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Plan for Talk

» Deep dive on financial market design innovation. Relates to
both “Rent Seeking” and “Concentrated-Dispersed”

> Paper I: “The High-Frequency Trading Arms Race: Frequent Batch Auctions as a Market Design
Response” (Budish, Cramton and Shim, QJE, 2015)

> Paper II: “Quantifying the High-Frequency Trading 'Arms Race’” (Aquilina, Budish and O’Neill,
QJE, 2022)

> Paper IlI: “A Theory of Stock Exchange Competition and Innovation: Will the Market Fix the
Market?” (Budish, Lee and Shim, R&R JPE, 2023)

» Missing Markets for Innovation. Research on cancer R&D
incentives and global vaccine capacity.

> Paper I: “Do Firms Underinvest in Long-Term Research? Evidence from Cancer Clinical Trials"”
(Budish, Roin and Williams, AER, 2015)

| Paper II: “Market Design to Accelerate Covid-19 Vaccine Supply” (Castillo et al., Science, 2021)
> Paper IlI: “Missing Markets for Innovation: Evidence from New Uses of Old Drugs” (Budish,

Durvasula, Roin, Williams, in progress)

» Conclusion: missing incentives for translational research;
reflecting on the role of academics in Research—Practice



Financial Market Design Innovation



The Efficient Markets Hypothesis

» Fama (1970): "“A market in which prices always ‘fully reflect’
available information is called ‘efficient’”

» “Obviously an extreme null hypothesis ... we do not expect it
to be literally true.”

» Distinguishes 3 versions of the EMH, to “pinpoint the level of
information at which the hypothesis breaks down”

> Weak: past prices info
» Semi-strong: all public info
> Strong: all public and private info

» Fama concludes no evidence against EMH in weak or
semi-strong forms, but evidence against strong form.

» Translation: to beat the market you have to know something
that the rest of the market doesn’t know.



Modern Understanding of the EMH

> “We now know that asset prices are very hard to predict over
short time horizons, but that they follow movements over
longer horizons that, on average, can be forecasted” (2013
Nobel Committee).

» Debate: interpretation of the long-run predictability

» Risk variation or behavioral inefficiency
» Magnitudes, especially since non-trivial to exploit
> (See Cochrane 2011 presidential address)

» Consensus: in short-run, EMH holds up pretty well

P IGM Experts Panel: 100% agreement that “very few investors, if
any, can consistently make accurate predictions about whether the
price of an individual stock will rise or fall on a given day."

P “If it is possible to predict with a high degree of certainty that one
asset will increase more in value than another one, there is money
to be made. More importantly, such a situation would reflect a
rather basic malfunctioning of the market mechanism.” (2013
Nobel Committee)



The HFT Arms Race

CHICAGO

» In 2010, Spread Networks invests $300mm to dig a high-speed
fiber optic cable from NYC to Chicago

» Shaves round-trip data transmission time... from 16ms to
13ms

» Industry observers: 3ms is an “eternity”

P Joke at the time: next innovation will be to dig a tunnel,
“avoiding the planet’s pesky curvature”

» Joke isn't that funny... Spread’s cable quickly obsolete!

» Arms race for speed continues — now commonly measured in

microseconds (millionths) and even nanoseconds (billionths)
> As you'll see, on order of $10bn’s per year
» Hardware, software, communications links, and, perhaps most
importantly, high-quality human capital.



The HFT Arms Race
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» Question: how could such tiny speed advantages be worth so
much money?
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» Question: how could such tiny speed advantages be worth so
much money?

» Fundamentals? No. 3 milliseconds too short to be about
fundamentals.
» Quarterly earnings released once per 8 billion ms ... and after
market is closed!

» Technical? Economists intrinsically skeptical.
» “Technical strategies are usually amusing, often comforting,
but of no real value.” (Burton Malkiel, “A Random Walk
Down Wall Street”
P> “A rather basic malfunctioning of the market mechanism”
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around the world, called the “continuous limit order book":
» Treats time as continuous
» Processes requests to trade serially
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Answer: Flawed Market Design

> The market design most widely used in financial markets
around the world, called the “continuous limit order book":

» Treats time as continuous
» Processes requests to trade serially
» Continuous-time + serial processing — riskless arbitrage
profits from symmetric public information

» That is... a violation of the weak-form and semi-strong form
EMH, built directly into the market design.

» These riskless arbitrage profits

1. Are not supposed to exist in a well-functioning market
2. Harm liquidity
3. Induce a never-ending arms race for speed

» Market design solution: put time into units (“discrete time")
and process requests to trade in batch, using auctions.



“The High-Frequency Trading Arms Race: Frequent
Batch Auctions as a Market Design Response”

Eric Budish
Peter Cramton
John Shim

QJE, November 2015



The Case for Frequent Batch Auctions

A simple idea: discrete-time trading.

1. Empirical Facts: continuous market violates basic asset pricing
principles at HFT time horizons.
» Market correlations completely break down.
» Frequent mechanical arbitrage opportunities.
» Mechanical arbs — arms race. Arms race does not
compete away the arbs, looks like a “constant”.

2. Theory: root flaw is continuous-time serial-process trading

» Mechanical arbs are “built in” to market design. Sniping.
» Harms liquidity.
» Induces never-ending, wasteful, arms race for speed.

3. Solution: frequent batch auctions

» Competition on speed — competition on price.
» Enhances liquidity and stops the arms race.
» Simplifies the market computationally.



