEA announcements on ETF rebalancing volume for stock
A. For the first 4 columns, the data is panel containing each MEA target in the window
t€{ta—20,...,t4+5}. The fifth column uses a new dataset of randomly selected MEA
announcement dates for the same target companies. ta denotes date of MEA announce-
ment for stock A. In(vlmy) is log trading volume for stock A. Table reports results for the
regression: In(etfRebalay) =a+ B 1gy—y, 13 +7 L=y + 0 Lpy—p g1y + -+
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Rebalancing Volume, Stock Z

In(etfRebalVlimy,) [%]

afterAncmt 4, 4,987 485 | 3.277  3.027
(0.28) (0.28) (0.39) (0.39)
Nb 95.58"*  94.05*
MAnyRbTE A~ 2 (3.25) (3.23)
fterA t Nb TOr 027
afterAncmt4; X manyNbrs, ,,, (?())?8 (%.95)
In(vimy,) 32.38* 31.45**
(1.72) (1.70)
Announcement FE Y Y Y Y
Stock-Specific FE Y Y Y Y
R? || 52.6% 53.0% 53.3% 53.6%
Observations 14,736,786 14,736,786

Table 4: Effect of initial MEA announcements on ETFE rebalancing volume for stock Z.
Data is panel containing each stock Z that is unrelated to the target stock A in the window
te{ta—20,...,ta+5}. For stock Z to be unrelated to a particular stock A, it has to be
twice removed in the network of ETFE holdings. It can’t have been recently held by any ETF
that also recently held stock A. And, it can’t have been held by any ETF that also held a
stock that was held by another ETF that held stock A. i.e., the chain has to be A—B—C—Z2
or longer. afterAncmt 4 is an indicator variable for the 5 days following the announcement
of stock A as an MEA target. manyNbrs 4_, , is an indicator variable for stock Z having an
above-median number of neighbors relative to stock A’s ME&A announcement. In(vlimy) is log
trading volume for stock Z. Table reports results for the regression: In(etfRebalVlmy,) =
a+B-afterAncmt 4 1 +y-manyNbrs 4, ,,+d-{afterAncmt 4y XmanyNbrs 4, 7, }+- - +€a- 274
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Order Imbalance, Stock Z

etfOrdImbaly; [bps]|

afterAncmt 4 0.757*  0.747* | 0.63"*  0.63"
(0.11) (0.11) (0.16) (0.16)
Nb —0.927*  —0.87"*
MAnyEbTS a7 (0.10) (0.10)
fterA t Nb .24 22
afterAncmt4; X manyNbrs, ,,, ?0.21) 8121)
In(vlmg,) —1.25"* —1.247*
(0.08) (0.08)
Announcement FE Y Y Y Y
Stock-Specific FE Y Y Y Y
R? 1.4% 1.4% 1.4% 1.4%
Observations 13,755,851 13,755,851

Table 5: Effect of initial MEA announcements on ETF order imbalance for stock Z. Data
is panel containing each stock Z that is unrelated to the target stock A in the window t €
{ta—20, ...,t4+5}. For stock Z to be unrelated to a particular stock A, it has to be twice
removed in the network of ETF holdings. It can’t have been recently held by any ETF that
also recently held stock A. And, it can’t have been held by any ETF that also held a stock
that was held by another ETF that held stock A. i.e., the chain has to be A— B—C — Z
or longer. afterAncmt 4 is an indicator variable for the 5 days following the announcement
of stock A as an MEA target. manyNbrs 4_, , is an indicator variable for stock Z having an
above-median number of neighbors relative to stock A’s MEA announcement. In(vlmy) is
log trading volume for stock Z. Table reports results for the regression: etfOrdImbaly; =
a+B-afterAncmt 4 1 +y-manyNbrs 4, ,,+0-{afterAncmt 4y XmanyNbrs 4, 7, }+- - +€a- 74
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Liquidity Measures, Stock Z

amihudy; [%/$1m|

baSpread,, [bps]|

afterAncmt 4 0.80 0.84 0.17* 0.18*
(0.63) (1.09) (0.06) (0.10)
manyNbrs, ,,, —fllgll) —%..4301)
afterAncmt,; X manyNbrs, ,,, —(01.‘919) —8]..(1)24)
Announcement FE Y Y Y Y
Stock-Specific FE Y Y Y Y
R? 6.7% 6.7% 52.8% 52.9%
Observations 14,736,786 14,736,786

Table 6: Effect of initial MEA announcements on liquidity for stock Z. Data is panel
containing each stock Z that is unrelated to the target stock A in the window t € {ts —
20, ...,ta+5}. For stock Z to be unrelated to a particular stock A, it has to be twice removed
in the network of ETF holdings. It can’t have been recently held by any ETF that also recently
held stock A. And, it can’t have been held by any ETF that also held a stock that was held by
another ETF that held stock A. i.e., the chain has to be A— B —C — Z or longer. amihudy
is Amihud (2002) illiquidity measure in units of % per million dollars. baSpread, is bid-ask
spread as a fraction of closing price. afterAncmt 4 is an indicator variable for the 5 days
following the announcement of stock A as an MEA target. manyNbrs,_,, is an indicator
variable for stock Z having an above-median number of neighbors relative to stock A’s MEA
announcement. Fory € {amihud, baSpread}, table reports results for the regression: yz; =
a+f-afterAncmt 4 ¢+ -manyNbrs 4 _, ,,+0-{afterAncmt 4, XmanyNbrs 4, 7, }+- - +ea 74
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Unconditional Panel Regression

In(etfRebalVlm, ) |%]

amihud,; [%/s100m|

baSpread, ; [bpsxi00]

#nhbrs, %(1)12)*** 8)..((])16)*** _(10..2117)*** _%9%** _%%88)*** _8]'%65)***
Month-Year FE Y Y Y
#etf-Specific FE Y Y Y
Stock-Specific FE Y Y Y Y Y Y
R? || 60.6% 43.4% 6.5% 6.5% 53.6% 53.7%
Observations 4,915,505 4,966,292 4,986,730

Table 7: Unconditional relationship between number of neighbors and a stock’s ETF rebal-
ancing volume and liquidity. Data consists of a panel containing all stock-month observations
in our sample. #nbrs, is the number of neighboring stocks to stock s in the ETF rebalancing-
rule network. amihudg is Amihud (2002) illiquidity measure in units of % per 100 million
dollars. baSpread, is bid-ask spread as a fraction of closing price times 100. #etf-specific
fized effects denote indicator variables for the number of ETFs that hold a given stock in a
given month. For y € {ln(etfRebalVlm), amihud, baSpread}, table reports results for the
Tegressions yst = a + - #nbrs,, + -+ + gy
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Abstract

This paper describes price discovery and liquidity provision in a dynamic limit order market
with asymmetric information and non-Markovian learning. In particular, investors condition on
information in both the current limit order book and also, unlike in previous research, on the
prior trading history when deciding whether to provide or take liquidity. Numerical examples
show that the information content of the prior order history can be substantial. In addition,
the information content of arriving orders can be non-monotone in both the direction and

aggressiveness of arriving orders.
JEL classification: G10, G20, G24, D40

Keywords: Limit order markets, asymmetric information, liquidity, market microstructure

*We thank Sandra Fortini, Thierry Foucault, Paolo Giacomazzi, Burton Hollifield, Phillip Illeditsch, Stefan Lewel-
len, Marco Ottaviani, Tom Ruchti, and seminar participants at Carnegie Mellon University for helpful comments.
We are grateful to Fabio Sist for his significant contribution to the computer code for our model.

TBocconi University. Phone: +39-02-5836-2715. E-mail: roberto.ricco@phd.unibocconi.it
#Bocconi University and IGIER. Phone: +39-02-5836-5328. E-mail: barbara.rindi@unibocconi.it
$Tepper School of Business, Carnegie Mellon University. Phone: 412-268-2298. E-mail: ds64@andrew.cmu.edu



The aggregation of private information and the dynamics of liquidity supply and demand are
closely intertwined in financial markets. In dealer markets, informed and uninformed investors
trade via market orders and, thus, take liquidity, while dealers provide liquidity and try to extract
information from the arriving order flow (e.g., as in Kyle (1985) and Glosten and Milgrom (1985)).
However, in limit order markets — the dominant form of securities market organization today
— the relation between who has information and who is trying to learn it and who supplies and
demands liquidity is not well understood theoretically.! Recent empirical research highlights the
role of informed traders not only as liquidity takers but also as liquidity suppliers. O’Hara (2015)
argues that fast informed traders use market and limit orders interchangeably and often prefer limit
orders to marketable orders. Fleming, Mizrach, and Nguyen (2017) and Brogaard, Hendershott,
and Riordan (2016) find that limit orders play a significant empirical role in price discovery.?

Our paper presents the first rational expectations model of a dynamic limit order market with
asymmetric information and history-dependent Bayesian learning. In particular, learning is not
constrained to be Markovian. The model represents a trading day with market opening and closing
effects. Our model lets us investigate the information content of different types of market and limit
orders, the dynamics of who provides and demands liquidity, and the non-Markovian information
content of the trading history. In addition, we study how changes in the amount of adverse selection
— in terms of both asset-value volatility and the arrival probability of informed investors — affect

equilibrium trading strategies, liquidity, price discovery, and welfare. We have three main results:

e Increased adverse selection does not always worsen market liquidity as in Kyle (1985). Li-
quidity can improve if informed traders with better information trade more aggressively by

submitting more limit-orders at the inside quotes rather than using market orders.

!See Jain (2005) for a discussion of the prevalence of limit order markets. See Parlour and Seppi (2008) for a
survey of theoretical models of limit order markets. See Rindi (2008) for a model of informed traders as liquidity
providers.

2Gencay, Mahmoodzadeh, Rojcek, and Tseng (2016) investigate brief episodes of high-intensity /extreme behavior
of quotation process in the U.S. equity market (bursts in liquidity provision that happen several hundreds of time
a day for actively traded stocks) and find that liquidity suppliers during these bursts significantly impact prices by
posting limit orders.



e The relation between limit and market orders and their information content depends on the
size of private information shocks relative to the tick size. Indeed, the information content of

orders can even be opposite the order direction and aggressiveness.

e The learning dynamics are non-Markovian in that the order history has information in addi-
tion to the current state of the limit order book. In particular, the incremental information

content of arriving limit and market orders is history-dependent.

Dynamic limit order markets with uninformed investors are studied in a large literature. This
includes Foucault (1999), Parlour (1998), Foucault, Kadan, and Kandel (2005), and Goettler,
Parlour, and Rajan (2005). There is some previous theoretical research that allows informed traders
to supply liquidity. Kumar and Seppi (1994) is a static model in which optimizing informed and
uninformed investors use profiles of multiple limit and market orders to trade. Kaniel and Liu
(2006) extend the Glosten and Milgrom (1985) dealership market to allow informed traders to post
limit orders. Aft-Sahalia and Saglam (2013) also allow informed traders to post limit orders, but
they do not allow them to choose between limit and market orders. Moreover, the limit orders
posted by their informed traders are always at the best bid and ask prices. Goettler, Parlour,
and Rajan (2009) allow informed and uninformed traders to post limit or market orders, but their
model is stationary and assumes Markovian learning. Rosgu (2016b) studies a steady-state limit
order market equilibrium in continuous-time with Markovian learning and additional information-
processing restrictions. These last two papers are closest to ours. Our model differs from them
in two ways: First, they assume Markovian learning in order to study dynamic trading strategies
with order cancellation, whereas we simplify the strategy space (by not allowing dynamic order
cancellations and submissions) in order to investigate non-Markovian learning (i.e., our model has
a larger state space with full order histories). Second, we model a non-stationary trading day with
opening and closing effects. Market opens and closes are important daily events in the dynamics of
liquidity in financial markets. Bloomfield, O’Hara, and Saar (2005) show in an experimental asset
market setting that informed traders sometimes provide more liquidity than uninformed traders.
Our model provides equilibrium examples of liquidity provision by informed investors.

A growing literature investigates the relation between information and trading speed (e.g., Biais,



Foucault, and Moinas (2015); Foucault, Hombert, and Rosu (2016); and Rosu (2016a)). However,
these models assume Kyle or Glosten-Milgrom market structures and, thus, cannot consider the
roles of informed and uninformed traders as endogenous liquidity providers and demanders. We
argue that understanding price discovery dynamics in limit order markets is an essential precursor
to understanding speedbumps and cross-market competition given the real-world prevalence of limit

order markets.

1 Model

We consider a limit order market in which a risky asset is traded at five times t; € {t1,t2,t3,t4,t5}

over a trading day. The fundamental value of the asset after time t5 at the end of the day is

v=v9+0 with Pr(v)=1%
v=vg+ A=< v with Pr(vy) = % (1)
v=1wy—6& with Pr(v) =%

where vy is the ex ante expected asset value, and A is a symmetrically distributed value shock. The
limit order market allows for trading through two types of orders: Limit orders are price-contingent
orders that are collected in a limit order book. Market orders are executed immediately at the best
available price in the limit order book. The limit order book has a price grid with four prices,
P; € {As, Ay, By, Ba}, two each on the ask and bid sides of the market. The tick size is equal to
k > 0, and the ask prices are Ay = vg + 5, A2 = vo + K, ; and by symmetry the bid prices are
By = vy — 5, B2 = vg — k. Order execution in the limit order book follows time and price priority.

Investors arrive sequentially over time to trade in the market. At each time ¢; one investor
arrives. Investors are risk-neutral and asymmetrically informed. A trader is informed with prob-
ability a and uninformed with probability 1 — «.. Informed investors know the realized value shock
A perfectly. Uninformed investors do not know A, so they use Bayes’ Rule and their knowledge
of the equilibrium to learn about A from the observable market dynamics over time. An investor

arriving at time t; may also have a personal private-value trading motive, which — we assume



for tractability — causes them to adjust their valuation of vy to Btj vo where the factor ,Btj may
be greater than or less than 1. Non-informational private-value motives include preference shocks,
hedging needs, and taxation. The absence of a non-informational trading motive would lead to the
Milgrom and Stokey (1982) no-trade result. The factor §;; at time ¢; is drawn from a truncated
normal distribution, T[4 (u, 02)], with support over the interval [0, 2]. The mean is = 1, which
corresponds to a neutral private valuation. Traders with neutral private factors tend to provide
liquidity symmetrically on both the buy and sell sides of the market, while traders with extreme
private valuations provide one-sided liquidity or actively take liquidity. The parameter ¢ determines
the dispersion of a trader’s private-value factor 3;;, as shown in Figure 1, and, thus, the probability
of large private gains-from-trade due to extreme investor private valuations.

