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Robert Almgren background

PhD Applied Mathematics (gas dynamics)
Academic career (Univ Toronto)

fluid dynamics & free boundary problems
some papers on trade execution and costs

Bank of America Electronic Trading Services
algorithmic execution in US equity markets

Quantitative Brokers
algorithmic execution in fixed income and futures
microstructure and trading expertise
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Market microstructure:  the study of detailed 
functioning of markets. Usually financial 
markets because large interest and good data.

Optimal trading: How to achieve your 
objectives in a given market structure.
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Key concepts

Industrial
details of market design
high-frequency volatility
intraday volume and volatility curves
event response
price forecast signals

Academic
universal statistics of price motion
impact of trading on markets
optimal trading in various models
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Course outline
1. Markets and Data

What is market microstructure?
What kinds of data do we get?

2. Tick Size, Reversion, and Volatility
How do we compare different products?
How can we measure volatility

3. Market Impact: effects of trading on mkts
individual orders
parent orders (meta orders)

4. Optimal Trading
balancing risk and reward
calculus of variations vs dynamic programming
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Metaphor for market microstructure 
(don't take this too seriously)
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Cool  
below  

freezing

Water 
vapor 
in air

Energy-  
minimizing 
ice crystal

http://www.snowcrystals.com 
Kenneth G. Libbrecht, Caltech
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What happens in reality
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Process is as important as equilibrium state

http://www.snowcrystals.com 
Kenneth G. Libbrecht, Caltech
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Two kinds of finance

• Equilibrium finance
optimal portfolio construction
pricing of complex products
fixed income yield curves

• Transaction finance
trading costs (slippage)
market structure and microstructure
execution strategies
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Equilibrium finance

9

Journal of Political Economy 81 (1973) 637–654 

 important result deserves a rigorous derivation. In this case, the
 rigorous derivation is not only for the satisfaction of the "purist,"
 but also to give insight into the necessary conditions for the formula
 to obtain. The reader should be alerted that because B-S consider
 only terminal boundary conditions, their analysis is strictly applicable
 to European options, although as shown in Sections 2 through 4, the
 European valuation is often equal to the American one.

 Finally, although their model is based on a different economic

 structure, the formal analytical content is identical to Samuelson's

 "linear, a = A" model when the returns on the common stock are
 log-normal."8 Hence, with different interpretation of the parameters,
 theorems proved in Samuelson and in the difficult McKean ap-
 pendix"9 are directly applicable to the B-S model, and vice versa.

 6. An alternative

 derivation of the

 Black-Scholes model 40

 * Initially, we consider the case of a European option where no
 payouts are made to the common stock over the life of the contract.
 We make the following further assumptions.

 (1) "Frictionless" markets: there are no transactions costs or
 differential taxes. Trading takes place continuously and bor-
 rowing and short-selling are allowed without restriction.41
 The borrowing rate equals the lending rate.

 (2) Stock price dynamics: the instantaneous return on the com-
 mon stock is described by the stochastic differential equation42

 dS
 -= -adt + odz, (23)
 S

 where a is the instantaneous expected return on the common

 stock, o2 is the instantaneous variance of the return, and dz
 is a standard Gauss-Wiener process. a may be a stochastic

 variable of quite general type including being dependent on

 the level of the stock price or other assets' returns. Therefore,
 no presumption is made that dS/S is an independent incre-

 ments process or stationary, although dz clearly is. However,

 38 In [42]. See Merton [28] for a brief description of the relationship between
 the Samuelson and B-S models.

 39 In [26].

 40 Although the derivation presented here is based on assumptions and tech-
 niques different from the original B-S model, it is in the spirit of their formulation,
 and yields the same formula when their assumptions are applied.

 41 The assumptions of unrestricted borrowing and short-selling can be
 weakened and still have the results obtained by splitting the created portfolio of
 the text into two portfolios: one containing the common stock and the other con-
 taining the warrant plus a long position in bonds. Then, as was done in Section 2,
 if we accept Assumption 1, the formulas of the current section follow immediately.

 42 For a general description of the theory of stochastic differential equations
 of the Ito type, see McKean [27] and Kushner [24]. For a description of their
 application to the consumption-portfolio problem, see Merton [32], [33 ], and [31].
 Briefly, 1t6 processes follow immediately from the assumption of a continuous-
 time stochastic process which results in continuous price changes (with finite
 moments) and some level of independent increments. If the process for price
 changes were functions of stable Paretian distributions with infinite moments, it
 is conjectured that the only equilibrium value for a warrant would be the stock
 price itself, independent of the length of time to maturity. This implication is
 grossly inconsistent with all empirical observations. 162 / ROBERT C. MERTON
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 Theory of rational option pricing

 Robert C. Merton

 Assistant Professor of Finance

 Sloan School of Management

 Massachusetts Institute of Technology

 The long history of the theory of option pricing began in 1900 when the

 French mathematician Louis Bachelier deduced an option pricing

 formula based on the assumption that stock prices follow a Brownian

 motion with zero drift. Since that time, numerous researchers have
 contributed to the theory. The present paper begins by deducing a set of

 r estrictions on option pricing formulas from the assumption that in-

 vestors prefer more to less. These restrictions are necessary conditions

 for a formula to be consistent with a rational pricing theory. Attention

 is given to the problems created when dividends are paid on the under-

 lying common stock and when the terms of the option contract can be
 changed explicitly by a change in exercise price or implicitly by a shift

 in the investment or capital structure policy of the firm. Since the de-

 duced restrictions are not sufficient to uniquely determine an option

 pricing formula, additional assumptions are introduced to examine and
 extend the seminal Black-Scholes theory of option pricing. Explicit

 formulas for pricing both call and put options as well as.for warrants

 and the new "down-and-out" option are derived. The effects of dividends
 and call provisions on the warrant price are examined. The possibilities

 for further extension of the theory to the pricing of corporate liabilities
 are discussed.

 1. Introduction * The theory of warrant and option pricing has been studied ex-

 tensively in both the academic and trade literature.1 The approaches

 taken range from sophisticated general equilibrium models to ad hoc

 statistical fits. Because options are specialized and relatively unim-

 portant financial securities, the amount of time and space devoted

 to the development of a pricing theory might be questioned. One

 justification is that, since the option is a particularly simple type of

 contingent-claim asset, a theory of option pricing may lead to a

 general theory of contingent-claims pricing. Some have argued that

 all such securities can be expressed as combinations of basic option

 contracts, and, as such, a theory of option pricing constitutes a

 Robert C. Merton received the B.S. in engineering mathematics from
 Columbia University's School of Engineering and Applied Science (1966), the

 M.S. in applied mathematics from the California Institute of Technology (1967),

 and the Ph.D. from the Massachusetts Institute of Technology (1970). Currently

 he is Assistant Professor of Finance at M.I.T., where he is conducting research in

 capital theory under uncertainty.

 The paper is a substantial revision of sections of Merton [34] and [29]. I am

 particularly grateful to Myron Scholes for reading an earlier draft and for his

 comments. I have benefited from discussion with P. A. Samuelson and F. Black.

 I thank Robert K. Merton for editorial assistance. Any errors remaining are mine.

 Aid from the National Science Foundation is gratefully acknowledged.

 I See the bibliography for a substantial, but partial, listing of papers.

 RATIONAL OPTION

 PRICING / 141
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 The key to eliminating the specialist is two

 new kinds of orders that permit ordinary in-

 vestors to help make the market. In this, the

 second of two articles examining the role of

 the specialist, the author explains how these

 new orders work, and how, through the
 proper combination of such orders and mar-

 ket orders, an investor can achieve almost

 any desired balance between the cost of

 trading and the time required to complete
 the trade.

 THE introduction of participating orders and the

 automation of the specialist's book should allow

 a specialist to handle a larger number of stocks,
 and take over much of the business now handled by
 block positioners? reducing substantially the costs
 of the market-making function to investors. We

 would like to explore now the possibility that the
 need for specialists, market makers, and block

 positioners can be eliminated almost completely by
 an efficiently operated computer exchange.

 In our previous article, we argued that the spe-
 cialist should not try to stabilize the price of a
 stock, because this simply allows investors with

 special information to make more money than they
 would otherwise be able to make, at the expense
 of investors without special information. We also
 argued that a computer can handle ordinary limit
 orders more efficiently than the specialist. And we
 have argued that the maintenance of a continuous
 market does not require specialist participation for

 his own account, since there are many investors
 who will be willing to wait to execute their orders

 if they expect to get a better price by waiting. If
 we can provide a convenient way for an investor
 to leave his order in the market, to be executed like
 a limit order at a price that will depend on market

 conditions at the time, then we will have no need

 for the specialist.

 Shifting the Specialist's Role

 If participating orders are allowed, then the

 specialist's trading for his own account may be
 sharply reduced. His participation in each trade

 may be only a small fraction of the total participa-
 tion of orders he represents. It seems reasonable to
 wonder, then, whether the specialist's participation

 for his own account is necessary at all.
 If the specialist does not trade for his own ac-

 count, then the orders he is handling for others on

 a discretionary basis need not be called "partici-
 pating" orders. They will completely take over the
 role of the specialist's inventory. The specialist
 will continue to maintain a quote, revising it to
 reflect changes in market conditions. but his bid
 price will be the bid price for his discretionary
 orders to buy, and his asked price will be the asked
 price for his discretionary orders to sell. The bid

 and asked sides of the quotes will always be repre-
 sented by orders that the specialist is handling on
 an agency basis.

 If the specialist is not buying and selling for his
 own account at the same time and on the same

 terms that he is buying and selling for the account
 of other investors, then one incentive for him to
 handle his discretionary orders fairly is eliminated.
 But if he is not trading for his own account, much

 of the incentive for him to handle discretionary
 orders unfairly is eliminated at the same time. So
 it is possible that the regulatory authorities might

 be willing to withdraw their objections to the spe-

 cialist's handling of discretionary orders.

 What if the specialist is presented with a series

 FISCHER BLACK, Professor at the Graduate School of
 Business, Untiversity of Chicago, is a member of the
 Editorial Board of the Financial Analysts Journal.
 He received his Ph.D. in applied mathematics from
 Harvar d University.
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 terminal so long as the order is effective, adjusting
 his price to changes in market conditions. The
 specialist can make these adjustments much more
 economically, since he is acting for a large number
 of buyers and sellers at the same time.

 Thus it appears that even in a fully automated

 exchange, there will be a role for specialists and
 other brokers in maintaining quotes for discretion-
 ary orders and adjusting the terms of these orders
 to changes in market conditions.

 Trading Strategies

 Given that a trader has decided to leave his
 order with the specialist, there is no reason why he
 should be limited to a single type of order. The
 most common type of order will probably be a buy
 order at the specialist's bid price, or a sell order at

 the specialist's asked price. The trader might wish,
 however, to give his order priority by offering to
 buy a fraction above the specialist's bid price, or
 to sell a fraction below the specialist's asked price.
 He might wish to set an absolute price limit, so
 that his order will automatically be cancelled if the
 specialist's price moved beyond that limit. Since
 the detailed handling of these and other possible
 order types can be done by a computer, it is feas-
 ible to allow a number of variations on the basic
 order type. The specialist can concentrate on
 adjusting the level of the quote and the size of the
 spread on his discretionary orders.

 A computer can even handle complicated trad-
 ing strategies automatically. It can follow the
 sequence of transactions in one or more stocks
 automatically, and can activate orders whenever a
 "buy signal" or a "sell signal" (as defined by the
 designer of the strategy) appears. If stock prices
 move randomly, however, then it should not be
 profitable to use such strategies.

 We have already made a distinction between
 two kinds of traders: those who are buying and
 selling because they believe they have special in-
 formation about a stock, and those who are buying
 because they have extra cash or selling because
 they need cash. It is difficult to define an optimal
 trading strategy for investors who are buying or
 selling for information reasons, since some of these
 investors must be wrong at least half the time. Not
 all investors who trade for information reasons can
 be consistently right, since the trading gains of

 those who are right must exactly offset the trading

 gains of those who are wrong (assuming that those
 who trade for cash flow reasons protect themselves
 against losses to information traders). Thus if in-
 formation traders were interested only in maxi-
 mizing their profits, and did not enjoy the excite-
 ment of speculation, such trading would gradually
 dry up. Those who are not making money con-
 sistently would stop trading, until eventually there
 would be no information traders left.

 It is possible, however, to design optimal trading

 strategies for investors who trade for cash flow
 reasons. Such an investor wants to make sure that
 he does not trade with another investor who has
 more information than he has. An investor who is
 buying for cash flow reasons wants to trade with
 an investor who is selling for cash flow reasons.

 This can be ensured if the trade is made at a
 price to be determined in the future. For example,
 one investor might agree to buy a stock from

 another investor at a price equal to the average

 closing price of the stock over all of the trading
 days in the next year. The actual pavments for the
 stock might be spread over the next year, but the
 seller would be able to borrow a large fraction of
 the expected price if he needed the cash, by taking
 the contract to a bank. If either buyer or seller
 believes he has information that is likely to be
 discounted within the next year, then he is unlikely
 to agree to such a contract.

 Orders that result in trades like this could be
 made a formal part of an automated exchange.
 The key factor is that the price of the trade be
 determined by the price at which the stock will
 trade at one or more points of time in the future.
 There can be a variety of types of these orders,
 specifying different future reference points.

