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Abstract

Censorship resistance and high throughput are two key benefits of
modern multi-proposer BFT protocols (such as Aptos and Sui). How-
ever, in existing designs these two properties are at odds: censorship
resistance is typically achieved through duplicating transactions,
which in turn harms throughput. This leaves open the question of
whether it is possible to improve both properties simultaneously.

In this paper, we formally study the trade-offs between censor-
ship resistance and throughput in multi-proposer BFT protocols,
where up to f parties may be Byzantine. We present a model for
the transaction assignment process, which allows us to classify
assignment protocols into meaningful categories.

Using this model, we establish fundamental tradeoffs between
censorship resistance and throughput. We show that under well-
defined conditions, any deterministic transaction assignment proto-
col that achieves optimal throughput must suffer from f rounds of
censorship delay; any deterministic assignment protocol that guar-
antees every transaction is committed within a constant number of
rounds must suffer a factor of f loss in throughput relative to the
optimal baseline.

On the positive side, we propose and analyze new transaction-
assignment protocols that enable flexible choices among through-
put—censorship tradeoffs spanning the full spectrum dictated by
our lower bounds. In particular, we give a protocol that achieves
log f censorship delay while paying only a factor-2 throughput
loss relative to the state-of-the-art MirBFT (EuroSys’23), which in-
curs f rounds of censorship delay. We further propose randomized
assignment protocols that provably break both the deterministic
lower bound for the censorship delay and throughput in expec-
tation. All assignment protocols can be integrated with existing
multi-proposer protocols as add-ons without modifying the con-
sensus.

1 Introduction

Blockchain networks aspire to be credibly neutral platforms where
all users can freely transact without fear of censorship. In practice,
however, transaction censorship has become a growing concern.
Validators, builders, or relays may selectively exclude transactions
because of regulations, financial incentives, or adversarial intent.
Recent data indicates that 34.98% of Ethereum builders and 50%
of relays engage in some form of transaction censorship [10],
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demonstrating a systemic vulnerability that threatens the core prin-
ciples of decentralization and neutrality.

One natural response has been to decentralize block building
itself. Instead of relying on a single proposer, modern BFT-based
blockchain designs increasingly use multi-concurrent proposer (MCP)
architectures in which several proposers construct blocks in parallel;
concrete examples include Mir-BFT [24], Braid [1], RedBelly [22],
Solana [13] as well as DAG-based consensus deployments such
as Sui and Aptos [4, 19, 20]. With multiple proposers, censorship
becomes harder: no single proposer controls transaction inclusion,
and ideally, a transaction needs only reach one honest proposer
to be included. Consequently, an adversary that seeks to censor a
transaction must bribe or corrupt multiple proposers, rather than a
single leader, substantially increasing the cost and coordination re-
quired for censorship. This also weakens the serial monopoly over
inclusion and ordering in traditional single-proposer blockchains,
which underlies many forms of maximal extractable value (MEV).

At the same time, multi-proposer designs introduce a new ten-
sion: transaction duplication. Transactions must be disseminated
widely to provide censorship resistance, but disseminating the same
transaction broadly creates duplication: multiple proposers expend
effort proposing overlapping transaction sets, and scarce block
space is consumed by redundant inclusions rather than new trans-
actions. This duplication directly reduces throughput measured in
committed unique transactions. In today’s systems, overlap is es-
pecially pronounced because proposers often select from a similar
pool of pending transactions and are drawn to the same high-fee
opportunities, leading to redundant inclusions.

In practice, some deployed MCP systems [5, 7, 15] rely on a
shared, open mempool in which transactions are gossiped across
the network and each proposer independently selects which trans-
actions to include; others [4, 20, 22] additionally make use of RPC
nodes or gateways to relay transactions between users and pro-
posers. In the latter setting, RPC nodes often implement a system-
wide “deduplication policy,” deciding how many proposers should
receive each transaction. While this can simplify submission for
users, it does not eliminate the underlying tension: forwarding
a transaction to more proposers improves its chance of reaching
an honest proposer, but increases duplication; restricting forward-
ing reduces duplication, but makes censorship easier. Moreover,
because a small number of relayers effectively control which pro-
posers learn which transactions, they become natural censorship
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bottlenecks: a relayer can delay or discard specific transactions even
if many proposers would otherwise be willing to include them.