The sequence of arriving investors is independently and identically distributed in terms of
whether they are informed or uninformed and in terms of their individual private-value factors
Bt;- In one specification of our model, only uninformed investors have private valuations, while
in a second richer specification both informed and uninformed investors have private valuations.
A generic informed investor is denoted as I, where we denote the informed investor as [ if the
value shock is positive (A = 0), as I, if the shock is negative (A = —§), and as I, if the shock is
zero (A = 0). Informed investors arriving at different times during the day all have the identical
asset-value information (i.e., there is only one realized A). Uninformed investors are denoted as U.

An investor arriving at time t; can take one of seven possible actions x;;: One possibility is
to submit a buy or sell market order M OAZ-,t]. or M OBi,tj to buy or sell immediately at the best
available ask or bid respectively in the limit order book at time ¢;. A subscript ¢ = 1 indicates that
the best standing quote at time ¢; is at the inside prices Ay or By, and i = 2 means the best quote
is at the outside prices As or By. Alternatively, the investor can submit one of four possible limit
orders LOA; and LOB; on the ask or bid side of the book, respectively. A subscript ¢ = 1 denotes
an aggressive limit order posted at the inside quote, and 7 = 2 is a less aggressive limit order at the
outside quotes.®> Yet another alternative is to choose to do nothing (NT).

For tractability, we make a few simplifying assumptions. Limit orders cannot be modified or

3For tractability, it is assumed that investors cannot post buy limit orders at A; and sell limit orders at By. This
is one way in which the investor action space is simplified in our model.



Figure 1: Distribution of Traders’ Private-Value Factors - 3 ~ Tr[4 (u, 02)]. This figure
shows the truncated Normal probability density Function (PDF) of trader private-value factors 8;; with a mean p = 1
and three different values of dispersion o.
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canceled after submission. Thus, each arriving investor has one and only one opportunity to submit
an order. There is also no quantity decision. Orders are to buy or sell one share. Lastly, investors
can only submit one order. Taken together, these assumptions let us express the traders’ action set
as Xy; = {MOB;y;,LOA1, LOA2, NT,LOBs, LOBy, MOA;;,}, where each of the orders denotes
an order for one share.?

In addition to the arriving informed and uninformed traders, there is a market-making trading
crowd that submits limit orders to provide liquidity. By assumption, the crowd just posts single
limit orders at the outside prices Ao and By. The market opens with an initial book submitted by
the crowd at time tg. After the order-submission by arriving informed and uninformed investors at
each time ¢;, the crowd replenishes the book at the outside prices, as needed, when either side of
the book is empty. Otherwise, if there are limit orders on both sides of the book, the crowd does
not submit any further limit orders. For tractability, we assume public limit orders by the arriving

informed and uninformed investors have priority over limit orders from the crowd. The focus of our

4The action space X , of orders that can be submitted at time ¢; includes market orders at the standing best bid
or offer at time t;. Our notation MOB;; and MOA; ;; reflects the fact that the bid or offer at time t; is not a fixed
number but rather depends on the incoming state of the limit order book. There is no time script in the limit order
notation LOA;, ... because these are just limit orders at particular fixed prices in the price grid.



model is on market dynamics involving information and liquidity given the behavior of optimizing
informed and uninformed investors. The crowd is simply a modeling device to insure it is always
possible for arriving investors to trade with market orders if they so choose.

Market dynamics over the trading day are intentionally non-stationary in our model in order
to capture market opening and closing effects. When the market opens at ¢1, the only standing
limit orders in the book are those at prices Ay and By from the trading crowd.’ At the end of the
day all unexecuted limit orders are cancelled. The state of the limit order book at a generic time
t; during the day is

Ay A1 B1 B
Ly, = [qt]-2a PR e qth] (2)

where qf;i and qg ‘ indicate the total depths at prices A; and B; at time ¢;. The limit order book
changes over time due to the arrival of new limit orders (which augment the depth of the book)
and market orders (which remove depth from the book) from arriving informed and uninformed
investors and due to the submission of limit orders from the crowd. The resulting dynamics are:

Ly,

J

=Ly ,+Q,+Cy, j=1,...,5 (3)

°In practice, daily opening limit order books include uncancelled orders from the previous day and new limit
orders from opening auctions. For simplicity, we abstract from these interesting features of markets.



where ()¢; is the change in the limit order book due an arriving investor’s action x;, € X, at tj:6

[—1,0,0,0] if &, = MOAy
[0,~1,0,0] if 2, = MOA,
[+1,0,0,0] if &, = LOAy
[0,41,0,0] if 2, = LOA,
Qy, = Q72,0 Q7 Q71 = { 0,0,0,0]  if y, = NT (4)
[0,0,41,0] if 2, = LOB,
[0,0,0,41] if 2, = LOB,
[0,0,~1,0] if 2, = MOB,

[0,0,0,-1] if 2, = MOBs

where “41” with a limit order denotes the arrival of an additional order at a particular limit price
and “—1” with a market order denotes execution of an earlier BBO limit order and where Ct]. is

the change in the limit order book due to any limit orders submitted by the crowd

e A A
[1707070] lf Qtjil + Qth =
Ciy =14 [0,0,0,1] if ¢ +Q =0. ()

[0,0,0,0] otherwise.

A potentially important source of information at time ¢; is the observed history of orders at prior
times 1, ..,t;_1. In particular, when traders arrive in the market, they observe the history of market
activity up through the current standing limit order book at the time they arrive. However, since
orders from the crowd have no incremental information beyond that in the arriving investor orders,
we exclude them from the notation for the portion of the order-flow history used for informational
updating of investor beliefs, which we denote by %, ; = {Q4,...,Q¢;_, }-

Investors trade using optimal order-submission strategies given their information and any private-

value motive. If an uninformed investor arrives at time ¢;, then his order z;; is chosen to maximize

5There are nine alternatives in (4) because we allow separately for cases in which the best bid and ask for market
sells and buys at time ¢; are at the inside and outside quotes.



his expected terminal payoff

max wU($ |Btj’°%j71) = E[(ﬁt]’ vp + A - p(m)) f(x)|ﬁtj7°%jfl] (6)

$€th
[Bt; vo + E[A L, 08 ] — p(2)] Pr(0F |, _,)  if = is a buy order
[p(z) — (By; vo + E[A|L;_,, 08 ])] Pr(6F |2, _,) if z is a sell order

where p(z) is the price at which order x trades, and f(x) denotes the amount of the submitted order
that is actually “filled.” If x is a market order, then p(x) is the best standing quote on the other side
of the market at time ¢, and f(x) = 1 for a market buy and f(x) = —1 for a market sell (i.e., all of
the order is executed). If x is a non-marketable limit order, then the execution price p(x) is its limit
price, but the fill amount f(z) is random variable equal to zero if the limit order is never executed
and equal to 1 if a limit buy is filled and —1 if a limit sell is filled. If the investor does not trade
— either because no order is submitted (NT') or because a limit order is not filled — then f(x) is
zero. In the second line of (6), the expression 07, denotes the set of future trading states in which
an order x submitted at time ¢; is executed.” This conditioning matters for limit orders because
the sequence of subsequent orders in the market, which may or may not result in the execution of
a limit order submitted at time ¢;, is correlated with the asset value shock A. For example, future
market buy orders are more likely if the A shock is positive (since the average Iy investors will
want to buy but not the average I, investor). Uninformed investors rationally take the relation

between future orders and A into account when forming their expectation E[A %, 07 ] of what

j—17
the asset will be worth in states in which their limit orders are executed. The second line of (6) also
makes clear that uninformed investors use the prior order history .,%j_l in two ways: It affects their

beliefs about limit order execution probabilities Pr(6f,|.Z,_,) and their execution-state-contingent

asset-value expectations E[A %, 07 ].

A market orders z; ; is executed immediately at time ¢; and so is executed for sure.



An informed investor who arrives at ¢; chooses an order z;; to maximize her expected payoff

max wl(x ‘v?ﬁtj?ﬁj—l) = E[(ﬁtj Vo + A - p(:L‘)) f(x)’/Bt]W”%jfl] (7)

IBEth

[Bt; vo + A = p(@)] Pr(0f v, 2, ) if zis a buy order
[p(z) — (Br; vo + A)] Pr(0f v, £, _,) if x is a sell order

The only uncertainty for informed investors is about whether any limit orders they submit will be
executed. Their belief about order-execution probabilities Pr(@@ |v,%,_,) are conditioned on both
the trading history up through the current book and on their knowledge about the ending asset
value. Thus, informed traders condition on .%;,_,, not to learn about the value shock A (which
they already know) or about future investor private-value factors Bt; (which are i.i.d. over time),
but rather because they understand that the trading history is an input in the trading behavior of
future uninformed investors with whom they might trade in the future. Our analysis considers two
model specifications for the informed investors. In the first, informed investors have no private-
value motive, so that their 8 factors are equal to 1. In the second specification, their § factors are
random and are independently drawn from the same truncated normal distribution T[4 (1, 02)]
as the uninformed investors.

The optimization problem in (6) defines sets of actions zy; € Xy that are optimal for the
uninformed investor at different times ¢; given different private-value factors f;; and order histories
%Zi;_,- These optimal orders can be unique, or there may be multiple orders which make the
uninformed investor equally well-off. The optimal order-submission strategy for the uninformed
investor is a probability function gpg (z|Bt,, ;) that is zero if the order = is suboptimal and equals
a mixing probability over optimal orders. If an optimal order x is unique, then oy (2|8, £, ;) =
1. Similarly, the optimization problem in (7) can be used to define an optimal order-submission

strategy cptlj (z|Bt;,v,2L;_,) for informed investors at time ¢; given their factor 3;,, their knowledge

about the asset value v, and the order history .i”t]._l.



1.1 Equilibrium

An equilibrium is a set of mutually consistent optimal strategy functions and beliefs for uninformed

and informed investors for each time ¢;, given each order history .} private-value factor S,

o1
and (for informed traders) private information v. This section explains what “mutually consistent”
means and then gives a formal definition of an equilibrium.

A central feature of our model is asymmetric information. The presence of informed traders
means that, by observing orders over time, uninformed traders can infer information about the
asset value v and use it in their order-submission strategies. More precisely, uninformed traders
rationally learn from the trading history about the probability that v will go up, stay constant, or
go down. However, investors cannot learn about the private values (/3) or information status (I or
U) of future traders since, by assumption, these are both i.i.d over time. Informed traders do not
need to learn about v since they know it directly. However, they do condition their orders on v
(both because v is the final stock value and also because v tells them what types of informed traders
will arrive in the future along with the uninformed traders). Informed investors also condition on
the order-flow history .%_1, since .%,_; affects the trading behavior of future investors.®

The underlying economic state in our model is the realization of the asset value v and a realized
sequence of investors who arrive in the market. The investor who arrives at time ¢; is described
by two characteristics: their status as being informed or uninformed, I or U, and their private-
value factor f;,. The underlying economic state is exogenously chosen over time by Nature. More
formally, it follows an exogenous stochastic process described by the model parameters 9§, «, u,
and 0. A sequence of arriving investors together with a pair of strategy functions — which we
denote here as & = {cpg (@|Bt;, L1;_1), cptlj (w|Bt;,v, Z;_,)} — induce a sequence of trading actions
xy; which — together with the predictable actions of the trading crowd — results in a sequence of
observable changes in the state L;; of the limit order book. Thus, the stochastic process generating

paths of order histories is induced by the economic state process and the strategy functions. Given

the order-path process, several probabilistic quantities can compute directly: First, we can com-

8The order history .%_1 is an input in the uninformed-investor learning problem and, thus, is an input in their
order-submission strategy. In addition, since future informed investors know that %1 can affect uninformed investor
trading behavior, it also enters the order-submission strategies of future informed investors.
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pute the unconditional probabilities of different paths Pr(%;,) and the conditional probabilities
Pr(Qq;|-%;_,) of particular order book changes @Q; due to arriving investors given a prior his-
tory %, ,. Certain paths of orders are possible (i.e., have positive probability Pr(%;,)) given the
strategy functions {gog (8, L;_1), go{j (z|B,v,£;_,)}, and certain paths of orders are not possible
(i.e., for which Pr(.%;;) = 0). Second, the endogenous order-path process also determines the order-
execution probabilities Pr(07 |v, £, ,) and Pr(6f |4, ,) for informed and uninformed investors
for various orders x submitted at time ¢;. Computing each of these probabilities is simply a matter
of listing all of the possible underlying economic states, mechanically applying the order-submission
rules, identifying the relevant outcomes path-by-path, and then taking expectations across paths.

Let £ denote the set of all feasible histories {£}, : j = 1,...,4} of physically available orders
of lengths up to four trading periods. A four-period long history is the longest history a order-
submission strategy can depend on in our model. In this context, feasible paths are simply sequences
of actions from the action choice sets X;; over time without regard to whether they are possible
in the sense that they occur with positive probability given the strategy functions ®. Let ¢ ®
denote the subset of all possible trading paths in ¢ that have positive probability, Pr(%;,) > 0,
given a pair of order strategies ®. Let ¢°%® denote the complementary set of trading paths that
are feasible but not possible given ®. This notation will be useful when discussing “off equilibrium”
beliefs. In our analysis, strategy functions @ are defined for all feasible paths in ¢. In particular,
this includes all of the possible paths in £7® given ® and also the paths in £°%®. As a result, the
probabilities Pr(Q¢;|;_,), Pr(0f|v, £, _,) and Pr(6f |24, _,) are always well-defined, because
the continuation trading process going forward — even after an unexpected order-arrival event (i.e.,
a path &, € £°0"®) — is still well-defined.

The stochastic process for order paths and its relation to the underlying economic state also
determine the uninformed-investor expectations E[v|.% jfl,egj] of the terminal asset value given
the previous order history (%, _,) and conditional on future limit-order execution (67 ). These

expectations are determined as follows:

e Step 1: The conditional probabilities 7, = Pr(v|.£;) of a particular final asset value v = v, vg

or v given a possible trading history %, € ¢ ® yp through time t; is given by Bayes’ Rule.

