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Introduction

This lecture’s topic: automated market makers

▶ Intermediation in traditional (financial) markets

▶ Automated market makers: mechanics, “impermanent loss”

▶ History, state of the market, and future directions

▶ Regulation
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The Bazaar

▶ Suppose you want to sell a durable good like a:
▶ Car
▶ Clothes
▶ Stock, bond
▶ House

▶ In classical economic theory, trade happens when there is
mutual coincidence of wants

▶ You have a car and want money, I have money and want a
car, we meet and we trade

▶ How well does this work IRL?
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Intermediation

▶ Problem: buyers and sellers of things rarely in the same place
at the same time!

▶ Solution is intermediation: professional intermediaries buy
from sellers, hold, and then sell to buyers
▶ Cars? Dealerships!
▶ Clothes? Thrift stores!
▶ Stocks/bonds? Big banks, hedge funds. . .
▶ Houses? Flippers...?

▶ Intermediaries provide immediacy, at a price
▶ An asset is liquid if it can be sold quickly, and at a good price

▶ Intermediaries are in the business of providing time liquidity, at
the cost of dollar liquidity

▶ While ignored in classic theory, most durable goods markets
are intermediated!
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What is the cost of intermediation?

▶ Suppose you deal used cars. What are your costs and risks?

▶ Capital/inventory costs: rent for parking lot, maintainence,
opportunity cost of $$ to purchase cars

▶ Price risk: used car prices could fluctuate

▶ In competitive equilibrium, car dealers will charge “bid-ask
spreads” to cover their costs and risks

▶ What kinds of cars should have high “bid-ask spreads”?

▶ When should you set high vs low prices for a used Toyota?
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Intermediation in financial markets

▶ “Complex” financial assets for institutions generally traded
“over-the-counter” with intermediators
▶ Bonds, derivatives, swaps, repo. . .

▶ Stocks trade on “limit order books”, so look like they’re
traded in a “bazaar”

▶ However, generally, the best bids/asks come from professional
intermediaries (Jane St. Citadel. . . )

▶ Behavior quite similar to car dealers
▶ Higher spreads for riskier stocks
▶ Lower (raise) prices when inventory is high (low)
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Why AMMs?

▶ Large proliferation of different tokens on Ethereum
▶ Besides ETH, stablecoins (USDC, USDT, etc), governance

(UNI, MKR), meme tokens (SHIB). . .

▶ Can buy on Binance, Coinbase, etc. . .

▶ But could we buy MKR using ETH, fully on-chain?

▶ Automated market makers are “trader bots”, which let you
trade tokens for other tokens fully on-chain
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Building an Intermediation Robot

Suppose you want to build a videogame bot to trade apples for
oranges

▶ Inventory: 10 apples, 10 oranges

▶ Someone buys 1 apple for 1 orange: 9 apples, 11 oranges

▶ Now, you want to revert to 10 apples, 10 oranges, so you
increase apple prices to 1 apples for 2 oranges

▶ Someone buys 1 apple for 2 oranges: 8 apples, 13 oranges

▶ Apple price depends on relative share of apples vs oranges
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Constant Function Market Makers
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Constant Function Market Makers

f (x , y) = L

x1 − x0

y0 − y1

slope = −Pavg

(x0, y0)

(x1, y1)

x

y

11 / 51



Constant Function Market Makers

f (x , y) = L

slope = −P x

y

12 / 51



Constant Function Market Makers: liquidity provision
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The Constant Product Market Maker
▶ Most famous AMM function:

QA︸︷︷︸
Asset A Quantity

QB︸︷︷︸
Asset B Quantity

= k

▶ Numerical example: suppose QA = 3,QB = 3, so k = 9
▶ Buy one unit of B, so QB = 2. What is QA?

k/QB = 9/2 = 4.5
▶ What’s the price?

QA,2 −QA,1

QB,1 −QB,2
=

4.5− 3

3− 2
= 1.5

▶ Buy one more unit of B, so QB = 1. What is QA

now?k/QB = 9/2 = 4.5
▶ What’s the price?