 Short Sales

 In order to have the market price of a stock

 reflect as accurately as possible the opinion of in-
 vestors as a group about the value of the stock, it
 is important that investors who think the price of
 the stock is too high be able to register their
 opinions directly by selling short. Under current
 procedures, however, selling short is very costly to
 the investor, and exposes him (in some cases) to
 the risk of a "short squeeze."

 An investor who wants to sell short on a stock

 CONTINUED ON PAGE 86

 28 FINANCIAL ANALYSTS JOURNAL / NOVEMBER-DECEMBER 1971

This content downloaded from 128.2.10.23 on Thu, 30 Jun 2016 22:17:06 UTC
All use subject to http://about.jstor.org/terms

 Is the judgment of the exchange specialist the

 one human element in the present system that

 can't be replaced by a computer? In the first

 of two articles examining the role of the spe-

 cialist, the author analyzes what we mean by

 an "efficient" market and suggests changes

 in the specialist's mode of operation that will

 enable him to serve investors - particularly

 large institutional investors-more efficiently.

 I
 UTOMATION of the stock exchanges and

 A5 over-the-counter markets is moving ahead

 rapidly. Steps are being taken to reduce the

 use of stock certificates, and the clearing process

 is being converted to computer by both the ex-

 changes and individual member firms. A portion

 of the trading in large blocks is now done with the
 help of systems that provide information on their

 availability, and systems that actually bring buyers

 and sellers together. Market makers and brokers
 in the over-the-counter market now have available

 an automated communications system. And plans

 are under study for using computers to eliminate
 trading floors, handle odd-lot trading automati-
 cally, and help the specialist with the management

 of his "book" of limit orders.

 There has been little serious discussion, however,

 of the use of computer technology to reduce or

 eliminate the need for specialists, market makers,

 and block positioners. The role of the market

 maker is seen as vital to the operation of an effi-

 cient trading market by the exchanges themselves,

 by regulators, and by most economists. (An econ-

 omist might refer to a market maker as a "specu-
 lator.")

 There has been even less discussion of the use

 of computer technology to reduce or eliminate the

 need for brokers who are not specialists (such as

 floor brokers) and for institutional traders in the

 execution of orders. Currently, these brokers and

 traders play a role that is just as important as

 the role of specialists, market makers, and block
 positioners.

 It appears that the market for a single stock is

 most efficient if all orders for the stock come in to

 a single point, so that all potential buyers can be

 exposed to all sell orders, and all potential sellers

 can be exposed to all buy orders. This article is

 the first of two exploring the extent to which the

 trading process at that single point can be handled

 by a computer, without the participation of brokers

 of any kind, and without the active participation of
 the buyers and sellers.

 It is clearly possible to use a computer as a com-

 munications device between all the participants in
 the present system of trading. But we want to know

 instead whether it is possible to have an automated
 exchange providing markets as good as, or better
 than, the markets provided by current methods,

 and acting as the only intermediary between the
 ultimate buyers and sellers. Can a system be de-
 signed that will allow the user to place his order
 and then leave it to be executed by the system
 either immediately or over a period of time?

 Note that we are not talking about the role of

 brokers in underwriting, or in generating and sell-
 ing information about companies and stocks. We
 are talking only about the participation of brokers
 and traders in the trading process itself.

 Let us begin by looking at the properties that we

 expect to find in an efficiently operated market.

 Liquidity

 Liquidity seems to have several meanings. In
 general, an asset is said to be liquid if it can be sold

 FISCHER BLACK heads his own consulting firm, Asso-
 ciates in Finance, and is a member of the Editorial
 Board of the Financial Analysts Journal. He received
 his Ph.D. in applied mathematics from Harvard.
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 of market orders to buy or sell at a time when he
 has few discretionary orders? Wouldn't he have to
 trade for his own account then? There is no reason

 why this situation should arise, except very infre-
 quently. The specialist can adjust both the level
 of his quote and the spread between his bid and

 asked prices. If he has few discretionary orders,
 he can widen his spread. This should induce many
 traders who would otherwise place market orders

 to place discretionary orders instead. In return for

 a short delay in execution of their orders, they
 will expect to get execution at significantly better
 prices. If he has an adequate supply of discre-

 tionary buy orders, but few discretionarv sell

 orders, he can raise the level of his quote, keeping
 the spread unchanged. If he has few discretionary
 buy orders, he can reduce the level of his quote.

 Finally, if he gets a flood of market orders that
 exhaust his discretionary orders on one side or the
 other, he can suspend trading. Suspension of trad-
 ing should occur no more often under this system
 than under current conditions.

 The orders that the specialist handles are dis-
 cretionary only in a limited sense. All that the
 specialist does is to maintain a bid and asked price.
 All other details of execution can be handled auto-

 matically. It is possible that all the specialist's
 discretionary buy (and sell) orders can be exe-
 cuted at the same rate and simultaneously, rather
 than one at a time, reducing the chance that the
 specialist will favor one order over another in
 setting his prices. It is even possible that the spe-
 cialist could be unaware of the identity of most of
 the principals whose orders he is executing, re-
 ducing the opportunity for favoritism still further.

 For fairness, it is important that all market par-
 ticipants have access to the specialist on the same
 terms. An institution should be able to place an

 order directly with the specialist without going
 through a broker other than the specialist. An
 individual should be able to place an order with
 the specialist without going through another broker
 member of the specialist's exchange. For example,
 an individual might be able to place an order with
 the specialist through his bank. If the details of
 executing the specialist's orders are handled by a
 computer, then an institution or an individual or

 another broker should be able to place an order
 with the specialist (or withdraw an order) without

 his knowing anything about it other than the size

 of the change in his stock of discretionary orders.

 Ordinary limit orders need not be handled by
 the specialist at all. An ordinary limit order is an

 order to buy at or below a given price, or an order

 to sell at or above a given price. So long as the

 order is effective, it remains unchanged. Such
 orders can be handled automatically by the com-
 puter. An institution, or a member broker, or a
 non-member broker, or an individual with a ter-

 minal might be able to enter or withdraw such
 orders without consulting the specialist or anyone
 else. The book of straight limit orders could be
 made public (without identifying who placed each
 order). Thus the specialist would not have this
 type of information to himself, and the cost of

 handling such orders could be sharply reduced.
 The resistance that institutions sometimes have to

 crossing large orders on a principal exchange
 should be reduced also, because they will know

 ahead of time exactly how many limit orders need
 to be satisfied before the remainder of a large
 limit order of their own can be executed.

 If the specialist does his new job well, then the

 function of a market maker who buys and sells
 for his own account will become unprofitable.
 Buyers and sellers as a group will no longer have

 to pay a market maker for standing ready to buy
 for his inventory or sell from his inventory, or for
 taking the risk that his inventory will change in
 value over time. The function will be taken over
 by those buyers and sellers who do not need to

 have immediate execution of their orders.

 In particular, the specialist should not use his

 discretionary orders to try to resist changes in the
 price of his stock due to the arrival of new infor-

 mation. As we have already noted, trying to resist
 such changes in the price of a stock introduces an

 undesirable degree of continuity into the path of
 the price over time, and allows anyone with infor-
 mation that others do not have to make greater
 profits than would otherwise be possible. A large
 degree of continuity in the price of a stock intro-
 duces an opportunity for market makers to profit
 from their knowledge of immediate market condi-

 tions, and increases the cost of trading for those
 who are not market makers and do not have a
 large amount of special information about a stock.
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 Is the judgment of the exchange specialist the

 one human element in the present system that

 can't be replaced by a computer? In the first

 of two articles examining the role of the spe-

 cialist, the author analyzes what we mean by

 an "efficient" market and suggests changes

 in the specialist's mode of operation that will

 enable him to serve investors - particularly

 large institutional investors-more efficiently.

 I
 UTOMATION of the stock exchanges and

 A5 over-the-counter markets is moving ahead

 rapidly. Steps are being taken to reduce the

 use of stock certificates, and the clearing process

 is being converted to computer by both the ex-

 changes and individual member firms. A portion

 of the trading in large blocks is now done with the
 help of systems that provide information on their

 availability, and systems that actually bring buyers

 and sellers together. Market makers and brokers
 in the over-the-counter market now have available

 an automated communications system. And plans

 are under study for using computers to eliminate
 trading floors, handle odd-lot trading automati-
 cally, and help the specialist with the management

 of his "book" of limit orders.

 There has been little serious discussion, however,

 of the use of computer technology to reduce or

 eliminate the need for specialists, market makers,

 and block positioners. The role of the market

 maker is seen as vital to the operation of an effi-

 cient trading market by the exchanges themselves,

 by regulators, and by most economists. (An econ-

 omist might refer to a market maker as a "specu-
 lator.")

 There has been even less discussion of the use

 of computer technology to reduce or eliminate the

 need for brokers who are not specialists (such as

 floor brokers) and for institutional traders in the

 execution of orders. Currently, these brokers and

 traders play a role that is just as important as

 the role of specialists, market makers, and block
 positioners.

 It appears that the market for a single stock is

 most efficient if all orders for the stock come in to

 a single point, so that all potential buyers can be

 exposed to all sell orders, and all potential sellers

 can be exposed to all buy orders. This article is

 the first of two exploring the extent to which the

 trading process at that single point can be handled

 by a computer, without the participation of brokers

 of any kind, and without the active participation of
 the buyers and sellers.

 It is clearly possible to use a computer as a com-

 munications device between all the participants in
 the present system of trading. But we want to know

 instead whether it is possible to have an automated
 exchange providing markets as good as, or better
 than, the markets provided by current methods,

 and acting as the only intermediary between the
 ultimate buyers and sellers. Can a system be de-
 signed that will allow the user to place his order
 and then leave it to be executed by the system
 either immediately or over a period of time?

 Note that we are not talking about the role of

 brokers in underwriting, or in generating and sell-
 ing information about companies and stocks. We
 are talking only about the participation of brokers
 and traders in the trading process itself.

 Let us begin by looking at the properties that we

 expect to find in an efficiently operated market.

 Liquidity

 Liquidity seems to have several meanings. In
 general, an asset is said to be liquid if it can be sold

 FISCHER BLACK heads his own consulting firm, Asso-
 ciates in Finance, and is a member of the Editorial
 Board of the Financial Analysts Journal. He received
 his Ph.D. in applied mathematics from Harvard.
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... this enigmatic business [trading] which 
is at once the fairest and most deceitful 
in Europe, the noblest and the most 
infamous in the world, the finest and the 
most vulgar on earth. It is a quintessence 
of academic learning and a paragon of 
fraudulence; it is a touchstone for the 
intelligent and a tombstone for the 
audacious, a treasury of usefulness and a 
source of disaster.

--Josef de la Vega 
Confusion de Confusiones (1688)
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Markets really still look like this:
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not mathematics and statistics
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Different financial product areas
Equity trading

large culture of agency trading
well developed trading technology
intense focus on execution costs

Futures trading
markets largely electronic, good market data
little algorithmic execution
wide variety of products

Fixed income trading
executed largely through dealers
quant emphasis on pricing
little attention to execution costs

13

I will talk mostly about  
futures because of
personal expertise,  
interest, and data
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Interest of market microstructure

Exchange design
exchanges are for-profit institutions
futures exchanges monolithic: freedom to design

Regulation and societal benefit
risks and benefits of high-frequency trading

Trade execution
big business 
key determinant of profits in trading

Scientific research
lots of interesting problems
applied area: need practical understanding
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Exchange design

Exchanges must choose
product design (futures)
minimum price increment (tick size)
trade hours
matching algorithm (FIFO, pro rata, auction, ...)
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ITEM 1. BUSINESS
GENERAL DEVELOPMENT OF BUSINESS

CME Group serves the risk management and investment needs of customers around the globe.

CME was founded in 1898 as a not-for-profit corporation. In 2000, CME demutualized and became a shareholder-owned corporation. As a consequence, we
adopted a for-profit approach to our business, including strategic initiatives aimed at optimizing contract volume, efficiency and liquidity. In 2002, Chicago
Mercantile Exchange Holdings Inc. (CME Holdings) completed its initial public offering of its Class A common stock, which is listed on the NASDAQ Global
Select Market under the symbol “CME.” In 2007, CME Holdings merged with CBOT Holdings, Inc. and was renamed CME Group. In connection with the
merger, we acquired the CBOT exchange. CBOT is a leading marketplace for trading agricultural and U.S. Treasury futures as well as options on futures. In 2008,
we merged with NYMEX Holdings, Inc. and acquired NYMEX and COMEX. On NYMEX, customers primarily trade energy futures and options contracts,
including contracts for crude oil, natural gas, heating oil and gasoline. On COMEX, customers trade metal futures and options contracts, including contracts for
gold, silver and copper. We launched CME Clearing Europe in 2011 to expand our European presence and further extend the geographical reach of our clearing
services. In 2012, we acquired The Board of Trade of Kansas City, Missouri, Inc. (KCBT) and its hard red winter wheat product line and effective December 2013,
KCBT operations were transferred to CBOT. In April 2013, we purchased the non-controlling interest in CME Group Index Services from Dow Jones & Company
(Dow Jones) resulting in an increase in our ownership to 27% of the S&P/Dow Jones Indices LLC (S&P/DJI) joint venture with McGraw-Hill, originally
established in 2012. In 2013, CME Group began operating CME Ventures LLC (CME Ventures), which makes minority stake investments in early stage
technology companies whose innovative products and services may impact CME Group’s business in the longer term. In 2013, we also began offering repository
services and now offer global trade repository services in the United States, United Kingdom, Canada and Australia. In April 2014, we launched CME Europe
Limited, our U.K. exchange.

