
Lecture #25: Transaction Fees

Tim Roughgarden

COMS 4995-001:                       
The Science of Blockchains
URL: https://timroughgarden.org/s25/



1. Block size and metering computation.
– transactions fees most naturally priced “per-unit-size”
– in a Turing-complete blockchain, how to measure “transaction complexity”?

2. Transaction fees and first-price auctions.
– FPAs: users submit bids, do price discovery (Bitcoin, Ethereum 2015-21)

3. EIP-1559.
– how Ethereum prices transactions (2021-now)
– moves price discovery largely in-protocol, has deflationary side effects
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Goals for Lecture #25



Limited capacity: a blockchain protocol can’t process infinite txs/second.
• for a fixed block rate, maximum size of a block is finite
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Block Size



Limited capacity: a blockchain protocol can’t process infinite txs/second.
• for a fixed block rate, maximum size of a block is finite

Consequence: if demand for tx processing exceeds supply è txs must 
compete for inclusion.  (block proposer will have tough decisions to make)
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Block Size



Limited capacity: a blockchain protocol can’t process infinite txs/second.
• for a fixed block rate, maximum size of a block is finite

Consequence: if demand for tx processing exceeds supply è txs must 
compete for inclusion.  (block proposer will have tough decisions to make)

Question: what is the “size” of a block?

First thought: size of block = number of txs in it.
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Block Size



Limited capacity: a blockchain protocol can’t process infinite txs/second.
• for a fixed block rate, maximum size of a block is finite

Consequence: if demand for tx processing exceeds supply è txs must 
compete for inclusion.  (block proposer will have tough decisions to make)

Question: what is the “size” of a block?

First thought: size of block = number of txs in it.

Issue: some txs “more complicated” than others.
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Block Size



Idea:  “tx size” ≈ amount of resources required to process it.
– size of block then sum of sizes of the txs in it
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Transaction Size



Idea:  “tx size” ≈ amount of resources required to process it.
– size of block then sum of sizes of the txs in it

Challenge: tx consumes multiple types of resources.
– network bandwidth, validator computation, storage
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Transaction Size



Idea:  “tx size” ≈ amount of resources required to process it.
– size of block then sum of sizes of the txs in it

Challenge: tx consumes multiple types of resources.
– network bandwidth, validator computation, storage

Further challenge: resource consumption may depend on specific 
client implementation and/or validator architecture.
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Transaction Size



Idea:  “tx size” ≈ amount of resources required to process it.

Challenges: tx consumes multiple types of resources; resource 
consumption may depend on implementation/architecture.

Bitcoin (pre-Segwit): tx size := description length (in bytes).
• typical tx size 250 bytes
• maximum block size = 1 MB è 4000 tx/block (< 7 txs/sec)
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Transaction Size



Idea:  “tx size” ≈ amount of resources required to process it.

Challenges: tx consumes multiple types of resources; resource 
consumption may depend on implementation/architecture.

Bitcoin (pre-SegWit): tx size := description length (in bytes).

Bitcoin (post-SegWit): redefined “size” of a transaction to:

.25*(# of bytes used for witness data) + (# of additional bytes used)

– è maximum block size now effectively 4MB (if entirely witness data)
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Transaction Size
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Metering Computation in Ethereum



Note: in a Turing-complete VM, even a “small” tx could run forever.
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Metering Computation in Ethereum



Note: in a Turing-complete VM, even a “small” tx could run forever.

Solution: force user to prepay for computation, tx aborts and is 
rolled back if budget is exhausted.  (important: txs are atomic)
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Metering Computation in Ethereum
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Example: 
USDC Transfer



Note: in a Turing-complete VM, even a “small” tx could run forever.

Solution: force user to prepay for computation, tx aborts and is 
rolled back if budget is exhausted.  (important: txs are atomic)
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Metering Computation in Ethereum



Note: in a Turing-complete VM, even a “small” tx could run forever.

Solution: force user to prepay for computation, tx aborts and is 
rolled back if budget is exhausted.  (important: txs are atomic)
• associate an amount of “gas” with each EVM opcode

– EVM opcodes = instruction set for VM code in Ethereum’s VM
– add two numbers = 3 units of gas; evaluate SHA-256 = 30 units
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Note: in a Turing-complete VM, even a “small” tx could run forever.

Solution: force user to prepay for computation, tx aborts and is 
rolled back if budget is exhausted.  (important: txs are atomic)
• associate an amount of “gas” with each EVM opcode

– EVM opcodes = instruction set for VM code in Ethereum’s VM
– add two numbers = 3 units of gas; evaluate SHA-256 = 30 units

• user prepays for gas
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Metering Computation in Ethereum



Note: in a Turing-complete VM, even a “small” tx could run forever.