Market Correlations Break Down at High Frequency
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Market Correlations Break Down at High Frequency
ES vs. SPY: 1 hour
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Market Correlations Break Down at High Frequency
ES vs. SPY: 1 minute
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Market Correlations Break Down at High Frequency
ES vs. SPY: 250 milliseconds
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Arb Durations over Time: 2005-2011

Median over time Distribution by year
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Arb Per-Unit Profits over Time: 2005-2011

Expected Profits per Arbitrage (index points per unit traded)
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Arb Frequency over Time: 2005-2011

Frequency over time Frequency vs. Volatility
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Correlation Breakdown Over Time:
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Races, Races, Races

» And ES-SPY is just the tip of the iceberg in the race for speed:

1. Hundreds of trades very similar to ES-SPY: highly correlated,
highly liquid



Highly Correlated Pairs

US Treasuries
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Highly Correlated Pairs

Equity Index
Russell 2000 Future vs. ETF
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Highly Correlated Pairs

Foreign Exchange
GBP/USD Future vs. ETF
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Highly Correlated Pairs

Commodities

Gold Future vs. ETF
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Highly Correlated Pairs

Commodities
Crude Oil Future vs. ETF
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Highly Correlated Pairs

Commodities
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Other Highly Correlated Pairs

Partial List

E-mini S&P 500 Futures (ES) vs. SPDR S&P 500 ETF (SPY)

E-mini S&P 500 Futures (ES) vs. iShares S&P 500 ETF (IVV)

E-mini S&P 500 Futures (ES) vs. Vanguard S&P 500 ETF (VOO)

E-mini S&P 500 Futures (ES) vs. Proshares Ultra (2x) S&P 500 ETF (550)
E-mini S&P 500 Futures (ES) vs. Proshares UltraPro (3x) S&P 500 ETF (UPRO)
E-mini S&P 500 Futures (ES) vs. Proshares Short S&P 500 ETF (SH)

E-mini S&P 500 Futures (ES) vs. Proshares Ultra (2x) Short S&P 500 ETF (SDS)
E-mini S&P 500 Futures (ES) vs. Proshares UltraPro (3x) Short S& 500 ETF (SPXU)
E-mini S&P 500 Futures (ES) vs. 500 Constituent Stocks

E-mini S&P 500 Futures (ES) vs. 9 Select Sector SPDR ETFs

E-mini S&P 500 Futures (ES) vs. E-mini Dow Futures (YM)

E-mini S&P 500 Futures (ES) vs. E-mini Nasdag 100 Futures (NQ)

E-mini S&P 500 Futures (ES) vs. E-mini S&P MidCap 400 Futures (EMD)
E-mini S&P 500 Futures (ES) vs. Russell 2000 Index Mini Futures (TF)
E-mini Dow Futures (YM) vs. SPDR Dow Jones Industrial Average ETF (DIA)
E-mini Dow Futures (YM) vs. ProShares Ultra (2x) Dow 30 ETF (DDM)
E-mini Dow Futures (YM) vs. ProShares UltraPro (3x) Dow 30 ETF (UDOW)
E-mini Dow Futures (YM) vs. ProShares Short Dow 30 ETF (DOG)

E-mini Dow Futures (YM) vs. ProShares Uitra (2x) Short Dow 30 ETF (DXD)
E-mini Dow Futures (YM) vs. ProShares UltraPro (3x) Short Dow 30 ETF (SDOW)
E-mini Dow Futures (YM) vs. 30 Constituent Stocks

E-mini Nasdaq 100 Futures (NQ) vs. ProShares QQQ Trust ETF (QQQ)
E-mini Nasdaq 100 Futures (NQ) vs. Technology Select Sector SPDR (XLK)
E-mini Nasdag 100 Futures (NQ) vs. 100 Constituent Stocks

Russell 2000 Index Mini Futures (TF) vs. iShares Russell 2000 ETF IWM)
Euro Stoxx 50 Futures (FESX) vs. Xetra DAX Futures (FDAX)

Euro Stoxx 50 Futures (FESX) vs. CAC 40 Futures (FCE)

Euro Stoxx 50 Futures (FESX) vs. ishares MSCI EAFE Index Fund (EFA)
Nikkei 225 Futures (NIY) vs. MSCI Japan Index Fund (EWJ)

Financial Sector SPDR (XLF) vs. Constituents.

Financial Sector SPDR (XLF) vs. Direxion Daily Financial Bull 3x (FAS)
Energy Sector SPDR (XLE) vs. Constituents

Industrial Sector SPDR (XLI) vs. Constituents

Cons. Staples Sector SPDR (XLP) vs. Constituents

Materials Sector SPDR (XLB) vs. Constituents

Utiities Sector SPDR (XLU) vs. Constituents

Technology Sector SPDR (XLK) vs. Constituents

Health Care Sector SPDR (XLV) vs. Constituents

Cons. Discretionary Sector SPDR (XLY) vs. Constituents

SPDR Homebuilders ETF (XHB) vs. Constituents

SPDR S&P 500 Retail ETF (XRT) vs. Constituents.