Our business has historically been subject to the extensive regulation of the Commodity Futures Trading Commission (CFTC). As a result of our global operations,
we are also subject to the rules and regulations of the local jurisdictions in which we conduct business, including the Bank of England, the Financial Conduct
Authority (FCA) and the European Securities and Markets Authority (ESMA). Additionally, our U.S. clearing house has been designated as systemically
important, which carries with it enhanced regulatory oversight of certain of our risk-management standards, clearing and settlement activities, including additional
oversight by the Federal Reserve Bank.

Our principal executive offices are located at 20 South Wacker Drive, Chicago, Illinois 60606, and our telephone number is 312-930-1000.

FINANCIAL INFORMATION ABOUT INDUSTRY SEGMENTS

The company reports the results of its operations as one reporting segment primarily comprised of the CME, CBOT, NYMEX and COMEX exchanges. The
remaining operations do not meet the thresholds for reporting separate segment information. Financial information about our reporting segment is hereby
incorporated by reference to "Item 6. Selected Financial Data" on page 28 and "Item 8. Financial Statements and Supplementary Data" on page 53.

NARRATIVE DESCRIPTION OF BUSINESS

We offer the widest range of global benchmark products across all major asset classes, based on interest rates, equity indexes, foreign exchange, energy,
agricultural commodities and metals. Our products include both exchange-traded and privately negotiated futures and options contracts and swaps. We bring
buyers and sellers together through our CME Globex electronic trading platform across the globe and our open outcry trading facilities in Chicago and New York
City, and provide hosting, connectivity and customer support for electronic trading through our co-location services. Our CME Direct technology offers side-by-
side trading of exchange-listed and privately negotiated markets. We provide clearing and settlement services for exchange-traded contracts, as well as for cleared
swaps, and provide regulatory reporting solutions for market participants through our global repository services in the United States, United Kingdom, Canada and
Australia. Finally, we offer a wide range of market data services — including live quotes, delayed quotes, market reports and a comprehensive historical data
service — and continue to expand into the index services business.
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Our Competitive Strengths

We provide innovative ways to manage risk and offer a number of key differentiating elements that set us apart from others in our industry, including:

Highly Liquid Markets — Our listed futures and options markets provide an effective forum for our customers to manage their risk and meet their investment
needs relating to our markets. We believe that our customers choose to trade on our centralized market due to its liquidity and price transparency. Market liquidity
— or the ability of a market to absorb the execution of large purchases or sales quickly and efficiently, whereby the market recovers quickly following the
execution of large orders — is key to attracting customers and contributing to a market's success.

Most Diverse Product Line — Our products provide a means for hedging, speculation and asset allocation relating to the risks associated with, among other things,
interest rate sensitive instruments, equity ownership, changes in the value of foreign currency, credit risk and changes in the prices of agricultural, energy and metal
commodities. The estimated percentage of clearing and transaction fees revenue contributed by each product line is as follows:  

Product Line  2015  2014  2013
Interest rate  31%  33%  29%
Equity  19  19  19
Foreign exchange  7  6  8
Agricultural commodity  15  15  14
Energy  23  21  23
Metal  5  6  7

We believe that the breadth and diversity of our product lines and the variety of their underlying contracts is beneficial to our overall performance. Our asset
classes contain products designed to address differing risk management needs, and customers are able to achieve operational and capital efficiencies by accessing
our diverse products through our platforms and our clearing houses.

Our products are traded through CME Globex and other electronic trading platforms, our open outcry auction markets in Chicago and New York City, and through
privately negotiated transactions that we clear. The estimated percentage of clearing and transaction fees revenue contributed by each trading venue is as follows:

Trading Venue  2015  2014  2013
Electronic  81%  80%  79%
Open outcry (1)  6  6  6
Privately negotiated (2)   13  14  15

(1) In July 2015, we closed most of the futures pits in Chicago and New York. Most open outcry options markets remained open.

(2) Privately negotiated average daily volume includes both traditional block trades, off-exchange trades which were historically categorized as CME ClearPort (now executed as
futures block trades), and Exchange for Related Positions (EFRPs).

In addition, our cleared-only CME interest rate swap and CME credit default swap contracts contributed approximately 2% of total revenue in 2013 through 2015.

Our products generate valuable information regarding prices and trading activity. Customers pay a subscription fee for real-time market data and have the choice of
receiving their market data either directly from us or through a variety of third-party quote vendors and data providers. We also offer customers detailed historical
market data for use in their development and analysis of various trading strategies. The estimated contributions of our market data and information services
products, excluding our index market data offerings, based on percentage of total revenue, were 12% in 2015 and 11% in 2014 and 2013 .

Safety and Soundness of our Markets — We understand the importance of ensuring that our customers are able to manage and contain their trading risks. As the
markets and the economy have evolved, we have worked to adapt our clearing services to meet the needs of our customers. We apply robust risk management
standards and enforce and facilitate applicable regulatory customer protection standards for exchange-traded products and cleared swaps. Clearing member firms
are continually monitored and examined to assess their outstanding risk, capital adequacy and compliance with customer protection rules and regulations. We
utilize a combination of risk management capabilities to assess our clearing firms and their account exposure levels for all asset classes 24 hours a day throughout
the trading week. The company operates two clearing houses: CME Clearing (a division of CME) and CME Clearing Europe.
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Our integrated clearing function is designed to ensure the safety and soundness of our markets by serving as the counterparty to every trade, becoming the buyer to
each seller and the seller to each buyer, and limiting counterparty credit risk. The clearing house is responsible for settling trading accounts, clearing trades,
collecting and maintaining performance bond funds, regulating delivery and reporting trading data. CME Clearing marks open positions to market at least twice a
day, and requires payment from clearing firms whose positions have lost value and makes payments to clearing firms whose positions have gained value. For select
cleared-only markets, positions are marked-to-market daily, with the capacity to mark-to-market more frequently as market conditions warrant. The CME
ClearPort front-end system provides access to our flexible clearing services for block transactions and swaps. See “Item 7A. Quantitative and Qualitative
Disclosures About Market Risk,” beginning on page 48 and “Item 1A. Risk Factors,” beginning on page 14, for more information on our financial safeguards
package and the associated credit risks related to our clearing services.

Superior Trading Technology and Distribution — We strive to provide the most flexible architecture in terms of bringing new technology, innovations and
solutions to the marketplace. Our CME Globex electronic platform is the trading engine for our central limit order book markets, and is available on a global basis
nearly 24 hours a day throughout the trading week. The CME Globex platform is accessible through a wide variety of vendor provided and custom built trading
systems that benefit from our open application programming interface approach. For the privately negotiated markets, we offer brokers and customers the CME
Direct system for arranging, executing, recording and risk-managing trades. CME Direct is a trading and analysis system that also includes CME Messenger for
instant-message capabilities and CME Straight-Through Processing for connecting trade information directly with customer order management and risk
management systems and is designed to reduce errors and improve efficiency. In 2015, 87% of our contract volume was conducted electronically.

Together, our platforms offer:

• certainty of execution;

• vast capabilities to facilitate complex and demanding trading;

• direct market access;

• fairness, price transparency and anonymity;

• convenience and efficiency; and

• global distribution, including connection through high-speed international telecommunications hubs in key financial centers in Europe, Asia and Latin
America, and hosting or global order routing to our global partner exchanges.

We also offer co-location services at our data center facility, which houses our trading match engines for all products traded on the CME Globex electronic trading
platform. The service provides the lowest latency connection for our customers. The offering is made available to all customers on equal terms. We derived 2% of
our revenues from our co-location business in 2013 through 2015.

Our Strategic Initiatives

The following is a description of our strategic initiatives:

Leading Core Business Innovation and Expanded Product Offerings — We are focused on enhancing our customer relations to allow us to further cross-sell our
products, expanding the strength of our existing benchmark products, launching new products and deepening open interest in our core futures and options on
futures offerings. During this decade, our key product launches included Ultra-Long Bond Treasury futures and options and most recently the Ultra 10 Year
Treasury futures, Weekly Treasury options, numerous Eurodollar mid-curve options, weekly and short-dated agricultural options, end of month equity options,
deliverable interest rate swap futures, natural gas basis contacts, new base metal products, S&P Dividend futures and E-mini Russell 1000 futures. During 2015, we
also experienced multiple volume records across our core product portfolio, including record average daily volume in options, electronic options and overall
volume as well as in our energy and agricultural commodity product lines. In 2015, we introduced additional functionality for equities futures that enable market
participants to execute a basis trade relative to the official close for the underlying index for more efficient cash management. We continue to invest in expanded
sales and marketing capabilities and tools to broaden customer participation and to simplify the customer experience in order to increase their use of our offerings
and reduce their regulatory burdens. Additionally, through CME Ventures, we have made minority investments in nine emerging technology companies whose
innovative products or services could, in the long term, have an impact on CME’s key business drivers and the broader financial services ecosystem. We also
provide the electronic auction platform on which the London Bullion Market Association silver price is calculated in partnership with Thomson Reuters which is
responsible for the administration and governance of the benchmark and its distribution.

Globalizing our Company and our Business — We continue to expand and diversify our customer base worldwide and offer customers around the world the most
broadly diversified portfolio of benchmark products. We have expanded our international
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Public impressions: It used to be that when his trading screens showed 
10,000 shares of Intel offered at $22 a share, it 
meant that he could buy 10,000 shares of Intel for 
$22 a share. He had only to push a button. By the 
spring of 2007, however, when he pushed the button 
to complete a trade, the offers would vanish. In his 
seven years as a trader, he had always been able to 
look at the screens on his desk and see the stock 
market. Now the market as it appeared on his 
screens was an illusion. 

This made it impossible for Katsuyama to do his job 
properly. His main role as a trader was to play the 
middleman between investors who wanted to buy 
and sell big amounts of stock and the public 
markets, where the volumes were smaller. Say some 
investor wanted to sell a block of three million Intel 
shares, but the markets showed demand for only one 
million shares: Katsuyama would buy the entire 
block from the investor, sell off a million shares 
instantly and then work artfully over the next few 
hours to unload the other two million. If he didn’t 
know the actual demand in the markets, he couldn’t 
price the larger block. He had been supplying 
liquidity to the market; now whatever was happening 
on his screens was reducing his willingness to do 
that.

You may or may not buy Mr. Lewis’s depiction of 
the high-frequency types as villains and those 
trying to thwart them as heroes. (If you ask me, 
there are no good guys in this story.) But either 
way, spending hundreds of millions of dollars to 
save three milliseconds looks like a huge waste. 
And that’s part of a much broader picture, in which 
society is devoting an ever-growing share of its 
resources to financial wheeling and dealing, while 
getting little or nothing in return. 

Paul Krugman 2014
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Equity Flash Crash
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Executive Summary 

The U.S. Treasury market is the deepest and most liquid government securities market in 

the world. It plays a critical and unique role in the global economy, serving as the primary means 

of financing the U.S. federal government, a significant investment instrument and hedging 

vehicle for global investors, a risk-free benchmark for other financial instruments, and an 

important market for the Federal Reserve’s implementation of monetary policy.  

On October 15, 2014 (“October 15”), the market for U.S. Treasury securities, futures, and 

other closely related financial markets experienced an unusually high level of volatility and a 

very rapid round-trip in prices. Although trading volumes were high and the market continued to 

function, liquidity conditions became significantly strained. The yield on the benchmark 10-year 

Treasury security, a useful gauge for the price moves in other, related instruments that day, 

experienced a 37-basis-point trading range, only to close 6 basis points below its opening level. 

Intraday changes of greater magnitude have been seen on only three occasions since 1998 and, 

unlike October 15, all were driven by significant policy announcements. Moreover, in the narrow 

window between 9:33 and 9:45 a.m. ET, yields exhibited a significant round-trip without a clear 

cause, with the 10-year Treasury yield experiencing a 16-basis-point drop and then rebound. For 

such significant volatility and a large round-trip in prices to occur in so short a time with no 

obvious catalyst is unprecedented in the recent history of the Treasury market.  

The abrupt occurrence of such significant and unexplained volatility—particularly in the 

narrow “event window” starting at 9:33 a,m, ET—calls for a deeper analysis of the conditions 

that contributed to the events of October 15 and the structure of this important market. This 

report has been prepared by the staff of the U.S. Department of the Treasury (Treasury), the 

Board of Governors of the Federal Reserve System (Board), the Federal Reserve Bank of New 

York (FRBNY), the U.S. Securities and Exchange Commission (SEC) and the U.S. Commodity 
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Section 2 Figures 

Figure 2.1: 10-Year Treasury Yield on October 15 
(Cash) 

Figure 2.2: Intraday Price and Volume in 10-Year 
Treasury (Futures)

Figure 2.3: 10-Year Volume and Market Depth 
(Cash)  Figure 2.4: Cost of Conducting Trade (Cash) 

Figure 2.5: Historical Intraday Yield Ranges for 10-
Year Treasury (Cash) 

Figure 2.6: Historical Full Day Yield Changes for 10-
Year Treasury (Cash)
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1 For purposes of this Request for Information 
(RFI), the U.S. Treasury market comprises the 
secondary market trading of U.S. Treasury 
securities, futures and options on U.S. Treasury 
securities and futures, and securities financing 
transactions in which Treasury securities are used 
as collateral. 

2 For purposes of this RFI, a PTF is defined as an 
investor with the following typical characteristics: 
Principal investor, deploys proprietary automated 
trading strategies, low latency typically key element 
of trading strategies, may be registered as broker or 
dealer but does not have clients as in a typical 
broker or dealer business model. 