Solution: force user to prepay for computation, tx aborts and is 
rolled back if budget is exhausted.  (important: txs are atomic)
• associate an amount of “gas” with each EVM opcode

– EVM opcodes = instruction set for VM code in Ethereum’s VM
– add two numbers = 3 units of gas; evaluate SHA-256 = 30 units

• user prepays for gas 
• run out of gas mid-execution è tx aborted and rolled back
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Metering Computation in Ethereum



Note: in a Turing-complete VM, even a “small” tx could run forever.

Solution: force user to prepay for computation, tx aborts and is 
rolled back if budget is exhausted.  (important: txs are atomic)
• associate an amount of “gas” with each EVM opcode
• user prepays for gas (recall “gas limit” and “gas price” fields)
• run out of gas mid-execution è tx aborted and rolled back

Current block size: target = 18 million gas/block, max = 36 million.
– typically a couple hundred txs/block (≈ 15 txs/sec)
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Metering Computation in Ethereum



• transaction fee = price paid (per unit “size”) for tx execution
– generally priced (under the hood) in blockchain protocol’s native currency
– potential source of validator rewards (in addition to block/staking rewards)
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Transaction Fees



• transaction fee = price paid (per unit “size”) for tx execution
– generally priced (under the hood) in blockchain protocol’s native currency
– potential source of validator rewards (in addition to block/staking rewards)

• regime #1: abundant blockspace (supply > demand)
– nominal tx fee generally sufficient (still want to deter spam)
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• transaction fee = price paid (per unit “size”) for tx execution
– generally priced (under the hood) in blockchain protocol’s native currency
– potential source of validator rewards (in addition to block/staking rewards)
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• regime #2: scarce blockspace (demand > supply)
– have to choose, would like to include the “most valuable” txs
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• transaction fee = price paid (per unit “size”) for tx execution
– generally priced (under the hood) in blockchain protocol’s native currency
– potential source of validator rewards (in addition to block/staking rewards)

• regime #1: abundant blockspace (supply > demand)
– nominal tx fee generally sufficient (still want to deter spam)

• regime #2: scarce blockspace (demand > supply)
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Transaction Fees



• transaction fee = price paid (per unit “size”) for tx execution
– generally priced (under the hood) in blockchain protocol’s native currency
– potential source of validator rewards (in addition to block/staking rewards)

• regime #1: abundant blockspace (supply > demand)
– nominal tx fee generally sufficient (still want to deter spam)

• regime #2: scarce blockspace (demand > supply)
– have to choose, would like to include the “most valuable” txs
– “most valuable” = those willing to pay a suitable price (per unit “size”)

• if don’t charge fees in-protocol, markets will arise out-of-protocol
– price could be set by protocol or by users themselves (or both)
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Transaction Fees



Idea: let “market do the work,” users/wallets to the price discovery.
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First-Price Auctions (FPAs)



Idea: let “market do the work,” users/wallets to the price discovery.

First-price auction:
• each submitted tx includes a bid (per-unit “size”)

– e.g., suggested by user’s wallet based on recently produced blocks
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First-Price Auctions (FPAs)



30MetaMask, circa 2020-2021



Idea: let “market do the work,” users/wallets to the price discovery.

First-price auction:
• each submitted tx includes a bid (per-unit “size”)

– e.g., suggested by user’s wallet based on recently produced blocks
• on inclusion in a block, bid transferred to producer of that block

– e.g., the leader of the current view
– expect block producer to pack its block with the highest-bidding txs

31

First-Price Auctions (FPAs)



Idea: let “market do the work,” users/wallets to the price discovery.

First-price auction:
• each submitted tx includes a bid (per-unit “size”)

– e.g., suggested by user’s wallet based on recently produced blocks
• on inclusion in a block, bid transferred to producer of that block

– e.g., the leader of the current view
– expect block producer to pack its block with the highest-bidding txs

Issue with FPAs: tricky to figure out the best bid.
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First-Price Auctions (FPAs)



33MetaMask, circa 2020-2021



Idea: let “market do the work,” users/wallets to the price discovery.

First-price auction:
• each submitted tx includes a bid (per-unit “size”)
• on inclusion in a block, bid transferred to producer of that block

Issue with FPAs: tricky to figure out the best bid.
– bid too high è pay more than you needed to (in hindsight)
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First-Price Auctions (FPAs)



Idea: let “market do the work,” users/wallets to the price discovery.