11



At time ¢, this probability is

Pr(v,4,)  Pr(Z,|v)Pr(v)  Pr(Qlv)Pr(v)

v Pr(%)  Pr(4%) Pr(Qu) ®
_ PrQule P + Pr(@uIU)PrU) p,
Pr(Qtl)
_ Ellen@nlBl o)+ B lpf (20 B - o),
a Pr(Qtl) o

where the prior is the unconditional probability 7} = Pr(v), 2, is the order at time ¢; that
leads to the order book change Q)¢,, and ﬁtll and ﬁg are independently distributed private-
value f3 realizations for informed and uninformed investors at time ¢;.9 At times tj > tq, the
history-conditional probabilities are given recursively by'®

_ Pr(v,&4,)  Pr(v,Qu, %, ) (9)
i Pr(ﬁj) N Pr(Qtj?"%j—l)

Pr(Qu,|v. %, . )Pr(I| 4, ) Pr(v|4, )
+Pr(Q, v, %, U)Pr(UI4,_,)Pr(vl4,_,)

Pr(Qtj ‘ﬁjfl)
Eﬁ[(ptlj (:Btj |5£Ij’v’ "%jfl)hj?"%jfl] a+ Eﬁ[gth]- ($tj |Bga "%jfl)|"%jfl] (1 - Oé) v

= 7th_1

Pr(Qtj |-=%‘,j71)

Given these probabilities, the expected asset value conditional on the order history is

E[v| 4, ] :7‘(2_71’[_)4-7'(;?_1 1}0—|—7T§_1Q (10)

e Step 2: The conditional probabilities 7r§; given a “feasible but not possible in equilibrium”
order history %, € ¢°%:® in which a limit order book change Q; ; that is inconsistent with

the strategies ® at time ¢; are set as follows:

9A trader’s information status (I or U) is independent of the asset value v, so P(I|v) = Pr(I) and Pr(Ulv) =
Pr(U). Furthermore, uninformed traders have no private information about v, so the probability Pr(Q¢,|U) with
which they take a trading action @;, does not depend on v.

10A trader’s information status is again independent of v, and it is also independent of the past trading history
%, While the probability with which an uninformed trader takes a trading action @, may depend on the past
order history .%;,, it does not depend directly on v which uninformed traders do not know.
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1. If the priors are fully revealing in that ij, , = 1 for some v, then ij = 7'['?],7 , for all v.

2. If the priors are not fully revealing at time ¢;, then Trt”j = 0 for any v for which 712’],7 , =0
and the probabilities 7rfj for the remaining v’s can be any non-negative numbers such
v V0 v _
that 77, + m, +m =1
3. Thereafter, until any next unexpected trading event, the subsequent probabilities W,@’j ,

for j > j are updated according to Bayes’ Rule as in (9).

e Step 3: The execution-contingent conditional probabilities #} = Pr(v|£;_,,0f) of a final
asset value v conditional on a prior path %}, , and on execution of a limit order x submitted
at time t; is
Pr(Z, ) Pr(v|£,_,) Pr(0]_,|v. 4, )
j Pr(0™i, %, )

Pr(0f v, ;) i
PT(9%|ﬁj,1) ti1

This holds when adjusting for a future execution contingency both when the probabilities
7{,_, given the prior history %, are for possible paths in ¢ (from (8) and (9) in Step 1)
and also for feasible but not possible paths in £ % ® (from Step 2). These execution-contingent

probabilities ﬁ'fj are used to compute the execution-contingent conditional expected value

E[o| %, ., 07] = 7 0+ 70 vo + 7 v (12)
used by uninformed traders to compute expected payoffs for limit orders. In particular, the
probabilities in (12) are the execution-contingent probabilities 7}, from (11) rather than the

probabilities 7rfj from (9) that just condition on the prior trading history but not on the future

states in which the limit order is executed.

Given these updating dynamics, we can now define an equilibrium.

Definition. A Perfect Bayesian Nash Equilibrium of the trading game in our model is a collec-

. U, * I, % * (0T * (0T * [~ T
tion {Sotj (x‘/Bt]W”%jfl)?SDtj (x’/Bt]WU?”%jfl)’Pr (etj|v7"2ptj71)7pr (etj|°2ﬂtj71)7E [U"’%J;uet ]} of

J
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order-submission strategies, execution-probability functions, and execution-contingent conditional

expected asset-value functions such that:

e The equilibrium execution probabilities Pr*(6f [v, %, ) and Pr*(6f |4, ,) are consistent
with the equilibrium order-submission strategies {(pgfl(xlﬁt”l,ﬁj),...,gog’*(x\5t5,9%4)}

I I .
and {gotj?:l(azwtjﬂ,v,,%j), e cptg*(x|5t5,v,.,%4)} after time ¢;.

e The execution-contingent conditional expected asset values E*[0|.%};_,, 07 |} agree with Bayesian
updating equations (8), (9), (11), and (12) in Steps 1 and 3 when the order z is consistent with
the equilibrium strategies gog’ *(:c|ﬁtj ,Zt;_,) and <ptlj *(:U|ﬁtj ,v, ;) at date t; and, when = is
an off-equilibrium action inconsistent with the equilibrium strategies, with the off-equilibrium

updating in Step 2.

e The positive-probability supports of the equilibrium strategy functions gog ’ *(x\ﬁtj ;) and
gpij?*(x]ﬁtj,v,.,%j_l) (i.e., the orders with positive probability in equilibrium) are subsets of
the sets of optimal orders for uninformed and informed investors computed from their op-
timization problems (6) and (7) and the equilibrium execution probabilities and outcome-
contingent conditional asset-value expectation functions Pr*(@fj\ v, %t 1), Pr*(ﬁfj,].iﬂtj_l),

and E*[0].%,_,, 67 ).

Appendix A explains the algorithm used to compute the equilibria in our model. To help with
intuition, the next section walks through the order-submission and Bayesian updating mechanics
for a particular path in the extensive form of the trading game.

Our equilibrium concept differs from the Markov Perfect Bayesian Equilibrium used in Goettler
et al. (2009). Beliefs and strategies in our model are path-dependent; that is to say, traders use
Bayes Rule given the full prior order history when they arrive in the market. In contrast, Goettler
et al. (2009) restricts Bayesian updating to the current state of the limit order book and does not
allow for conditioning on the previous order history. Rosu (2016b) also assumes a Markov Perfect
Bayesian Equilibrium. The quantitative importance of the order history is considered when we

discuss our results in Section 2.
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1.2 Illustration of order-submission mechanics and Bayesian updating

This section uses an excerpt of the extensive form of the trading game in our model to illustrate
order-submission and trading dynamics and the associated Bayesian updating process. The partic-
ular trading history path in Figure 2 is from the equilibrium for the model specification in which
informed and uninformed investors both have random private-value motives. The parameter values
are k = 0.10, 0 = 1.5, a = 0.8, and 0 = 0.16, which is a market with a relatively high informed-
investor arrival probability and large value shocks. In this example, Nature has chosen an economic
state in which there is good news (7) about the asset, and the realized sequence of arriving traders
over time is {I,U,U, I, I}. At each node shown here, Figure 2 reports the total book L, of limit
orders from both arriving investors and the crowd. Trading starts at ¢; with a book [1,0,0, 1] con-
sisting of no orders from informed and uninformed investors (since none have arrived yet) plus the
additional limit orders from the trading crowd (i.e., 1 each at the outside prices As and Bs). For
simplicity, our discussion here only reports a few nodes of the trading game with their associated
equilibrium strategies. For example, we do not include NT" at the end of t1, since, as we show later
in Section 2.2, NT is not an equilibrium action at t; for these parameters.

Investors in our equilibrium choose from a discrete number of possible orders given their re-
spective information and any private-value trading motives. Along the particular equilibrium path
considered here, the optimal strategies do not involve any randomization. Optimal orders are unique
given the inputs. However, orders are random due to randomness in the private factor 5. Figure 2
shows below each order type at each time the probabilities with which the different orders are sub-
mitted by the trader who arrived. For example, if an informed trader I arrives at ¢1, she chooses
a limit order LOAs to sell at As with probability 0.118. Each of these unique optimal orders is
associated with a different range of 3 types (for both informed and uninformed investors) and value
signals (for informed investors). Figure 3 illustrates where the order-submission probabilities come
from by superimposing the upper envelope of the expected payoffs for the different optimal orders
at time t; on the truncated Normal S distribution. It shows how different 5 ranges correspond to
a discrete set of optimal orders delimited by the g thresholds. At each trading time, as the trading

game progresses along this path, traders submit orders (or do not trade) following their equilibrium
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order-submission strategies. The equilibrium execution probabilities of their orders depend on the
order-submission decisions of future traders, which, in turn, depend on their trading strategies
and the input information (i.e., their 5 realizations, any private knowledge about v, and the order
history path when they arrive). At time ¢, the initial trader has rational-expectation beliefs that
the execution probability of her LOAs order posted at ¢; is 0.644.'" This equilibrium execution
probability depends on all of the possible future trading paths proceeding from submission time t;
up through time t5. For example, one possibility is that the LO Ay order will be hit by an investor
arriving at time to who submits a market order. Another possibility (which is what happens along
this particular path) is that an uninformed trader will arrive at to and post a limit order LOA;
to sell at A, thereby undercutting the earlier LOAy order — so that the book at the end of t5
is [2,1,0,1]). In this scenario, the initial LOAy order from ¢; will only be executed provided that
the LOA; order submitted at to is executed first. For example, the probability of a market order
MO A; hitting the limit order at A; at t3 is 0.365, and then the probability of another market order
hitting the initial limit sell at A, is 0.423 at t4 and 0.505 at t5.'2 Therefore, there is a chance that
the LO A order from t; will still be executed even after it is undercut by the order LOA; at ts.
The path in Figure 2 also illustrates Bayesian updating in the model. After the investor at ¢; has
been observed submitting a limit order LO Ao, the uninformed trader who arrives in this example at
time to — who just knows the submitted order at time ¢; but not the identity or information of the
trader at time ¢; — updates his equilibrium conditional valuation to be E[0|LOAs] = 1.056 and his
execution-contingent expectation given his limit order LOA; at time t2 to be E[0|LOAs, QéOAl] =
1.089. In subsequent periods, later investors observe additional realized orders and then further

update their beliefs.

1Some of the numerical values discussed here are from equilibrium calculations reported in more detail in Tables
3 and 4 and Table B2 in Appendix B. Others are unreported calculations available from the authors upon request.
12Due to space constraints, we do not include the ¢4 node in Figure 2.

16



Figure 2: Excerpt of the Extensive Form of the Trading Game. This figure shows one possible
trading path of the trading game with parameters a = 0.8, 6 = 0.16, u = 1, 0 = 1.5, kK = 0.10, and 5 time periods.
Before trading starts at time t1, the incoming book [1,0,0, 1] from time ¢y consists of just the initial limit orders
from the crowd at Az and Bs. Nature selects a realized final value v = {#,vo,v} with probabilities {3, %, 3}. At
each trading period nature also selects an informed trader (I) with probability @ and an uninformed trader (U) with
probability 1 — «. Arriving traders choose the optimal order at each period which may potentially include limit
orders LOA; (LOB;) or market orders at the best ask, MOA;, or at the best bid, MOB;:. Below each optimal
trading strategy we report in italics its equilibrium order-submission probability. Boldfaced equilibrium strategies
and associated states of the book (within double vertical bar) indicate the states of the book that we consider at each
node of the chosen trading path.
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Figure 3: (3 Distribution and Upper Envelope for Informed Investor Iz at time t;.
This figure shows the private-value factor 8 ~ Tr[A4 (1, 02)] distribution superimposed on the plot of the expected
payoffs the informed investor Iz with good news at time ¢; for each equilibrium order type MOAs, MOB2, LOA3,
LOA,, LOB1, LOB;y, NT, (solid colored lines) when the total book (including crowd limit orders) opens L, = [1
0 0 1]. The dashed line shows the investor’s upper envelope for the optimal orders. The vertical black lines show
the S-thresholds at which two adjacent optimal strategies yield the same expected payoffs. For example LOA; is the
optimal strategy for values of 8 between 0 and the first vertical black line; LOA» is instead the optimal strategy for
the values of beta between the first and the second vertical lines; and so forth. The parameters are « = 0.8, 6 = 0.16,
u=1 0=1.5,and Kk = 0.10.
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2 Results

Our analysis investigates how liquidity supply and demand decisions of informed and uninformed
traders and the learning process of uninformed traders affect market liquidity, price discovery, and
investor welfare. This section presents numerical results for our model. We first consider a model
specification in which only uninformed investors have a random private-value trading motive. In a
second specification, we generalize the analysis and show the robustness of our findings and extend
them. The tick size k is fixed at 0.10, and the private-value dispersion o is 1.5 throughout.

We focus on two time windows. The first is when the market opens at time ¢;. The second
is over the middle of the trading day from times to through t4. We look at these two windows

because our model is non-stationary over the trading day. Much like actual trading days, our
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model has start-up effects at the beginning of the day and terminal horizon effects at the market
close. When the market opens at time ¢1, there are time-dependent incentives to provide, rather
than to take, liquidity: The incoming book is thin (with limit orders only from the crowd), and
there is the maximum time for future investors to arrive to hit limit orders from ¢;. There are also
time-dependent disincentives to post limit orders. Information asymmetries are maximal at time
t1, since there has been no learning from the trading process. Over the day, information is revealed
(lessening adverse selection costs), but the book can also become fuller (i.e., there is competition
in liquidity provision from earlier limit orders which have time priority at their respective limit
prices), and the remaining time for market orders to arrive and execute limit orders becomes
shorter. Comparing these two time windows shows how market dynamics change over the day. The
market close at t5 is also important, but trading then is straightforward. At the end of the day,
investors only submit market orders (or do not trade), because the execution probability for new
limit orders submitted at t5 is zero given our assumption that unfilled limit orders are canceled
once the market closes.

We use our model to investigate three questions: First, who provides and takes liquidity, and how
does the amount of adverse selection affect investor decisions to take and provide liquidity? Second,
how does market liquidity vary with different amounts of adverse selection? Third, how does the
information content of different types of orders depend on an order’s direction, aggressiveness, and
on the prior order history?