3 For purposes of this RFI, bank-dealer refers to 
a SEC-registered broker-dealer that is owned by a 
bank. A non-bank dealer is an independent SEC- 
registered broker-dealer that is not owned by a 
bank. Primary dealers, as designated by the Federal 
Reserve Bank of New York, are a subset of the bank- 
dealer category in the JSR. 

4 For purposes of this RFI, customer refers to an 
institutional customer, to differentiate from a retail 
customer. 

5 For the purposes of this RFI, internalization 
refers to a broker filling a customer order either 
from the firm’s own inventory or by matching the 
order with other customer order flow, instead of 
routing the order to an inter-dealer market for 
execution. 

6 See CFTC Proposed Rule: Regulation Automated 
Trading, December 17, 2015: http://www.cftc.gov/

DEPARTMENT OF THE TREASURY 

[Docket No. TREAS–DO–2015–0013] 

Notice Seeking Public Comment on the 
Evolution of the Treasury Market 
Structure 

AGENCY: Office of the Under Secretary 
for Domestic Finance, Department of the 
Treasury. 
ACTION: Notice and Request for 
Information. 

SUMMARY: The Department of the 
Treasury (‘‘Treasury’’) is seeking public 
comment on structural changes in the 
U.S. Treasury market and their 
implications for market functioning; 
trading and risk management practices 
across the U.S. Treasury market; 
considerations with respect to more 
comprehensive official sector access to 
Treasury market data; and benefits and 
risks of increased public disclosure of 
Treasury market activity. 
DATES: Comments must be received no 
later than March 22, 2016. 
ADDRESSES: Comments may be 
submitted through the Federal 
eRulemaking Portal 
(www.regulations.gov). Please follow the 
instructions for submitting comments 
through the Web site. You may 
download this proposed rule from 
www.regulations.gov or 
www.treasurydirect.gov. Please submit 
your comments, along with your full 
name and mailing address. We will not 
accept comments by fax or email. All 
comments will be posted to 
www.regulations.gov and on the 
TreasuryDirect Web site at 
www.treasurydirect.gov. 

Additional Instructions: In general, 
comments received, including 
attachments and other supporting 
materials, are part of the public record 
and are available to the public. Do not 
include any information in your 
comment or supporting materials that 
you consider confidential or 
inappropriate for public disclosure. 
FOR FURTHER INFORMATION CONTACT: For 
general inquiries, submission process 
questions or any additional information, 
please email TreasuryMarket RFI@
treasury.gov or call (202) 622–2396. If 
you use a telecommunications device 
for the deaf (TDD) or a text telephone 
(TTY), call the Federal Relay Service 
(FRS), toll free, at 1–800–877–8339. All 
responses to this Notice and Request for 
Information should be submitted via 
http://regulations.gov to ensure 
consideration. 
SUPPLEMENTARY INFORMATION: The U.S. 
Treasury market is the deepest and most 

liquid market in the world.1 It plays a 
critical and unique role in the global 
economy, serving as the primary means 
of financing the U.S. federal 
government, a significant investment 
instrument and hedging vehicle for 
global investors, a risk-free benchmark 
for other financial instruments, and an 
important market for the 
implementation of monetary policy by 
the Federal Reserve System. 

The structure of the Treasury market 
has evolved significantly over the past 
two decades. In particular, technology 
advancements, and the associated 
growth in high-speed electronic trading 
has contributed to the growing presence 
of principal trading firms (PTFs),2 with 
these firms now accounting for the 
majority of trading and standing quotes 
in the order book in both futures and 
interdealer cash markets. By contrast, 
bank-dealers 3 still account for a 
majority of secondary cash market 
trading overall (when including dealer- 
to-customer trading), but they comprise 
well under half of the trading and 
quoting activity in the inter-dealer cash 
markets. These changes in 
intermediation and the provision of 
liquidity have coincided with 
significant growth in the U.S. fixed- 
income market, an evolving regulatory 
and macroeconomic landscape, and 
potential changes in the demand for 
liquidity by many investors. 

Trading in the Treasury cash market 
occurs across a diverse set of venues 
and modes of execution. Historically, 
the Treasury cash market has been 
bifurcated between the interdealer 
market, in which dealers trade with one 
another, and the dealer-to-client market, 
in which dealers trade with their 
customers (e.g. asset managers, pension 
funds, insurance companies, 
corporations). In the Treasury cash 
market, customers, also referred to as 

end users, have not historically traded 
directly with other end users.4 

Trading in the inter-dealer cash 
market has evolved significantly. 
Originally, this market had been open 
almost exclusively to dealers, who 
transacted with each other by telephone. 
In the early 2000s this changed, with 
inter-dealer brokers launching 
electronic trading platforms and later 
opening access to those platforms to 
non-dealers. Trading on these platforms 
has become increasingly automated, 
with transactions conducted using 
algorithmic and other trading strategies 
involving little or no human 
intervention. Today, trading on the 
inter-dealer platforms bears some 
resemblance to other highly liquid 
markets, including equities and foreign 
exchange markets, where PTFs and 
dealers transact in automated fashion, 
sometimes in large volumes and at high 
speed. 

In contrast, a significant portion of 
trading in the dealer-to-customer market 
occurs on platforms that facilitate the 
matching of buy and sell orders 
primarily through request for quote 
(RFQ) systems, not central limit order 
books. These platforms are increasingly 
electronic, but are generally not 
conducive to automated or high- 
frequency trading strategies. Dealers 
also internalize a portion of their 
customer flow.5 However, it is unclear 
the extent to which this occurs given 
currently available data. 

Treasury futures are required by law 
to be traded on a registered exchange, 
and are traded primarily on the Chicago 
Board of Trade, part of the CME Group 
(CME). Futures transactions traded on 
the CME are centrally cleared at CME’s 
clearinghouse. In the 1990s, futures 
trading began to transition from manual 
to electronic processes for the 
transmission of orders and information, 
and the execution of trades. Electronic 
trading eventually became the dominant 
mode of execution in the futures market. 
Now, more than 95 percent of all on- 
exchange futures trading occur on 
electronic trade-matching platforms, 
and market participants are increasingly 
employing automated systems for the 
generation, transmission, management, 
and execution of orders.6 
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(RFI), the U.S. Treasury market comprises the 
secondary market trading of U.S. Treasury 
securities, futures and options on U.S. Treasury 
securities and futures, and securities financing 
transactions in which Treasury securities are used 
as collateral. 

2 For purposes of this RFI, a PTF is defined as an 
investor with the following typical characteristics: 
Principal investor, deploys proprietary automated 
trading strategies, low latency typically key element 
of trading strategies, may be registered as broker or 
dealer but does not have clients as in a typical 
broker or dealer business model. 

3 For purposes of this RFI, bank-dealer refers to 
a SEC-registered broker-dealer that is owned by a 
bank. A non-bank dealer is an independent SEC- 
registered broker-dealer that is not owned by a 
bank. Primary dealers, as designated by the Federal 
Reserve Bank of New York, are a subset of the bank- 
dealer category in the JSR. 

4 For purposes of this RFI, customer refers to an 
institutional customer, to differentiate from a retail 
customer. 

5 For the purposes of this RFI, internalization 
refers to a broker filling a customer order either 
from the firm’s own inventory or by matching the 
order with other customer order flow, instead of 
routing the order to an inter-dealer market for 
execution. 
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DEPARTMENT OF THE TREASURY 

[Docket No. TREAS–DO–2015–0013] 

Notice Seeking Public Comment on the 
Evolution of the Treasury Market 
Structure 

AGENCY: Office of the Under Secretary 
for Domestic Finance, Department of the 
Treasury. 
ACTION: Notice and Request for 
Information. 

SUMMARY: The Department of the 
Treasury (‘‘Treasury’’) is seeking public 
comment on structural changes in the 
U.S. Treasury market and their 
implications for market functioning; 
trading and risk management practices 
across the U.S. Treasury market; 
considerations with respect to more 
comprehensive official sector access to 
Treasury market data; and benefits and 
risks of increased public disclosure of 
Treasury market activity. 
DATES: Comments must be received no 
later than March 22, 2016. 
ADDRESSES: Comments may be 
submitted through the Federal 
eRulemaking Portal 
(www.regulations.gov). Please follow the 
instructions for submitting comments 
through the Web site. You may 
download this proposed rule from 
www.regulations.gov or 
www.treasurydirect.gov. Please submit 
your comments, along with your full 
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comments will be posted to 
www.regulations.gov and on the 
TreasuryDirect Web site at 
www.treasurydirect.gov. 
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attachments and other supporting 
materials, are part of the public record 
and are available to the public. Do not 
include any information in your 
comment or supporting materials that 
you consider confidential or 
inappropriate for public disclosure. 
FOR FURTHER INFORMATION CONTACT: For 
general inquiries, submission process 
questions or any additional information, 
please email TreasuryMarket RFI@
treasury.gov or call (202) 622–2396. If 
you use a telecommunications device 
for the deaf (TDD) or a text telephone 
(TTY), call the Federal Relay Service 
(FRS), toll free, at 1–800–877–8339. All 
responses to this Notice and Request for 
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http://regulations.gov to ensure 
consideration. 
SUPPLEMENTARY INFORMATION: The U.S. 
Treasury market is the deepest and most 

liquid market in the world.1 It plays a 
critical and unique role in the global 
economy, serving as the primary means 
of financing the U.S. federal 
government, a significant investment 
instrument and hedging vehicle for 
global investors, a risk-free benchmark 
for other financial instruments, and an 
important market for the 
implementation of monetary policy by 
the Federal Reserve System. 

The structure of the Treasury market 
has evolved significantly over the past 
two decades. In particular, technology 
advancements, and the associated 
growth in high-speed electronic trading 
has contributed to the growing presence 
of principal trading firms (PTFs),2 with 
these firms now accounting for the 
majority of trading and standing quotes 
in the order book in both futures and 
interdealer cash markets. By contrast, 
bank-dealers 3 still account for a 
majority of secondary cash market 
trading overall (when including dealer- 
to-customer trading), but they comprise 
well under half of the trading and 
quoting activity in the inter-dealer cash 
markets. These changes in 
intermediation and the provision of 
liquidity have coincided with 
significant growth in the U.S. fixed- 
income market, an evolving regulatory 
and macroeconomic landscape, and 
potential changes in the demand for 
liquidity by many investors. 

Trading in the Treasury cash market 
occurs across a diverse set of venues 
and modes of execution. Historically, 
the Treasury cash market has been 
bifurcated between the interdealer 
market, in which dealers trade with one 
another, and the dealer-to-client market, 
in which dealers trade with their 
customers (e.g. asset managers, pension 
funds, insurance companies, 
corporations). In the Treasury cash 
market, customers, also referred to as 

end users, have not historically traded 
directly with other end users.4 

Trading in the inter-dealer cash 
market has evolved significantly. 
Originally, this market had been open 
almost exclusively to dealers, who 
transacted with each other by telephone. 
In the early 2000s this changed, with 
inter-dealer brokers launching 
electronic trading platforms and later 
opening access to those platforms to 
non-dealers. Trading on these platforms 
has become increasingly automated, 
with transactions conducted using 
algorithmic and other trading strategies 
involving little or no human 
intervention. Today, trading on the 
inter-dealer platforms bears some 
resemblance to other highly liquid 
markets, including equities and foreign 
exchange markets, where PTFs and 
dealers transact in automated fashion, 
sometimes in large volumes and at high 
speed. 

In contrast, a significant portion of 
trading in the dealer-to-customer market 
occurs on platforms that facilitate the 
matching of buy and sell orders 
primarily through request for quote 
(RFQ) systems, not central limit order 
books. These platforms are increasingly 
electronic, but are generally not 
conducive to automated or high- 
frequency trading strategies. Dealers 
also internalize a portion of their 
customer flow.5 However, it is unclear 
the extent to which this occurs given 
currently available data. 

Treasury futures are required by law 
to be traded on a registered exchange, 
and are traded primarily on the Chicago 
Board of Trade, part of the CME Group 
(CME). Futures transactions traded on 
the CME are centrally cleared at CME’s 
clearinghouse. In the 1990s, futures 
trading began to transition from manual 
to electronic processes for the 
transmission of orders and information, 
and the execution of trades. Electronic 
trading eventually became the dominant 
mode of execution in the futures market. 
Now, more than 95 percent of all on- 
exchange futures trading occur on 
electronic trade-matching platforms, 
and market participants are increasingly 
employing automated systems for the 
generation, transmission, management, 
and execution of orders.6 
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1 For purposes of this Request for Information 
(RFI), the U.S. Treasury market comprises the 
secondary market trading of U.S. Treasury 
securities, futures and options on U.S. Treasury 
securities and futures, and securities financing 
transactions in which Treasury securities are used 
as collateral. 

2 For purposes of this RFI, a PTF is defined as an 
investor with the following typical characteristics: 
Principal investor, deploys proprietary automated 
trading strategies, low latency typically key element 
of trading strategies, may be registered as broker or 
dealer but does not have clients as in a typical 
broker or dealer business model. 

3 For purposes of this RFI, bank-dealer refers to 
a SEC-registered broker-dealer that is owned by a 
bank. A non-bank dealer is an independent SEC- 
registered broker-dealer that is not owned by a 
bank. Primary dealers, as designated by the Federal 
Reserve Bank of New York, are a subset of the bank- 
dealer category in the JSR. 