QA,3 −QA,2

QB,2 −QB,3
=

9− 4.5

2− 1
= 4.5

▶ Like our car dealer, the price of B increases when we start
running out of B
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Constant Function Market Makers: Prices and Trade Size

f (x , y) = L

slope = −P x

y
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User Experience
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Constant Function Market Makers: Example

Uniswap trading, liquidity provision example
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History

▶ 2012-ish: Minecraft plugins build AMMs for in-game
shopkeepers

▶ 2016: Vitalik Buterin posts about constant product AMMs on
Reddit

▶ 2018: https://uniswap.org/ implements constant product
AMM, gains massive success

▶ Today: massive market with many players
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https://twitter.com/AnthonyLeeZhang/status/1455574796452962310
https://www.reddit.com/r/ethereum/comments/55m04x/lets_run_onchain_decentralized_exchanges_the_way/
https://coinmarketcap.com/rankings/exchanges/dex/


State of the Market

See Dune
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https://dune.com/hagaetc/dex-metrics


“Impermanent loss”

▶ We can make markets even though we don’t see prices!

▶ But, when prices move, we suffer a kind of loss...
▶ The AMM always learns about prices “the hard way”, through

seeing that it’s trading in the wrong direction
▶ Car dealer analogy: if everyone’s buying your cars, raise prices

▶ See Twitter thread
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https://twitter.com/AnthonyLeeZhang/status/1496260555274952704


“Impermanent loss”

f (x , y) = L

slope = −P x

y
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“Impermanent loss”. . . ?

▶ In a recent paper, with Jason Milionis, Ciamac Moallemi, &
Tim Roughgarden, I argue there’s a cleaner concept: loss
versus rebalancing

▶ AMM LP returns have three components:
▶ Fees, when people trade with me
▶ “Rebalancing profits”, from price exposure to underlying assets
▶ “Loss versus rebalancing” (LVR): “Sniping” losses from

trading at bad prices

▶ LVR is the true “loss” of an AMM
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https://anthonyleezhang.github.io/pdfs/lvr.pdf


Loss Versus Rebalancing (LVR)

▶ Suppose, in t, price pt , AMM sells ∆Xt at pt,AMM

▶ Intuitively, Loss Versus Rebalancing (LVR) from t − 1 to t
is:

∆Xt (pt − pt,AMM)

▶ Distance between B and B∗

▶ Exactly equal to profits from DEX-CEX arb

0 0.5 1 1.5 2 2.5
0

0.5

1

1.5

2

2.5

A

B

B∗

p1

p2
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LVR and Marginal Liquidity

0.5 1 1.5 2

0.5

1

1.5

A

B

B∗

p

p − dp

p − dp
2

dx

▶ After price change of dp,
AMM trades dx

▶ pAMM = p + dp
2

▶ Hence, AMM loss from LVR
is:

dx (p + dp)︸ ︷︷ ︸
CEX Price

− dx

(
p +

dp

2

)
︸ ︷︷ ︸

AMM Price

=
dxdp

2
=

dx

dp

(dp)2

2
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Loss Versus Rebalancing

▶ LVR in a small amount of time is:

l (P) =
1

2
σ2P2︸ ︷︷ ︸

Volatility

dx

dP︸︷︷︸
Marginal Liquidity

▶ Depends on price volatility σ, and “marginal liquidity” dx
dP

▶ How much prices move, and how many cars I sell at the old
prices before I update
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Binomial Tree

p0 = 1.0

pU1 = 1.3

pUU2 = 1.6

pUD2 = 1.0

pD1 = 0.7

pDU
2 = 1.0

pDD
2 = 0.4

▶ Consider AMMs on
a binomial tree

▶ Compare 3
strategies:

▶ Hold (1,1)

▶ “Rebalancing
strategy”
trading at
market prices

▶ CFMM LP

▶ Calculate inventory
and payoffs of each
strategy:

Πt ≡ yt + ptxt
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Buy and Hold vs Rebalancing Strategy
Buy and hold

Πt = 2.000
(xt , yt) = (1.00, 1.00)

Πt = 2.300
(xt , yt) = (1.00, 1.00)

Πt = 2.600
(xt , yt) = (1.00, 1.00)

Πt = 2.000
(xt , yt) = (1.00, 1.00)

Πt = 1.700
(xt , yt) = (1.00, 1.00)

Πt = 2.000
(xt , yt) = (1.00, 1.00)

Πt = 1.400
(xt , yt) = (1.00, 1.00)

Rebalancing Strategy

Πt = 2.000
(xt , yt) = (1.00, 1.00)

Πt = 2.300
(xt , yt) = (0.88, 1.15)

Πt = 2.565
(xt , yt) = (0.80, 1.28)

Πt = 2.035
(xt , yt) = (1.02, 1.02)

Πt = 1.700
(xt , yt) = (1.21, 0.85)

Πt = 2.064
(xt , yt) = (1.03, 1.03)

Πt = 1.336
(xt , yt) = (1.67, 0.67)
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Rebalancing Strategy vs Simple AMM
Rebalancing Strategy

Πt = 2.000
(xt , yt) = (1.00, 1.00)

Πt = 2.300
(xt , yt) = (0.88, 1.15)

Πt = 2.565
(xt , yt) = (0.80, 1.28)

Πt = 2.035
(xt , yt) = (1.02, 1.02)

Πt = 1.700
(xt , yt) = (1.21, 0.85)

Πt = 2.064
(xt , yt) = (1.03, 1.03)

Πt = 1.336
(xt , yt) = (1.67, 0.67)

CFMM LP

Πt = 2.000
(xt , yt) = (1, 1)

Πt = 2.280
(xt , yt) = (0.88, 1.14)

Πt = 2.530
(xt , yt) = (0.79, 1.26)

Πt = 2.000
(xt , yt) = (1.00, 1.00)

Πt = 1.673
(xt , yt) = (1.19, 0.84)

Πt = 2.000
(xt , yt) = (1.00, 1.00)

Πt = 1.265
(xt , yt) = (1.58, 0.63)
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Binomial Tree: Takeaways

▶ When we talk about “impermanent loss”, we often compare
the simple AMM to a buy-and-hold strategy

▶ This confounds two concepts:

1. Buy-and-hold vs Rebalancing Strategy: the volatility exposure
of “rebalancing” strategy (buy dips, sell rises)

2. Rebalancing Strategy vs CFMM LP: Loss Versus
Rebalancing (LVR): Slippage from executing at
worse-than-market prices

▶ “Market making” strategies do not systematically lose money
in fair markets! 1. should not be called a “loss”!

▶ AMM’s loss should be defined as only 2, the “slippage” from
systematically trading at worse-than-market prices

▶ We talk about details in paper
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LVR protection?

▶ Simple proposal: AMM fees should adjust based on market
volatility
▶ Gains from fees = LVR loss from vol
▶ When vol is higher, fees should increase to compensate

▶ More ambitious proposal: could we eliminate LVR with better
AMM design?
▶ What if AMM had access to high-frequency CEX prices?
▶ What if AMM “auctioned the right to arb” the pool? (See

am-AMM)
▶ “Batching” trades in auctions can help (See CoW Swap)
▶ See also Titania research, Atis E
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https://twitter.com/danrobinson/status/1765773423090012433
https://swap.cow.fi/
https://medium.com/@titania-research/loss-versus-rebalancing-101-bc9651ec6e43
https://atise.medium.com/liquidity-provider-strategies-for-uniswap-v3-loss-versus-rebalancing-lvr-ee0ffdf1f937


Arbitrage

If there are multiple AMMs for the same coin pair (e.g.
USD-ETH), how are prices kept in line?

▶ Arbitrage: buy low, sell high!