Euro FX Futures (6E) vs. Spot EURUSD

Japanese Yen Futures (61) vs. Spot USDIPY

British Pound Futures (68) vs. Spot GBPUSD

Australian Dollar Futures (68) vs. Spot AUDUSD

Swiss Franc Futures (65) vs. Spot USDCHF

Canadian Dollar Futures (6C) vs. Spot USDCAD

Gold Futures (GC) vs. miNY Gold Futures (QO)

Gold Futures (GC) vs. Spot Gold (XAUUSD)

Gold Futures (GC) vs. E-micro Gold Futures (MGC)

Gold Futures (GC) vs. SPDR Gold Trust (GLD)

Gold Futures (C) vs. ishares Gold Trust (IAU)

miNY Gold Futures (QO) vs. E-micro Gold Futures (MGC)

miNY Gold Futures (QO) vs. Spot Gold (XAUUSD)

miNY Gold Futures (QO) vs. SPDR Gold Trust (GLD)

miNY Gold Futures (QO) vs. ishares Gold Trust (1AU)

E-micro Gold Futures (MGC) vs. SPDR Gold Trust (GLD)

E-micro Gold Futures (MGC) vs. ishares Gold Trust (1AU)

E-micro Gold Futures (MGC) vs. Spot Gold (XAUUSD)

Market Vectors Gold Miners (GDX) vs. Direxion Daily Gold Miners Bull 3¢ (NUGT)
Silver Futures (SI) vs. miNY Silver Futures (Ql)

Silver Futures () vs. iShares Silver Trust (SLV)

Silver Futures (SI) vs. Spot Silver (XAGUSD)

miNY Silver Futures (Ql) vs. ishares Silver Trust (SLV)

miNY Silver Futures (QI) vs. Spot Silver (XAGUSD)

Platinum Futures (PL) vs. Spot Platinum (XPTUSD)

Palladium Futures (PA) vs. Spot Palladium (XPDUSD)

Eurodollar Futures Front Month (ED) vs. (12 back month contracts)

10 Yr Treasury Note Futures (ZN) vs. 5 Yr Treasury Note Futures (2F)

10 Yr Treasury Note Futures (ZN) vs. 30 ¥r Treasury Bond Futures (Z8)

10 Yr Treasury Note Futures (ZN) vs. 7-10 Yr Treasury Note

2¥r Treasury Note Futures (ZT) vs. 1-2 Yr Treasury Note

2¥r Treasury Note Futures (ZT) vs. iShares Barclays 1-3 Yr Treasury Fund (SHY)
5 Yr Treasury Note Futures (ZF) vs. 4-5 Yr Treasury Note

30 Yr Treasury Bond Futures (ZB) vs. ishares Barclays 20 Yr Treasury Fund (TLT)
30 Yr Treasury Bond Futures (28) vs. ProShares Ultrashort 20 Yr Treasury Fund (TBT)
30 Yr Treasury Bond Futures (Z8) vs. ProShares Short 20 Year Treasury Fund (TBF)
30 Yr Treasury Bond Futures (28) vs. 15+ ¥r Treasury Bond

Crude Oil Futures Front Month (CL) vs. (6 back month contracts)

Crude Ol Futures (CL) vs. ICE Brent Crude (8)

Crude Oil Futures (CL) vs. United States Oil Fund (USO)

Crude Ol Futures (CL) vs. Proshares Ultra DJ-UBS Crude Oil (UCO)

Crude Oil Futures (CL) vs. iPath S&P Crude Oil Index (OIL)

ICE Brent Crude Front Month (B) vs. (6 back month contracts)

ICE Brent Crude (B) vs. United States Oll Fund (USO)

ICE Brent Crude () vs. ProShares Ultra DJ-UBS Crude Oil (UCO)

ICE Brent Crude (8} vs. Path &P Crude Ol Index (OIL)

Natural Gas (Henry Hub) Futures (NG) vs. United States Nat Gas Fund (UNG)



Races, Races, Races

» And ES-SPY is just the tip of the iceberg in the race for speed:

1. Hundreds of trades very similar to ES-SPY: highly correlated,
highly liquid

2. Fragmented equity markets: can arbitrage SPY on NYSE
against SPY on NASDAQ)! Even simpler than ES-SPY.

3. Race to respond to public news (eg Business Wire, Fed)

4. Race to top of book (artifact of minimum price tick)



The Case for Frequent Batch Auctions

A simple idea: discrete-time trading.

1. Empirical Facts: continuous market violates basic asset pricing
principles at HFT time horizons.
» Market correlations completely break down.
» Frequent mechanical arbitrage opportunities.
» Mechanical arbs — arms race. Arms race does not compete
away the arbs, looks like a “constant”.

2. Theory: root flaw is continuous-time serial-process trading

» Mechanical arbs are “built in” to market design. Sniping.
> Harms liquidity.
» Induces never-ending, wasteful, arms race for speed.

3. Solution: frequent batch auctions

» Competition on speed — competition on price.
» Enhances liquidity and stops the arms race.
» Simplifies the market computationally.



Model:

v

High-Level ldea

Descendant of the famous Glosten Milgrom (1985) model
Security x that trades on a continuous limit-order book market

Publicly observable signal y of the value of security x. Jumps
around Poisson.

Purposefully strong assumption:
» Fundamental value of x is perfectly correlated to the public
signal y
» x can always be costlessly liquidated at this fundamental value
» Goal: “best case” scenario for price discovery and liquidity
provision
Players:
» Investors: arrive stochastically, want to buy or sell one unit.
No information.
» Trading Firms: always present. Goal is to buy x at prices lower
than y and sell at prices higher than y



“Sniping”

» Given the model setup — no asymmetric information, no
inventory costs, everyone risk neutral — one might conjecture
that (Bertrand) competition among trading firms leads to
effectively infinite liquidity for investors

» That is, trading firms should offer to buy or sell x at price y in
unlimited quantity at zero bid-ask spread

» But that is not what happens in the continuous limit order
book market, due to a phenomenon we call “sniping” (or
“latency arbitrage”)



“Sniping”
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“Sniping”
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“Sniping”
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At same time, other TFs send messages to “snipe” the stale quotes



“Sniping”
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Because the market design processes messages in serial, liquidity
providers get sniped with probability % ... even though the
information was public and all TFs have the exact same technology



“Sniping”

>

Hence, in a continuous limit order book, symmetrically
observed public information creates arbitrage rents.