4 For purposes of this RFI, customer refers to an 
institutional customer, to differentiate from a retail 
customer. 

5 For the purposes of this RFI, internalization 
refers to a broker filling a customer order either 
from the firm’s own inventory or by matching the 
order with other customer order flow, instead of 
routing the order to an inter-dealer market for 
execution. 

6 See CFTC Proposed Rule: Regulation Automated 
Trading, December 17, 2015: http://www.cftc.gov/
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for the deaf (TDD) or a text telephone 
(TTY), call the Federal Relay Service 
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responses to this Notice and Request for 
Information should be submitted via 
http://regulations.gov to ensure 
consideration. 
SUPPLEMENTARY INFORMATION: The U.S. 
Treasury market is the deepest and most 

liquid market in the world.1 It plays a 
critical and unique role in the global 
economy, serving as the primary means 
of financing the U.S. federal 
government, a significant investment 
instrument and hedging vehicle for 
global investors, a risk-free benchmark 
for other financial instruments, and an 
important market for the 
implementation of monetary policy by 
the Federal Reserve System. 

The structure of the Treasury market 
has evolved significantly over the past 
two decades. In particular, technology 
advancements, and the associated 
growth in high-speed electronic trading 
has contributed to the growing presence 
of principal trading firms (PTFs),2 with 
these firms now accounting for the 
majority of trading and standing quotes 
in the order book in both futures and 
interdealer cash markets. By contrast, 
bank-dealers 3 still account for a 
majority of secondary cash market 
trading overall (when including dealer- 
to-customer trading), but they comprise 
well under half of the trading and 
quoting activity in the inter-dealer cash 
markets. These changes in 
intermediation and the provision of 
liquidity have coincided with 
significant growth in the U.S. fixed- 
income market, an evolving regulatory 
and macroeconomic landscape, and 
potential changes in the demand for 
liquidity by many investors. 

Trading in the Treasury cash market 
occurs across a diverse set of venues 
and modes of execution. Historically, 
the Treasury cash market has been 
bifurcated between the interdealer 
market, in which dealers trade with one 
another, and the dealer-to-client market, 
in which dealers trade with their 
customers (e.g. asset managers, pension 
funds, insurance companies, 
corporations). In the Treasury cash 
market, customers, also referred to as 

end users, have not historically traded 
directly with other end users.4 

Trading in the inter-dealer cash 
market has evolved significantly. 
Originally, this market had been open 
almost exclusively to dealers, who 
transacted with each other by telephone. 
In the early 2000s this changed, with 
inter-dealer brokers launching 
electronic trading platforms and later 
opening access to those platforms to 
non-dealers. Trading on these platforms 
has become increasingly automated, 
with transactions conducted using 
algorithmic and other trading strategies 
involving little or no human 
intervention. Today, trading on the 
inter-dealer platforms bears some 
resemblance to other highly liquid 
markets, including equities and foreign 
exchange markets, where PTFs and 
dealers transact in automated fashion, 
sometimes in large volumes and at high 
speed. 

In contrast, a significant portion of 
trading in the dealer-to-customer market 
occurs on platforms that facilitate the 
matching of buy and sell orders 
primarily through request for quote 
(RFQ) systems, not central limit order 
books. These platforms are increasingly 
electronic, but are generally not 
conducive to automated or high- 
frequency trading strategies. Dealers 
also internalize a portion of their 
customer flow.5 However, it is unclear 
the extent to which this occurs given 
currently available data. 

Treasury futures are required by law 
to be traded on a registered exchange, 
and are traded primarily on the Chicago 
Board of Trade, part of the CME Group 
(CME). Futures transactions traded on 
the CME are centrally cleared at CME’s 
clearinghouse. In the 1990s, futures 
trading began to transition from manual 
to electronic processes for the 
transmission of orders and information, 
and the execution of trades. Electronic 
trading eventually became the dominant 
mode of execution in the futures market. 
Now, more than 95 percent of all on- 
exchange futures trading occur on 
electronic trade-matching platforms, 
and market participants are increasingly 
employing automated systems for the 
generation, transmission, management, 
and execution of orders.6 
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majority of secondary cash market 
trading overall (when including dealer- 
to-customer trading), but they comprise 
well under half of the trading and 
quoting activity in the inter-dealer cash 
markets. These changes in 
intermediation and the provision of 
liquidity have coincided with 
significant growth in the U.S. fixed- 
income market, an evolving regulatory 
and macroeconomic landscape, and 
potential changes in the demand for 
liquidity by many investors. 

Trading in the Treasury cash market 
occurs across a diverse set of venues 
and modes of execution. Historically, 
the Treasury cash market has been 
bifurcated between the interdealer 
market, in which dealers trade with one 
another, and the dealer-to-client market, 
in which dealers trade with their 
customers (e.g. asset managers, pension 
funds, insurance companies, 
corporations). In the Treasury cash 
market, customers, also referred to as 

end users, have not historically traded 
directly with other end users.4 

Trading in the inter-dealer cash 
market has evolved significantly. 
Originally, this market had been open 
almost exclusively to dealers, who 
transacted with each other by telephone. 
In the early 2000s this changed, with 
inter-dealer brokers launching 
electronic trading platforms and later 
opening access to those platforms to 
non-dealers. Trading on these platforms 
has become increasingly automated, 
with transactions conducted using 
algorithmic and other trading strategies 
involving little or no human 
intervention. Today, trading on the 
inter-dealer platforms bears some 
resemblance to other highly liquid 
markets, including equities and foreign 
exchange markets, where PTFs and 
dealers transact in automated fashion, 
sometimes in large volumes and at high 
speed. 

In contrast, a significant portion of 
trading in the dealer-to-customer market 
occurs on platforms that facilitate the 
matching of buy and sell orders 
primarily through request for quote 
(RFQ) systems, not central limit order 
books. These platforms are increasingly 
electronic, but are generally not 
conducive to automated or high- 
frequency trading strategies. Dealers 
also internalize a portion of their 
customer flow.5 However, it is unclear 
the extent to which this occurs given 
currently available data. 

Treasury futures are required by law 
to be traded on a registered exchange, 
and are traded primarily on the Chicago 
Board of Trade, part of the CME Group 
(CME). Futures transactions traded on 
the CME are centrally cleared at CME’s 
clearinghouse. In the 1990s, futures 
trading began to transition from manual 
to electronic processes for the 
transmission of orders and information, 
and the execution of trades. Electronic 
trading eventually became the dominant 
mode of execution in the futures market. 
Now, more than 95 percent of all on- 
exchange futures trading occur on 
electronic trade-matching platforms, 
and market participants are increasingly 
employing automated systems for the 
generation, transmission, management, 
and execution of orders.6 
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7 Joint Staff Report: The U.S. Treasury Market on 
October 15, 2014: http://www.treasury.gov/press- 
center/press-releases/Documents/Joint_Staff_
Report_Treasury_10-15-2015.pdf. The findings in 
the JSR were based in part on transaction-level, 
non-public data that staff obtained from the primary 
locations for price discovery in the Treasury 
market, the Chicago Mercantile Exchange for 
futures and BrokerTec and eSpeed for cash 
securities. 

Non-bank proprietary trading firms 
have long played a significant role in 
the futures market. As the market has 
evolved to greater levels of electronic 
trading, they have increasingly 
employed automated trading strategies, 
and increasingly moved into the 
Treasury cash market. Today, PTFs 
represent a majority of trading in 
Treasury futures and inter-dealer cash 
markets. 

On July 13, 2015, the staffs of the 
Treasury, the Board of Governors of the 
Federal Reserve System (‘‘Board’’), the 
Federal Reserve Bank of New York 
(‘‘FRBNY’’), the U.S. Securities and 
Exchange Commission (‘‘SEC’’), and the 
U.S. Commodity Futures Trading 
Commission (‘‘CFTC’’) (collectively, the 
‘‘Joint Staffs’’), published the Joint Staff 
Report: The U.S. Treasury Market on 
October 15, 2014 (‘‘JSR’’).7 The JSR 
analyzed the extraordinary volatility in 
the Treasury market on the morning of 
October 15, 2014, and identified four 
next steps for further work: (1) Further 
study of the evolution of the U.S. 
Treasury market and the implications 
for market structure and liquidity, (2) 
continued monitoring of trading and 
risk management practices across the 
U.S. Treasury market and a review of 
the current regulatory requirements 
applicable to the government securities 
market and its participants, (3) an 
assessment of the data available to the 
public and to the official sector on U.S. 
Treasury cash securities markets, and 
(4) continued efforts to strengthen 
monitoring and surveillance and 
promote inter-agency coordination 
related to the trading across the U.S. 
Treasury market. 

Treasury is seeking public comment 
on several specific questions that will 
inform the ongoing work related to the 
next steps identified in the JSR. This 
RFI is intended, in part, to seek 
information and viewpoints from a 
diverse group of stakeholders, including 
the general public, buy and sell-side 
market participants, academics, and 
industry groups regarding these and 
other structural changes in the Treasury 
market, and their implications for the 
depth, liquidity, and functioning of the 
market. This RFI is also intended to 
develop a holistic view of trading and 

risk management practices across U.S. 
Treasury futures and cash markets— 
including the various trading venues 
and modes of execution present in the 
cash market—and it seeks input on 
potential improvements in Treasury 
market policies, practices, and conduct. 

Given the market evolution, access to 
timely and comprehensive data across 
related markets is increasingly 
important to fully assess new 
developments, and analyze market 
events. Accordingly, we are interested 
in the most efficient and effective ways 
for the official sector to obtain 
additional market data and in ways to 
more effectively monitor diverse but 
related markets. Finally, we are 
interested in the potential benefits and 
costs of additional transparency with 
respect to Treasury market trading 
activity and trading venue policies and 
practices. 

Treasury developed this RFI in 
consultation with the Joint Staffs. The 
responses to this RFI will further 
enhance our understanding of the 
changes underway in the Treasury 
market and will help to inform the 
ongoing work related to the next steps 
identified in the JSR as well as any 
policy responses. This is intended to be 
a comprehensive list of questions. 
Depending on your role and/or interest 
in the Treasury market, you may choose 
to answer only certain questions. 

I. Further Study of the Evolution of the 
U.S. Treasury Market and the 
Implications for Market Structure and 
Liquidity 

Treasury is interested in the various 
factors driving the evolution of the 
Treasury market discussed above, and 
their implications for market 
functioning. These factors include 
changes in technology, the growing 
prevalence of automated trading, 
changes in market making, financial 
institutions’ risk tolerance and business 
models, shifts in buy and sell-side 
participation, post-crisis regulatory 
reforms, as well as any other factors 
respondents to this RFI may identify. 
We are also interested in the changing 
nature of liquidity and liquidity 
provision in the U.S. Treasury market. 

By some metrics, the liquidity and 
efficiency of trading in the U.S. 
Treasury market are as robust as they 
have ever been. For example, bid-ask 
spreads have remained steady at very 
low historical levels. But the changes in 
market structure also raise questions 
about evolving risks, such as whether an 
improvement in average liquidity 
conditions may come at the cost of rare 
but severe bouts of volatility that 
coincide with significant strains in 

liquidity. The changing nature of 
liquidity also suggests that measures 
used to estimate liquidity may need to 
be enhanced in order to broaden our 
understanding of the state of the market, 
both during normal and stressed market 
conditions. 

Questions for Public Comment 
Treasury requests comment on the 

questions below. These questions are 
intended to solicit views on the 
implications of changes to U.S. Treasury 
market structure, including changes to 
financing markets (i.e., the repurchase 
agreement market) using Treasury 
securities, for liquidity provision, and 
market functioning. We also welcome 
any input on the current market 
structure and how participants believe 
U.S. Treasury market structure will 
evolve in the coming years. 

1.1 Have there been changes in the 
nature of liquidity provision, or demand 
for liquidity, in the U.S. Treasury 
market? If so, are these trends different 
in the futures, dealer-to-customer, or 
interdealer broker (‘‘IDB’’) market, or in 
the ‘‘on-the-run’’ and ‘‘off-the-run’’ 
sectors, or across different types of 
Treasury securities (e.g. bills, nominal 
fixed rate coupon securities, nominal 
floating rate securities, and inflation- 
indexed securities)? Which factors have 
been responsible for any observed 
trends in liquidity provision and/or 
demand? In addressing those questions, 
please consider the dealer-to-customer 
market, trading on IDB platforms, and in 
the futures market, as applicable, and 
please provide or refer to data and/or 
analysis that support your conclusion. 
In addition, please consider the 
following questions, as applicable: 

a. How do you define liquidity? How 
do you define liquidity provision? 

b. Which measures are most 
indicative of the degree of liquidity? 
How might these measures be refined or 
expanded, if you were not limited by 
the availability of data? 

c. How do different indicators provide 
information on different aspects of 
liquidity, and in what ways? 

d. Which measures best represent the 
resilience of liquidity, or the 
relationships between liquidity and 
volatility? 

e. To what extent are these measures 
of liquidity and the resilience of 
liquidity different from measures used 
in other markets that have witnessed 
similar market structure changes? What 
are the idiosyncratic factors unique to 
Treasury cash markets that may cause 
these measures to differ? 

f. What changes, if any, have you 
observed in these measures over recent 
years? Over recent months? 
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the JSR were based in part on transaction-level, 
non-public data that staff obtained from the primary 
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Non-bank proprietary trading firms 
have long played a significant role in 
the futures market. As the market has 
evolved to greater levels of electronic 
trading, they have increasingly 
employed automated trading strategies, 
and increasingly moved into the 
Treasury cash market. Today, PTFs 
represent a majority of trading in 
Treasury futures and inter-dealer cash 
markets. 