This inherent tension—between censorship resistance (replicat-
ing a transaction to many proposers) and high throughput (avoiding
excessive duplication)—is reflected in existing protocol designs. At
one extreme lie schemes such as MirBFT’s hash-based bucket as-
signment. In MirBFT, each transaction is deterministically mapped
to a unique proposer (or leader) based on a public hash function, so
that in each round only one proposer is responsible for including
a given transaction. This design avoids duplication entirely and
therefore achieves essentially optimal throughput. However, it also
offers weak censorship guarantees: under the partitioned assign-
ment, an adversarial leader can control a transaction until the next
rotation, causing delays of up to ©(f) rounds before it is assigned
to an honest proposer [24]. At the other extreme, “Full Duplication”
approaches [3] (e.g., parallel chains with union-of-blocks seman-
tics as in BRAID [1]) effectively assign each transaction to at least
f + 1 proposers, ensuring that each transaction is proposed by an
honest party in every round but suffering a multiplicative blow-up
in bandwidth and throughput.

Orthogonal to multi-proposer architectures, recent work has
proposed committee-based inclusion lists as censorship resistant
add-ons that can be layered on top of existing consensus protocols.
FOCIL [25] and AUCIL [26] introduce random committees whose
members publish lists of mempool transactions that must be incor-
porated into subsequent blocks, backed by penalties or slashing for
non-compliant proposers. These designs provide strong censorship
guarantees, but at the cost of additional communication, latency,
and protocol complexity (e.g., two rounds of reliable broadcast per
slot in AUCIL). Moreover, because committee members construct
their lists from local mempool views, high-value transactions (and
thus likely censorship targets) may appear in multiple input lists.

Taken together, these approaches highlight the inherent tension;
however, there is currently no unified framework that (i) captures
the transaction assignment layer abstractly, (ii) defines censorship
resistance and throughput in a comparable way across protocols,
and (iii) characterizes the fundamental limitations and optimal
designs in this space. In this work, we isolate the transaction as-
signment process as an explicit, modular layer sitting immediately
“above” the mempool and “below” any multi-proposer BFT con-
sensus protocol. Conceptually, an assignment protocol specifies,
in each round, which subset of proposers is responsible for each
mempool transaction; the underlying consensus layer is treated as a
black box that guarantees that blocks proposed by honest proposers
are eventually committed. This viewpoint lets us ask:

Can we design transaction assignment protocols that
simultaneously guarantee strong censorship resis-
tance and high throughput in a multi-proposer BFT
setting? What are the best achievable trade-offs, and
where do existing protocols sit relative to these limits?

From a systems perspective, we seek modular, consensus-agnostic
gadgets that can be plugged into existing multi-proposer BFT pro-
tocols (e.g., MirBFT, BRAID, BullShark) without changing the con-
sensus logic. From a theory perspective, we aim to understand
whether there are information-theoretic or combinatorial barriers
that prevent us from achieving both “low censorship delay” and
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“high throughput” with deterministic assignments, and whether
randomness can fundamentally improve this trade-off.

1.1 Our Contributions

We develop a general framework for studying censorship resistance
and throughput in multi-proposer BFT protocols, and use it to
derive tight lower bounds, improved deterministic constructions
that outperform the state of the art, and randomized protocols that
circumvent these bounds in expectation.

Formal Model of Transaction Assignment (Section 2). We
introduce a clean formalization of assignment protocols as modu-
lar add-ons that, given a shared mempool, output in each round
a mapping from transactions to proposers. Our model captures
both deterministic and randomized assignments and distinguishes
protocols based on whether the assignment logic can depend on
a transaction’s history—such as how long it has remained uncom-
mitted (transaction-reactive vs. transaction-non-reactive)—or on pro-
poser reputations (proposer-reactive vs. proposer-non-reactive). Most
existing designs fall into the class of deterministic, proposer-non-
reactive, transaction non-reactive protocols, including MirBFT-style
schemes [24].