» Mechanical arbs like ES-SPY are “built in” to the market
design

Not supposed to happen in an efficient market (Fama, 1970)

» OK to make money from asymmetric information, but
symmetric information is supposed to get into prices for free

In equilibrium, these arbitrage rents are ultimately paid by
investors

2013 Nobel citation: asset prices are predictable in the long
run but “next to impossible to predict in the short run”
P This is wrong: asset prices are extremely easy to predict in the
extremely short run



Equilibrium Effects of Sniping

In equilibrium, the bid-ask spread has to be large enough to
compensate liquidity providers for the cost of getting sniped.

» Equilibrium condition:

s*

)

S>i< S* S*
Ainvest * ? = )\jump . Pr(J > E) . ]E(J _ ?‘J >

» Uniquely pins down s. Interpretation:
» LHS: revenue from investors due to non-zero bid-ask spread
» RHS: rents to trading firms from mechanical arbitrages

» Endogenous entry yields an additional equation:

*

S *
)\invest : E =N Cspeed

» Economic interpretation: all of the expenditure by TFs on
speed technology ultimately is borne by investors.
> Arms-race prize = expenditures on speed = cost to investors
» Remember: arms-race profits have to come from somewhere



The HFT Arms Race: Continued

First Chicago-NYC Microwave Network
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The HFT Arms Race: Continued

Active Microwave Networks in the Chicago-NYC-DC Region as of 2010-01-01




The HFT Arms Race: Continued

Active Microwave Networks in the Chicago-NYC-DC Region as of 2011-01-01




The HFT Arms Race: Continued

Active Microwave Networks in the Chicago-NYC-DC Region as of 2012-01-01




The HFT Arms Race: Continued

Active Microwave Networks in the Chicago-NYC-DC Region as of 2013-01-01




The HFT Arms Race: Continued

Active Microwave Networks in the Chicago-NYC-DC Region as of 2014-01-01




The HFT Arms Race: Continued

Active Microwave Networks in the Chicago-NYC-DC Region as of 2015-01-01




The HFT Arms Race: Continued

Active Microwave Networks in the Chicago-NYC-DC Region as of 2016-01-01




The HFT Arms Race: Continued

Active Microwave Networks in the Chicago-NYC-DC Region as of 2016-12-01




The Case for Frequent Batch Auctions

A simple idea: discrete-time trading.

1. Empirical Facts: continuous market violates basic asset pricing
principles at HFT time horizons.

» Market correlations completely break down.

» Frequent mechanical arbitrage opportunities.

» Mechanical arbs — arms race. Arms race does not compete
away the arbs, looks like a “constant™.

2. Theory: root flaw is continuous-time serial-process trading

» Mechanical arbs are “built in” to market design. Sniping.
» Harms liquidity.
» Induces never-ending, wasteful, arms race for speed.

3. Solution: frequent batch auctions

» Competition on speed — competition on price.
» Enhances liquidity and stops the arms race.
» Simplifies the market computationally.



Frequent Batch Auctions: Overview

» High level: analogous to the current market design but for two
key differences
> Time is treated as discrete, not continuous
» Orders are processed in batch, using an auction, not serially

» Some design details

» Orders are just like traditional limit orders: price, quantity,
direction. Remain outstanding until executed or canceled.

» Auction is uniform price

Priority is price-time, but treating time as discrete

» Information policy: same information as the continuous
market, but disseminated in discrete time.

v



Why FBA Solves the Problem

[ 6slow T _/5fast
I .

0 T

Reason 1: Discrete time reduces the economic relevance of
tiny speed advantages

» Most public information arrives at a time such that all market
participants see it equally.
> 0 — T — 50w €verybody sees it
> T —pst — T nobody sees it
> 7 — dslow — T — Orast  Speed advantage relevent. Proportion g
» If the public information is information from past prices...
proportion zero.

» Whereas: in the continuous market, the speed advantage is
relevant for ALL public information.



Why FBA Solves the Problem
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Reason 2: Auction changes the nature of competition. From
competition on speed to competition on price

» Suppose:
» Public information arrives in the critical window
» There are some slow traders with stale quotes in the book
» There are some fast traders who see the new information
» Continuous market: competition on speed, to snipe the stale
quotes

» Batch auction market: competition on price!



Computational Benefits of Discrete Time

» Conceptual point
» Continuous-time markets implicitly assume that computers and
communications technology are infinitely fast.
» Discrete time respects the limits of computers and
communications.

> Examples

» Regulatory paper trail has to be adjusted for relativity in
continuous time.

» Clock synchronization is a serious issue in continuous time.

» Exchange matching engines occasionally become backlogged in
continuous time (e.g., 5/6/2010 equities flash crash,
10/15/2014 treasuries flash rally).

» Algos have to trade off error-checking for speed in continuous
time (Donald MacKenzie, 2014).

» Advertistement: this is a good topic for research, at
intersection of Econ + CS.