On July 13, 2015, the staffs of the 
Treasury, the Board of Governors of the 
Federal Reserve System (‘‘Board’’), the 
Federal Reserve Bank of New York 
(‘‘FRBNY’’), the U.S. Securities and 
Exchange Commission (‘‘SEC’’), and the 
U.S. Commodity Futures Trading 
Commission (‘‘CFTC’’) (collectively, the 
‘‘Joint Staffs’’), published the Joint Staff 
Report: The U.S. Treasury Market on 
October 15, 2014 (‘‘JSR’’).7 The JSR 
analyzed the extraordinary volatility in 
the Treasury market on the morning of 
October 15, 2014, and identified four 
next steps for further work: (1) Further 
study of the evolution of the U.S. 
Treasury market and the implications 
for market structure and liquidity, (2) 
continued monitoring of trading and 
risk management practices across the 
U.S. Treasury market and a review of 
the current regulatory requirements 
applicable to the government securities 
market and its participants, (3) an 
assessment of the data available to the 
public and to the official sector on U.S. 
Treasury cash securities markets, and 
(4) continued efforts to strengthen 
monitoring and surveillance and 
promote inter-agency coordination 
related to the trading across the U.S. 
Treasury market. 

Treasury is seeking public comment 
on several specific questions that will 
inform the ongoing work related to the 
next steps identified in the JSR. This 
RFI is intended, in part, to seek 
information and viewpoints from a 
diverse group of stakeholders, including 
the general public, buy and sell-side 
market participants, academics, and 
industry groups regarding these and 
other structural changes in the Treasury 
market, and their implications for the 
depth, liquidity, and functioning of the 
market. This RFI is also intended to 
develop a holistic view of trading and 

risk management practices across U.S. 
Treasury futures and cash markets— 
including the various trading venues 
and modes of execution present in the 
cash market—and it seeks input on 
potential improvements in Treasury 
market policies, practices, and conduct. 

Given the market evolution, access to 
timely and comprehensive data across 
related markets is increasingly 
important to fully assess new 
developments, and analyze market 
events. Accordingly, we are interested 
in the most efficient and effective ways 
for the official sector to obtain 
additional market data and in ways to 
more effectively monitor diverse but 
related markets. Finally, we are 
interested in the potential benefits and 
costs of additional transparency with 
respect to Treasury market trading 
activity and trading venue policies and 
practices. 

Treasury developed this RFI in 
consultation with the Joint Staffs. The 
responses to this RFI will further 
enhance our understanding of the 
changes underway in the Treasury 
market and will help to inform the 
ongoing work related to the next steps 
identified in the JSR as well as any 
policy responses. This is intended to be 
a comprehensive list of questions. 
Depending on your role and/or interest 
in the Treasury market, you may choose 
to answer only certain questions. 

I. Further Study of the Evolution of the 
U.S. Treasury Market and the 
Implications for Market Structure and 
Liquidity 

Treasury is interested in the various 
factors driving the evolution of the 
Treasury market discussed above, and 
their implications for market 
functioning. These factors include 
changes in technology, the growing 
prevalence of automated trading, 
changes in market making, financial 
institutions’ risk tolerance and business 
models, shifts in buy and sell-side 
participation, post-crisis regulatory 
reforms, as well as any other factors 
respondents to this RFI may identify. 
We are also interested in the changing 
nature of liquidity and liquidity 
provision in the U.S. Treasury market. 

By some metrics, the liquidity and 
efficiency of trading in the U.S. 
Treasury market are as robust as they 
have ever been. For example, bid-ask 
spreads have remained steady at very 
low historical levels. But the changes in 
market structure also raise questions 
about evolving risks, such as whether an 
improvement in average liquidity 
conditions may come at the cost of rare 
but severe bouts of volatility that 
coincide with significant strains in 

liquidity. The changing nature of 
liquidity also suggests that measures 
used to estimate liquidity may need to 
be enhanced in order to broaden our 
understanding of the state of the market, 
both during normal and stressed market 
conditions. 

Questions for Public Comment 
Treasury requests comment on the 

questions below. These questions are 
intended to solicit views on the 
implications of changes to U.S. Treasury 
market structure, including changes to 
financing markets (i.e., the repurchase 
agreement market) using Treasury 
securities, for liquidity provision, and 
market functioning. We also welcome 
any input on the current market 
structure and how participants believe 
U.S. Treasury market structure will 
evolve in the coming years. 

1.1 Have there been changes in the 
nature of liquidity provision, or demand 
for liquidity, in the U.S. Treasury 
market? If so, are these trends different 
in the futures, dealer-to-customer, or 
interdealer broker (‘‘IDB’’) market, or in 
the ‘‘on-the-run’’ and ‘‘off-the-run’’ 
sectors, or across different types of 
Treasury securities (e.g. bills, nominal 
fixed rate coupon securities, nominal 
floating rate securities, and inflation- 
indexed securities)? Which factors have 
been responsible for any observed 
trends in liquidity provision and/or 
demand? In addressing those questions, 
please consider the dealer-to-customer 
market, trading on IDB platforms, and in 
the futures market, as applicable, and 
please provide or refer to data and/or 
analysis that support your conclusion. 
In addition, please consider the 
following questions, as applicable: 

a. How do you define liquidity? How 
do you define liquidity provision? 

b. Which measures are most 
indicative of the degree of liquidity? 
How might these measures be refined or 
expanded, if you were not limited by 
the availability of data? 

c. How do different indicators provide 
information on different aspects of 
liquidity, and in what ways? 

d. Which measures best represent the 
resilience of liquidity, or the 
relationships between liquidity and 
volatility? 

e. To what extent are these measures 
of liquidity and the resilience of 
liquidity different from measures used 
in other markets that have witnessed 
similar market structure changes? What 
are the idiosyncratic factors unique to 
Treasury cash markets that may cause 
these measures to differ? 

f. What changes, if any, have you 
observed in these measures over recent 
years? Over recent months? 
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100. The bottom line is that, even after controlling for movements in secondary market 

yields for previously issued Treasuries, almost every Treasury maturity exhibits a consistent 

pattern of negative post-auction yield movements (i.e., in Defendants’ favor), as seen by the 

consistency of the below-zero purple bars in the following chart. 
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 4 

when the Department of Justice’s investigation was announced and Defendants curtailed their 

improper conduct. 

8. To take one example (many others are described in the body of this Complaint), 

Plaintiffs examined what are known as “reissued” Treasuries.  In this scenario, the United States 

Treasury sells a security at auction, and then later sells the exact same security (i.e., a Treasury 

Security with the same principal amount and the same maturity date) in a later auction.4  By the 

time of the later auction, the Treasury Securities that were sold in the earlier auction are already 

trading in the secondary market.  Accordingly, it is possible to compare the yield/price of the 

identical security at the same point in time at the auction in which Defendants had an “insider” 

position.  If the yields at the auction were repeatedly higher than the yields in the secondary 

market, it would demonstrate that Defendants were artificially increasing the auction yields 

(correspondingly suppressing prices).  Conversely, if both the auction and the secondary markets 

were truly competitive, the yield for the security would be substantially similar in both markets, 

or at least vary in a random fashion. 

9. The data shows that the yields for these identical securities indeed repeatedly 

diverged as between the auction and secondary markets, almost always in the direction of a 

higher yield (lower price) in the auction relative to the lower yield (higher price) in the secondary 

market.  Across all tenors (i.e., lengths of time to maturity) of Treasuries, the  yields of reissued 

Treasuries in the primary market were inflated in 69% of the auctions, by 0.91 basis points, a 

clearly significant disparity.  This repeated bias cannot be explained as a result of random 

                                                 
4  Reissued Treasuries also have the same coupon rate as the previously-issued security.  

For reissued securities, price is thus the variable that is determined at the auction, and which was 
directly manipulated by Defendants. 
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 5 

chance; instead, the only plausible explanation is that Defendants coordinated artificially to 

influence the results of the auctions in the primary market. 

10. This is just one example of anomalous economic data.  Indeed, these and the other 

data analyses discussed herein confirm that Defendants took full advantage of their privileged 

position as primary dealers at the Treasury auctions.  As Duke Law School Professor James Cox, 

an expert on financial markets, has observed, “[i]n the Treasury market, where you have a small 

number of participants and the sales volume is very high, it is a fertile area for harmful collusive 

behavior.”5  Defendants should be held to account under United States antitrust laws for the 

injuries they have caused. 

JURISDICTION AND VENUE 

11. This Court has subject matter jurisdiction over this action pursuant to Sections 4 

and 16 of the Clayton Act (15 U.S.C. §§ 15(a) and 26), Section 22 of the Commodity Exchange 

Act (7 U.S.C. § 25), and pursuant to 28 U.S.C. §§ 1331 and 1337(a).  This Court also has 

jurisdiction over the state law claims under 28 U.S.C. § 1367 because those claims are so related 

to the federal claims that they form part of the same case or controversy, and under 28 U.S.C. § 

1332, because the amount in controversy for the Class exceeds $5,000,000 and there are 

members of the Class who are citizens of a different state than Defendants. 

12. Venue is proper in this District pursuant to 15 U.S.C. §§ 15(a), 22 and 28 U.S.C. 

§ 1391(b), (c), (d) because during the Class Period all Defendants resided, transacted business, 

were found, or had agents in this District; a substantial part of the events or omissions giving rise 

to these claims occurred in this District; and a substantial portion of the affected interstate trade 

and commerce discussed herein has been carried out in this District. 

                                                 
5   See Scaggs, Kruger & Geiger, supra. 
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FIG. 1 Schematic of an LOB.

Definition. The bid-side relative depth profile at time t
is the set of all ordered pairs

�
p,N b (p, t)

�
. The ask-side

relative depth profile at time t is the set of all ordered
pairs (p,Na (p, t)).

Definition. The mean bid-side depth available at rela-
tive price p between times t

1

and t
2

is

N
b
(p, t

1

, t
2

) :=
1

t
2

� t
1

Z t2

t1

N b(p, t)dt. (7)

The mean ask-side depth available at relative price p be-
tween times t

1

and t
2

, denoted N
a
(p, t

1

, t
2

), is defined
similarly using the ask-side relative depth available.

Definition. The mean bid-side relative depth profile
between times t

1

and t
2

is the set of all ordered pairs

(p,N
b
(p, t

1

, t
2

)). The mean ask-side relative depth pro-
file between times t

1

and t
2

is the set of all ordered pairs
(p,N

a
(p, t

1

, t
2

)).

Relative depth profiles provide no information about
the absolute prices at which trades occur, nor do they
contain information about the bid-ask spread or mid
price. However, several studies have concluded that or-
der arrival rates depend on relative prices rather than ac-
tual prices (see, e.g., Biais et al. (1995); Bouchaud et al.
(2002); Potters and Bouchaud (2003); Zovko and Farmer
(2002)), so it is common to consider the relative depth
profiles and b(t) and a(t) simultaneously.

Figure 1 shows a schematic of an LOB at some instant
in time, illustrating the definitions in this section. The
horizontal lines within the blocks at each price level de-
note how the depth available at that price is composed
of di↵erent active orders.

Time series of prices arise often during the study of
LOBs. As discussed in Section IV.G, it is a recurring

theme that the behaviour of such a time series depends
significantly on how it is sampled. For example, con-
sider the time series m(t

1

), . . . ,m(tn), for some times
t
1

, . . . , tn.

• When the ti are spaced regularly in time, with ⌧
seconds between successive samplings, such a time
series is said to be sampled on a ⌧ -second timescale.

• When the ti are chosen to correspond to arrivals
of orders, the ti may be spaced irregularly in time.
Such a time series is said to be sampled on an event-
by-event timescale.

• When the ti are chosen to correspond to trades (i.e.,
matchings in an LOB), the ti may also be spaced
irregularly in time. Such a time series is said to be
sampled on a trade-by-trade timescale.

B. Orders: the building blocks of an LOB

The actions of traders in an LOB can be expressed
solely in terms of the submission or cancellation of orders
of the lot size. For example, a trader who immediately
sells 4� units of the traded asset in the LOB displayed
in Figure 2 can be considered as submitting 2 sell orders
of size � at the price $1.50, 1 sell order of size � at the
price $1.49, and 1 sell order of size � at the price $1.48.
Similarly, a trader who posts a sell order of size 4� at the
price $1.55 can be considered as submitting 4 sell orders
of size � at a price of $1.55 each.
Almost all of the published literature on LOBs adopts

the following terminology. Orders that result in an imme-
diate matching upon submission are known as market or-
ders. Orders that do not, instead becoming active orders,
are known as limit orders.4 However, it is important to
recognize that this terminology is used only to emphasize
whether an incoming order triggers an immediate match-
ing or not. There is no fundamental di↵erence between
a limit order and a market order.
Some trading platforms allow traders to specify that

they wish to submit a buy (respectively, sell) market or-
der without explicitly specifying a price. Instead, such a
trader specifies only a size, and the matching algorithm
sets the price of the order appropriately to initiate the
required matching.

