Ms. Melissa D. Jurgens

Secretary of the Commission
Commodity Futures Trading Commission
Three Lafayette Centre

1155 21st Street NW

Washington DC 20581

Re: CFTC Concept Release — Risk Controls and System Safeguards for Automated Trading Environments
RIN 3038-AD52

Dear Ms. Jurgens,

We are pleased to provide a supplement to our December 11 comment on the CFTC’s concept release
for Risk Controls and System Safeguards for Automated Trading Environments. We are market design
researchers with academic and practical experience in a wide variety of market design contexts.

Our earlier comment explained why the ongoing arms race amongst HFT firms — in which large sums of
money are devoted to seemingly trivial speed improvements (sometimes measured in millionths of
seconds) — is a symptom of a basic flaw in modern financial market design: continuous-time trading.
While algorithmic trading, and information technology more broadly, have played an important role in
improving our markets, the speed race is both harmful and never-ending. As we testified at the CFTC
TAC on February 10" “Continuous time trading is a fiction, and it’s a costly fiction. It induces an arms
race that harms liquidity, is socially wasteful, and will never end as long as we have continuous trading.”
The introduction of laser technology to reduce latencies between neighboring exchanges in New Jersey
is the latest example (“High Speed Stock Traders Turn to Laser Beams,” Wall Street Journal, February 12,
2014).

We propose a minimal departure from the current market structure that directly addresses the core
problem: moving from continuous-time to discrete-time trading, which we call frequent batching.
Orders still arrive continuously, but time is discrete at a frequency of e.g. 1 second or 100ms. Orders
arriving in the same batch interval are treated as arriving at the same (discrete) time. This stops the
arms race, transforming competition on speed into competition on price. When many algorithmic
trading firms observe new public information at roughly the same time, they compete on price rather
than on who can respond the fastest. The incentive to be faster becomes an incentive to be smarter. In
this way, discrete-time trading preserves the useful function of HFT, while reducing the rent-seeking
function.

The change to discrete time maintains important elements of the current market. For example, pre-
trade transparency includes the trades and order book at time t. In one sense, pre-trade transparency is
improved with discrete time. The trades and order book at time t are known by all before orders for
time t+1 are finalized. In the continuous market, information about the state of the market is muddied
by latencies. Time priority is maintained across batch intervals. An order entered at time t-1 has priority
over same-priced orders entered at time t. This encourages liquidity providers to let orders rest in the



book without creating an obligation to do so. But time priority does not create a race, since all orders
entered at the same discrete time t have the same time priority.

Discrete-time trading also has many computational and stability benefits. Whereas continuous-time
trading implicitly assumes that computers and communications technology are infinitely fast, discrete
time respects the limits of computers and communications. This simplifies the market for several
important constituencies. Exchanges have a discrete block of time to compute and report the auction
outcome, which prevents order backlog and incorrect time stamps. Trading algorithms have a discrete
time period to process current trades and order books before deciding on future orders. There is no
incentive to trade off code robustness for speed. Regulators have a far simpler audit trail — the state of
the market at time t, t+1, etc. Finally, improved market depth with discrete time suggests that the
market is apt to be less vulnerable to mini flash crashes.

The attached paper, “Implementation Details for Frequent Batch Auctions: Slowing Down Markets to
the Blink of an Eye,” clarifies a number of implementation details of our proposal. This paper is a
supplement to our main paper which we submitted in our original comment; the main paper is available
online at: http://faculty.chicagobooth.edu/eric.budish/research/HFT-FrequentBatchAuctions.pdf.

We encourage the CFTC to carefully examine the benefits of discrete-time trading.

Sincerely yours,

Eric Budish, University of Chicago
Peter Cramton, University of Maryland
John Shim, University of Chicago

Attachment: Eric Budish, Peter Cramton, and John Shim, “Implementation Details for Frequent Batch

Auctions: Slowing Down Markets to the Blink of an Eye” American Economic Review P&P, 104:3,
forthcoming, May 2014.
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Implementation Details for Frequent Batch Auctions:
Slowing Down Markets to the Blink of an Eye

By Eric Budish, Peter Cramton and John Shim?