First-price auction:
• each submitted tx includes a bid (per-unit “size”)
• on inclusion in a block, bid transferred to producer of that block

Issue with FPAs: tricky to figure out the best bid.
– bid too high è pay more than you needed to (in hindsight)
– bid too low è excluded (even though you would have been willing to 

pay enough for inclusion)
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First-Price Auctions (FPAs)



Key idea #1: each block has a “base fee” r > 0.
• minimum bid eligible for inclusion (OK to bid higher than r)
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EIP-1559



Key idea #1: each block has a “base fee” r > 0.
• minimum bid eligible for inclusion (OK to bid higher than r)
• moves price discovery largely in-protocol (cf., FPAs)
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EIP-1559
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Key idea #1: each block has a “base fee” r > 0.
– minimum bid eligible for inclusion (OK to bid higher than r)
– moves price discovery largely in-protocol (cf., FPAs)

Note: can’t give base fee revenues to the block producer.
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EIP-1559



Key idea #1: each block has a “base fee” r > 0.
– minimum bid eligible for inclusion (OK to bid higher than r)
– moves price discovery largely in-protocol (cf., FPAs)

Note: can’t give base fee revenues to the block producer.
• reason: collusion between users and block producer
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EIP-1559



Key idea #1: each block has a “base fee” r > 0.
– minimum bid eligible for inclusion (OK to bid higher than r)
– moves price discovery largely in-protocol (cf., FPAs)

Note: can’t give base fee revenues to the block producer.
• reason: collusion between users and block producer

– either through off-chain agreement or facilitated via smart contracts
– users bid r on-chain (for eligibility), submit off-chain bids to block producer
– block producer includes highest-bidding txs, refunds (r-bid) off-chain
– evades the base fee r, equivalent to an FPA!
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EIP-1559



Key idea #1: each block has a “base fee” r > 0.
– minimum bid eligible for inclusion (OK to bid higher than r)
– moves price discovery largely in-protocol (cf., FPAs)

Note: can’t give base fee revenues to the block producer.
– reason: collusion between users and block producer

Solution: burn the base fee revenue!  (i.e., remove coins from circulation)
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Key idea #1: each block has a “base fee” r > 0.
– minimum bid eligible for inclusion (OK to bid higher than r)
– moves price discovery largely in-protocol (cf., FPAs)

Note: can’t give base fee revenues to the block producer.
– reason: collusion between users and block producer

Solution: burn the base fee revenue!  (i.e., remove coins from circulation)
• side effect: offsets staking rewards, decreases inflation rate
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Key idea #1: each block has a “base fee” r > 0.
– minimum bid eligible for inclusion (OK to bid higher than r)
– moves price discovery largely in-protocol (cf., FPAs)

Note: can’t give base fee revenues to the block producer.
– reason: collusion between users and block producer

Solution: burn the base fee revenue!  (i.e., remove coins from circulation)
• side effect: offsets staking rewards, decreases inflation rate
• any excess (bid – r) transferred to block producer
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EIP-1559



45
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Example: 
USDC Transfer

user/wallet specifies “tip/priority 
fee” and “fee cap”



Key idea #1: each block has a “base fee” r > 0.
– minimum bid eligible for inclusion (OK to bid higher than r)

Note: can’t give base fee revenues to the block producer.
– reason: collusion between users and block producer

Solution: burn the base fee revenue!  (i.e., remove coins from circulation)
– side effect: offsets staking rewards, decreases inflation rate
– any excess (bid – r) transferred to block producer (BP)
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EIP-1559



Key idea #1: each block has a “base fee” r > 0.
– minimum bid eligible for inclusion (OK to bid higher than r)

Note: can’t give base fee revenues to the block producer.
– reason: collusion between users and block producer

Solution: burn the base fee revenue!  (i.e., remove coins from circulation)
– side effect: offsets staking rewards, decreases inflation rate
– any excess (bid – r) transferred to block producer (BP)

Guarantee: user-BP collusion no longer an issue (“OCA-proof”).
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EIP-1559



Question: how to set r?
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Setting the Base Fee



Question: how to set r?

Ideal base fee: r = “market-clearing price.”
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Question: how to set r?

Ideal base fee: r = “market-clearing price.”
• total size of txs willing to pay r (per-unit-size) exactly fills up block

– 100% utilization, and used exactly by the most valuable txs
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Setting the Base Fee



Question: how to set r?

Ideal base fee: r = “market-clearing price.”
• total size of txs willing to pay r (per-unit-size) exactly fills up block

– 100% utilization, and used exactly by the most valuable txs

Issue: as demand varies over time, so does market-clearing price.
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Question: how to set r?

Ideal base fee: r = “market-clearing price.”
• total size of txs willing to pay r (per-unit-size) exactly fills up block

– 100% utilization, and used exactly by the most valuable txs

Issue: as demand varies over time, so does market-clearing price.