▶ Draw picture. . .
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Arbitrage

▶ On-chain: Just trade with both AMMs
▶ Can do it in same transaction! (Though have to write code. . . )
▶ Can do it without owning the funds, using flash loans! (Will

cover in lending lecture)

▶ Off-chain: Buy from Binance, sell to AMM
▶ This is what happens in our LVR model
▶ Can’t do at exactly same time, so face some risk!

▶ In both cases, arbitrage dominated by funds/HFTs. Don’t try
this at home!
▶ Competition over AMM arbitrage makes up a large part of the

“MEV” (miner extractable value) ecosystem: will discuss
briefly in later classes
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The Ease of Launching a Token on AMMs

Suppose I want to launch a token, ALZcoin:

1. Make an ERC-20 contract, mint a bunch to myself

2. Get Uniswap to start a ETH/ALZ pair, send some ETH +
ALZ to LP it

That’s it! Compare to IPOs in tradfi. . .

NOTE: Not legal advice! ALZ is not a lawyer and does not know
whether launching a token this way would constitute an illegal
securities offering! DYOR!
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Why Would You Use an AMM?

▶ Reasons to use AMMs over Binance?
▶ Binance doesn’t let you trade
▶ Binance doesn’t list ALZcoin
▶ Anonymity/privacy
▶ Trust, custody (hands-off transaction)
▶ Lower fees?
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Liquidity and Market Depth: AMMs vs CEXs

All else aside, do you get a better deal trading on AMMs or
CEXes?
▶ Lehar & Parlour (2021):

▶ Prices on AMM vs CEXs are very close, not many arbitrage
opportunities

▶ When markets are crashing, AMM liquidity seems more stable
(why?)

▶ Price impact – effective cost-per-trade – sometimes lower on
Uniswap than Binance!

▶ Barbon & Ranaldo: DEXes competitive with CEXes for large
(> $100k) transactions (why?)
▶ Gas fees!

▶ Liao & Robinson: Uniswap “deeper” than any CEXs for
ETH/USD!*

Disclaimer: Liao was at Uniswap, Robinson at Paradigm, when paper was
written
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https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3905316
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3984897
https://uniswap.org/TheDominanceofUniswapv3Liquidity.pdf
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Decentralization and centralization

▶ Simple AMM model has the elegant property of
“egalitarianism”

▶ Simple to describe; everyone’s on a level playing field as a
trader/LP

▶ Can this persist?
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Tradfi market making is very concentrated!

Source for options paper, source for FX concentration
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Aggregators/routers

▶ Uniswap is a smart contract which is natively “open” to build
on

▶ Idea: build a system, which routes to whatever pool has best
price

▶ Liquidity aggregators build on DEXes, routing orders

▶ Example of “native composability” at work!

▶ As of 2024Q1, largest few on Ethereum include 1inch, CoW
Swap, Paraswap

▶ But are they really decentralized?
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https://1inch.io/
https://swap.cow.fi/
https://swap.cow.fi/
https://www.paraswap.io/


The emergence of “centralization”

Sources: 1inch 1, 2, Paraswap, Cowswap 1, UniX 1, 2
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Aside: gas design in an RFQ system

How RFQ smart contract works:

▶ You approve UniX to spend MKR from your wallet

▶ You sign an “order” allowing selling MKR at max price $3200,
next 5 minutes

▶ Order is not a tx! But lives in a “mempool” that market
makers can see

▶ Market makers bid for best execution on your order
▶ Winning MM submits a “transaction”, which must include

your signed order, that interacts with smart contract to trade
▶ Since tx is MM-initiated, MM pays gas, and you don’t
▶ (Not that this economically matters. . . )
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Constant Function Market Makers: Architecture?

▶ CFMMs are a response to blockchains being slow and
expensive!