The amount of adverse selection can change in two ways: The proportion of informed traders can
change, and the magnitude of asset value shocks can change. We present comparative statics using
four different combinations of parameters with high and low informed-investor arrival probabilities
(o = 0.8 and 0.2) and high and low value-shock volatilities (0 = 0.16 and 0.02). We call markets
with § = 0.02 low-volatility markets and markets with § = 0.16 high-volatility markets, because the
arriving information is small relative to the tick size kK = 0.10 in the former parameterization and
larger relative to the tick size in the later. In high-volatility markets, the final asset value v given
good or bad news is beyond the outside quotes As or By, and so even market orders at the outside

prices are profitable for informed traders. However, in low-volatility markets, v is always within
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the inside quotes A; and By, and so market orders are never profitable for informed investors.

2.1 Uninformed traders with random private-value motives

In our first model specification, only uninformed traders have random private values. Informed
traders have fixed neutral private-value factors 5 = 1. Thus, as in Kyle (1985), there is a clear
differentiation between investors who speculate on private information and those who trade for
purely non-informational reasons. Unlike Kyle (1985), informed and uninformed investors can

trade using limit or market orders rather than being restricted to just market orders.

2.1.1 Trading strategies

We begin by investigating who supplies and takes liquidity and how these decisions change with
the amount of adverse selection. Table 1 reports results about trading early in the day at time t;
using a 2 x 2 format. Each of the four cells corresponds to a different combination of parameters.
Comparing cells horizontally shows the effect of a change in the value-shock size § while holding
the arrival probability « for informed traders fixed. Comparing cells vertically shows the effect of a
change in the informed-investor arrival probability while holding the value-shock size fixed. In each
cell corresponding to a set of parameters, there are four columns reporting conditional results for
informed investors with good news, neutral news, and bad news about the asset (I, I,,, I,) and for
an uninformed investor (U) and a fifth column with the unconditional market results (Uncond). The
table reports the order-submission probabilities and several market-quality metrics. Specifically, we
report expected bid-ask spreads conditioning on the three informed-investor types E[Spread |I,] and
on the uninformed trader E[Spread |U], the unconditional expected market spread E[Spread], and
expected depths at the inside prices (A; and Bj) and total depths (A1 4 Ay and By + Bs) on each side
of the market. As we shall see, our results are symmetric for the directionally informed investors
Iy and I, and on the buy and sell sides of the market. In addition, we report the probability-
weighted contributions to the different investors’ welfare (i.e., expected gains-from-trade) from

limit and market orders respectively, and their total expected welfare.!> Table B1 in Appendix B

YBLet W(B:,) and W (v, B:,) denote the value functions when (6) and (7) are evaluated at time #; using the
optimal strategies for the uninformed and informed investors respectively. The total welfare gain is E[W(f;,)] for
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provides additional results about conditional and unconditional future execution probabilities for
the different orders (PZ¥(z4,)) and also the uninformed investor’s updated expected asset value
E[v|zy] given different types of buy orders zy, at time ¢;.

Table 2 shows average results for times to through ¢4 during the day using a similar 2 x 2 format.
The averages are across time and trading histories. Comparing results for time ¢; with the trading
averages for to through t4 shows intraday changes in properties of the trading process. There is no

table for time t5, because only market orders are used at the market close.

Result 1 Changes in adverse selection due to the value-shock size & affect trading strategies

differently than changes in the informed-investor arrival probability c.

The fact that different forms of adverse selection affect investors’ trading decisions differently
can been shown theoretically from first principles. Suppose the informed-investor arrival probability
« is close to zero. If the value-shock volatility d is close to zero, then directionally informed investors
Iy and I, with good or bad news never use market orders, since the final asset value v is always
between the inside bid and ask prices. However, if ¢ is sufficiently large, then investors with good
and bad news will start to use market orders given the guaranteed execution. Thus, the set of orders
used by directionally informed investors can change in these small « scenarios when § changes. In
contrast, consider a market in which § is close to zero. Now informed investors with good or bad
news never use market orders for any informed-investor arrival probability a. Thus, the set of
orders used by directionally informed investors never changes to include market orders in these

small § scenarios when « changes.

the uninformed investor where the expectation is taken over B;, and E[W (v, 3¢,)] for the informed investor where
the expectation is taken over v and S, .
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Table 1: Trading Strategies, Liquidity, and Welfare at Time ¢, in an Equilibrium with Informed
Traders with 3 = 1 and Uninformed Traders with 3 ~ Tr[4 (u, a?)]. This table reports results for
two different informed-investor arrival probabilities v (0.8 and 0.2) and two different value-shock volatilities § (0.16
and 0.02). The private-value factor parameters are 4 = 1 and o = 1.5, and the tick size is k = 0.10. Each cell
corresponding to a set of parameters reports the equilibrium order-submission probabilities, the expected bid-ask
spreads and expected depths at the inside prices (A1 and B;) and total depths on each side of the market after order
submissions at time ¢1, and expected welfare of the market participants. The first four columns in each parameter
cell are for informed traders with positive, neutral and negative signals, (I5,l,,ly) and for uninformed traders (U).

The fifth column (Uncond.) reports unconditional results for the market.

6 =0.16 6 =0.02
I3 Ly, 1, U Uncond. I3 Ly, 1, U Uncond.
LOA, 0 0.500 0.650 0.143 0.335 0 0.500 1.000 0.052 0.410
LOA; 0 0 0.350 0 0.093 0 0 0 0.079 0.016
LOB, 0.350 0 0 0 0.093 0 0 0 0.079 0.016
LOB, 0.650 0.500 0 0.143 0.335 1.000 0.500 0 0.052 0.410
MOA, 0 0 0 0.357 0.071 0 0 0 0.369 0.074
MOA; 0 0 0 0 0 0 0 0 0 0
MODB, 0 0 0 0 0 0 0 0 0 0
MOB, 0 0 0 0.357 0.071 0 0 0 0.369 0.074
NT 0 0 0 0 0 0 0 0 0 0
a=0.8

E[Spread || 0.265 0.300 0.265 0.300 0.281 0.300 0.300 0.300 0.284 0.297
E[Dcpth As+Aq H 1.000 1.500 2.000 1.143 1.429 1.000 1.500 2.000 1.131 1.426
E[Depth 4; |] 0 0 0.350 0 0.093 0 0 0 0.079 0.016
E[Depth By | 0.350 0 0 0 0.093 0 0 0 0.079 0.016
E[Depth B1+B> H 2.000 1.500 1.000 1.143 1.429 2.000 1.500 1.000 1.131 1.426
E[Welfare LO |] 0.034 0.053 0.034 0.018 0.029 0.069 0.029 0.015
E[Welfare MO |] 0 0 0 0.337 0 0 0 0.339
E[Welfare |] 0.034 0.053 0.034 0.355 0.029 0.069 0.029 0.354

LOA, 0 0.500 0.110 0.063 0.091 0 0.500 1.000 0.063 0.150
LOA; 0 0 0.890 0.374 0.358 0 0 0 0.397 0.318
LOB, 0.890 0 0 0.374 0.358 0 0 0 0.397 0.318
LOB, 0.110 0.500 0 0.063 0.091 1.000 0.500 0 0.063 0.150
MOA, 0 0 0 0.064 0.051 0 0 0 0.040 0.032
MOA; 0 0 0 0 0 0 0 0 0 0
MOB; 0 0 0 0 0 0 0 0 0 0
MOB, 0 0 0 0.064 0.051 0 0 0 0.040 0.032
NT 0 0 0 0 0 0 0 0 0 0

a=0.2

E[Spread || 0.211 0.300 0.211 0.225 0.228 0.300 0.300 0.300 0.221 0.236
E[Depth As+A; |-] | 1.000 1.500 2.000 1.436 1.449 1.000 1.500 2.000 1.460 1.468
E[Depth A4; |] 0 0 0.890 0.374 0.358 0 0 0 0.397 0.318
E[Depth By | 0.890 0 0 0.374 0.358 0 0 0 0.397 0.318
E[Depth Bi+B> H 2.000 1.500 1.000 1.436 1.449 2.000 1.500 1.000 1.460 1.468
E[Welfare LO |] 0.273 0.146 0.273 0.316 0.081 0.150 0.081 0.360
E[Welfare MO |] 0 0 0 0.099 0 0 0 0.064
E[Welfare |] 0273 0.146 0.273 0.415 0.081 0.150 0.081 0.424
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Table 2: Averages for Trading Strategies, Liquidity, and Welfare across Times t, through t, for
Informed Traders with 3 = 1 and Uninformed Traders with 3 ~ Tr[4 (1, 62)]. This table reports results
for two different informed-investor arrival probabilities o (0.8 and 0.2) and for two different asset-value volatilities
0 (0.16 and 0.02). The private-value factor parameters are ;1 = 1 and o = 1.5, and the tick size is k = 0.10. Each
cell corresponding to a set of parameters reports the equilibrium order-submission probabilities, the expected bid-ask
spreads and expected depths at the inside prices (A1 and B;) and total depths on each side of the market after order
submissions at times t2 through t4, and expected welfare for the market participants. The first four columns in each
parameter cell are for informed traders with positive, neutral and negative signals, (Iy,ly,,ly) and for uninformed

traders (U). The fifth column (Uncond.) reports unconditional results for the market.

6 =0.16 6 =0.02
I3 Ly, 1, U Uncond. I3 Ly, 1, U Uncond.
LOA, 0 0.191 0.051 0.157 0.096 0.399 0.255 0.108 0.026 0.209
LOA; 0 0.258 0.257 0.023 0.142 0.192 0.239 0.288 0.064 0.205
LOB, 0.257 0.258 0 0.023 0.142 0.288 0.239 0.192 0.064 0.205
LOB, 0.051 0.191 0 0.157 0.096 0.108 0.255 0.399 0.026 0.209
MOA, 0.493 0 0 0.286 0.189 0 0 0 0.347 0.069
MOA; 0.001 0 0 0.031 0.006 0 0 0 0.058 0.012
MOB, 0 0 0.001 0.031 0.006 0 0 0 0.058 0.012
MODB, 0 0 0.493 0.286 0.189 0 0 0 0.347 0.069
NT 0.198 0.061 0.198 0.007 0.124 0.013 0.010 0.013 0.011 0.012
a=0.8

E[Sprcad H 0.217 0.212 0.217 0.251 0.223 0.227 0.228 0.227 0.278 0.237
E[Dcpth As+Aq H 1.047 2.276 2.480 1.755 1.899 2.165 2.300 2.433 1.608 2.161
E[Depth 4; |] 0 0.438 0.829 0.243 0.387 0.226 0.362 0.506 0.131 0.318
E[Depth By | 0.829 0.438 0 0.243 0.387 0.506 0.362 0.226 0.131 0.318
E[Depth B1+B> H 2.480 2.276 1.047 1.755 1.899 2.433 2.300 2.165 1.608 2.161
E[Welfare LO |] 0.010 0.020 0.010 0.106 0.014 0.013 0.014 0.005

E[Welfare MO |] 0.009 0 0.009 0.298 0 0 0 0.354

E[Welfare |] 0.019 0.020 0.019 0.405 0.014 0.013 0.014 0.359

LOA, 0 0.358 0.508 0.102 0.139 0.375 0.389 0.443 0.093 0.155
LOA; 0 0.122 0.258 0.056 0.070 0.044 0.096 0.116 0.066 0.070
LOB, 0.258 0.122 0 0.056 0.070 0.116 0.096 0.044 0.066 0.070
LOB, 0.508 0.358 0 0.102 0.139 0.443 0.389 0.375 0.093 0.155
MOA, 0.130 0 0 0.219 0.184 0 0 0 0.218 0.175
MOA; 0.088 0 0 0.119 0.101 0 0 0 0.120 0.096
MOB; 0 0 0.088 0.119 0.101 0 0 0 0.120 0.096
MOB, 0 0 0.130 0.219 0.184 0 0 0 0.218 0.175
NT 0.016 0.035 0.016 0.006 0.010 0.022 0.030 0.022 0.005 0.009

a=0.2

E[Spread || 0.205 0.190 0.205 0.280 0.264 0.221 0.217 0.221 0.300 0.284
E[Depth As+A; |-] | 1.305 2.089 2.512 1.583 1.660 1.932 2.091 2.257 1.576 1.680
E[Depth A4; |] 0.194 0.451 0.740 0.301 0.333 0.346 0.414 0.442 0.262 0.290
E[Depth B H 0.740 0.451 0.194 0.301 0.333 0.442 0.414 0.346 0.262 0.290
E[Depth B1+Bs |-] | 2.512 2.089 1.305 1.583 1.660 2.257 2.091 1.932 1.576 1.680
E[Welfare LO |] 0.119 0.086 0.119 0.052 0.060 0.064 0.060 0.050

E[Welfare MO |] 0.018 0 0.018 0.343 0 0 0 0.342

E[Welfare |] 0.137 0.086 0.137 0.394 0.060 0.064 0.060 0.392
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Our numerical analysis illustrates this first result and also other facets of how adverse selection
affects investor trading strategies. Consider the directionally informed investors I; and I, with
good or bad news. First, hold the informed-investor arrival probability « fixed and increase the
amount of adverse selection by increasing the value-shock volatility §. In a low-volatility market
in which value shocks A are small relative to the tick size, informed traders with good and bad
news are unwilling to pay a large tick size to trade on their information and instead act as liquidity
providers who supply liquidity asymmetrically depending on the direction of their information.
This can be seen in Table 1 where in both of the two parameter cells on the right (with o = 0.8
and 0.2 and a small 6 = 0.02) informed investors I; and I, at time ¢; use limit orders at the outside
quotes As and Bs exclusively. In contrast, in a high-volatility market where value shocks are large
relative to the tick size, informed investors with good or bad news trade more aggressively. This
can be seen in the left two parameterization cells (with @ = 0.8 and 0.2 and a large § = 0.16)
where now informed investors I; and I, use limit orders at both the inside quotes A; and B; as
well at the outside quotes with positive probability at time ¢;. Now compare this to a change in
the amount of adverse selection due to a change in the informed-investor arrival probability « while
holding the value-shock size ¢ fixed. In this case, changing the amount of adverse selection does
not affect which orders informed investors with good and bad news use at time ¢;. This can be
seen by comparing the lower two parameter cells (with § = 0.02 and 0.16 and a small «) with the
upper two parameter cells (with the same ds and a larger «).