Quantifying the High-Frequency Trading
“Arms Race”

Matteo Aquilina
Eric Budish
Peter O'Neill

QJE, February 2022
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Measuring Latency Arbitrage

» This paper uses a simple new kind of data to measure latency
arbitrage in a way that hasn't previously been possible:
“Message data”

» Limit-order book data provide the complete “play-by-play” of
the order book:
» Every new limit order that posts to the book, every canceled
order, every trade, etc.
» Often with ultra-precise timestamps (or even firm IDs)

> But ... limit-order book data are missing the messages that do
not affect the state of the order book, because they fail.
» Attempts to snipe a stale quote that are too late
> Attempts to cancel a stale quote that are too late

» Simple insight: these failure messages are a direct empirical
signature of speed-sensitive trading
» The essence of a race is that there are winners and losers ...
» But limit order book data don't let you see the losers!
Message data do!
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Message Data, Simple Methodology

» We obtained message data from the London Stock Exchange
(by a request under Section 165 of the Financial Service and
Markets Act)

» All message data for all FTSE 350 stocks for a 9 week period
in Fall 2015

> Timestamps accurate to the microsecond (0.000001s)

» Timestamps at the right location in the exchange architecture

» Anonymized participant I1Ds

» Using this data we can directly measure:

» Quantity of races

» How long they take

» How many participants there are

» The diversity / concentration of winners and losers
» The economic stakes — per-race and overall
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Notes: Please see the text of Section 2.1 for supporting details for this figure.
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Exchange Schematic
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Notes: Please see the text of Section 2.1 for supporting details for this figure.



Where the Message Data are Captured and Timestamped
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Notes: Please see the text of Section 2.2 for supporting details for this figure.
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. Race participation is concentrated: Top 6 win 82%, lose 87%.

Races are frequent: one per minute per symbol for FTSE 100

. Races are fast: mode is 5-10 microseconds

Large volume in races: 22% of FTSE 100 volume

The top firms disproportionately snipe: Top 6 take 80%,
provide 42%.

5. Races are small per race: average half a tick, 2GBP

Adds up to meaningful proportion of price impact and effective

spread: races are 31% of price impact, 33% of effective spread

Market design reform could meaningfully reduce the cost of

liquidity: latency arbitrage tax is 0.42bps of volume.
Eliminating latency arbitrage would reduce investors' cost of
liquidity by 17%

Adds up to meaningful total “size of the prize”: 0.42bps is

about $5bn annually in global equities alone



Discussion of Magnitudes

» Whether magnitudes in our study seem large or small depends
on the vantage point

» Cost per transaction: small.
» Roughly half a tick per race.
» Roughly 0.5 bps tax on trading.
» Does not sound alarming.

» Overall sums: large.
» 17%-33% reduction in cost of liquidity is huge
» $5bn per year in equities alone — not even counting futures,
currencies, US Treasuries, etc.

» This creates a “Concentrated-Dispersed” problem

» Small enough that ordinary investors need not worry.

» But: billions of dollars per year for a small number of parties in
the speed race ...

» ... who then have significant incentive to preserve status quo.

» Gensler metaphor: sand in the hourglass



Brief Advertisement

A hope for future research ... More studies using message data!

» U.S. equities would be of special interest because of

» Size / importance
» Role of ETFs
> Level of fragmentation

» More asset classes: ETFs, futures, currencies, treasuries

> “Hard" part is getting the data ... analysis itself is relatively
straightforward
» and you can have our code!

» posted at github.com/ericbudish/HFT-Races and linked via
the QJE's website.
> (please feel free to contact me if interested)



A Theory of Stock Exchange Competition and
Innovation: Will the Market Fix the Market?

Eric Budish
Robin Lee
John Shim

R&R JPE May 2023



Incentives for Market Design Innovation

» Market design research usually focuses on designing the best
possible market mechanism for a given problem

» This paper concerns a different, complementary question:
suppose researchers have already designed an attractive
mechanism — will it actually get adopted?

» What are the private incentives for stock exchanges to adopt
frequent batch auctions?
» Do exchanges’ private innovation incentives align with what is

socially efficient?
> Will the market fix the market?




Will the Market Fix the Market? Summary of Main Results

> We study a model closely tailored to the institutional details
of modern electronic financial exchanges

> Players: exchanges, trading firms, informed traders, and
uninformed investors.

» Exchanges make a market design decision and set prices — for
trading per se and for “speed technology”

» TFs decide whether to buy speed technology, and then all
market participants play a trading game

» Regulatory details: stocks are fungible across exchanges
(“Unlisted Trading Privileges") and market participants can
frictionlessly search across exchanges (“Regulation National
Market System”)



Will the Market Fix the Market? Summary of Main Results

» Subgame in which all exchanges use status quo market design
(“Continuous")

> Trading fees are perfectly competitive (f = 0).
» Exchanges capture economic rents from speed technology
(F > 0).

» Aligns with empirical facts we document
» Trading fees are very competitive. $0.0001 per share per side.
> Speed technology fees are large and growing. $1bn+ per year
for US stock exchanges.



Will the Market Fix the Market? Summary of Main Results

» Subgames in which an exchange innovates (adopts “Discrete”)

» Result 1: if a single exchange adopts FBA's, it wins share and
earns profits in any equilibrium. Not chicken-and-egg.

» Result 2: if multiple exchanges adopt FBA's , then FBA
“wins” ... but profits are zero. Trading fees are competitive,
no more speed rents. (Regulatory mandate, imitation)

» Result 3: there exists an equilibrium in which all incumbent
exchanges maintain the status quo market design. Intuition:
cooperation in the repeated prisoner’s dilemma

P> Takeaway: private and social innovation incentives diverge.
Innovation that is good for the market might not be privately
incentivized because of the loss of speed-technology rents.



Will the Market Fix the Market? Policy Implications

» Surprise: if there is an innovator, it would actually work

» The difficulty is not that the new market design would not get
off the ground (as in many other platform environments), but
lack of economic incentive

» Intuition: the same frictionless search that causes trading fees
to be brutally competitive in the status quo, also helps the
innovator get off the ground ... and also makes the innovator
very vulnerable to imitation and with that perfect competition.