Metrics and Positioning of Existing Protocols (Section 3).
Within this framework, we define two quantitative metrics. The
censorship resistance score CR € [0, 1] measures the worst-case
delay—over all adaptive Byzantine strategies—before a targeted
transaction is committed, relative to an ideal baseline of immediate
inclusion (within one round of assignment to some proposer(s)).
The throughput score THR € [0, 1] measures the average number of
unique committed transactions relative to an ideal no-duplication
baseline in which all proposers are honest. More formally, the
ideal baseline throughput is n - B, where n denotes the number
of proposers and B the block size of each proposer. Instantiating
these metrics for existing protocols illustrates the extremes of this
trade-off. For example, MirBFT assignment achieves near-optimal
throughput score, with THR = #, as every honest proposal is
unique and up to f blocks are Byzantine. However, it guarantees
weak censorship resistance score, with CR = O(1/f), as a trans-
action may wait O(f) rounds before being assigned to an honest
proposer. At the opposite extreme, a Full-Duplication scheme that
assigns each transaction to f + 1 proposers in every round guar-
antees a constant censorship resistance score, with CR = O(1),
but incurs throughput score THR = O(1/f) due to factor of O(f)
duplication. These protocols lie at opposite extremes of the censor-
ship—throughput trade-off.

Deterministic Lower Bounds (Section 4). Our main negative
result proves the impossibility of avoiding this trade-off with de-
terministic assignment protocols. Under standard BFT scaling (n =
O(f)), we formally prove that any deterministic protocol achiev-
ing a constant censorship resistance score (CR = O(1), i.e., any
transaction is committed within a constant number of rounds
after being assigned to some proposer) must incur throughput
score THR = O(1/f), i.e., a factor of f less than ideal throughput.
Conversely, any deterministic protocol that achieves near-optimal
throughput THR =1 — O(f/n) must tolerate censorship delays of
O(f) rounds, corresponding to CR = O(1/f). As a consequence,
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no deterministic assignment protocol can simultaneously achieve
constant censorship delay and optimal throughput.

The lower bounds rely on two complementary adversarial argu-
ments. For protocols with constant censorship delay, we show that
any transaction must be assigned to at least f + 1 distinct proposers
within a constant window of rounds; otherwise, an adversary can
corrupt exactly those proposers and delay commitment beyond
the constant delay. This necessarily induces O(f) duplication in
some round, implying a ©(1/f) throughput loss (Theorems 4 and 5).
Conversely, for protocols achieving near-optimal throughput, we
exploit the fact that minimal duplication must occur over many
rounds; an adversary can then target a transaction by corrupting its
assigned proposer in each round, yielding an Q( f) censorship delay
(Theorems 6 and 7). Figure 1 shows the infeasible region dictated
by our lower bounds, shown in gray. For n = 3f + 1, worst-case
throughput is fundamentally limited to (n — f)/n = 2/3; we show
in Theorem 1 that this bound is tight under a worst-case strategy.

Transaction-Reactive Protocols (Section 5). On the positive
side, we design deterministic assignment protocols that achieve
improved trade-offs within the limits imposed by our lower bounds.
We begin with a simple k-duplication scheme (blue curve in Fig-
ure 1), in which each transaction is assigned to k proposers per
round. Increasing k improves the censorship resistance score but
proportionally reduces throughput due to duplication. We then
introduce transaction-reactive deterministic protocols that adjust a
transaction’s duplication factor over time. Rather than using the
same duplication factor for all transactions, these protocols in-
crease a transaction’s duplication factor if it remains uncommitted,
concentrating duplication on transactions that appear to be cen-
sored. We study two concrete families based on additive-increase
and multiplicative-increase, and show that they realize a broad
spectrum of achievable (CR, THR) trade-offs between the determin-
istic lower bounds. In particular, a carefully tuned multiplicative-
increase protocol (red curve in Figure 1, with initial duplication
factor k = 1 and duplication growth factor 2) achieves an O(log f)
censorship delay while preserving throughput within a factor 2 of
MirBFT. By contrast, MirBFT achieves throughput score 2/3 but
suffers O(f) censorship delay (see Table 1), so our protocol strictly
improves delay at comparable throughput. The MI curve is capped
at throughput score 1/3, since any transaction censored in round r
is duplicated to twice as many proposers in round r + 1, yielding an
average 2X duplication overhead (closed-form scores in Section 3.1
and Section 5.1).