Abstract. Our recent research (Budish, Cramton and Shim, 2013) proposes frequent batch
auctions — uniform-price sealed-bid double auctions conducted at frequent but discrete time
intervals — as a market design alternative to continuous-time trading in financial markets. This
short paper discusses the implementation details of frequent batch auctions. We outline the
process flow for frequent batch auctions, discuss a modification to the market design that
accommodates market fragmentation and Reg NMS, and discuss the engineering and economic
considerations relevant for determining the batch interval. Open questions are discussed

throughout.
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Financial exchanges around the world predominantly use a market design called the
continuous limit order book (“CLOB”). Our recent research (Budish, Cramton and Shim 2013,
“BCS”) argues that this design is flawed. In a continuous-time market, every time any one
security’s price changes in a manner that has implications for other securities’ prices — e.g., the
price of the S&P 500 futures contract changes, which has implications for the price of the S&P
500 ETF; or the price of Facebook stock changes, which has implications for the price of Twitter
stock — there is a race to react. On one side of the race are high-frequency trading firms looking
to “snipe” stale quotes before they are adjusted. On the other side of the race are liquidity
providers — typically, other HFT firms — looking to adjust their outstanding quotes to reflect the
news before they are sniped. Since the CLOB processes traders’ messages in serial — that is, one-
at-a-time in order of arrival — liquidity-providing HFTs usually lose this race. Their one request
to adjust their stale quotes would have to reach the exchange before all of the requests to pick off
their stale quotes. The race thus creates an unnecessary, purely technical cost of liquidity
provision — incremental to fundamental costs such as information asymmetries, inventory costs,
etc. — which ultimately is passed on to investors in the form of wider spreads and thinner
markets. The time-scale at which the race occurs has changed over time — in 2005, it was
measured at the scale of 0.01 seconds; by 2008, 0.001 seconds; presently, 0.0001 seconds — but,
under the CLOB market design, there always has been and always will be a race. A socially-
wasteful and liquidity-reducing speed race is an equilibrium feature of the market design.

As an alternative, BCS proposes frequent batch auctions — uniform-price sealed-bid double
auctions conducted at frequent but discrete time intervals. BCS show that frequent batching
eliminates the speed race — and the associated harm to liquidity and social welfare — for two

reasons. First, modifying the market design from continuous-time to discrete-time substantially



reduces the value of tiny speed advantages (e.g., .0001 seconds). In a continuous time market, a
tiny speed advantage is enough to always win the race; in a discrete time market — even one as
fast as the blink of an eye (roughly 0.5 seconds) — tiny speed advantages are orders of magnitude
less valuable. Second, modifying the market design from a serial process to a batch process
transforms the nature of competition — from competition on speed to competition on price.
Rather than competing to be the first message processed, traders compete to be the most
attractive quote. BCS show that these two benefits of frequent batching translate to greater
liquidity for investors and greater social welfare.

The purpose of the present paper is to describe the practical implementation details of
frequent batch auctions in more detail than was possible in BCS. We see this exercise as in the
spirit of Roth (2002)’s “economist as engineer” — taking theoretical ideas and translating them
for use in the real world by paying close attention to the relevant institutional and computational
details. We note open questions throughout.

I. Frequent Batch Auctions: Process Flow

Figure 1 depicts the process flow for frequent batch auctions. There are three components:
order submission, auction, and reporting. We describe the design details for each component in
turn. This section focuses on a non-fragmented market; we discuss how to augment frequent
batch auctions to accommodate fragmented markets (e.g., US equities markets) below.

Throughout, design details are chosen to minimize the departure from current practice,
subject to realizing the benefits of frequent batching. This is both to reduce transition costs and
to limit the scope for unintended consequences.