C. Price changes in LOBs

In LOBs, the rules that govern matchings dictate how
prices evolve through time. Consider a buy (respectively,

4 Some practitioners use the terms aggressive orders and resting
orders, respectively, but this terminology is far less common in
the published literature.
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1. Introduction

More than half of the markets in today’s highly competitive and
relentlessly fast-paced financial world now use a limit order
book (LOB) mechanism to facilitate trade (Roşu 2009). The
Helsinki, Hong Kong, Shenzhen, Swiss, Tokyo, Toronto, and
Vancouver Stock Exchanges, together with Euronext and the
Australian Securities Exchange, all now operate as pure LOBs
(Luckock 2001, Gu et al. 2008b); the New York Stock Ex-
change (NYSE), NASDAQ, and the London Stock Exchange
(LSE) (Cont et al. 2010) all operate a bespoke hybrid LOB
system. Thanks to technological advances, traders worldwide
have real-time access to the current LOB, providing buyers
and sellers alike ‘the ultimate microscopic level of description’
(Bouchaud et al. 2002).

In an LOB, complicated global phenomena emerge as a
result of the local interactions between many heterogeneous
agents when the system throughput becomes sufficiently large.
This makes an LOB an example of a complex system (Mitchell
2009). The unusually rich, detailed, and high-quality historic
data from LOBs provides a suitable testing ground for theo-
ries about well-established statistical regularities common to
a wide range of markets (Cont 2001, Farmer and Lillo 2004,
Bouchaud et al. 2009), as well as for popular ideas in the
complex systems literature such as universality, scaling, and
emergence.

The many practical advantages to understanding LOB
dynamics include: gaining clearer insight into how best to
act in given market situations (Harris and Hasbrouck 1996);

∗Corresponding author. Email: gouldm@maths.ox.ac.uk

optimal order execution strategies (Obizhaeva and Wang 2013);
market impact minimization (Eisler et al. 2012); designing bet-
ter electronic trading algorithms (Engle et al. 2006); and as-
sessing market stability (Kirilenko et al. 2011). In this survey,
we discuss some of the key ideas that have emerged from
the analysis and modelling of LOBs in recent years, and we
highlight the strengths and limitations of existing LOB models.

Investigations of LOBs have taken a variety of starting points,
drawing on ideas from economics, physics, mathematics, statis-
tics, and psychology. Unsurprisingly, there is no clear con-
sensus on the best approach. This point is exemplified by the
contrast between the approach normally taken in the economics
literature, in which models focus on the behaviour of individual
traders and present LOBs as sequential games (Parlour 1998,
Foucault 1999, Roşu 2009), with the approach normally taken
in the physics literature, in which order flows are treated as
random and techniques from statistical mechanics are used
to explore the resulting dynamics (Challet and Stinchcombe
2001, Smith et al. 2003, Cont et al. 2010). In the present paper,
we discuss developments in both the economics and physics
literatures, and we emphasize aspects of LOBs that are most
relevant to practitioners.

Several other survey articles focus on particular aspects
of LOBs. Friedman (2005) reviewed early studies of dou-
ble auction style trading, of which LOBs are an example.
Parlour and Seppi (2008) addressed the economic and theoret-
ical aspects of LOB trading. Bouchaud et al. (2009) assessed
the current understanding of price formation in LOBs.
Chakraborti et al. (2011a, 2011b) examined the role of econo-
physics in understanding LOB behaviour. In the present survey,
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1. Introduction

More than half of the markets in today’s highly competitive and
relentlessly fast-paced financial world now use a limit order
book (LOB) mechanism to facilitate trade (Roşu 2009). The
Helsinki, Hong Kong, Shenzhen, Swiss, Tokyo, Toronto, and
Vancouver Stock Exchanges, together with Euronext and the
Australian Securities Exchange, all now operate as pure LOBs
(Luckock 2001, Gu et al. 2008b); the New York Stock Ex-
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(LSE) (Cont et al. 2010) all operate a bespoke hybrid LOB
system. Thanks to technological advances, traders worldwide
have real-time access to the current LOB, providing buyers
and sellers alike ‘the ultimate microscopic level of description’
(Bouchaud et al. 2002).

In an LOB, complicated global phenomena emerge as a
result of the local interactions between many heterogeneous
agents when the system throughput becomes sufficiently large.
This makes an LOB an example of a complex system (Mitchell
2009). The unusually rich, detailed, and high-quality historic
data from LOBs provides a suitable testing ground for theo-
ries about well-established statistical regularities common to
a wide range of markets (Cont 2001, Farmer and Lillo 2004,
Bouchaud et al. 2009), as well as for popular ideas in the
complex systems literature such as universality, scaling, and
emergence.

The many practical advantages to understanding LOB
dynamics include: gaining clearer insight into how best to
act in given market situations (Harris and Hasbrouck 1996);
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optimal order execution strategies (Obizhaeva and Wang 2013);
market impact minimization (Eisler et al. 2012); designing bet-
ter electronic trading algorithms (Engle et al. 2006); and as-
sessing market stability (Kirilenko et al. 2011). In this survey,
we discuss some of the key ideas that have emerged from
the analysis and modelling of LOBs in recent years, and we
highlight the strengths and limitations of existing LOB models.

Investigations of LOBs have taken a variety of starting points,
drawing on ideas from economics, physics, mathematics, statis-
tics, and psychology. Unsurprisingly, there is no clear con-
sensus on the best approach. This point is exemplified by the
contrast between the approach normally taken in the economics
literature, in which models focus on the behaviour of individual
traders and present LOBs as sequential games (Parlour 1998,
Foucault 1999, Roşu 2009), with the approach normally taken
in the physics literature, in which order flows are treated as
random and techniques from statistical mechanics are used
to explore the resulting dynamics (Challet and Stinchcombe
2001, Smith et al. 2003, Cont et al. 2010). In the present paper,
we discuss developments in both the economics and physics
literatures, and we emphasize aspects of LOBs that are most
relevant to practitioners.

Several other survey articles focus on particular aspects
of LOBs. Friedman (2005) reviewed early studies of dou-
ble auction style trading, of which LOBs are an example.
Parlour and Seppi (2008) addressed the economic and theoret-
ical aspects of LOB trading. Bouchaud et al. (2009) assessed
the current understanding of price formation in LOBs.
Chakraborti et al. (2011a, 2011b) examined the role of econo-
physics in understanding LOB behaviour. In the present survey,
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Almost all have "continuous-time double-auction limit order book"
no "batching" buys/sells 

symmetric
unfilled orders 
remain in book

discrete prices 
(minimum "tick")

discrete sizes 
(multiples of one unit)



Edmonton mini-course, July 2016

Alternative models
Specialist (former NYSE)

only one participant can post limit orders
Request for quote (RFQ)

send message to dealer indicating interest
Discrete time match (auction)

alleviate competition for speed
Time delay (IEX)

Complications
Complicated order types (stop, FOK, peg, etc) 
Restrictions on counterparty
Interacting order books (implied quotes)
Fragmented markets "phantom liquidity"
Closely coupled markets (futures/cash/swaps)
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Swaps arbitrage from clearing

29

bids

asks

2 different clearers



Edmonton mini-course, July 2016

Use market data to analyze order book

Quotes = changes in order book
"unaggregated":  each separate order
"aggregated": quantity and number at each price
"level 1": only inside quotes on each side
"level 2": full depth (quotes at each price)

Trades = transactions
triggered by marketable orders
usually at least  price, size, aggressor side 
may also include

condition codes
breakdown of order against multiple limit orders

30
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Market data

Market data differs from real state in two ways:
1. Decision by exchange what to release

Dark pool:  release nothing
NASDAQ ITCH:  release full set of orders
CME: size and number of orders at each level
BBO:  size and number of orders at top of book

2. Technological constraints (latency)
trades and quotes through different paths

31
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Exchange structure

32

Match engine
order book

order bookorder book

order book
order book

order book

Trader

Trader

Trader

Trader

Trader

Trader

Researchers 
and  

TradersMarket 
Data
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Data content

Trade connections

33

Orders, modifications, cancellations

Acknowledgments and fill reports
Trader

Match engine
order book

order bookorder book

order book

order book

order book

Match engine
order book

order bookorder book

order book

order book

order book

Market 
Data

Subset of full state:
• limited depth
• limited detail
• no client info
• possibly delayed
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Challenges in using market data

Understand what process is happening
matching algorithm
implied quoting
self-trade protections

Understand imperfections in data pipeline
where it is recorded
latencies and mis-sequencing
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ClientExchange

Data recording
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Match engine
order book

order bookorder book

order book
order book

order book

Gateway  
(data) Gateway

Trading 
System

Internal  
Processing

Regulators 
only

Data  
ProductsBBO

Depth

Logs

Internal

Gateway  
(orders) Gateway

Log
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Figure 3: Trading Accounts Trading Volume and Net Position Scaled by Market Trading
Volume
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This figure presents trader categories superimposed (as shaded areas) over all individual
trading accounts ranked by their trading volume and net position scaled by market trading
volume. The figures reflect trading activity in the June 2010 E-Mini S&P 500 futures
contract for May 3-6, 2010.
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ABSTRACT

This study o↵ers an empirical analysis of the events of May 6, 2010, that
became known as the Flash Crash. We show that High Frequency Traders (HFTs)
did not cause the Flash Crash, but contributed to it by demanding immediacy
ahead of other market participants. Immediacy absorption activity of HFTs results
in price adjustments that are costly to all slower traders, including the traditional
market makers. Even a small cost of maintaining continuous market presence
makes market makers adjust their inventory holdings to levels that can be too
low to o↵set temporary liquidity imbalances. A large enough sell order can lead
to a liquidity-based crash accompanied by high trading volume and large price
volatility – which is what occurred in the E-mini S&P 500 stock index futures
contract on May 6, 2010, and then quickly spread to other markets. Based on our
results, appropriate regulatory actions should aim to encourage HFTs to provide
immediacy, while discouraging them from demanding it, especially at times of
significant, but temporary liquidity imbalances. In fast automated markets, this
can be accomplished by a more diligent use of short-lived trading pauses that
temporarily halt the demand for immediacy, especially if significant order flow
imbalances are detected. These short pauses followed by coordinated re-opening
procedures would force market participants to coordinate their liquidity supply
responses in a pre-determined manner instead of seeking to demand immediacy
ahead of others.

⇤We thank participants at numerous seminars and conferences for very helpful comments and sug-
gestions. The views presented in this paper are our own and do not represent a position of any o�cial
agency, its management or sta↵.

& CFTC Chief Economist

March, June, September, and December of each year. The contract with the nearest
expiration date, which attracts the majority of trading activity, is called the “front-
month” contract. In May 2010, the front-month contract was the contract expiring in
June 2010. The notional value of one E-mini contract is $50 times the S&P 500 stock
index. During May 3-6, 2010, the S&P 500 index fluctuated slightly above 1,000 points,
making each E-mini contract be worth about $50,000. The minimum price increment,
or “tick” size, of the E-mini is 0.25 index points, or $12.50; a price move of one tick
represents a fluctuation of about 2.5 basis points.

The E-mini trades exclusively on the CME Globex trading platform, a fully electronic
limit order market. Trading takes place 24 hours a day with the exception of one 15-
minute technical maintenance break each day. The CME Globex matching algorithm
for the E-mini follows a “price priority-time priority” rule in that orders o↵ering more
favorable prices are executed ahead of orders with less favorable prices, and orders with
the same prices are executed in the order they were received and time-stampted by
Globex.

The market for the E-mini features both pre-trade and post-trade transparency. Pre-
trade transparency is provided by transmitting to the public the quantities and prices
for buy and sell orders resting in the central limit order book up or down 10 tick levels
from the last transaction price. Post-trade transparency is provided by transmitting to
the public the prices and quantities of executed transactions. The identities of individual
traders submitting, canceling or modifying bids and o↵ers, as well those whose bids and
o↵ers have been executed, are not made available to the public.

Hasbrouck (2003) shows that the E-mini has become “the” market were the value of
the S&P 500 stock index is first “discovered” because a great number of di↵erent types
of traders all channel their demands into a single central limit order book for a single,
front-month contract trading on a single CME Globex platform.

B. The Data

For the day of the Flash Crash and three days prior to that, May 3-6, 2010, we exam-
ine transaction-level, “audit-trail” data for all regular transactions in the front-month
June 2010 E-mini S&P 500 futures contract. These data come from the Trade Capture
Report (TCR) dataset, which the CME provides to the Commodity Futures Trading
Commission (CFTC) - the U.S. federal regulator of futures, options, and swaps markets.

For each of the four days, we examine all transactions occurring during the 405
minute period starting at the opening of the market for the underlying stocks at 8:30
am CT (CME Globex is in the Central Time zone) or 9:30 am ET and ending at the
time of the technical maintenance break at 3:15 pm CT, 15 minutes after the close of
trading in the underlying stocks.

For each transaction, we utilize fields with the account numbers for the buyer and
the seller, the price and quantity transacted, the date and time (to the nearest second), a
sequence ID number which sorts trades into chronological order even within one second,
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order type (market order or limit order), and an “aggressiveness” indicator stamped by
the CME Globex matching engine - “N” for the resting order and “Y” for the order that
executed against a resting order.

The source data is confidential. This means that the results we present often provide
a deliberately obscured illustration of what we have actually rigorously established and
validated. Moreover, even though we have checked and re-checked our results, they are
unlikely to be ever independently validated by other researchers. Even with these limi-
tations though, we still believe that we owe to the public to provide the most informative
analysis of the extraordinary stressful events that unfolded in the E-mini on May 6, 2010
and the lessons for market design that we can learn from these events.

Table I provides aggregate summary statistics for the June 2010 E-Mini S&P 500
futures contract during May 3-6, 2010. The first column reports average statistics for
the three days prior to the Flash Crash, May 3-5, 2010, and the second column reports
statistics for the day of the Flash Crash itself, May 6, 2010.