Randomized Assignments Beyond Deterministic Limits (Sec-
tion 6). Finally, we study randomized assignment protocols in
which the transaction-to-proposer mapping in each round is sam-
pled from a distribution that is unpredictable to the adversary (e.g.,
via a common coin). These protocols follow the k-duplication struc-
ture—each transaction is assigned to k proposers per round—but
replace the fixed assignment rule with randomized sampling, pre-
venting the adversary from conditioning its strategy on the real-
ized assignment of that round. We analyze two concrete instan-
tiations. The first assigns each transaction to exactly k random
proposers per round, yielding exact duplication k but only an ex-
pected per-proposer block size B. For the second protocol, each pro-
poser independently samples exactly B transactions from a shared
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Figure 1: Throughput-censorship tradeoff. The gray region
shows infeasible throughput-censorship tradeoffs excluded
by our lower bounds. Its boundary appears step-wise because
the censorship resistance score takes the form 1/D for inte-
ger D. The blue, red, and orange curves correspond to the
deterministic, improved deterministic, and randomized as-
signment protocols, respectively. Consistent with the deter-
ministic setting, the blue and red curves pass only through
points with CR = 1/D for integer D; the randomized protocol
is not constrained since D is a real-valued function based
on the tail bound considered, so the orange curve can attain
intermediate values. Parameters are n = 3f + 1 with f = 42.

candidate pool of size nB/k. The size of this pool reflects system
capacity: across n proposers, each proposing B transactions with
expected duplication k, at most nB/k distinct transactions can be
assigned per round. For both designs, we prove that for constant
k the protocols achieve constant throughput score (~ 1/k) with
high-probability concentration around the expectation (via Cher-
noff bounds), together with O(log(f)) censorship delay with high
probability. Similarly, randomized assignment achieves optimal cen-
sorship resistance score 1 with throughput score O(1/log f), losing
only a logarithmic factor relative to ideal (orange curve in Figure 1).
Consequently, randomized schemes match the throughput of deter-
ministic protocols while significantly improving censorship delay,
thereby circumventing our deterministic lower bounds.

Table 1 provides key points in the comparison between our
constructions and selected existing constructions in the literature.
In Figure 1, we plot all protocols with n = 128 proposers, f =
[% . 128J = 42 Byzantine proposers, and per-proposer block size
B = 5. These parameters match real-world deployments such as
Sui [20] and Aptos [4], and we use them throughout the paper.

2 Formal Foundations

We formalize our system model in the classical BFT setting and
introduce a framework for assignment protocols. Within this frame-
work, we classify assignment protocols into meaningful categories
and analyze fundamental lower bounds on their performance.

!DAG-based protocols. Censorship delay depends on client dissemination: wide dis-
semination (e.g., > 2f proposers) yields constant delay, while limited dissemination
(e.g., O(1) proposers) can incur O(f) delay.

21t is reported that Sui [20] duplicates each transaction up to five times to increase
inclusion probability.

3For AUCIL, the bound assumes the adversary lacks sufficient bribery budget to sustain
censorship across committee rotations.
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l Protocol

[ TX Censorship Delay [ Throughput Loss Factor

Single-leader BFT [8, 27], MirBFT [24] f 1
DAG-based protocols [4, 6, 20, 23] 1— f1! f—o1
e.g. Sui [19] f/52 5
FOCIL [25] 1 f
AUCIL [26] Based on fee paid (1°) Based on fee distribution
k—Duplication (Section 3.1) 1-f f—-1
(k, £)—Multiplicative Increase (Section 5.1) 1 — O(log f) f—2
k—Randomized (Section 6) 1 — O(log f) O(logf) — 1

Table 1: Comparison of our work to existing literature on censorship and duplication-resistant BFT protocols. TX Censorship
Delay measures the worst-case number of rounds an adversary can delay the commitment of any transaction. Throughput Loss
Factor measures the multiplicative throughput reduction compared to fully unique honest proposals. If protocol IT has delay
a — b and loss factor ¢ — d, this means that IT achieves delay a with loss ¢ and delay b with loss d. Moreover, a and b are the

extreme delays achieved by II.