The average order-submission probabilities at times ¢2 through ¢4 in Table 2 are qualitatively
similar to those for time ¢;. In low-volatility markets, informed investors I and I, with good and
bad news tend to supply liquidity via limit orders following strategies in which order-submission
probabilities are somewhat skewed on the two sides of the market in the direction of their small
amount of private information. In contrast, in high-volatility markets, informed investors I and
I, switch from providing liquidity on both sides of the market at times 3 to ¢4 to using a mix
of taking liquidity via market orders and supplying liquidity via limit orders on the same side of
the market as their information. Thus, once again, the trading strategies for informed investors I

and I, are qualitatively similar holding ¢ fixed and changing «, but their trading strategies change
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qualitatively when « is held fixed and ¢ is changed.

Next, consider informed investors Iy who know that the value shock A is 0 and, thus, that
the unconditional prior vg is correct. Tables 1 and 2 show that their liquidity provision trading
strategies are qualitatively the same at time ¢; and on average over times t9 through t4. In constrast,
uninformed investors U become less willing to provide liquidity via limit orders at the inside quotes
as the adverse selection problem they face using limit orders worsens. Rather, they increasingly
take liquidity via market orders or supply liquidity by less aggressive limit orders at the outside
quotes. This reduction in liquidity provision at the inside quotes by uninformed investors happens
at time ¢; (Table 1) and at times to through ¢4 (Table 2) both when the value shocks become larger
and when the arrival probability of informed investors increases.

Two equilibrium effects are noteworthy in this context. First, while the uninformed U investors
reduce their liquidity provision at the inside quotes as adverse selection increases, the Iy informed
investors increase their liquidity provision at the inside quotes. This is because Iy informed investors
have an advantage in liquidity provision over the uninformed U investors in that there is no adverse
selection risk for them. These results are qualitatively consistent with the intuition of Bloomfield,
O’Hara and Saar (BOS, 2005). Informed traders are more likely to use limit orders than market
orders when the value-shock volatility is low (and, thus, the profitability from trading on information
asymmetries is low), and to use market orders when the reverse is true.

Second, uninformed U investors are unwilling to use aggressive limit orders at the inside quotes
when the adverse selection risk is sufficiently high as in the upper left parametrization (o = 0.8 and
9 = 0.16). This explains the fact that informed investors Iy and I, use aggressive limit orders at
the inside quotes with a higher probability at time ¢; in the lower left parametrization (0.890 with
a = 0.2 and 6 = 0.16) than in the upper left parameterization (0.350). At first glance this might
seems odd since competition from future informed investors (and the possibility of being undercut
by later limit orders) is greater when the informed-investor arrival probability is large (o = 0.8)
than when « is smaller. However, in equilibrium there is camouflage from the uninformed U
investors limit orders at the inside quotes in the lower left parametization, whereas limit orders

at the inside quotes are fully revealing in the upper left parametrization. As a result, Table Bl
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in Appendix B shows that the execution probabilities for the fully revealing limit orders at prices
which are revealed to be far from the asset’s actual value are much lower (0.078) relative to the

non-fully revealing limit orders (0.717).

2.1.2 Market quality

Market liquidity changes when the amount of adverse selection in a market changes. The standard
intuition, as in Kyle (1985), is that liquidity deteriorates given more adverse selection. For example,
Rosu (2016b) also finds worse liquidity (a wider bid-ask spread) given higher value volatility. How-

ever, we find that the standard intuition is not always true.
Result 2 Liquidity need not always deteriorate when adverse selection increases.

Markets can become more liquid given greater value-shock volatility if, given the tick size, high
volatility makes the value shock A large relative the price grid. In addition, different measures of
market liquidity — expected spreads, inside depth, and total depth — can respond differently to
changes in adverse selection.

The impact of adverse selection on market liquidity follows directly from the trading strategy
effects discussed above. Two intuitions are useful in understanding our market liquidity results.
First, different investors affect liquidity differently. Informed traders with neutral news (I,,) are
natural liquidity providers. Their impact on liquidity comes from whether they supply liquidity
at the inside (A; and Bj) or outside (As and Bs) prices. In contrast, informed traders with
directional news (I; and I,) and uninformed traders (U) affect liquidity depending on whether
they opportunistically take or supply liquidity. Second, the most aggressive way to trade (both on
directional information and private values) is via market orders, which takes liquidity. However,
the next most aggressive way to trade is via limit orders at the inside prices. Thus, changes in
market conditions (i.e., § and «) that make informed investors trade more aggressively (i.e., that
reduce their use of limit orders at the outside prices Ay and Bs) can potentially improve liquidity
if their stronger trading interest migrates to aggressive limit orders at the inside quotes (A; and

Bj) rather than to market orders.
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Our analysis shows that the standard intuition that adverse selection reduces market liquidity
depends on the relative magnitudes of asset-value shocks and the tick size. In Table 1, the expected
spread narrows at time t; (markets become more liquid) when the value-shock volatility ¢ increases
(comparing parameterizations horizontally so that « is kept fixed). Liquidity improves in these
cases because the informed traders Iy and I, submit limit orders at the inside quotes in these high-
volatility markets, whereas they only use limit orders at the outside quotes in low-volatility markets.
In constrast, the expected spread at time t; widens when the informed-investor arrival probability
« increases holding the value-shock size § constant, as predicted by the standard intuition. The
evidence against the standard intuition is even stronger in Table 2. At times to through ¢4, the
expected spread narrows both when information becomes more volatile (9 is larger) and when there
are more informed traders (when « is larger). The qualitative results for the expected depth at the
inside quotes goes in the same direction as the results for the expected spread. This is because both
results are driven by limit-order submissions at the inside quotes. The results for adverse selection
and total depth at both the inside and outside quotes are mixed. For example, total depth at time
ty increases in Table 1 when value-shock volatility § increases when the informed-investor arrival
probability « is high (comparing horizontally the two parametrizations on the top), but decreases
in § when the informed « is low. In contrast, average total depth at times to through ¢4 in Table
2 is decreasing in the value-shock volatility (comparing parameterizations horizontally). This is
opposite the effect on the inside depth. Thus, different metrics for liquidity give mixed results.

The main result in this section is that the relation between adverse selection and market liquidity
is more subtle than the standard intuition. Increased adverse selection can improve liquidity.
The ability of investors to choose endogenously whether to supply or demand liquidity and at
what limit prices is what can overturn the standard intuition. Goettler et al. (2009) also have a
model specification with informed traders who have no private-value trading motive and uninformed
having only private-value motives. In their model, when volatility increases, informed traders reduce
their provision of liquidity and increase their demand of liquidity; with the opposite holding for
uninformed traders. Our results are more nuanced. Increased value-shock volatility is associated

with increased liquidity supply in some cases and with decreased liquidity in others. This is because
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the tick size of the price grid constrains the prices at which liquidity can be supplied and demanded.

2.1.3 Information content of orders

Traders in real-world markets and empirical researchers are interested in the information content
of different types of arriving orders.!* A necessary condition for an order to be informative is
that informed investors use it. However, the magnitude of order informativeness is determined
by the mix of equilibrium probabilities with which both informed and uninformed traders use an
order. If uninformed traders use the same orders as informed investors, they add noise to the price
discovery process, and orders become less informative. In our model, the mix of information-based
and noise-based orders depends on the underlying proportion of informed investors o and and the
value-shock volatility 9.

We expect different market and limit orders to have different information content. A natural
conjecture is that the sign of the information revision associated with an order should agree with
the direction of the order (e.g., buy market and limit orders should lead to positive valuation
revisions). Another natural conjecture is that the magnitude of information revisions should be
greater for more aggressive orders. However, while the order-sign conjecture is true in our first

model specification, the order-aggressiveness conjecture does not always hold here.
Result 3 Order informativeness is not always increasing in the aggressiveness of an order.

This, at-first-glance surprising, result is another consequence of the impact of the tick size on
how informed investors trade on their information. As a result, the relative informativeness of
different market and limit orders can flip in high-volatility and low-volatility markets. The result is
immediate for market orders versus (less aggressive) limit orders in low-volatility markets in which
informed investors avoid market orders (see Table 1). However, this reversed ordering can also hold
for aggressive limit orders at the inside quotes (A; and Bj) versus less aggressive limit orders at

the outside quotes (A2 and Ba).

Y Fleming et al. (2017) extend the VAR estimation approach of Hasbrouck (1991) to estimate the price impacts of
limit orders as well as market orders. See also Brogaard et al. (2016).
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Figure 4 shows the informativeness of different types of orders at time ¢;. Informativeness at
time ¢1 is measured here as the Bayesian revision E[v|zy,] — F[v] in the uninformed investor’s
expectation of the terminal value v after observing different types of orders x;, at time ¢;. The
informational revisions for the different orders are plotted against the respective order-execution
probabilities on the horizontal axis. Orders with higher execution probabilities are statistically more
aggressive than orders with low execution probabilities. The results for the four parameterizations
are indicated using different symbols: high vs low informed-investor arrival probabilities (circles vs
squares), and high vs low value-shock volatility (large vs small symbols). These are described in the
figure legend. For example, in the low « and high § scenario (large squares), the informativeness
of a limit buy order at By at time ¢; is 0.026 and the order-execution probability is 78.9 percent
(see Table B1 in the Appendix B).

Consider first markets with high informed-investor arrival probabilities. The case with a high
informed-investor arrival probability and high value-shock volatility is denoted with large circles.
Informed investors in this case use limit orders at both the outside quotes (LOAs and LOBs) and
inside quotes (LOA; and LOBj) at time t1, so these are therefore the only informative orders.
Since uninformed investors also use the outside limit orders, they are not fully revealing, however
the inside limit orders are fully revealing. Thus, the price impacts for the inside and outside limit
orders here are consistent with the order-aggressiveness conjecture. The market orders (MO B,
and MOA,) are also used in equilibrium, but only by uninformed investors (U). Thus, they are
not informative. While market orders would be profitable for the informed investors, the potential
price improvement with the limit orders leads informed investors to use the limit orders despite
the zero price impact and guaranteed execution probability of the market orders. Since both inside
and outside limit orders have larger price impacts than the market orders, this case is inconsistent
with the order-aggressiveness conjecture.

Next, consider the case of low value-shock volatility and high informed-investor arrival prob-
ability, denoted here with small circles. Once again, the order-aggressiveness conjecture is not
true. The most informative orders are now, not the most aggressive orders, but rather the most

patient limit orders posted at Ay and Bs (since these are the only orders used by informed in-
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Figure 4: Informativeness of Orders after Trading at Time t; for the Model with Informed Traders
with 3 = 1 and Uninformed Traders with 3 ~ Tr[4# (u, 0?)]. This figure plots the Informativeness of
the equilibrium orders at the end of ¢; against the probability of order execution. Four different combinations of
informed-investor arrival probabilities and value-shock volatilities are considered. The informativeness of an order is
measured as E[v|z,]| — E[v], where x¢, denotes one of the different possible equilibrium orders at time ¢;.
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vestors). The market orders and more aggressive inside limit orders are non-informative here (since
only uninformed investors with extreme (s use them). In this case, this — again at first glance
perhaps counterintuitive — result is a consequence of the fact that the informed trader’s potential
information is small relative to the tick size. Low-volatility makes market orders unprofitable for in-
formed traders given good and bad news, and it also increases the importance of price improvement
attainable through limit orders deeper in the book relative to limit orders at the inside quotes.
Similar results hold when the proportion of insiders is low (o = 0.2). When the asset-value
volatility is high (large squares), the most aggressive orders (LOB; and LOA;) are again the
most informative ones in contrast to the market orders. However, when volatility is low (small

squares), the most informative orders, as before, are the least aggressive orders (LOBy and LOA»).
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Therefore, the potential failures of the order-aggressiveness conjecture are robust to variation in

informed-investor arrival probabilities and value-shock volatility.

2.1.4 Non-Markovian learning

This section investigates the role of the order history on Bayesian learning at times later in the day.
One of the main differences between our model and Goettler et al. (2009) and Rosu (2016b) is that
they assume that information dynamics are Markovian and that the current limit order book is a
sufficient statistic for the information content of the prior trading history. Thus, the first question
we consider is whether the prior order history has information about the asset value v in excess of
the information in the current limit order book.

The candlestick plots in Figure 5 measure the incremental information content of order histories
as the difference E[v| %, (Ly;)] — Efv| Ly;], which is the uninformed investors’ expected asset value
conditional on an order history path 2}, (Ls;) ending with a particular limit order book L;; at time
tj net of the corresponding expectation conditional on just the ending book L¢;. In particular, we
are interested in books L, that can be preceded in equilibrium by more than one different prior
history. If learning is Markov, then order histories %, (L;) preceding a book L;; should convey
no additional information beyond L¢;; in which case the difference in expectations should be zero.
The candlestick plots show the maximum and minimum values, the interquartile range, and the
median of the incremental information of the prior history. The horizontal axis in the plots shows
the times ¢; through ¢4 at which different orders Ty, are submitted. Time ¢; is included in the plot
because books at ¢; can potentially be produced by different sequences of investor actions z;, and
crowd responses at t1. Each plot is for a different combination of adverse-selection parameters.

The main result from Figure 5 is that there is substantial informational variation in the Bayesian

revisions conditional on different trading histories.
Result 4 The price discovery dynamics can be significantly non-Markovian.