▶ “Limit order books” need to be updated frequently, hence are
too expensive

▶ As blockchains get faster, however, moving towards this
▶ Uniswap v3: “concentrated liquidity” hybrid LOB/AMM model
▶ Serum is a limit order book on Solana

▶ Ongoing debate: will AMMs or LOBs win in the long run?
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https://www.projectserum.com/


Different Invariants? Stableswap
▶ Constant product market maker:

QAQB = k

▶ Can construct an invariant which is more “linear”:

χ (QA +QB) +QAQB = k

▶ Trades more aggressively (i.e. less price slippage) around
p = 1

▶ This is the idea behind Stableswap, used in Curve to trade
stablecoins pairs

Source: Stableswap whitepaper
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https://curve.fi/files/stableswap-paper.pdf


Different Invariants? Concentrated Liquidity

▶ v2 of Uniswap used the constant product MM

▶ v3 uses concentrated liquidity, like a hybrid of limit-order
books and CFMM

▶ Idea: use “chunks” of concentrated liquidity, to approximate
any other CFMM function

See Uniswap v3 Whitepaper and Dan Robinson blog post
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https://uniswap.org/whitepaper-v3.pdf
https://www.paradigm.xyz/2021/06/uniswap-v3-the-universal-amm


Different Invariants?

Our view from LVR:

▶ Curve design doesn’t matter: “marginal liquidity” is all that
matters

▶ Concentrated liquidity is good because locked up liquidity is
used more efficiently
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Other Technical Directions (slightly outdated)

▶ Multi-product AMMs (e.g. for options, see Premia)

▶ Impermanent loss (LVR!) protection (A not super successful
attempt)

▶ Dynamic fee/curvature mechanisms (e.g. Trader Joe)

▶ Flash liquidity provision

▶ MEV-frontrunning and prevention

▶ Dark pools, workup mechanisms? (RFQs already have
substantially market share. . . ) Which market structure will
win out in the long run?
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https://premia.finance/amm.pdf
https://cointelegraph.com/news/bancor-pauses-impairment-loss-protection-citing-hostile-market-conditions
https://cointelegraph.com/news/bancor-pauses-impairment-loss-protection-citing-hostile-market-conditions
https://github.com/traderjoe-xyz/LB-Whitepaper
https://papers.ssrn.com/sol3/papers.cfm?abstract_id=3805750


Legal Issues: Exchange Regulation

▶ SEC’s Reg ATS, “alternative trading systems” definition:

▶ ATSs must file with the SEC, obey certain other regulations
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https://www.law.cornell.edu/cfr/text/17/242.301


Legal Issues: Exchange Regulation. . . ?

▶ Financial market regulation thus far presupposes that there
are humans behind any system: if human stops, system stops

▶ AMMs, once deployed, are simply pieces of code! Don’t
require human intervention to keep running

▶ Hard to shut down (without shutting Ethereum down!)

▶ How do we regulate pieces of code?
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Who is Responsible for Uniswap?

48 / 51



Who is Responsible for Uniswap?
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Uniswap and Regulation
▶ Uniswap smart contract code is decentralized, but. . .
▶ Uniswap UI is just a website on someone’s computer

somewhere!
▶ Uniswap Labs maintains Uniswap’s website
▶ Solution:

▶ Uniswap Labs removes illegal coins from Uni website
▶ AMM is still there! Just need to write code to interact with it
▶ Nothing’s stopping anyone from building another UI to interact

with Uniswap. . .
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AMMs: Regulation Project Ideas

▶ How should exchange regulation apply to AMMs?

▶ What reporting/data/etc. requirements should apply to
AMMs?

▶ To what extent are AMM developers responsible for AMM
behavior?

▶ If the goal is to prevent certain assets from being traded in a
jurisdiction, how does one impose this requirement on AMMs?
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AMMs: Technical Project Ideas

AMMs are a pretty technical area: best fit for people with some
finance/markets experience
▶ Design a new AMM/trading system!

▶ LOB hybrid?
▶ Oracle AMM?
▶ Workup, RFQ, make/take fees, etc.?

▶ Look into AMM investing strategies!
▶ AMM data visualization

▶ When is it worth it to provide liquidity?

▶ AMM design for protocols
▶ Sometimes, there’s a goal other than fees. . .
▶ See Luna’s “virtual AMM”
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