2.1 Definitions and Main Components

We focus on assignment protocols that can be seamlessly “plugged
in” immediately before a multi-proposer BFT consensus protocol.
The role of the assignment protocol is to distribute transactions
from the mempool among proposers, who then input their assigned
transactions into consensus. The consensus protocol itself is treated
as a black box that takes as input the set of transactions assigned
per-proposer and outputs a set of committed transactions.

While the underlying consensus protocol may span multiple com-
munication steps (e.g., message rounds), we abstract these details
away: in each round r of our model, an entire view of the consensus
mechanism is assumed to execute and produce a committed set.

We focus on assignment protocols that are non-reactive with
respect to proposers — that is, the protocol treats all proposers iden-
tically, regardless of their past behavior. In particular, if a proposer
misbehaves or fails to propose the assigned transactions, the as-
signment mechanism does not penalize or exclude them in future
rounds. Although incorporating reactivity or slashing is an interest-
ing direction for future work, such mechanisms are more naturally
studied in the rational setting. In contrast, our analysis focuses on
the classical Byzantine model, where the non-reactive class already
captures natural and expressive assignment protocols that provide
meaningful insights for blockchain designers when selecting as-
signment strategies.

Setup and Network Assumptions. We consider a set of pro-
posers denoted by $ = {Py,..., P,}. We assume the standard Byzan-
tine setting where the number of proposers satisfies n = cf + d for
some constants c¢,d > 0, and f denotes the adversary’s corruption
budget. We leave ¢ and d unspecified to encompass different BFT
configurations, suchas n =3f + 1 [27] and n = 5f + 1 [18].

As discussed earlier, we consider a multi-proposer BFT setting in
which multiple consensus instances run concurrently. Specifically,
the underlying consensus layer may be realized either as n parallel
chains of single-leader BFT protocols [16, 27] or as an off-the-shelf
multi-concurrent BFT protocol [23]. We treat this consensus layer
as a black box that guarantees the standard BFT properties of safety
and liveness. In particular, we assume that any block proposed by
an honest proposer is eventually committed—an assumption that

holds for any protocol that is tail-forking resistance, such as [14, 16].
Each proposer can propose a block of size at most B € N.

Finally, for all assignment protocols studied in this work, we
assume a pre-arranged coordination mechanism that allows pro-
posers to deterministically compute the assignment and instantly
learn which transactions they are responsible for proposing, with-
out incurring additional latency or requiring any interaction among
parties. To enable this, we assume that all proposers maintain a
consistent shared view of the mempool and execute the assignment
algorithm locally over this shared view.

Adversarial Model. We consider a static, unbounded adversary A
that can corrupt ¥ C P proposers, |7 | < f, who may deviate arbi-
trarily from the protocol. When assigned a set of transactions to
propose, the adversary may choose to propose all of the transactions,
a subset, or none at all. For deterministic assignment protocols, the
adversary can simulate the protocol’s execution in advance and
therefore fix its strategy A, for every round r ahead of time (i.e.,
before round 1). For randomized assignment protocols, it is crucial
that the randomness used in each round r is both uniform and
unpredictable prior to its revelation. In particular, no adversary
can predict the random string of round r before it is revealed. Con-
sequently, the adversary must commit to its strategy A, before
observing the randomness for that round. We use A to denote the
collection of all per-round strategies adopted throughout the execu-
tion, and A* to denote the set of all possible adversarial strategies.