A. Order Submission

Orders in a batch auction consist of a direction (buy or sell), a price, and a quantity, just like



limit orders in a CLOB. During the order submission stage, orders can be freely submitted,
modified or withdrawn. If an order is not executed in the batch auction at time t, it automatically
carries over for the next auction at time t+1, t+2, etc., until it is either executed or withdrawn.

Orders are not displayed during the order submission stage.? This is important to prevent
gaming, and is why we describe the auction as “sealed bid”. Orders are instead displayed in
aggregate at the reporting stage, as described below.

An important open question is the optimal tick size in a batch auction. The simplest policy
would be to mimic the tick size under the current CLOB, which in the US is $0.01 by regulation
($0.0001 for stocks less than $1 per share). However, we note that one of the arguments against
finer tick sizes — the explosion in message traffic that arises from traders outbidding each other
by economically negligible amounts — is moot here, because orders are opaque during the batch
interval. We also note that the coarser is the tick size, the more important a role rationing will
play. For these reasons, we conjecture that the optimal tick size in a frequent batch auction is at
least as fine as in the continuous market.

B. Auction

At the conclusion of the order submission stage, the exchange batches all of the outstanding
orders, and computes the aggregate demand and supply functions from orders to buy and sell,
respectively. There are two cases: supply and demand cross, or they do not. See Figure 2.

Case 1: If supply and demand do not cross — the highest bid is lower than the lowest ask —

then there is no trade. All orders remain outstanding for the next batch auction. We expect this

% This is a common misconception about frequent batch auctions. For instance, the CME’s objection to
frequent batch auctions in its December 2013 comment letter to the CFTC focused extensively on the gaming issues
that would arise if bids in a batch auction were displayed before the auction is conducted. We agree that this form of
batch auction would be a bad idea.



case to be quite common, especially for securities that are thinly traded.® The supply and demand
curves in this case represent liquidity that is being offered to the market by trading firms — this is
exactly analogous to how the limit order book in the continuous market represents liquidity
provision by trading firms.*

Case 2: supply and demand cross. Typically, if supply and demand cross they do so
horizontally. Let p* denote the unique price and let g* denote the maximum quantity. In this
case, all orders to buy with a price greater than p* and all orders to sell with a price less than
p* transact their full quantity at p*. For orders with a price of exactly p* it will be possible to fill
one side of the market in full whereas the other side will have to be rationed. We suggest the
following rationing rule: pro-rata with time priority across batch intervals but not within batch
intervals. That is, orders from earlier batch intervals are filled first, and in the single batch
interval in which it is necessary to ration, this rationing is pro-rata treating all orders submitted
within that interval equally. This policy encourages the provision of long-standing limit orders,
as in the CLOB, but without inducing a race to be first within a batch interval.

There is also a knife-edge case in which supply and demand intersect vertically instead of
horizontally. In this case, quantity is uniquely pinned down, and the price is set to the midpoint
of the interval. There is no need for rationing in this case.

C. Reporting

® Over a handful of randomly selected days in 2011, we found that SPY had no trading activity in 14% of 1-
second intervals, JPM had no trading activity in 38% of seconds, and GOOG in 73% of seconds.

* An apparent dissimilarity is that the supply and demand curves in the frequent batch auction represent the
liquidity that was offered in the last batch auction, not necessarily in the current batch auction, whereas in a CLOB
the current state of the limit order book represents liquidity that is being offered “right now”. However, this is not
correct. Since there is latency in any continuous-time market, the best a trader can do in a CLOB is see the limit
order book as it was a short time ago (e.g., 1ms ago) and can act on this limit order book a short time later (e.g., 1ms
later). Thus, just as in a frequent batch auction, liquidity perceived at the time of a decision to trade may or may not
be there when one’s trade request is actually processed. An entire new exchange, IEX, has been introduced to deal
with problems that arise due to the difference between the limit order book as perceived by a trader and the limit
order book as it actually is when the trader’s order reaches the market.
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When the auction stage is completed, the following information is announced publicly:

e Price: either the market clearing price, p*, or the outcome “no trade”

e Quantity: the quantity filled, g*

e The aggregate demand and supply curves

Additionally, the submitter of each individual order receives a private message reporting the
outcome for that particular order. All else equal, we suggest that individual orders not be made
public as this would add little to price discovery and strengthen incentives to hide or split orders.