» Implication: a regulatory “push” might be enough
> A “mandate” would certainly work

» But a “push” that tips the balance of incentives, enough to get
an initial adopter, might also be enough



Recent Policy Progress

SEC Proposes Rule to Enhance
Competition for Individual Investor
Order Execution

FOR IMMEDIATE RELEASE

2022225

Washington D.C., Dec. 14, 2022 — The Securities and Exchange Commission today proposed a
rule that would require certain orders of individual investors to be exposed to competition in fair
and open auctions before such orders could be executed intemally by any trading center that
restricts order-by-order competition.

“Today's markets are not as fair and competitive as possible for individual investors — everyday
retail investors. This is in part because there isn't a level playing field among different parts of the
market: wholesalers, dark pools, and lit exchanges,” said SEC Chair Gary Gensler. “Further, the
markets have become increasingly hidden from view, especially for individual investors. These
everyday individual investors don't have the full benefit of various market participants competing
10 execute their marketable orders at the best price possible. Thus, today’s proposal is designed
to bring greater competition in the marketplace for retail market orders. | think it makes sense for
the market, and for everyday individual investors, to allow the broader market to compete for their
orders.”

Individual investors use marketable orders for stocks listed on U.S. securities exchanges (NMS
stocks) when they seek to trade immediately at the best available prices in the market. Currently,
retail brokers route more than 90 percent of these orders to a small group of off-exchange
dealers, known as wholesalers. This routing practice is known as a type of segmentation and

SECURITIES AND EXCHANGE COMMISSION
17 CER Parts 240 and 242

[Release No. 34-96495; File No. $7-31-22]

RIN 3235-AMS7

Order Competition Rule

AGENCY: Securities and Exchange Commission.

ACTION: Proposed rule.

SUMMARY: The Securities and Exchange Commission (“Commission”) is proposing to amend
the regulation governing the national market system (“NMS”) under the Securities Exchange Act
of 1934 (“Exchange Act”) to add a new rule designed to promote competition as a means to
protect the interests of individual investors and to further the objectives of an NMS. The
proposed rule would prohibit a restricted competition trading center from internally executing
certain orders of individual investors at a price unless the orders are first exposed to competition
at that price in a qualified auction operated by an open competition trading center. The proposed
rule would also include limited exceptions to this general prohibition. In addition, the
Commission is proposing to amend the regulation governing the NMS to add new defined terms
included in the proposed rule.

DATES: Comments should be received on or before March 31, 2023.



Missing Markets for Innovation



“Do Firms Underinvest in Long-Term Research?
Evidence from Cancer Clinical Trials”

Eric Budish
Ben Roin
Heidi Williams

AER, December 2015



Eight new drugs approved to treat lung cancer in 2010-15

All eight were approved based on evidence of incremental
survival improvements with most advanced form of the disease
Example: Genentech's Avastin (10.3 vs 12.3 months)

In contrast, no drug has ever been approved to prevent lung
cancer, and only six drugs had been approved as of our study
to prevent any cancer



Eight new drugs approved to treat lung cancer in 2010-15

All eight were approved based on evidence of incremental
survival improvements with most advanced form of the disease

Example: Genentech's Avastin (10.3 vs 12.3 months)

In contrast, no drug has ever been approved to prevent lung
cancer, and only six drugs had been approved as of our study
to prevent any cancer

While this pattern could solely reflect market demand or
scientific challenges, in this paper we investigate an
alternative hypothesis: private firms may (differentially)
underinvest in long-term research
» Late-stage cancer drugs can be brought to market
comparatively quickly, relative to early-stage treatments or
preventatives

We document that such underinvestment is quantitatively
significant in markets for cancer drugs, and analyze potential
policy responses



Why might private firms underinvest in long-term research?

> We use a simple model to illustrate two potential sources of
this distortion

1. Excess impatience of private firms relative to the social
planner

» Widely discussed, but little empirical evidence



Why might private firms underinvest in long-term research?

> We use a simple model to illustrate two potential sources of
this distortion

1. Excess impatience of private firms relative to the social
planner

» Widely discussed, but little empirical evidence

2. R&D markets, add’l potential mechanism: structure of patent
system

> Patents award innovators a fixed (20-year) period of market
exclusivity

» Yet, many firms file patents at discovery (“invention”) rather
than first sale (“commercialization") — inventions with long
commercialization lags receive reduced — in extreme cases, zero
— effective patent terms

» Implies that in some markets, the patent system provides very
little incentive for private firms to engage in long-term research



Why might private firms underinvest in long-term research?

This idea — while intuitive — is difficult to test empirically

> Key prediction: “missing” R&D on long-term projects
P In practice, testing this prediction encounters two challenges:

1. Measurement: don't observe commercialization lags for
missing projects

2. Inference: "missing” R&D hard to distinguish from alternative
explanations, e.g., lack of market demand or scientific
opportunities

Two features of cancer R&D allow us to make progress:

1. The treatment of cancer patients is organized around the
organ (e.g., lung) and stage (e.g., metastatic) of disease,
which provides a natural categorization of observed and
potential R&D activity

2. For each such group of cancer patients we observe a good
predictor of how long it would take to commercialize a new
drug: survival time



Two examples: Prostate cancer drugs

1. de Bono et al: Metastatic patients (5-yr survival ~ 20%)
» Median follow-up time for measuring patient survival: 12.8
months
» Trial length: 3 years

2. Jones et al: Localized patients (5-yr survival ~ 80%)

» Median follow-up time for measuring patient survival: 9.1 years
» Trial length: 18 years