2.2 Assignment Protocol

We provide a formal definition of an assignment protocol as follows:

Definition 1 (Assignment Protocol). An assignment protocol IT is
a protocol that, in each round r, produces an assignment

A, « II(P,r, M,, Hist,),

where P is the set of proposers, M, = [txy, ..., txi] denotes the ordered
mempool at round r (where each tx, € T is drawn from the global
transaction universe 7, and k € N denotes the mempool size), and
Hist, is an external state variable that may encode auxiliary metadata
about previous rounds (with Histy = @). The output is a mapping
A, : M, — 2% that assigns transactions in the mempool to a subset
of proposers responsible for proposing it in round r.
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Duplication Factor. We define duplication factor as the number
of proposers a transaction is assigned to in a given round. For any
protocol I, the number of times a transaction tx repeats in the
assignment A, is denoted by d(tx, P, r, My, Hist,) = count(tx, A, =
II(P, r, My, Hist,)). When using d(), we abuse notation by includ-
ing only the arguments that are relevant to the context in question.

2.2.1 Classifying Assignments. Using our framework, we classify
assignment protocols depending on whether they react based on
proposers’ behavior or based on transactions not being committed.

Proposer Reactivity. Informally, an assignment protocol is pro-
poser-non-reactive if it treats all proposers the same, regardless
of their past behavior. To define this property formally, we will
consider the output of the assignment protocol under arbitrary
permutations of the proposer list.

Formally, for any permutation (bijection) o : [n] — [n], let
o(P) = [Ps(i)]L, be the permuted proposer list of ¥ = [P;]7,
with respect to o(-).

Definition 2.  An assignment protocol I1 is proposer-non-reactive

if and only if Vo : [n] — [n]
Vr, M, Hist : TI(P, r, M, Hist) = II(c(P), r, M, Hist).
Otherwise, the protocol is proposer-reactive.

Since all proposers are treated symmetrically in every round,
any permutation of proposer identities leaves the assignment un-
changed. Hence, for a proposer-non-reactive protocol, the assign-
ment in round r depends only on the current state and not on prior
proposer actions; the adversary’s past behavior is irrelevant.

Transaction Reactivity. Informally, an assignment protocol is
transaction-non-reactive if it treats all transactions the same, re-
gardless of their history. Equivalently, such a protocol does not
make use of the external state Hist.

Definition 3. An assignment protocolIl is transaction-non-reactive
if and only if
Vr, M, Hist, Hist’ : IL(P, r, M, Hist) = II(P,r, M, Hist").

Otherwise, the protocol is transaction-reactive.

As a consequence, the duplication factor of any transaction
in assignment is independent of Hist in previous rounds for any
transaction-non-reactive protocol.

2.3 Execution Components

In this section, we describe the system components that interact
with the assignment protocol.

2.3.1 Environment. The environment Env # models the execution
of the underlying multi-proposer consensus protocol as well as the
refilling of new transactions into the mempool. Intuitively, Env #
serves as the interface between the assignment protocol and the
consensus layer: it takes as input the transaction assignment A, for
round r and determines, based on the underlying consensus proto-
col and the adversarial strategy, which transactions are successfully
committed by the end of the round. At the same time, it generates
a fresh set of transactions to refill the mempool for the next round.

Formally, given an assignment A, and adversarial strategy A,
the environment produces

(Cr, Nyt1) < Envg(A,),

where:

e C, C A, denotes the subset of transactions that were assigned
and committed by the end of round r; and

e N,i1 € 7 denotes the set of new transactions introduced by
clients to refill the mempool for round r + 1.

Conceptually, Env 4 captures all environmental factors that are ex-
ternal to the assignment protocol itself: the consensus protocol, the
adversary’s strategy, network delays, and the arrival of new transac-
tions. This abstraction allows us to reason about the censorship and
throughput properties of an assignment protocol independently of
the consensus mechanism.

Assumption: Honest Inclusion. We impose the following as-
sumption on the behavior of the environment Env(-). For every
round r, if the assignment A, maps a transaction tx € M, to at least
one honest proposer P € H, then tx is guaranteed to be committed
in that round:

Vr>1, Vtx € M,, (Elpe‘H:peA,[tx]) = tx € C,.

This captures the desirable property that censorship only arises
from assignments that exclusively map transactions to corrupted
proposers. As a direct consequence of this assumption, the number
of assigned transactions that fail to be committed in round r is upper-
bounded by the number of corrupted proposers, i.e., |4, \ G| < f.

2.3.2  Mempool Structure. We model the mempool M as a set that
maintains all uncommitted transactions from which the assignment
protocol selects transactions. Once a transaction is committed, it
is removed from the mempool, which is then refilled with newly
arriving transactions.