We emphasize that the information policy we propose for frequent batch auctions is
analogous to current information policy under the CLOB. In particular, in both the CLOB and
the frequent batch auction, the following three things happen in sequence for each order: (i) the
order is submitted to the exchange; (ii) the order is processed by the exchange; (iii) the relevant
information is announced publicly. The key difference is that in the batch auction there is a small
period of time that elapses between (i) and (ii), i.e., between when the order is submitted and
when it is processed at the end of the batch interval.

I1. A Modification to Account for Market Fragmentation and Reg NMS®
US equities markets are highly fragmented, meaning that the exact same security can be

bought and sold on many different exchanges rather than on just a single listing exchange. In this
section we discuss a modification to the auction stage of frequent batch auctions that could allow
frequent batch auctions to operate in the context of a fragmented market in a manner that is both
economically appealing and consistent with the spirit of the relevant regulation.® Roughly, the

modification is to incorporate liquidity from the continuous market into the batch auction when

> We are extremely grateful to numerous industry participants and the fellows of the Program in the Law and
Economics of Capital Markets at Columbia Law School for detailed discussions on the topics covered in this
section. Any errors in interpretation of the relevant regulation are our own.

® We believe that the modification also is consistent with the letter of the relevant regulation, but this is a
matter for regulatory clarification.



advantageous to do so.

Regulation National Market System (Reg NMS), passed in 2005 and implemented in
2007, governs the interaction of exchanges in the fragmented market. Conceptually, it is useful
to think of Reg NMS as attempting to synthesize a national CLOB market from multiple
individual CLOB markets running in parallel. It does so with two key provisions. The Access
Rule (Rule 610) requires displayed quotes from each exchange to be immediately accessible by
other exchanges and prevents the national limit order book from being crossed. The Order
Protection Rule (Rule 611) prevents an exchange from executing a trade at a price that is inferior
to the top-of-book quote on any other exchange (and in particular from executing trades at a
price that is inferior to the National Best Bid and Offer (NBBO)), without first attempting to
execute on all other exchanges) with a superior top-of-book quote. Otherwise, the exchange is
said to be “trading through™ a “protected quote”, which is prohibited.

These provisions of Reg NMS raise two potential regulatory issues for frequent batch
auctions. First, what happens if a participant in the batch auction submits a bid or ask outside the
current NBBO - is there an obligation to prevent a nationally crossed book? Second, what
happens if supply and demand in the batch auction cross at a price outside the NBBO — would
executing trade at this price violate the prohibition against trade through?

The first concern — crossed books — is most likely a legal non-issue for a technical reason:
the prohibition is against “displaying quotations that lock or cross any protected quotation in an
NMS stock” (Reg NMS, Rule 610(d)(i), emphasis added). Since orders in a batch auction are
kept sealed until the auction is conducted, there is no violation. We also note that this
interpretation seems consistent with the economic spirit of the rule as well as current practice by

exchanges (e.g., the use of non-displayed quotes to prevent a nationally crossed book).



The second concern — trade through — necessitates a modification to the auction stage of
frequent batch auctions. Suppose that the NBBO at the end of the batch interval is bid $9.99 and
ask $10.01. If the batch auction clears at a price inside the NBBO (e.g., $10.00) or at the NBBO
(e.g., $10.01) then there is no trade through. Participants in the batch auction market are getting a
price that is either strictly or weakly more attractive than the best price they could obtain on the
continuous market. Suppose, however, that supply and demand in the batch auction cross at a
price outside the NBBO, e.g., $10.03. Executing trades at $10.03 while there are asks available at
other exchanges for $10.01 would violate both the letter and spirit of the trade-through rule. As a
remedy, we modify the auction stage by incorporating liquidity from continuous markets into the
supply and demand curves in the batch auction when advantageous to do so. Specifically, in this
example, we would augment the supply curve in the batch auction by including asks at the
NBBO of $10.01 (all of which are protected under Reg NMS), as well as asks at $10.02 and
$10.03 (which may or may not be protected under Reg NMS) in the batch auction supply curve.

