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ABSTRACT
In leader-based blockchains, the leader – block proposer – is known

in advance for each slot. A fast (or low-latency) proposer may delay

the block proposal in anticipation of more rewards from the trans-

actions that would otherwise be included in the subsequent block.

Deploying such a strategy by manipulating the timing is known

as timing games. Moreover, proposers who play timing games es-

sentially appropriate MEV (additional rewards over transaction fees

and the block reward) that would otherwise accrue to the next

block, making it unfair to subsequent block proposers. We pro-

pose a double-block proposal mechanism, 2-Prop to curtail timing

games. 2-Prop selects two proposers per slot to propose blocks

and confirms one of them. We design a reward-sharing policy for

proposers based on how quickly their blocks propagate. In the in-

duced game – Latency Game, we show that it is a Nash Equilibrium

for the proposers to propose the block without delaying under the

homogeneous network conditions. Under heterogeneous network

conditions, a faster proposer would prefer not to delay unless the

other proposer is extremely slow. Thus, we show the efficacy of

2-Prop in mitigating the effect of timing games.

CCS CONCEPTS
• Theory of computation → Solution concepts in game theory.
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1 INTRODUCTION
Leader-based consensus protocols progress in rounds, also known

as slots. In each slot, a committee of validators adds a new block to

the ledger. Typically, all the validators, particularly the proposer for

the next slot, are known in advance. The validator that proposes

the next block is known as proposer, and the rest who validate and
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Figure 1: Progression within Slot

attest to the proposed block are known as the attestors. A proposer

publishes its block at the beginning of the slot, 𝑡 = 0, the attestators

attest the block receiveed till 𝑡 = 𝜏1. The block is confirmed if it

obtains K attestations.

A proposer with access to a faster network can strategically delay

the block proposal by 𝛿 ∈ (0, 𝜏1], to collect more fees and extract

more MEV from the transactions arriving from 𝑡 = 0 to 𝑡 = 𝛿 . Such

manipulation of the timing of block proposal is known as timing
games [11]. The timing game is prevalent in Ethereum [10], and

therefore, we outline the main ideas of this paper in this context.

However, our results hold for any leader-based blockchain protocol

where the leader for each slot is known in advance.

Contributions. (i) We propose a double-block proposal mecha-

nism, 2-Prop: two proposers propose their blocks, (ii) we provide a
simple yet effective method to confirm one of the blocks based on

the attestations timing; (iii) we propose reward sharing between

the proposers. (iv) For analyzing 2-Prop, we model it as a 2-player

game, Latency Game. We prove that, in the induced game, (a) under

homogeneous settings, it is a Nash Equilibrium for the proposers

not to delay block proposal, (b) under heterogeneous settings, we

show that a faster proposer delays only when the expected time for

the block to reach an attestor is close to 𝜏1.

2 MODELLING
Network. Let 𝑓𝑃 denote the probability density function (PDF),

with mean 𝜇𝑃 , of the random variable representing the time at

which a block sent by 𝑃 arrives at an attestor. For 𝑓𝑝 , we assume (i)

it is unimodal with support [0,∞) similar to prior research works

[1, 5, 6, 9] including analysis on Ethereum network [2, 7] and (ii) it

is reasonably peaked and propose a restricted 𝐿2-norm that captures

how concentrated the PDF is in a given interval (see Def. 1).
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Definition 1 (Restricted 𝐿2 norm). A restricted 𝐿2 norm of
𝑓𝑃 on interval [𝑎, 𝑏], 𝐿2

𝑓𝑃
[𝑎, 𝑏] is given by

𝐿2
𝑓𝑃
[𝑎, 𝑏] =

(∫ 𝑏

𝑎

𝑓𝑃 (𝑥)2 𝑑𝑥
)1/2

In this work we assume that 𝐿2
𝑓𝑃
[0, 𝜏1] ≥ 1

2

√
𝜏1
, as otherwise

𝑓𝑝 would have maximum mass between [𝜏1,∞), which implies

most of the blocks will be missed. Our protocol works without this

assumption; however, analytical guarantees become challenging.

Protocol. We propose 2-Prop as a modification to the leader

based consensus protocol Ξ, with a validator selection function

𝒱(Lℓ , 𝑛) that outputs (i) 𝑛 + 2 nodes as validators Vℓ
and (ii) two

among these validator as the block proposers, Pℓ = {𝑃0, 𝑃1}. The
remaining validators will be attestors Aℓ = {𝐴ℓ

0
, . . . , 𝐴ℓ

𝑛−1}. Both
proposers, 𝑃0 and 𝑃1, construct their blocks, 𝐵0 and 𝐵1, indepen-

dently and announce them at 𝑡 = 0. Each attestor waits till 𝑡 = 𝜏1
and attests to all valid blocks received within this duration. Further,

each attestor provides a vote indicating the order of block reception.