As expected, the variation in the incremental information content of the prior trading history in

Figure 5 is greater when the shock volatility § is greater (note the differences in vertical scales).
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Figure 5: Informativeness of the Order History for the Model with Informed Traders with 3 = 1
and Uninformed Traders with 8 ~ Tr[4 (u, 0®)] for Times t; through t4. This figure shows the
incremental information content of the past order history in excess of the information in the current limit order book
observed at the end of time ¢; as measured by E[v|-Z},(Ls,)] — E[v|L¢;] where £, (L¢;) is a history ending in the
limit order book Lt;. We only consider books L;; when they occur in equilibrium in the different trading periods.
The candlesticks indicate for each of these two metrics the maximum, the minimum, the median and the 75" (and
25t") percentile respectively as the top (bottom) of the bar.
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Given that learning is non-Markov, our next question is about how the size of the valuation
revisions depends on the prior trading history. In Figure 6, the horizontal axis shows the price
impact of different equilibrium orders at t1, and the vertical axis gives the corresponding cumulative
price impact of the sequence of a given action at time 1 and different subsequent equilibrium actions
at time to. Consistent with our previous analysis, the size of the valuation revision depends crucially
on the insiders’ equilibrium strategies. As informed investors do not use market orders at ¢; (see

Table 1), market orders have a zero price impact at ¢; and, thus, the points for pairs of time ¢;
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Figure 6: Order Informativeness for the Model with Informed Traders with 3 = 1 and Uninformed
Traders with 8 ~ Tr[4 (u, 0*)] for times t; to t» and parameters a = 0.8, § = 0.16. The horizontal
axis reports E(v|x¢, ) — E(v) which shows how the uninformed traders’ Bayesian value-forecast changes with respect
to the unconditional expected value of the fundamental when uninformed traders observe at t; an equilibrium order
z¢, . The vertical axis reports E(v|zt,,x¢;) — E(v) which shows how the uninformed traders’ Bayesian value-forecast
changes with respect to the unconditional expected value of the fundamental when uninformed traders observe at
T+, at t2. We consider all the equilibrium strategies at ¢1 and t2 which are symmetrical. Red (green) circles show
equilibrium sell (buy) orders at ¢.
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and ty price-impacts for sequences of a market order at ¢t; and then different orders at time t5 all
line up on the vertical axis line. Interestingly, there are no observations in the second and fourth
quadrants in our model, which means there are no sign reversals in the direction of the cumulative
price impacts. The first and third quadrants (which are perfectly symmetrical) show the pairs of
orders which have a positive and a negative price impact, respectively. The pairs with the highest
price impact are driven by the insiders’ equilibrium strategies at ¢; and are limit orders at the
inside quotes followed any other order. In fact, Table 1 shows that insiders’ limit orders at the

inside quotes at t; are fully revealing. So once more, the price impact does not depend on the
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aggressiveness of the orders but on the informed investors’ orders choice. Overall, Figure 6 also
confirms that the price impact is non-Markovian: for example the price impact of M OBy at to may

be either positive or negative depending on whether it is preceded by LOBy or LOAs at t.

2.1.5 Summary

The analysis of our first model specification has identified a number of empirically testable predic-
tions. First, liquidity and the relative information content of different orders differ in high-volatility
markets (in which value shocks are large relative to the tick size) vs. in low-volatility markets (in
which value shocks are small relative to the tick size). Second, the price impact of order flow varies

conditional on different trading histories and on the standing book when new orders are submitted.

2.2 Informed and uninformed traders both have private-value motives

Our second model specification generalizes our earlier analysis so that now informed investors
also have random private-valuation factors § with the same truncated Normal distribution g ~
Tr[A (i, 0)] as the uninformed investors. Hence, informed traders not only speculate on their
information, but they also have a private-value motive to trade. As a result, informed investors
with the same signal may end up buying and selling from each other. This combination of trading
motives has not been investigated in earlier models of dynamic limit order markets. We use our

second model specification to show the robustness of the results in Section 2.1 and to extend them.

2.2.1 Trading strategies

Tables 3 and 4 report order submission probabilities and other statistics for our second model
specification for time t; by itself and for averages over times to through t4. Since all investors
have private-value motives to trade, all investors use all of the possible limit orders at time ¢;.
In particular, now informed investors also use market orders at t;. Over times t5 through %4, all
investors again use all types of limit orders and also market orders. In particular, directionally
informed investors trade sometimes opposite their asset-value information because their private-

value motive adds non-informational randomness to their orders. Informed investor with neutral
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Table 3: Trading Strategies, Liquidity, and Welfare at Time t; in an Equilibrium with Informed and
Uninformed Traders both with 3 ~ T'r[.# (u, o?)]. This table reports results for two different informed-investor
arrival probabilities o (0.8 and 0.2) and two different value-shock volatilities ¢ (0.16 and 0.02). The private-value
factor parameters are 4 = 1 and o = 1.5, and the tick size is K = 0.10. Each cell corresponding to a set of parameters
reports the equilibrium order-submission probabilities, the expected bid-ask spreads and expected depths at the
inside prices (A1 and Bi) and total depths on each side of the market after order submisions at time ¢1, and the
expected welfare of the market participants. The first four columns in each parameter cell are for informed traders
with positive, neutral and negative signals, (I5,l,,lv) and for uninformed traders (U). The fifth column (Uncond.)

reports unconditional results for the market.

6 =0.16 6 =0.02
I3 I, I, U Uncond. I3 I, I, U Uncond.
LOAs 0.118 0.054 0.031 0.064 0.067 0.054 0.048 0.042 0.048 0.048
LOA, 0.314 0.446 0.282 0.426 0.363 0.438 0.452 0.466 0.452 0.452
LOB; 0.282 0.446 0.314 0.426 0.363 0.466 0.452 0.438 0.452 0.452
LOB, 0.031 0.054 0.118 0.064 0.067 0.042 0.048 0.054 0.048 0.048
MOA, 0.256 0 0 0.009 0.070 0 0 0 0 0
MOA; 0 0 0 0 0 0 0 0 0 0
MOB, 0 0 0 0 0 0 0 0 0 0
MODB, 0 0 0.256  0.009 0.070 0 0 0 0 0
NT 0 0 0 0 0 0 0 0 0 0
a=0.8
E[Spread H 0.240 0.211 0.240 0.215 0.227 0.210 0.210 0.210 0.210 0.210
E[Depth As+A; |-] | 1.432 1.500 1.312 1.491 1.430 1.492 1.500 1.508 1.500 1.500
E[Depth 4; |] 0.314 0.446 0.282 0.426 0.363 0.438 0.452 0.466 0.452 0.452
E[Depth By | 0.282 0.446 0.314 0.426 0.363 0.466 0.452 0.438 0.452 0.452
E[Depth B1+Bs |-] | 1.312 1.500 1.432 1.491 1.430 1.508 1.500 1.492 1.500 1.500
E[Welfare LO |] 0.259 0.445 0.259 0.410 0.446 0.446 0.446 0.446
E[Welfare MO |] 0.187 0 0.187 0.015 0 0 0 0
E[Welfare |] 0.446 0.445 0.446 0.425 0.446 0.446 0.446 0.446
LOA, 0.063 0.051 0.042 0.051 0.051 0.049 0.048 0.046 0.048 0.048
LOA; 0.356 0.449 0.476 0.449 0.445 0.441 0.452 0.464 0.452 0.452
LOB, 0.476 0.449 0.356 0.449 0.445 0.464 0.452 0.441 0.452 0.452
LOB, 0.042 0.051 0.063 0.051 0.051 0.046 0.048 0.049 0.048 0.048
MOA, 0.063 0 0 0 0.004 0 0 0 0 0
MOA; 0 0 0 0 0 0 0 0 0 0
MOB; 0 0 0 0 0 0 0 0 0 0
MOB, 0 0 0.063 0 0.004 0 0 0 0 0
NT 0 0 0 0 0 0 0 0 0 0
a=0.2
E[Spread H 0.217 0.210 0.217 0.210 0.211 0.210 0.210 0.210 0.210 0.210
E[Depth As+A; |] | 1.419 1.500 1.518 1.500 1.496 1.490 1.500 1.510 1.500 1.500
E[Depth Aq |] 0.356 0.449 0.476 0.449 0.445 0.441 0.452 0.464 0.452 0.452
E[Dopth By H 0.476 0.449 0.356 0.449 0.445 0.464 0.452 0.441 0.452 0.452
E[Depth B1+Bs |-] | 1.518 1.500 1.419 1.500 1.496 1.510 1.500 1.490 1.500 1.500
E[Welfare LO |] 0.394 0.445 0.394 0.442 0.447 0.446 0.447 0.446
E[Welfare MO |] 0.059 0 0.059 0 0 0 0 0
E[Welfare |] 0.453 0.445 0.453 0.442 0.447 0.446 0.447 0.446
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Table 4: Averages for Trading Strategies, Liquidity, and Welfare across Times t, through t, for
Informed and Uninformed Traders both with 3 ~ Tr[# (u, ®)]. This table reports results for two different
informed-investor arrival probabilities v (0.8 and 0.2) and for two different asset-value volatilities ¢ (0.16 and 0.02).
The private-value factor parameters are p = 1 and o = 1.5, and the tick size is kK = 0.10. Each cell corresponding to a
set of parameters reports the equilibrium order-submission probabilities, the expected bid-ask spreads and expected
depths at the inside prices (A1 and Bi) and total depths on each side of the market after order submissions at times
to through t4, and the expected welfare of the market participants. The first four columns in each parameter cell are
for informed traders with positive, neutral and negative signals, (I3,/v,,lv) and for uninformed traders (U). The fifth

column (Uncond.) reports unconditional results for the market.

6 =0.16 6 =0.02
I3 Ly, 1, U Uncond. I3 Ly, 1, U Uncond.
LOA, 0.140 0.121 0.090 0.114 0.117 0.127 0.123 0.119 0.123 0.123
LOA; 0.108 0.058 0.050 0.067 0.071 0.057 0.053 0.048 0.053 0.053
LOB, 0.050 0.058 0.108 0.067 0.071 0.048 0.053 0.057 0.053 0.053
LOBs 0.090 0.121 0.140 0.114 0.117 0.119 0.123 0.127 0.123 0.123
MOA, 0.275 0.192 0.113 0.195 0.194 0.207 0.194 0.181 0.194 0.194
MOA; 0.158 0.127 0.062 0.122 0.117 0.133 0.128 0.124 0.129 0.128
MODB, 0.062 0.127 0.158 0.122 0.117 0.124 0.128 0.133 0.129 0.128
MODB, 0.113 0.192 0.275 0.195 0.194 0.181 0.194 0.207 0.194 0.194
NT 0.003 0.003 0.003 0.005 0.004 0.004 0.003 0.004 0.004 0.004
a=0.8

E[Spread || 0.253 0.259 0.253 0.274 0.259 0.268 0.269 0.268 0.269 0.268
E[Depth As+A4; |-] | 1.599 1.600 1.537 1.563 1.576 1.590 1.593 1.596 1.593 1.593
E[Depth 4; |] 0.301 0.339 0.338 0.314 0.324 0.324 0.333 0.344 0.333 0.334
E[Depth By | 0.338 0.339 0.301 0.314 0.324 0.344 0.333 0.324 0.333 0.334
E[Depth B1+Bs |-] | 1.537 1.600 1.599 1.563 1.576 1.596 1.593 1.590 1.593 1.593
E[Welfare LO |] 0.089 0.071 0.089 0.072 0.067 0.067 0.067 0.067

E[Welfare MO |] 0.328 0.332 0.328 0.331 0.336 0.336 0.336 0.336

E[Welfare |] 0.418 0.403 0.418 0.404 0.403 0.403 0.403 0.403

LOA, 0.131 0.123 0.114 0.122 0.122 0.124 0.123 0.122 0.123 0.123
LOA; 0.059 0.054 0.049 0.053 0.054 0.053 0.053 0.052 0.053 0.053
LOB, 0.049 0.054 0.059 0.053 0.054 0.052 0.053 0.053 0.053 0.053
LOB, 0.114 0.123 0.131 0.122 0.122 0.122 0.123 0.124 0.123 0.123
MOA, 0.257 0.194 0.137 0.196 0.196 0.202 0.194 0.186 0.194 0.194
MOA; 0.160 0.127 0.090 0.127 0.127 0.133 0.128 0.124 0.128 0.128
MOB; 0.090 0.127 0.160 0.127 0.127 0.124 0.128 0.133 0.128 0.128
MOB, 0.137 0.194 0.257 0.196 0.196 0.186 0.194 0.202 0.194 0.194
NT 0.004 0.003 0.004 0.004 0.004 0.004 0.003 0.004 0.004 0.004

a=0.2

E[Spread || 0.266 0.267 0.266 0.269 0.269 0.269 0.269 0.269 0.269 0.269
E[Depth As+A;q |-] | 1.547 1.595 1.636 1.591 1.591 1.587 1.593 1.599 1.592 1.592
E[Depth A4; |] 0.288 0.334 0.378 0.332 0.332 0.327 0.333 0.339 0.333 0.333
E[Depth By | 0.378 0.334 0.288 0.332 0.332 0.339 0.333 0.327 0.333 0.333
E[Depth B1+B> H 1.636 1.595 1.547 1.591 1.591 1.599 1.593 1.587 1.592 1.592
E[Welfare LO |] 0.068 0.068 0.068 0.067 0.067 0.067 0.067 0.067

E[Welfare MO |] 0.348 0.334 0.348 0.335 0.336 0.336 0.336 0.336

E[Welfare |] 0.416 0.403 0.416 0.402 0.403 0.403 0.403 0.403
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news I,,, no longer just provide liquidity using limit orders. Now, due to their private-value motive,
they sometimes also take liquidity using market orders.

Consider next the impact of adverse selection on trading behavior. Tables 3 and 4 show at time
t1 and on average over times to through ¢4 respectively that the effects of an increase in value-shock
volatility on the strategies of informed traders with good or bad news differs when we consider
traders’ own vs. opposite sides of the market. In particular, the “own” side of the market for an
informed investor with good news is the bid (buy) side of the limit order book. The effect on the
informed trader’s own-side behavior is similar to the previous model specification in Section 2.1.
With higher value-shock volatility, the private information about the asset value is more valuable,
and both I and I, investors change some of their aggressive limit orders into market orders. Table
3 shows that, when ¢ is increased with « fixed at 0.8, the I investors at time t; reduce the strategy
probability for LOB; orders from 0.466 to 0.282 and increase the strategy probability for MO A,
orders from 0 to 0.256, and symmetrically I,, investors shifts from LOA; to MOB.

The effects of higher volatility on uninformed traders slightly differs at ¢; as opposed to times
to through t4. At t; uninformed traders post slightly more aggressive orders when they demand
liquidity (the strategy probabilities for MOAy and MOB; increase from 0 to 0.009), and more
patient orders when they supply liquidity (the strategy probabilities for LOBy and LO Ay increase
slightly from 0.048 to 0.064). This change in order-submission strategies is the consequence of
uninformed traders facing higher adverse selection costs. They feel safer hitting the trading crowd
at Ao and By and offering liquidity at more profitable price levels to make up for the increased
adverse selection costs. In later periods t; through t4, as uninformed traders learn about the
fundamental value of the asset, they still take liquidity at the outside quotes (the probabilities of
MOAs and MOBj increase slightly to 0.195 in Table 4), but move to the inside quotes to supply
liquidity (LOA; and LOB; increase to 0.067 for times to through t4). As they learn about the
future value of the asset, uninformed traders perceive less adverse selection costs and can afford to
offer liquidity at more aggressive quotes. In contrast, the effects of increased value-shock volatility
on the trading behavior of I,, investors are relatively modest both at time ¢; and at times ¢

through t4.