More precisely, let t denote the end of the order submission stage, let S?#¢<" and Dpatch
denote the supply and demand (step) functions from the orders submitted to the batch auction,
and let S£'°? and Df'P denote the supply and demand (step) functions formed by aggregating all
asks and bids, respectively, from the member exchange CLOB markets given the state of their
limit-order books at time t. Assume that the batch auction exchange can execute perfectly in the
CLOB markets in the sense that it can sweep in whatever of S£°? or DF¥? is desired into the
batch auction (we will discuss what happens under imperfect execution below). Let B, and A,
denote the national best bid and ask at time t. Given generic supply and demand curves S and D,
let the function p(S, D) return the market-clearing price and q(S, D) the market-clearing

quantity. Our proposed modification to the auction stage is as follows:



1.

3.

If the market clearing price of the batch supply and demand curves is within the NBBO (i.e.,

p(Sbateh, ppateh) e [B,, A,]) then proceed as in Section I.

If the market clearing price of the batch supply and demand curves is greater than the

national best ask (i.e., p(S2<", DP4<) > 4,), then:

a.

b.

Augment the supply curve: SP&c = ghatch 4 gclob
Compute the market-clearing price and quantity given batch demand and augmented
supply: p* = p(S¢*¢, DP*") and q" = q(S¢*¢, DF**™)
Compute the set of inter-market sweep orders to send to the CLOB exchanges to sweep in
needed supply. Specifically, form S;"**? < S£*°P consisting of all supply from the CLOB
exchanges with ask price strictly lower than p* and the minimum necessary supply from
CLOB exchanges with ask price equal to p* such that q(SPt<h 4 §7*°P, pbatch) = g~
Send inter-market sweep orders corresponding to S;*“? to the CLOB markets.
Execute all batch orders with bid strictly greater than p* and ask strictly lower than p* at
price p*. For batch orders with bid or ask equal to p*, it may be necessary to ration one
side of the market as in Section I.

sweep

Any difference between p* and the prices paid in the sweep of S, generates a

surplus. Distribute this on a per-share basis to all filled batch orders.

If the market clearing price of the batch supply and demand curves is less than the national

best bid (i.e., p(SP*<", DP#*") < B,), then proceed analogously to Step 2.

We make several clarifying remarks concerning this procedure.

First, we emphasize that this procedure is only necessary for the case where the clearing

price for batch orders alone is outside the NBBO. We expect this case to be relatively rare.

Second, we believe that this procedure complies with the trade-through requirement of Reg
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NMS because, if the price in the augmented auction is p*, Step 2(c) ensures that all CLOB orders
with price strictly less than p* are swept into the batch auction.

Third, Step 2(c) assumes that the batch exchange has perfect execution in the CLOB
exchanges. In practice, small latencies could cause the batch exchange to sweep in less than
S;"¢P_ There are two choices for how to deal with the possibility of imperfect execution. The
first is to ration batch orders in Step 2(d) as needed to deal with the shortfall, keeping the price at
p*. The second, letting $;"““" denote the supply successfully swept in Step 2(c), is to re-
compute the clearing price and quantity as p* = p(SP*" + §;"*°P, Dp*") and q* =
q(Shateh + §7WeeP phatchy “and proceed accordingly. The second alternative is more
economically appealing, because it generates larger gains from trade, but the second alternative
may not comply with Reg NMS if the re-computed price p* causes trade through of a protected
quote. The first alternative complies with Reg NMS but at the cost of some gains from trade.