𝐵𝑖 ≺𝑗 𝐵𝑖+ implies that 𝐴 𝑗 received 𝐵𝑖 before 𝐵𝑖+ , where 𝑖
+ = 1 − 𝑖 .

If 𝐴 𝑗 ’s attestation on 𝐵𝑖+ is missing, we consider 𝐵𝑖 ≺𝑗 𝐵𝑖+ . If an

attestor fails to receive any block within 𝑡 = 𝜏1, then it makes an

attestation on empty similar to Ξ.

Block Selection and Reward Mechanisms. After attestations are
aggregated, at most one block is confirmed. Let 𝑋𝑖 , 𝑌𝑖 represent the

number of attestations and the number of votes received for 𝐵𝑖 .

Similar to Ξ, for a block to be considered for confirmation, it has to

achieve K attestations, i.e., 𝑋𝑖 ≥ K.
i. ∀𝑖 ∈ {0, 1}, if 𝑋𝑖 < K, then no block is confirmed for that slot

ii. ∃!𝑖 ∈ {0, 1} s.t. 𝑋𝑖 ≥ K, then only 𝐵𝑖 is confirmed.

iii. ∀𝑖 ∈ {0, 1}, if 𝑋𝑖 ≥ K, then confirm 𝐵𝑘 , 𝑘 ∈𝑅 {0, 1} and share

reward from 𝐵𝑘 to each proposer as 𝑅𝑖 =
𝑌𝑖

𝑌𝑖+𝑌𝑖+
.

2-Prop allows each proposer to propose exactly one block and each
attestor to provide one attestation per block per proposer in a slot.

We assume that the blocks are valid for the analysis, and any such

violations can be handled as in Ξ. Fig. 1 shows difference between
Ξ and 2-Prop.

Latency Game. We model 2-Prop as a 2-player game, which

we refer to as Latency Game, Γℒ = ⟨P, (𝑆𝑖 )𝑖∈P, (𝑈𝑖 (·))𝑖∈P⟩, with
P = {𝑃0, 𝑃1}. Strategy space: 𝑃𝑖 ’s strategy space is the delay 𝛿𝑖 ∈
[0, 𝜏1] and𝑈𝑖 (𝛿0, 𝛿1) is the expected utility when 𝑃0, 𝑃1 delay their

block announcement by 𝛿0, 𝛿1 respectively.Utility. LetU denote the

expected reward of 𝑃 ℓ
from transaction fees and MEV accrued from

𝑡 = −𝜏 to 𝑡 = 0 (w.r.t. to the start of the slot). Since the block reward

is constant, we do not model it in the utility/rewards. Let 𝑣 (𝛿) be a
monotonically non-decreasing function that represents the reward

earned by delaying the block by 𝛿 . Thus, if its block is confirmed,

its expected reward is E[U + 𝑣 (𝛿)]. To model the valuation of block

over time, we analyze the timing information for blocks 21720000-

21750648. We observe that 𝑣𝑙
𝑃
(𝑠) = (1 + 0.03𝛿)U,∀𝛿 ∈ [0, 𝜏1] and

thus, we safely upper-bound it as a linear function:

𝑣 (𝛿) = 𝑐 · U · 𝛿
𝜏1

, 𝑐 ≤ 1 and 𝛿 ∈ [0, 𝜏1] (1)

Let 𝑞𝑖 (𝛿𝑖 ) be the probability that 𝐵𝑖 reaches an attestor within

𝑡 = 𝜏1 when 𝑃𝑖 delays the block proposal by 𝛿𝑖 . Furthermore, let

𝑝𝑖 (𝛿𝑖 , 𝛿𝑖+ ) be the probability that 𝐵𝑖 ≺𝑗 𝐵𝑖+ given 𝑃𝑖 , 𝑃𝑖+ delay the

block proposal by 𝛿𝑖 , 𝛿𝑖+ , respectively. Formally, we have

𝑞𝑖 (𝛿𝑖 ) =
∫ 𝜏1−𝛿𝑖

0

𝑓𝑃𝑖 (𝑥)𝑑𝑥, 𝑞𝑖 (𝛿𝑖 ) = 1 − 𝑞𝑖 (𝛿𝑖 )

𝑝𝑖 (𝛿𝑖 , 𝛿𝑖+ ) =
∫ 𝜏1−𝛿𝑖

0

𝑓𝑃𝑖 (𝑥)
∫ 𝜏1−𝛿𝑖+

𝑥+𝛿𝑖−𝛿𝑖+
𝑓𝑃𝑖+ (𝑦) 𝑑𝑦 𝑑𝑥

With this, we analyze the game mathamtically. More details can be

found in the full version [8]. The following are our results.