37



The effects of an increase in the value-shock volatility is different on the opposite side than on
the own side. For example, when the volatility  increases from 0.02 to 0.16, I investors at time t;
switch on the own side from LOB; limit orders to aggressive M O Ao market orders but at the same
time they switch on the opposite side from aggressive limit orders to more patient limit orders. The
reason why I investors with low private-values become more patient when selling via limit orders
on the opposite side is that they know that the execution probability of limit sells at As is higher
because other I3 investors in future periods will hit limit sell orders at As more aggressively given

that o is much bigger (see the increased order submission probabilities for MO Az in Table 4).

2.2.2 Market quality

The effect of value-shock volatility on market liquidity is mixed in our second model specification.
This is not surprising given the different effects of increased volatility on informed-investor trading
behavior on the own and opposite sides of the market. At time ¢;, holding the informed-investor
arrival probability « fixed, increased value-shock volatility leads to wider spreads and less total
depth. However, the average effects over times to through t4 switches with increased asset-value
volatility leading now to narrower spreads and smaller depth. This is due — in particular in the high
« markets — to uninformed traders perceiving greater adverse selction costs and therefore being
less willing to supply liquidity. Interestingly, the effects of an increase in the arrival probability of
informed investors (a) on the equilibrium strategies is qualitatively similar to that of an increase
in volatility (6) in this second model specification.

Lastly, our model shows how an increase in volatility and in the proportion of insiders affect
the welfare of market participants. When volatility increases, directional informed investors are
generally better off as their signal is stronger and hence more profitable: At t; their welfare is
unchanged with high proportion of insiders (0.446), whereas it increases in all the other scenarios,
with low proportion of insiders (0.453) and in later periods with both high and low « (0.418 and
0.416). At t; uninformed traders are worse off because liquidity deteriorates with higher volatility.
At later periods the result is ambiguous: there are cases in which the uninformed investors are

better off and cases in which they are worse off.
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2.2.3 Information content of orders

Figure 7 plots the Bayesian revisions for different orders at time t; against the corresponding order-
execution probabilities for our second model specification. Once again, the magnitudes and signs
of the Bayesian updates depends on the mix of informed and uninformed investors who submit
these orders. Consider, for example, the market with both high value-shock volatility and a high
informed-investor arrival probability (large circles). The most informative orders are the market
orders MOAs and M OBy as they are chosen much more often by informed investors than by
uninformed investors (See Table 3). However, the next most aggressive orders are the inside limit
orders LOB; and LOA;, and they are less informative than the less aggressive LOBy and LO A,
limit orders. Even though the aggressive limit orders LOB; and LOA; are posted with a relatively
high probability (0.282 and 0.314) by informed investors I; and I,, they are also submitted with
even high probabilities by uninformed investors (0.426), and I,, informed investors with neutral

(0.446). As a result, they are less informative.!®

Thus, this is another example in which order
informativeness is not increasing in order aggressiveness.
Perhaps more surprisingly, the order-sign conjecture need not hold in our second model spe-

cification:
Result 5 The Bayesian value revision can be opposite the direction of an order.

This is to say that the direction of orders is sometimes different from the sign of their information
content. For example, a limit sell LOA; signals good news (rather than bad news as one might
expect) because limit sells at A; are used by informed investor to trade on the opposite side of
their information (i.e., due to their private-value 3 factors) more frequently than these orders are
used to trade on the same side of their information. In particular, I, investors usually sell using
market orders M OBs rather than using limit sells. This goes back to our previous discussion of
how informed investors trade differently on the own side of their information (when their private
value f3 reinforces the trading direction from their information) and on the opposite side of their

information (when their 3 reverses the trading incentive from their information).

15The informativeness of limit orders LOA; and LOB; in Table B2 in Appendix B are 0.004 and —0.004 respectively,
whereas the informativeness of limit orders LOAs and LO B> are 0.056 and —0.056 respectively.
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Figure 7: Informativeness of Orders at the End of t; for the Model with Informed and Uninformed Traders both with 3 ~
Tr[A (1, 02)]. This figure plots the Informativeness of the equilibrium orders at the end of ¢; against the probability of execution. We consider four
different combinations of informed investors arrival probability. The informativeness of an order is measured as E[v|x¢,] — E[v], where ¢, denotes one of
the different possible orders that can arrive at time ¢;.
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2.2.4 Non-Markovian price discovery

This section continues our investigation of the importance of non-Markovian effects in information
aggregation. Figure 8 shows once again the variation in the incremental information E[v|£, (L¢;)]—
E[v|Ly;] of prior order histories .%;; (Ly;) preceding different books L;,. The plots here confirm our

earlier results about non-Markovian learning.

Figure 8: History Informativeness for Informed and Uninformed Traders both with
B ~ Tr[A (u, o) for times t» through ts. This Figure shows the incremental information content of
the past order history in excess of the information in the current limit order book observed at the end of time ¢;
as measured by E[v|-%;;(L:,)] — E[v|Lt;] where £, (L¢;) is a history ending in the limit order book L;;. We only
consider books L;; when they occur in equilibrium in the different trading periods. The candlesticks indicate for
each of these two metrics the maximum, the minimum, the median and the 75" (and 25”’) percentile respectively
as the top (bottom) of the bar.
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Figure 8 shows the uninformed investor’s expectation of the asset value conditional on the path

and various books. It also shows the expectation of these expectations across the paths, which, by
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iterated expectation, is the expectation conditional on the book. Again, we see that the trading
history has substantial information content above and beyond the information in the book alone.
The figure also shows the standard deviation of the valuation forecast errors. Here again, the

information updating dynamics are non-Markovian.

2.3 Summary

The results for our second model specification — with a richer specification of the informed investors’

trading motives — confirm and extent the analysis from our first model specification.

e When all market participants trade not only to speculate on their signal but also to satisfy

their private-value motive, all investors use both market and limit orders in equilibrium.

e Increased adverse selection affects informed-investor trading behavior differently when they
trade with their information versus (because of private-value shocks) against their informa-
tion. As a result, the effect of asset-value volatility and informed investor arrival probability

on market liquidity is mixed.

e The informativeness of orders can be opposite the order aggressiveness and now also the order

direction. The information content of order arrivals is again history-dependent.

3 Robustness

Our analysis makes a number of simplifying assumptions for tractability, but we conjecture that our
qualitative results are robust to relaxing these assumptions. We consider two of these assumptions
here. First, our model of the trading day only has five periods. Relatedly, our analysis abstracts
from limit orders being carried over from one day to the next. However, our results about the impact
of adverse selection on investor trading strategies and about order informativeness are driven in
large part by the relative size of information shocks and the tick size rather than by the number
of rounds of trading. In addition, increasing the trading horizon leads to longer histories that are
potentially even more informative. Second, arriving investors are only allowed to submit single

orders that cannot be cancelled or modified subsequently. However, it seems likely that order-flow
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histories will still be informative if orders at different points in time are correlated due to correlated

actions of returning investors.

4 Conclusions

This paper has studied information aggregation and liquidity provision in dynamic limit order
markets. We show a number of notable theoretical properties in our model. First, informed investors
switch between endogenously demanding liquidity via market orders and supplying liquidity via
limit orders. Second, the information content/price impact of orders can be non-monotone in the
direction of the order and in the aggressiveness of their orders. Third, the information aggregation
process is non-Markovian. In particular, the prior order history has information content beyond
that in the current limit order book.

Our model suggests several directions for future research. Most importantly, our analysis
provides a framework for empirical research about the changing price impacts of order flow condi-
tional on order-flow history and time of day. There are also promising directions for future theory.
First, the model can be enriched by allowing investors to trade dynamically over time (rather
than just submitting an order one time) and to face quantity decisions and to use multiple orders.
Second, the model could be extended to allow for trading in multiple co-existing limit order mar-
kets. This would be a realistic representation of current equity trading in the US. Third, the model
could be used to study high frequency trading in limit order markets and the effect of different

investors being able to process and trade on different types of information at different latencies.

5 Appendix A: Algorithm for computing equilibrium

The computational problem to solve for a Perfect Bayesian Nash equilibrium in our model (as
defined in Section 1.1) is complex. Given investors’ equilibrium beliefs, the optimal order-submission
problems in (6) and (7) require computing limit-order execution probabilities and stock-value ex-
pectations that are conditional on both the past order history and on future state-contingent limit-

order execution at each time t; at each node of the trading game. For an informed trader (who
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knows the asset value v), there is no uncertainty about the payoff of a market order. In contrast, the
payoff of a market order for an uninformed trader entails uncertainty about the future asset value
and, therefore, computing the optimal order requires computing the expected stock value E[v\.ftj_l]
conditional on the prior trading history up to time ¢;. For limit orders, the expected payoff depends
on the future limit-order execution probabilities, Pr(0f |v, %, ,) and Pr(67 |2, ), for informed
and uninformed investors, which depend, in turn, on the optimal order-submission probabilities of
future informed and uninformed investors. In addition, the uninformed investors’ learning problem
for limit orders requires uninformed investors to extract information about the expected future
stock value E[v].%,_,, Hf]] from both the past trading history and also from state-contingent future
order execution given that the future states in which limit orders are executed are correlated with
the stock value. Thus, optimal actions at each time t¢; depend on past information and future
order-flow contingencies where future orders also depend on the then-prior histories at future dates
(which include the action at time t;) as traders dynamically update their equilibrium beliefs as the
trading process unfolds. Thus, the learning problem for limit order beliefs is both backward- and
forward-looking. Lastly, rational expectations (RE) involves finding a fixed point so that the equi-
librium beliefs underlying the optimal order-submission strategies are consistent with the execution
probabilities and value expectations that the endogenous optimal strategies produce in equilibrium.

Our numerical algorithm uses backward induction to solve for optimal order strategies given a
set of asset-value beliefs for all dates and nodes in the trading game and uses an iterative recursion
to solve for RE equilibrium asset-value and order-execution beliefs. The backward induction makes
order-execution probabilities consistent with optimal future behavior by later-arriving investors. It
also takes future state-contingent execution into account in the uninformed investors’ beliefs. Given
a set of history-contingent asset-value probability beliefs, we start at time 5 — when traders only
use market orders which allows us to compute the execution probabilities of limit orders at t4 —
and recursively solve the model for optimal order strategies back to time ¢;. We then embed the
optimal order strategy calculation in an iterative recursion to solve for a fixed point for the RE
asset-value beliefs. For a generic round r in this recursion, the outgoing asset-value probabilities

v,r—1 . . . . . . .
s from round r —1 are used iteratively as incoming asset-value beliefs in round r. In particular,
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these beliefs are used in the learning problem of the uninformed investor to extract information
about the ending asset value v from the prior trading histories. They also affect the behavior
of informed investors whose order-execution probability beliefs depend in part on the behavior
of uninformed traders. Thus, the recursion for a generic round r involves solving by backward

induction for optimal strategies for buyers

Jnax wh(@|v, 4, ) = (B vo+ A —p(x)] Pr(6f | v, 4, ) (13)
J
and
mrg;cgi wh (@] L, ) = By v+ ETAG, ,,08] — p(x)] Pr(6 |4, ) (14)
where
ET'[AIZ, 0] = (77 0+ 7,7 w0 + 7 T v) — v (15)

T = P\, 4,) |U’$tj)7r;’7 rt (16)
N UM

and where the calculations for sellers are symmetric. Note that at each time ¢; the backward
induction has already determined the future contingencies ij for limit order executions at times ¢ >
tj. Thus, the order-execution probabilities Pr'(6f [v, £;_,) and Pr'(6f %, _,), and the history-
and execution-contingent probabilities ﬁfj " and associated asset-value expectations E” [AlZ; 9%;]
are “mongrel” moments in that they are computed using the outgoing history-contingent asset value
beliefs Trfj’ "1 from round r — 1 and then updated given the order-execution contingencies computed
by backward induction in round r using the round r — 1 asset-value beliefs. At the end of round r,
we then compute updated outgoing asset-value beliefs W;)j’r for round r, which are used as incoming
beliefs for the next round r 4+ 1. The recursion is iterated to find a RE fixed point wfj in the
uninformed investor beliefs.
0,0

The fixed-point recursion is started in round r = 1 by setting the initial asset-value beliefs ]

of uninformed traders at each time ¢; in the backward induction to be the unconditional priors
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Pr(v) in (1). In particular, the algorithm starts by ignoring conditioning on history in the initial

round 7 = 1. Hence the traders’ optimization problems in (14) and (13) in round r = 1 simplify to:

Inax wh e |v, L, ) = [Byvo+ A= p(a)] Pri(f|v) (17)
J
nax w2 | Ly ,) = (B vo + EYA|6F] - p(x)] Pri(67) (18)
J

The order-execution contingencies in round r are modeled as follows: In each round r given

1 in that round, we solve for investors’ optimal trading strategies by

the asset-value beliefs ij’r
backward induction. Starting at t5, the execution probability for new limit orders is zero, and
therefore optimal order-submission strategies only use market orders. Given the linearity of the
expected payoffs in the private-value factor 5 in (13) and (14), the optimal orders for an informed

trader at t5 are'S

I,r I,r
MOBi,, if g €0,
I Ir I,r I,r Ir
wtér(m"%ﬁv) — NT Zf ,3 c [5MOBi,t57NTt5 ’ IBNTt5 ’MOAz‘,z5) (19)

I,r I,r
MOA,, if Be g™l MO o

where for each possible combination of MOB,; ;; = MOB1, MOBy and MOA;;; = MOA;, MOA;

BMOBf”tTS,NTé’T _ B — A (20)
v
I, I, R
BNT%T,MOAZ.JS) _ Aigs — A
v

are the critical thresholds that solve w!" (MOB; 4, |v, %,) = w'" (NT|v, %4,) and w!"(NT|v, £,) =

wh"(MOA; 45 |v, £,), respectively. The optimal trading strategies and (3 thresholds for an unin-

6 For instance, an informed trader would post a MOA; only if the payoff is positive and thus outperforms the NT
payoff of zero, i.c, v+ A — A; >0 or 8> 41=4,

v
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formed traders are similar but the conditioning set does not include the asset value v:

U,r U,r
MOB;y, if €0, M)
U, . U,r U,r U,r l_],r
l‘tsr(ﬂﬂﬁ — NT ’Lf /8 c [BMOB'L’t57NTt5 ’/BNTtS 7MOA1’t5) (21)

U,r

U,r
MOA;y, if B e gV MOis 9

where

U U, o, pr-l
GMOBLLNTLT Bits Ev [AlZ,] (22)
g MOATY, Aigs — E™VALL]
v

Given the [ ranges associated with each possible action at t5;, we compute the submission
probabilities associated with each optimal order at t5 using the truncated-Normal density n(-) for
the private factor 5.17 At time t4 these are the execution probabilities for new limit orders by an

informed investor at the different possible best bids and asks, B;, and A;;, respectively at time

t5:
MOB[ Y NTL moBY," NTUT
ﬁ i,t5’ ty ,8 itg i
d 1-— d
PrT(GiOBﬂﬁS,U) — Oé[fo n(3) 5} + ( a> [fo n(p)dg (23)
0 otherwise
2 2
7 v d 1— - - d
Prr (05,04 %1y, 0) = a“@”é woxty, w848 + (1 o) [ngTtUs oty "B 4 (24)

0 otherwise

where the book is either empty at A; and/or By (but may have non-crowd limit orders at the

outside prices) or is empty except for just crowd orders at As and Bs. The analogous execution

17"The discussion here is for the case where both informed and uninformed investors have random private factors 3.
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probabilities for an uninformed investor arriving at time t4 are:

]MOBI”; NTlT moBl;" NTPT

Prr(0F0Bi.%4,) = o[ Loeqmmm 7 ’ n(B)as] + (1-a)[ fy T s

0 otherwise
(25)

a[ZvE{Evo,y} L, f NT{T MO n(5) dﬁ} T (1 - O‘) {f NTT MOAT n(B)dp

0 otherwise
(26)

Prr (670 .4,) =

At t4 there is only one period before the end of the trading game. Thus, the execution probability
of a limit order is positive if and only if the order is posted at the best price on its own side of
the market (A, or B;y,), and if there are no non-crowd limit orders already standing in the limit
order book at that price at the time the new limit order is posted.