Fourth, we emphasize that the sweep of orders from the CLOB market may generate surplus
for the batch exchange, because the batch exchange pays the ask price for the orders in S;**?,
not p*. This surplus can be rebated to participants in the batch auction.

Last, we note that an important open question for future research is the nature of equilibrium
if investors, market makers, and exchanges each are endogenously choosing between continuous
and batch markets.

I11. Considerations for Determining the Duration of the Batch Interval

The theoretical analysis in BCS suggests that the batch interval should be long relative to the
following two quantities:

I.  The average difference in reaction time to a commonly-observed piece of news between

trading firms at the cutting edge of speed technology and trading firms not at the cutting



edge (e.g., this year’s cutting edge versus last year’s cutting edge)

ii.  The maximum difference in reaction time to a commonly-observed piece of news among
trading firms at the cutting edge of speed technology (i.e., how large is the stochastic
component of speed among trading firms at the cutting edge)

Our understanding from conversations with industry participants is that, as of the present
writing, (i) is less than 0.001 seconds and (ii) is less than 0.0001 seconds. BCS show that the
batch interval should be chosen so that the ratios of (i) and (ii) to the batch interval are small.’

In addition to these items highlighted by the theoretical analysis in BCS, there are several
additional practical considerations that are important for determining the batch interval:

iii.  The auction stage of the batch interval should be long enough to allow the exchange to
compute the auction outcome even in worst-case scenarios for message traffic

iv.  The auction stage of the batch interval should be long enough to allow the batch auction
exchange to sweep orders from CLOB exchanges as described in Section Il

v.  The reporting stage of the batch interval should be long enough to allow for information to
travel round-trip from the batch exchange to other exchanges trading related securities

vi.  The batch interval should be long enough so that trading algorithms have adequate time
between receipt of time t auction outcomes and the close of the time t+1 auction to make
time t+1 order submission decisions

To assess item (iii), we ran computational simulations of frequent batch auctions based on
the rate of message traffic during the flash crash (a reasonable worst case). Even with a very

simple technology setup (C++ on an ordinary laptop) we were always able to compute the

" More precisely, item (i) corresponds to & in the BCS model, while item (ii) corresponds to € in an extension
of the BCS model described in footnote 40 of BCS. BCS show that the batch interval, 7, should be chosen so that the

.6
ratios - and g are small.
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auction outcomes in under 0.010 seconds.

Regarding item (iv), the time required to sweep orders from other exchanges is small
because all member exchanges’ servers are located in a small geographical area in New Jersey.
Our discussions with industry participants suggest that this latency is about 0.0005 seconds
round-trip for the four most important exchanges (NYSE, NASDAQ, BATS, Direct Edge).

Regarding item (v), a rough upper bound on the round-trip information travel time between
any two exchanges is the amount of time it takes information to travel around the world, which,
at the speed-of-light, is 0.135 seconds.® If the batch interval is long relative to 0.135 seconds,
batch auctions could be synchronized at various locations around the world so as to satisfy the
following attractive property: traders in any one location (e.g., Chicago) wishing to participate in
the time t auction in any other location (e.g., London) have information about the time t-1
auction outcomes from all locations (e.g., Chicago, New York, London, Tokyo), and have
information about the time t auction outcomes from no locations.

Regarding item (vi), our point is simply that, once we subtract from the batch interval the
time it takes to run the auction and the time it takes for information to travel, there should be
some time left over for algorithms to process information and make trading decisions. We do not
have a precise view on how long this additional time should be. The simplest trading algorithms
need comfortably less than 0.001 seconds to make decisions, whereas there are of course more
complicated trading algorithms that need amounts of time that are orders of magnitude larger.

Taking factors (i)-(vi) into consideration, an interval of 0.5 seconds seems more than
sufficient to realize the benefits of frequent batching over continuous trading — roughly the time

it takes to blink an eye.

8 We abstract from the potential for latency arbitrage between planets, or galaxies (cf. Krugman, 1978).
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Figure 1. Process Flow for Frequent Batch Auctions
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