Consistent with commercialization lags distorting R&D incentives:

> Metastatic clinical trial funded by Cougar Biotechnology
» Localized clinical trial funded by US National Cancer Institute

We construct data on all such clinical trials over the last three
decades, which we match to data on patient survival over the same
period



Survival time and R&D investments: Stage-level data

Panel A. R&D investments by five-year survival rates Panel B. R&D investments by stage
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Source: Budish, Roin, Williams (2015)



Survival time and R&D investments: Cancer-stage data
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Source: Budish, Roin, Williams (2015)



Surrogate

Number of clinical trials

endpoints and R&D investments
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Share of clinical trials that are privately financed

Panel A. Cumulative distribution Panel B. Survival time and private financing
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Counterfactual: Survival gains, 1973-2003

Panel A. Framework for analyzing survival gains, ~ Panel B. Observed survival gains, 1973-2003
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Rough back-of-envelope: Value of lost life

Value of life lost amont US cancer patients diagnosed in 2003:

1. Using the cancer registry data, we translate the gap between
the hematologic and non-hematologic survival curves into an
estimate of life-years lost per cancer patient: 1.07 life-years
per patient

2. For each cancer-stage, multiply by the number of US patients
for that c-s diagnosed in 2003: 890,000 life-years lost for that
cohort

3. Multiplying by a standard value of a statistical life-year
(Cutler 2004: $100,000) monetizes this lost life at a value of
$89 billion

—Net present value over future cohorts at social discount rate of
5% is 555_3(9)’—51’” ~ $2trillion



“Market Design to Accelerate Covid-19 Vaccine
Supply”

Amrita Ahuja, Susan Athey, Arthur Baker, Eric Budish,
Juan Castillo, Tasneem Chipty, Rachel Glennerster,
Scott Kominers, Michael Kremer, Greg Larson,

Jean Lee, Canice Prendergast, Chris Snyder, Alex Tabarrok,
Brandon Tan, Witold Wiecek

Science, March 2021



Our Main Point

> Huge value to accelerating vaccine availability in
pandemics through early, large-scale, at-risk investment
in vaccine manufacturing
» Example: 7bn annual courses online in Dec 2020 —
» Vaccinate HICs by April 2021 (4.3 months)
» Vaccinate World by Sept 2021 (9.2 months)
» (Our model recommended 27.5bn courses of at-risk capacity
across all vaccine candidates, of which 7.1bn courses were for
vaccine candidates that turned out to work ex post)

> Speed is extremely valuable

» Each month Covid-19 killed 200-300k people globally

» GDP harm: $500bn / month pre-vaccines (World Bank, IMF)

» Cutler-Summers comprehensive harm: $3trn / month (US
figures extrapolated globally based on GDP)

> We used $1 trn / month — likely conservative (health,
economic, education, social)

» Speed also an insurance policy — e.g. variants, boosters



Our Main Point (Simpler Statement)

» World's easiest cost benefit calculation

Billions < Tfi"iOﬂS



Gaps Between Private and Social Incentives

Why might private-market forces not deliver these trillions of
value?
1. Social value of a dose >>> Private price of a dose
> (Externalites, price constraints due to e.g. repugnance)
> Social value: $5800 per course (Science paper)
> Private prices: $5-$50 per course (observed deals)
2. Social value of speed >>> Private value of speed
» Thought experiment: sell 1bn courses @$50 per in 12 months
versus in 1 month
> Either way: $50bn of revenue
» But latter way requires 12x the fixed costs!
3. Social willingness to invest at risk >>> Private willingness
» Same point as # 2 only more stark with risk
» Larry Summers metaphor: order 20 pizzas

We analyzed the case of Covid-19, but the conceptual points
and approach may be useful for future pandemics.



What Was Actual Early-2021 Capacity Worth?

Global value of vaccine capacity

GLOBAL BENEFIT TIMETO 70%

GLOBAL (TRILLION $) VACCINATION (MONTHS)
CAPACITY
(BILLION ~ GDP HIGH-INCOME

COURSES) ALONE COMPREHENSIVE COUNTRIES WORLD

1 53 105 3L5 66.0
2 75 150 16.5 337
3 8.7 174 115 23.0
4 94 18.8 9.0 176
5 9.8 197 75 144

Notes: Vaccine capacity assumes ramp-up such that half of the indicated capacity is available starting January 2021 and the remainder starting April 2021,
First two columns estimate global benefit in monetary terms from specified capacity over a 24-month period. Last two columns estimate time until 70% of

high-income countries or world population is vaccinated using available capacity. Allocation of capacity to countries of different income levels is based on

reported bilateral deals and assumes that global capacity is fully utilized until the target of 70% of world on is vacci ¢ ions are based

on the model outlined in the text and detailed further in the supplementary materials.

Source: Castillo et al. (2021)



Should We Build More, Even if Late?

Global value of additional 1 billion
annual courses of capacity

ADDITIONAL GLOBAL SPEED-UP TO 70%

SCENARIO BENEFIT (BILLION$)  VACCINATION (MONTHS)
CAPAGITY ONLINE (BILLIONGOURSES) ALONE COMPREHENSIVE ' COUNTRIES  WORLD
2 970 1940 45 102
April 2021 3 495 989 21 50
4 270 540 12 29
2 636 1273 35 92
July 2021 3 288 576 14 43
4 129 257 06 23

Notes: First two columns estimate global benefit in monteraty terms from 1 billion courses of capacity, coming online April or July 2021, added to specified
baseline capacity. In all scenarios, baseline capacity ramps up such that half is available starting January 2021 and the remainder starting April 2021.
Additional global benefits (which can be added to baseline from the previous table to compute total benefits) are computed over a 24-month period. last
two columns estimate the speed-up of vaccination of 70% of high-income countries or wolrd population relative to baseline time from the previous table.