Conceptually, M should retain some information about which
transactions remain uncommitted—so that they are prioritized in
subsequent rounds, as further discussed in Section 2.4—while re-
vealing as little as possible about the assignment process itself. In
particular, the mempool should not reveal whether a transaction
has already been assigned but not yet committed. It should remain
agnostic to the internal state or history of the assignment protocol
and maintain no information about previous assignments.

We define the algorithm UppATEMEMPOOL, which updates the
mempool and the external state, Hist after each round. Given the
current mempool M, the set of newly committed transactions C, and
the set of newly arrived transactions N, the algorithm removes C
from M, adds N, and randomly permutes the remaining transactions
while keeping them at the top of the mempool list. It also updates
the external map Hist’: for each surviving transaction, it represents
the number of rounds in which the transaction was assigned but
not yet committed. Each new transaction in N is initialized with
counter 0. The algorithm outputs the updated pair (M’, Hist’).

Relation to Assignment Classification. Per Definition 3, transaction-

reactive protocols may depend on the external state Hist, whereas
transaction-non-reactive protocols remain independent of it. As
seen in line 4, the UPDATEMEMPOOL procedure ensures that transac-
tions assigned but not yet committed are prioritized at the top of the



Algorithm 1 UppDATEMEMPOOL

1: function UPDATE(M, A, C, N, Hist)
2 L' —{txeA|txgC}

3 Randomly permute L’

4 M —L|(M\A)|N

5 for all tx € L’ do
6

7

8

9

L if tx € A then
| Hist[tx] « Hist[tx] + 1
for all tx € N do
: | Hist[tx] <0
10: return (M’, Hist)

mempool in subsequent rounds. This design allows transaction-non-
reactive protocols—despite their lack of access to Hist—to continue
including uncommitted transactions L in future assignments with-
out explicitly distinguishing them from newly arrived transactions.

Here, “include” does not mean assigning higher priority or prefer-
ence to leftover transactions, as that would imply reactivity. Rather,
it means that when the protocol selects a total of W < nB (or
W < |L|) transactions, it is permitted to fill this quota with trans-
actions from L if it so happens, without inadvertently excluding
some of them in favor of newer transactions. At the same time, we
wish to avoid revealing any information that might enable even a
non-reactive protocol to prioritize certain transactions in L over
others, or to distinguish between L and M \ A. To achieve this,
the algorithm applies a random permutation to L and, crucially,
does not expose the boundary between leftover and unassigned
transactions within the mempool.

Execution Trace. An execution trace captures the evolution of
the system state. Each round proceeds in three steps: (1) the assign-
ment protocol selects transactions to assign to proposers, (2) the
environment determines which transactions are committed and
which new ones are added to the system, and (3) the mempool and
external state are updated accordingly.

Definition 4 (Execution Trace). LetII be an assignment proto-
col. Fix a number s € N and an adversary strategy A. We define
the execution trace of II for s rounds under A to be Trg{ (s) =
M7, AR C;ﬂ},e[s], where for eachr € [s],
(A;) « II(P, r, My, Hist,),
(cr, Nr+1) — EI"IVy[(Ar),
(My41, Histy11) < UPDATE(My, Ay, Cr, Nyy1, Hist,).

Here M, := Env.Init() and Hist; [tx] = 0 for all tx € M;.

Initialization. For the first round (r = 1), we set:

e N; « Env.Init(), where Init() is an assumed initialization func-
tion of the Environment; outputs the first set of transactions.
e (M, Hist;) « UppaTE(0, 0, 0, N7, 0).

2.4 Valid Assignment Protocols

We say any assignment protocol IT is valid if, for all A € A", the
execution trace Trg{ () satisfies the following conditions:

(1) Respects the block size limit. For all rounds r,
VpeP: |{txeM, :peA[tx]}|<B.
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(2) An uncommitted transaction must not be re-assigned to any
proposer that has already been assigned that transaction in
prior rounds. Formally, for all rounds r, proposers P;, and trans-
actions tx;,

VrkE[O,r): Pj EAr[tX,'] - Pj ¢Ark[tx,~].