Having obtained the execution probabilities in (23) — (26) for the different limit orders at t4, we
next derive the optimal order-submission strategies at ¢4. The incoming book can be configured in
many different ways at t4 depending on the different possible prior order paths ., in the trading
game up through time ¢3. As the payoffs of both limit and market orders are functions of 3, we
rank all the payoffs of adjacent optimal strategies in terms of 8 and equate them to determine the
3 thresholds at time t4.'® Consider, for example, an order path such that ¢4 has only crowd orders

in the book, so that new limit and market orders are both potentially optimal orders at t4. For an

18Recall that the upper envelope only includes strategies that are optimal.
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informed trader, the the optimal orders are given by:

MOB, if €0, /BMOB;:Z;,LOA{:&)

LOA, if Be| IBMOB;&,LOA{L’ BLOA{::4,LOA§::4)

LOA; if Be [IBLOA{::4,LOA£::4’ ﬁLOA§;§4,NTtZr)

””’ff(ﬁl%jv) ~{ N7 if Be [ﬁLOA§;:4,NTt{4,r7 ﬁNTtZT7LOB£::4) (27)
LOB, if B e [gNTi LOBaL, gLOB LOBIY, )

I,r I,r I,r I,r
LOB, if B e [g-0B2i LOBIL, gLOBI".MOAY] )

I,r I,r
MOAs if B € [/BLOBl,t47MOA2,t47 2]

and for an uninformed trader the optimal strategies are qualitatively similar but with different
values for the 8 thresholds given the uninformed investor’s different information.' As the payoffs
of both limit and market orders are functions of 3, we can rank all the payoffs of adjacent optimal
strategies in terms of 8 and equate them to determine the 3 thresholds at t4. For example, for the

first 8 threshold we have:

MOBLT LoADlT
By, M = BeRstowy (MOBsy|v, 8, %) = w" (LOA; |v, 8,%,) (28)

and we obtain the other thresholds similarly.

The next step is to use the B thresholds together with the truncated Normal cumulative dis-
tribution N(.) for 8 to derive the probabilities of the optimal order-submission strategies at each
possible node of the extensive form of the game at t4. For example, the submission probability of

LOAL" is:
P’I"T[LOA{’T |.=%3, U] _ N(ﬁLOA{‘T,LOAg’T |.,%3,’U) o N(BMOB;T,LOA{’T ‘ﬁg’ U) (29)

and the submission probabilities of the equilibrium strategies can be obtained in a similar way.

Next, given the market-order submission probabilities at ¢4 — which together with the execution

191f the incoming book from t3 has non-crowd orders on any level of the book, the equilibrium strategies would
be different. For example, if the book has a LOA; limit order, then new limit orders on the ask side cannot be
equilibrium orders since their execution probability would be zero.
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probabilities at ¢5 determine the execution probabilities for new limit orders at time t3 — we
can solve the optimal orders at t3 and then recursively continue to solve the model by backward

induction in this fashion back to time ;.

Off-equilibrium beliefs: At each time ¢;, round r of the recursion needs history-contingent asset-
value beliefs ol = Prr=Y(v|.%,,) from round r — 1 for all feasible paths that traders may use.
Beliefs for paths that occur with positive in round r — 1 are computed using Bayes’ rule to update
the probability Pr™~!(v|.% ;_1) of the time-t;_; sub-path %}, | that path %, extends. In contrast,
Bayes’ Rule cannot be used to update probabilities of paths that involve orders that are not used
with positive probability in round r — 1. Our algorithm deals with this by setting Pr™~*(v].%4;) to
be Pr"_l(v\,i”t) where %, is the longest positive-probability sub-path from ¢y to some time ¢ < tg
in round r — 1 that is contained in path .%;,. For example, consider a path {MOAz, MOB2, LOA;}
at time t3 where orders {MOAy, MOBs} are used with positive probability at times ¢; and ¢ in
round r — 1, but LOA; is not used at time t3 after the first two orders in round r — 1. Our recursion
algorithm sets the round r — 1 belief uninformed traders use for path { MO Ay, MOBs, LOA;} to be
their round r — 1 belief for the positive-probability sub-path {MOAy, MOBy}. If instead M OBy
is not a positive-probability order at ¢5 in round r — 1, then we assume that uninformed traders
use their belief at ¢; conditional on the shorter sub-path {MOAs}. Finally, if MOA; is also not a

positive-probability order at ¢; in round r — 1, then we assume that traders use their unconditional

prior belief Pr(v).

Mixed strategies: We allow for both pure and mixed strategies in our Perfect Bayesian Nash
equilibrium. When different orders have equal expected payoffs, we assume that traders randomize
with equal probabilities across all such optimal orders. By construction, the expected payoffs of
two different strategies are the same in correspondence of the 8 thresholds; however because we are
considering single points in the support of the § distribution, the probability associated with any
strategy that corresponds to those specific points is equal to zero. This means that mixed strategies
that emerge in correspondence of the 3 thresholds, although feasible, have zero probability. Mixed

strategies may also emerge in the framework in which informed traders have a fixed neutral private-
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value factor 5 = 1 (section 2.1). More specifically it may happen that the payoffs of two perfectly
symmetrical strategies of I,, are the same, and in this case I,, randomizes between these two
strategies.

In the setting of our model where informed traders have fixed neutral private-value factors
£ =1, it may happen that both informed and uninformed traders switch their strategies back and
forth from one round to the next. When this happens, to reach an equilibrium we assume that
the informed traders play mixed strategies and at each subsequent round strategically reduce the
probability with which they choose the most profitable strategy until the equilibrium is reached.
As an example at t; informed traders with positive news, I, play LOBs in round r = 1. However,
in round r = 2 in the subsequent periods uninformed traders do not send market orders to sell at
By and in round r = 3, informed traders react by changing their strategy to LOB;. However, in the
subsequent periods uninformed traders do not send market orders to sell, this time at By. To find
an equilibrium, we assume that at each round informed traders play mixed strategies and assign
a greater weight to the most profitable strategy. In this case we assume they start playing LO B,
with probability 0.99 and LOB; with probability 0.01. If these mixed strategies do not lead to
an equilibrium outcome, in the subsequent round we assume that the informed traders play LO B,
with probability 0.98 and LOB; with probability 0.02. We proceed by lowering the probability
with which informed traders choose the most profitable strategy until we reach an equilibrium set

of strategies.

Convergence: RE beliefs for a Perfect Bayesian Nash equilibrium are obtained by solving the
model recursively for multiple rounds. In particular, the asset-value probabilities 7rfj 1 from round
r = 1 from above are used as the priors to solve the model in round r = 2 (i.e., the round 1
probabilities are used in place of the unconditional priors used in round 1).2° The asset-value
probabilities 7rfj 2 from round r = 2 are then used as the priors in round r = 3 and so on. The
recursive iteration is continued until the updating process converges to a fixed point, which are the
RE beliefs. In particular, the recursive process has converged to the RE beliefs when uninformed

traders no longer revise their asset-value beliefs. Operationally, we consider convergence to the RE

2Tn the second round of solutions we again solve the full 5-period model.
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. ey e v V. T .
beliefs to have occurred when the probabilities ij’r, 7T;)J %" and T in round r are “close enough”

to the corresponding probabilities from round r — 1:

o o, r—1 _
T When‘wf,’r — " ‘ <1077
J J J
~1 _
70" when |m," — ;%" ’ <1077 (30)
J J J

*

: : r—1 -
7" when ‘wty,r — " ‘ <1077
J J J

A fixed-point solution to this recursive algorithm is an equilibrium in our model.

6 Appendix B: Additional numerical results

The tables is this section provide additional information on the execution probabilities of limit
orders for informed investor with positive, neutral and negative signals, (Iy,1,,,l,) and for unin-
formed traders. The tables also report the asset value expectations of the uninformed investor at
time to after observing all the possible buy orders submissions at time ¢;. The expectations for sell
orders are symmetric with respect to 1. Table B1 reports results for our first model specification
in which only uninformed traders have a random private value factor. Table B2 reports results for

our second model in which both the informed and uniformed traders have private-value motives.
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Table B1l: Order Execution Probabilities and Asset-Value Expectation for Informed Traders with
B = 1 and Uninformed Traders with 3 ~ Tr[# (u, 02)]. This table reports results for two different values of
the informed-investor arrival probability « (0.8 and 0.2) and for two different values of the asset-value volatility § (0.16
and 0.02). o = 1.5. For each set of parameters, the first four columns report the equilibrium limit order probabilities
of executions for informed traders with positive, neutral and negative signals, (I5,l,,I,) and for uninformed traders

).

The fifth column (Uncond.) reports the unconditional order-execution probabilities in the market. Next, the

columns report conditional and unconditional future order execution probabilities and the asset-value expectations
of an uniformed investor at time to after observing different order submissions at time ¢;.

§=0.16 5 =0.02

I Iy, I, U Uncond. I; Iy, I, U Uncond.
PEX(LOAy|)) [0.955 0.175 0.055 0.395 0.395 [ 0.180 0.229 0.170 0.193  0.193
PEX(LOA|) 0989 0.125 0.078 0.397 0397 | 0.323 0.323 0.323 0.323  0.323
PEX(LOB,|-) | 0.078 0.125 0.989 0.397  0.397 |0.323 0.323 0.323 0.323  0.323
PEX(LOB,|-) | 0.055 0.175 0.955 0.395  0.395 |0.170 0.229 0.180 0.193  0.193

a=0.8
E[v|LOB; | 1.160 1.000
E[v|LOBs | 1.083 1.013
E[v[MOA; |]
E[v|MOA; |] 1.000 1.000
PEX(LOA|) | 0.651 0.487 0.394 0.511 0511 [ 0.514 0.499 0.476 0.496  0.496
PEX(LOA;|-) | 0.886 0.766 0.717 0.789  0.789 | 0.792 0.792 0.790 0.791  0.791
PEX(LOB|) | 0.717 0.766 0.886 0.789  0.789 | 0.790 0.792 0.792 0.791  0.791
PEX(LOBy|) | 0.394 0.487 0.651 0.511 0511 | 0.476 0.499 0.514 0.496  0.496
a=0.2

E[v|LOB; | -] 1.026 1.000
E[v|LOBs | -] 1.013 1.009
E[v|MOA; | ]
E[v|MOA; | -] 1.000 1.000
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Table B2: Order Execution Probabilities and Asset-Value Expectation for Informed and Uninformed
Traders both with 8 ~ Tr[.# (1, 62)]. This table reports results for two different values of the informed-investor
arrival probability @ (0.8 and 0.2) and for two different values of the asset-value volatility ¢ (0.16 and 0.02). o = 1.5.
For each set of parameters, the first four columns report the equilibrium limit order probabilities of executions for
informed traders with positive, neutral and negative signals, (I5,lv,,lv) and for uninformed traders (U). The fifth
column (Uncond.) reports the unconditional order-execution probabilities in the market. Next, the columns report
conditional and unconditional future order execution probabilities and the asset-value expectations of an uniformed
investor at time t2 after observing different order submissions at time ¢;.

5=0.16 5 =10.02

I Iy, I, U Uncond. I Iy, I, U Uncond.
PEX(LOAy|-) | 0.644 0.502 0.410 0.519 0.135 | 0.502 0.487 0.472 0487  0.116
PEX(LOA;|-) | 0.913 0.834 0.702 0.817 0.392 | 0.849 0.837 0.824 0.836  0.470
PEX(LOB|-) | 0.702 0.834 0.913 0.817 0.392 |0.824 0.837 0.849 0.836  0.470
PEX(LOBy|-) | 0.410 0.502 0.644 0.519  0.135 | 0.472 0.487 0.502 0.487  0.116

a=0.8
E[v|LOB; |/ 0.996 1.000
E[v|LOB; || 0.944 0.999
E[v|MOA; []
E[v|MOA; |] 1.156
PEX(LOAy|-) | 0525 0.494 0.470 0.496  0.402 | 0.490 0.487 0.483 0.487  0.394
PEX(LOA;|-) | 0.853 0.833 0.813 0.833  0.737 | 0.839 0.837 0.834 0.837  0.745
PEX(LOB,|-) | 0.813 0.833 0.853 0.833  0.737 | 0.834 0.837 0.839 0.837  0.745
PEX(LOBy|-) | 0470 0.494 0.525 0.496  0.402 | 0.483 0.487 0.490 0.487  0.394
a=0.2
E[v|LOB; |/ 1.003 1.000
E[v|LOBs |/ 0.996 1.000
E[v|MOA; |]
E[v|MOA; |] 1.160
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