See the previous table for additional notes.

Source: Castillo et al. (2021)



Taking Stock

» Vaccines a medical and economic triumph
» 9 bn shots in 2021
> Science paper: realized capacity worth $17 trillion+

» Still, hard not to lament that we didn't do more
» Missed opportunity to save million+ lives, trillions of dollars
» Education, well being



“Missing Markets for Innovation: Evidence from
New Uses of Old Drugs"

Eric Budish
Maya Durvasula

Ben Roin
Heidi Williams

Work in Progress



Motivation

» Successful R&D often generates both a product (e.g., aspirin)
and information (e.g., aspirin helps with headaches)

» Information is a classic public good, but intertwined with a
product that can be protected with intellectual property (IP)
such as patents

» Concern: insufficient private incentives to invest in R&D
generating socially useful information not linkable to an
IP-protected product

» Naturally occurring remedies (e.g., herbal medicines)

» Whether broccoli prevents cancer

» Whether sugar shortens life expectancy

» This project: Use “new uses of existing drugs” as a
lens/example

» Variation in how intertwined products and information are over
time

» Document that R&D investments track incentives exactly as
expected

» Provide suggestive evidence that “missing” R&D is likely high
value

> Propose a solution relevant to our (socially important) setting



An Example of the “New Uses” Problem

» Bristol Myers Squibb's drug Glucophage (metformin
hydrochloride)
» Approved in 1995 to treat diabetes; generic in 2002
> Tentative evidence on metformin as cancer
preventative/treatment

» On paper: “usual” incentives exist for metformin to be
re-approved
» USPTO is willing to grant “new use” patents for cancer
» US FDA is willing to re-approve drugs for new cancer uses

> However, in practice, little or no effective patent protection
» Pharmaceutical firms do not observe which disease a drug is
used for
» Once generic entry occurs, market switches to generic
» Hence, metformin as a cancer treatment is effectively
unpatentble
> Anecdotally, limits commercial interest (Bloomberg, 2012)



Preliminary Results
» Finding #1: private-sector R&D for re-approval of patented
compounds for new indications is high iff sufficient patent life,
declines as generic entry approaches
» New use approvals
» Clinical trials
» Scientific publications
» Drop in R&D not in publicly funded research — consistent
with incentives as the driver

» Finding #2: total volume of private-sector R&D on new uses
of a compound is increasing with the compound’s total time
of patent protection

» That is, total R&D volume is decreasing in commercialization
lag of the first use

» Finding #3: private-sector R&D higher for new uses not

subject to generic competition (e.g. original compound in
combination with another active ingredient)

» Takeaway: there is missing R&D on new uses of existing
drugs. Appears quantitatively important (working to quantify
the # of missine discoveries)



Conclusion



Conclusion

» Private and social innovation incentives do not always align

» Perhaps especially in finance and health
> Finance:

> lots of rent-seeking, zero-sum competition (Hirshleifer 1971;
Phillipon, 2015)
> concentrated-dispersed dynamics (Olson, 1971)

» Health:

» social value can be so high

» missing markets for innovation: some of the most socially
valuable research is hard to get paid for (e.g., prevention)

> incremental progress has relatively high private return (e.g.,
extending median survival by a few months). business stealing
in the Mankiw-Whinston sense



A question

P Topic that has been weighing on me: what should we do as a
profession when we have ideas where the social value is large,
but private forces are opposed or missing

» Today's examples: frequent batch auctions, creating incentives
for cancer prevention R&D, vaccine capacity at-risk

» Famous examples: revenue-neutral carbon taxes, congestion
pricing, etc.



Friedman on Theory — Practice

There is enormous inertia—a tyranny of the status quo—
in private and especially governmental arrangements. Only
a crisis—actual or perceived—produces real change. When
that crisis occurs, the actions that are taken depend on
the ideas that are lying around. That, | believe, is our
basic function [as economists|: to develop alternatives to
existing policies, to keep them alive and available until the
politically impossible becomes politically inevitable. , —

Milton Friedman, Capitalism and Freedom




Roth and Zingales on Theory — Practice

» Al Roth: “We need to foster a still unfamiliar kind of design
literature in economics ... if we nurture it to maturity, its
relationship with current economics will be something like the
relationship of engineering and physics, or of medicine and
biology” (“The Economist as Engineer”, 2002)

» Luigi Zingales: “We should get more involved in policy (while
not in politics). Policy work enjoys a lower status in our
circles ... If profitable trading strategies are considered
publishable research ..." (AFA Presidential address, 2015)



The changes Roth and Zingales suggest seem especially
important for ideas where

» social value is large
> concentrated private interests are opposed (or missing)

When social and private align: natural economic forces help
build the bridges

» Index funds
» Derivatives
» Modern portfolio management

When social and private diverge ...

In the end I'm an optimist — wager that we'll see discrete-time
trading eventually (and carbon taxes, vaccine capacity, more
cancer prevention R&D, etc.)

But | wonder what we can do to speed up



Private vs. Social Innovation Incentives

Social Incentives

Rent Seeking

Tullock
+ Standard Case ( )

(Griliches, Arrow, Nordhaus) . .
Business Stealing

(Mankiw-Whinston)

Private

Incentives

Concentrated-Dispersed
(Mancur Olson)

Missing Markets for Innovation
(Arrow, Glennerster-Kremer,
Budish-Roin-Williams)
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