3 RESULTS
Homogeneous Setting. In homogeneous setting, we have 𝑓𝑃0 =

𝑓𝑃1 = 𝑓 ; hence, ∀𝛿 ∈ [0, 𝜏1], 𝑞𝑖 (𝛿) = 𝑞𝑖+ (𝛿), 𝑝𝑖 (𝛿𝑖 , 𝛿𝑖+ ) = 𝑝𝑖+ (𝛿𝑖 , 𝛿𝑖+ ).
Theorem 1. Under homogeneous setting, with support [0, 𝜏1] for

𝑓𝑃0 (𝑓𝑃1 ), (𝛿𝑁𝐸
0

, 𝛿𝑁𝐸
1

) = (0, 0) constitutes a Nash Equilibrium of Γℒ =〈
𝑃, (𝑆𝑖 ), (𝑈𝑖 )

〉
in 2-Prop is when 𝑐 ≤ 1.

Heterogeneous Setting. Computing the PSNE analytically for

general network models in the heterogeneous setting is complex.

Hence, we discretize the strategy space and model a Bi-matrix ver-

sion of Γℒ as Γ𝒟 = ⟨P, (𝑆𝜁
𝑖
), (𝑈𝑖 )⟩, where 𝑆𝜁𝑖 = {0, 𝜁 , 2𝜁 , . . . , 𝜏1}, is

𝜁−discretized strategy space of 𝑆𝑖 . We consider a small discretiza-

tion step 𝜁 << 1

𝜏1
for analysis to minimize discretization error. We

assume𝑈𝑖 is Lipschitz continuous, and therefore, Γ𝒟 well approx-

imates Γℒ . Empirically, packet delays typically follow a Gamma

distribution [4], and hence we assume 𝑓𝑃 s follow the same distribu-

tion. For analyzing Γ𝒟, we compute the Nash Equilibrium of Γ𝒟

under two scenarios 𝐷1, 𝐷2 with different network distributions for

𝑃0, 𝑃1 represented, with slight abuse of notation, by tuple (𝑓𝑃0 , 𝑓𝑃1 ):
• 𝐷1 = {(𝑓𝑃0 , 𝑓𝑃1 ) : 𝑃0 is fast, with 𝜇0 ∈ {0.075𝜏1, 0.15𝜏1, 0.25𝜏1},
and 𝑃1 with 𝜇1 = 𝛾𝜇0, 𝛾 ∈ R} for carefully chosen 𝛾 values.

• 𝐷2 = {(𝑓𝑃0 , 𝑓𝑃1 ) : 𝑃0 is slow, with 𝜇0 ∈ {0.95𝜏1, 𝜏1, 1.05𝜏1}
and 𝑃1 with 𝜇1 = 𝛾𝜇0, 𝛾 ∈ R} for carefully chosen 𝛾 values.

Other Important Results for Latency Games. We generate utility

matrices for 75 games in Γ𝒟 from both 𝐷1 and 𝐷2 using Ethereum

protocol specification [3] i.e., 𝜏 = 12𝑠 seconds, 𝜏1 = 4𝑠, and 𝑛 =

127,K = ⌊ 2𝑛
3
⌋ + 1. From these analyses, we claim the following

about the equilibrium delay 𝛿𝑁𝐸
. First claim states, a slow proposer

will never delay and the second claim states that faster proposer

would delay only if the slower proposer is very slow.

Claim 1. In heterogeneous settings with distributions (𝑓𝑃0 , 𝑓𝑃1 ) ∈
𝐷1 ∪ 𝐷2, for a proposer 𝑃𝑖 with 𝜇𝑖 > 𝜇𝑖+ ,𝛿𝑁𝐸

𝑖 = 0.

Claim 2. In heterogeneous settings with distributions (𝑓𝑃0 , 𝑓𝑃1 ) ∈
𝐷1 ∪ 𝐷2, for a proposer 𝑃𝑖 with 𝜇𝑖 < 𝜇𝑖+ and 𝜇𝑖+ << 𝜏1, 𝛿𝑁𝐸

𝑖 = 0.

4 CONCLUSION
We show that the timing games can be mitigated by inducing com-

petition with just one additional proposer. Under homogeneous

settings, we show that an on-time block proposal is the Nash Equi-

librium. Under heterogeneous settings, we show that an on-time

block proposal is the Nash Equilibrium for the faster proposer, pro-

vided the slow proposer is not extremely slow . We believe our

analysis provides new insights into modeling consensus protocols

by accounting for timing.
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