Solution: compute base fee via local search.
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Setting the Base Fee



Question: how to set r?

Ideal base fee: r = “market-clearing price.”
• total size of txs willing to pay r (per-unit-size) exactly fills up block

– 100% utilization, and used exactly by the most valuable txs

Issue: as demand varies over time, so does market-clearing price.

Solution: compute base fee via local search.
• total size of eligible txs > block size è increase r
• total size of eligible txs < block size è decrease r
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Setting the Base Fee



Idea: compute base fee via local search.
– increase/decrease r if size of eligible txs more than/less than block size
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Variable-Size Blocks



Idea: compute base fee via local search.
– increase/decrease r if size of eligible txs more than/less than block size

Issue: excluded txs not recorded on-chain.
– can’t differentiate r = market-clearing price vs. r = way too low
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Variable-Size Blocks



Idea: compute base fee via local search.
– increase/decrease r if size of eligible txs more than/less than block size
– issue: can’t differentiate r = market-clearing price vs. r = way too low

Key idea #2: allow variable-size blocks.
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Variable-Size Blocks



Idea: compute base fee via local search.
– increase/decrease r if size of eligible txs more than/less than block size
– issue: can’t differentiate r = market-clearing price vs. r = way too low

Key idea #2: allow variable-size blocks.
• set target block size = C (e.g., 18 million gas)
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Variable-Size Blocks



Idea: compute base fee via local search.
– increase/decrease r if size of eligible txs more than/less than block size
– issue: can’t differentiate r = market-clearing price vs. r = way too low

Key idea #2: allow variable-size blocks.
• set target block size = C (e.g., 18 million gas)
• allow blocks of size up to 2C (36 million gas)
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Variable-Size Blocks



Idea: compute base fee via local search.
– increase/decrease r if size of eligible txs more than/less than block size
– issue: can’t differentiate r = market-clearing price vs. r = way too low

Key idea #2: allow variable-size blocks.
• set target block size = C (e.g., 18 million gas)
• allow blocks of size up to 2C (36 million gas)
• whenever a block has size < C è decrease r for next block
• whenever a block has size > C è increase r for next block
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Variable-Size Blocks
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Idea: compute base fee via local search.
– increase/decrease r if size of eligible txs more than/less than block size
– issue: can’t differentiate r = market-clearing price vs. r = way too low

Key idea #2: allow variable-size blocks.
• set target block size = C (e.g., 18 million gas)
• allow blocks of size up to 2C (36 million gas)
• whenever a block has size < C è decrease r for next block
• whenever a block has size > C è increase r for next block

– in Ethereum, max increase/decrease = 12.5%
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Variable-Size Blocks



Recall issue with FPAs: tricky to figure out the best bid.
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Does EIP-1559 Make Bidding Easy?



Recall issue with FPAs: tricky to figure out the best bid.

Defn: base fee r is excessively low if total size of eligible txs is > 2C.
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Recall issue with FPAs: tricky to figure out the best bid.

Defn: base fee r is excessively low if total size of eligible txs is > 2C.

Guarantee: if r not excessively low, optimal for users to bid r.
– r acts like a “posted price” for blockspace, a la shopping on Amazon
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Recall issue with FPAs: tricky to figure out the best bid.

Defn: base fee r is excessively low if total size of eligible txs is > 2C.

Guarantee: if r not excessively low, optimal for users to bid r.
– r acts like a “posted price” for blockspace, a la shopping on Amazon
– in practice, add nominal “tip” to strictly incentivize tx inclusion
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Recall issue with FPAs: tricky to figure out the best bid.

Defn: base fee r is excessively low if total size of eligible txs is > 2C.

Guarantee: if r not excessively low, optimal for users to bid r.
– r acts like a “posted price” for blockspace, a la shopping on Amazon
– in practice, add nominal “tip” to strictly incentivize tx inclusion

• otherwise: EIP-1559 effectively reverts to an FPA
– if need to compete with other eligible txs for inclusion, will bid above r
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Recall issue with FPAs: tricky to figure out the best bid.

Defn: base fee r is excessively low if total size of eligible txs is > 2C.

Guarantee: if r not excessively low, optimal for users to bid r.
– r acts like a “posted price” for blockspace, a la shopping on Amazon
– in practice, add nominal “tip” to strictly incentivize tx inclusion

• otherwise: EIP-1559 effectively reverts to an FPA
– if need to compete with other eligible txs for inclusion, will bid above r
– e.g., if sudden demand spike (NFT drop) + base fee hasn’t caught up yet
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Does EIP-1559 Make Bidding Easy?