<Insert Table I>

Table I illustrates what an extraordinary day May, 6, 2010 was. On May 6, the log-
di↵erence between the high and low prices of the day - an estimate of intraday volatility
- clocks at 9.82% or nearly 6.4 times higher than the 1.54% average during the previous
three days. On May 6, 5,094,703 June E-mini contracts with a total value of more
than $250 billion were traded – approximately twice the average volume of 2,397,639
contracts on the previous three days. On May 6, 15,422 accounts executed 1,030,204
trades. During the previous three days, 11,875 trading accounts executed on average
446,340 trades.

C. The Traders

The 15,422 trading accounts that traded during May 6, 2010 have drastically di↵erent
holding horizons and levels of trading activity. Some traders hold positions overnight,
while others take intra-day positions that may last hours, minutes, or seconds. Some
traders trade thousands of contracts every day, while other traders trade just a handful
of contracts once. To describe interactions among traders with di↵erent holding periods
and di↵erent levels of trading activity, we group the the trading accounts that traded on
May 6, 2010, into six distinct categories: High Frequency Traders (16 accounts), Market
Makers (179 accounts), Fundamental Buyers (1263 accounts), Fundamental Sellers (1276
accounts), Opportunistic Traders (5808 accounts), and Small Traders (6880 accounts).

Our definition of both High Frequency Traders and Market Makers is designed to
capture traders who consistently follow a strategy of buying and selling a large number of
contracts while maintaining low levels of inventory. Specifically, an account is classified
as a High Frequency Trader or Market Maker if and only if it satisfies the following three
requirements:

8
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Full market data

Inside quotes + trades

Trades only
http://www.cmegroup.com/market-data/datamine-historical-data.html
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BBO data (research product) QB data (trading feed)
q)h"select from trade where 
date=2015.08.07,sym=`NQU5,time=10:00:05" 
date       sym  time     seq     inst expir   prc     siz cond 
-------------------------------------------------------------- 
2015.08.07 NQU5 10:00:05 1090101 NQ   2015.09 4502    1        
2015.08.07 NQU5 10:00:05 1090102 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090103 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090116 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090157 NQ   2015.09 4502    1        
2015.08.07 NQU5 10:00:05 1090180 NQ   2015.09 4501.5  1        
2015.08.07 NQU5 10:00:05 1090181 NQ   2015.09 4501.5  1        
2015.08.07 NQU5 10:00:05 1090208 NQ   2015.09 4501.5  1        
2015.08.07 NQU5 10:00:05 1090259 NQ   2015.09 4501.5  1        
2015.08.07 NQU5 10:00:05 1090262 NQ   2015.09 4501.5  1        
2015.08.07 NQU5 10:00:05 1090265 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090268 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090269 NQ   2015.09 4501.75 3        
2015.08.07 NQU5 10:00:05 1090280 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090281 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090282 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090283 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090308 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090313 NQ   2015.09 4502    1        
2015.08.07 NQU5 10:00:05 1090314 NQ   2015.09 4502    1        
2015.08.07 NQU5 10:00:05 1090315 NQ   2015.09 4502    1        
2015.08.07 NQU5 10:00:05 1090316 NQ   2015.09 4501.75 2        
2015.08.07 NQU5 10:00:05 1090317 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090318 NQ   2015.09 4501.75 1        
2015.08.07 NQU5 10:00:05 1090335 NQ   2015.09 4501.75 4        
2015.08.07 NQU5 10:00:05 1090336 NQ   2015.09 4501.75 3        
  

q)h"`rseq xasc select rseq,tptime,prc,siz,aggress,cond,mtch from 
trade where date=2015.08.07,sym=`NQU5,tptime within 
(2015.08.07T15:00:05;2015.08.07T15:00:06)" 
rseq     tptime                  prc    siz aggress cond mtch 
------------------------------------------------------------- 
12445389 2015.08.07T15:00:05.017 450200 1   S            +    
12445392 2015.08.07T15:00:05.017 450175 1   S            +    
12445393 2015.08.07T15:00:05.017 450175 1   S                 
12445418 2015.08.07T15:00:05.019 450200 1   B            +    
12445424 2015.08.07T15:00:05.020 450200 1   B            +    
12445425 2015.08.07T15:00:05.020 450200 1   B                 
12445426 2015.08.07T15:00:05.020 450200 1   B                 
12445429 2015.08.07T15:00:05.025 450175 1   S            +    
12445430 2015.08.07T15:00:05.025 450175 1   S                 
12445431 2015.08.07T15:00:05.025 450175 1   S                 
12445432 2015.08.07T15:00:05.025 450175 1   S                 
12445433 2015.08.07T15:00:05.025 450175 4   S                 
12445434 2015.08.07T15:00:05.025 450175 3   S                 
12445435 2015.08.07T15:00:05.025 450175 2   S                 
12445436 2015.08.07T15:00:05.025 450175 1   S                 
12445437 2015.08.07T15:00:05.025 450175 1   S                 
12445472 2015.08.07T15:00:05.027 450175 1   S            +    
12445499 2015.08.07T15:00:05.030 450175 1   B            +    
12445502 2015.08.07T15:00:05.030 450175 1   B            +    
12445503 2015.08.07T15:00:05.030 450175 3   B                 
12445516 2015.08.07T15:00:05.033 450175 1   B            +    
12445569 2015.08.07T15:00:05.171 450150 1   S            +    
12445570 2015.08.07T15:00:05.171 450150 1   S                 
12445572 2015.08.07T15:00:05.171 450150 1   S            +    
12445596 2015.08.07T15:00:05.307 450150 1   S            +    
12445597 2015.08.07T15:00:05.307 450150 1   S                 

q)h"select sum siz by prc from trade where 
date=2015.08.07,sym=`NQU5,tptime within 
(2015.08.07T15:00:05;2015.08.07T15:00:06)" 
prc   | siz 
------| --- 
450150| 5   
450175| 24  
450200| 5   

Sep 2015 NASDAQ 100 futures:  
10:00:05 to 10:00:06 CDT, Aug 7 2015

Sequence numbers
(sequences are different!)

q)h"select sum siz by prc from 
trade where date=2015.08.07, 
sym=`NQU5,time=10:00:05" 
prc    | siz 
-------| --- 
4501.5 | 5   
4501.75| 24  
4502   | 5 

multiple  
fills from  

one 
aggressor



Edmonton mini-course, July 2016

What is "a trade"

40

Resting limit  
buy orders at 

best bid, in  
time order

Marketable 
sell order

Trades resulting from 
single aggressive order

Need to be able to identify, in market data,
trades resulting from single incoming order 

Important for trade size modeling, and "transaction time"
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Intraday trading patterns in the E-mini S&P 500 futures contract
between January 2008 and November 2011 are consistent with the
following invariance relationship: The return variation per transac-
tion is log-linearly related to trade size, with a slope coe�cient equal
to �2. This association applies both across the pronounced intraday
diurnal pattern and across days in the time series. The documented
factor of proportionality deviates sharply from prior hypotheses re-
lating volatility to transactions count or trading volume. Intraday
trading invariance is motivated a priori by the intuition that market
microstructure invariance, introduced by Kyle and Obizhaeva (2013)
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I. Introduction

An extensive literature has documented systematic intraday variation in market ac-
tivity variables such as trading volume, number of transactions, and return volatil-
ity. Moreover, this variation is interdependent, e.g., an unusually large trading
volume is almost invariably associated with high return volatility. Further, at
least qualitatively, such relationships are common across time, asset classes, and
market structures. Thus, it is natural to view this type of covariation as a universal
property that arises endogenously from the interaction of trading strategies, the
daily rhythm of news releases, and business activity. Nonetheless, little is known
about any specific association between this set of activity variables at the intraday
level. In this paper, we examine whether the number of trades, the size of indi-
vidual trades, and return volatility have a precise quantitative relationship which
remains invariant both within and across trading days. In particular, we explore
whether these intraday interactions are consistent with predictions that arise from
the invariance principle developed in Kyle and Obizhaeva (2013b).
Unfortunately, accurate identification of the number and size of trades by active

investors is di�cult given the tick record available from most exchanges. First,
in electronic order book markets, it is typical to record large trades, which cross
several standing limit orders, as separate trades. That is, a marketable order
for, say, 12 units may be executed against four di↵erent limit orders on the book
with sizes of 2, 1, 5, and 4 units, respectively. This will appear as four separate
trades at the identical price, reflecting the execution of four (passive) limit orders,
rather than as a single trade corresponding to one large active order. However,
in our motivating framework, the endogenous choice of transaction intensity and
size by active investors is critical, so this recording of trades is incompatible with
the underlying theory. Second, many markets are fragmented, with trading taking
place simultaneously at several distinct venues. This raises further questions about
proper sequencing and integration of the trading activities across market segments.
These complications compel us to focus our empirical study on a single mar-

ket, namely the S&P 500 E-mini futures contract traded on the Globex electronic
platform of the CME Group. This market has a number of advantages for our pur-
poses. One, it is an important and extremely liquid market. It is regarded as the
prime venue for price discovery in the U.S. equity markets, and the daily turnover
is among the top two globally for exchange-traded assets. Two, it is a fully in-
tegrated market, as the E-mini contract trades only through the Globex system.
This greatly simplifies identifying the active trades and sequencing them in correct

consultant for various U.S. government agencies, including the SEC and CFTC. We appreciate
comments from participants at the Workshop on Recent Advances in High-Frequency Statistics
at Humboldt University, Berlin, the Market Microstructure from Many Perspectives Conference
in Paris, the High-Frequency Financial Data Conference in Montréal, the 7th R/Finance Confer-
ence in University of Illinois, Chicago, the European Summer Symposium in Financial Markets
in Gerzensee, Switzerland, the 8th Annual Conference Society for Financial Econometrics in
Aarhus, Denmark, and the 11th World Congress of Econometric Society in Montréal.

14

Unfortunately, this direct approach is problematic due to strong multicollinearity
in the (relative) intraday variation of the series displayed in Figure 1. In fact, the
pairwise correlations are exceedingly high at 0.985 for n and s, 0.975 for n and
q, and 0.936 for s and q. Thus, to obtain a reliable specification with power to
discriminate among the hypotheses, we impose a common theoretical restriction
across all theories, namely that innovations to the log variance, s, and log transac-
tion count, n, vary one-for-one, i.e., their coe�cient of proportionality is unity. We
then obtain nested specifications for the alternative theories by placing the return
volatility per transaction on the left-side of the regression. It is readily verified
that all three hypotheses may be expressed as follows,

(21) s̃t � ñt = c + � · q̃t + �s
t .

MDH-V implies � = 1, MDH-N stipulates � = 0, and our intraday trading invari-
ance hypothesis asserts � = �2.
It is straightforward to estimate and conduct inference on the validity of di↵erent

hypotheses within this regression setting, and we do so in Section IV.

III. The E-mini S&P 500 Futures Data

We exploit the best bid and o↵er (BBO) files for the E-mini S&P 500 futures
contract from CME DataMine. These “top-of-the-book” files provide tick-by-tick
information regarding the best quotes, order book depth, trade prices, and trade
sizes, time-stamped to the second. Since the contract is traded exclusively on the
CME Globex electronic platform, our data contain all transactions executed during
our sample, covering nearly four years from January 4, 2008, to November 4, 2011.
The procedure behind the recording of trades and trade sizes is critical for our

empirical tests. When an executable order arrives, it is often matched with more
than one limit order resting at the top of the book at the time of execution. Dur-
ing our sample period, the exchange reported all contracts traded at the identical
price against an incoming order as a single combined transaction quantity. Thus,
the trade size is reported from the perspective of the active party placing the exe-
cutable order. This convention is consistent with the notion of trade size associated
with the intraday trading invariance principle.9 Since most markets do not record
transactions in this manner, it will typically be impossible to test for invariance
relationships at the high-frequency level, as we do here, unless one somehow can
obtain good estimates for the size of the active orders initiating the recorded trades.
The notional value of the E-mini S&P 500 futures contract is 50 times the value

of the S&P 500 stock index, denominated in index points. The contract has a tick

9Changing the method of recording transactions complicates testing for intraday trading
invariance. For example, if the exchange instead counts each limit order involved in trading as
a distinct trade, the transaction count will reflect the limit order flow from the supply side that
is intermediating trades. This would inflate the number of (active) transactions and shrink the
trade size relative to the procedure used by the CME Group.
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Example of understanding market:
match trades and quotes

Hypothesis:  all trades at bid or ask
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Friday, July 1, 2016
tq| n     v      
--| ------------ 
-2| 331   13600  
-1| 84696 825738 
1 | 77385 777455 
2 | 639   30223  

tq| n    v     
--| ---------- 
-2| 105  1134  
-1| 7629 13587 
0 | 1491 2204  
1 | 7375 14037 
2 | 94   623   

tq| n   v    
--| -------- 
-2| 2   24   
-1| 339 699  
0 | 392 1165 
1 | 467 743  
2 | 3   81   

Front-month
SP500 futures

Front-month
Crude Oil futures

Dec 2017
Crude Oil futures

prc<bid
prc=bid

prc=ask
prc>ask

bid<prc<ask

prc<bid
prc=bid
prc=ask
prc>ask

prc<bid
prc=bid

prc=ask
prc>ask

bid<prc<ask

Why so many trades 
within spread?
Implied quotes
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Conclusions of lecture 1

Market microstructure is important
to society
scientifically

Applied and empirical subject
need to understand how markets work

Data should be treated very skeptically
Are trades within bid and ask? Or why not?
How is data produced? What latencies?
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