The rationale behind this constraint is that repeatedly assigning
a transaction to the same proposer can trivially break censor-
ship resistance; if an adversary corrupts that proposer, the cor-
responding transaction could be indefinitely censored. To avoid
such cases, we require that once a proposer fails to include an
assigned transaction, that transaction must be reassigned to a
different set of proposers in subsequent rounds.

(3) Must assign the leftover transactions. Formally, If tx € A,,
then tx € A,41 V tx € C,. This ensures that our measure of
censorship resistance reflects only adversarial behavior rather
than transaction congestion. Once a transaction is assigned, it
remains assigned in all subsequent rounds until committed; any
delay in its commitment is solely due to adversarial interference.

(4) Balanced assignment of transactions: The duplication factor
of any transaction is independent of other transactions that
have been committed or assigned. Also, all previously unas-
signed transactions that are assigned in any round have the
same duplication factor. Formally, d(tx, ,M,) = d(tx, _, M})
and Vixy, txs € A, 1 txq, txe € Aym; = d(txq,_) =d(txa, ).

As a consequence of constraints (3) and (4), a protocol that at-
tempts to increase duplication factor of all the leftover transactions
to a number that cannot be accommodated (i.e., exceeds the block
size) will be considered invalid. Consider an execution such that
until round r — 1, the adversary does not censor any transaction, i.e.,
Cs—1 = As_1, Vs < r — 1. In such a case, due to (4), the duplication
factor of all transactions will be the same in round r as defined
by the assignment protocol. Let this duplication factor be d. The
number of transactions the adversary can censor this round can be
at most %. In the next round, let the duplication factor of leftover
transactions be d’. Since all of these leftover transactions must be
assigned in round r, d'g < n. The ratio of consecutive round dupli-
cation factor is therefore %' < % =1/n, where  is defined as the
ratio of total number of faults to the total number of proposers.

All lemmas, lower bounds, and constructions are stated with
respect to the space of valid assignment protocols. Consequently,
we omit explicitly specifying validity assumption in the statements.

2.5 Censorship Resistance and Throughput

We now formally define the censorship resistance and throughput of
a deterministic assignment protocol within our framework.

Censorship Resistance. For a given assignment protocol, let D
denote the maximum number of rounds that an adversary can delay
the inclusion of any transaction in a BFT execution. We define the
censorship resistance score as

CR:=
D+1

Intuitively, the numerator 1 represents the ideal case where all
proposers are honest—i.e., the best-case scenario in which every

€ (0,1].
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transaction is committed in the same round it is assigned, corre-
sponding to a one-round delay. Thus, CR quantifies how much the
adversary can disrupt this ideal behavior: lower values indicates
stronger adversarial influence, i.e., weaker censorship resistance.
We first define the realized delay D¥' under a fixed adversarial
strategy A in Definition 5, and subsequently define the maximum
delay D and the censorship resistance score CR in Definition 6.

Definition 5 (Delay Under Adversary). LetII be an assignment
protocol and A be a fixed adversary. Let {M;, Ay, Cy }r=1,._ 0 be the
execution trace of IL. Let 7 be the set of transactions that have been
assigned during s rounds of the above execution; 7' = | J;_; A,. For
any transaction tx € T, we define ar, and ci to be the first round
that tx was assigned and committed respectively (cx = oo, if tx is
never committed). Then define the censorship delay of protocol II
under A to be
DI:SIq = Slglolo (b(n?}rx,(ctx - ay) )
Definition 6 (Censorship Resistance Score). Let IT be an assign-
ment protocol. We define the censorship delay of protocol II to be the
maximum delay under all possible adversarial strategies, A* i.e.,
Dy := max D{{(,
AcA*
where Dﬁq is the censorship delay of I1 under A, per Definition 5.
Finally, we define the censorship resistance score of II to be
1

:DH+17

CRy :

Throughput. For a given assignment protocol, let T be the average
number of committed transactions in the BFT setting, where the
average is taken over rounds. Then our throughput score is THR :=
% € (0,1]. We place the value nB in the denominator to capture
the fact that, under all proposers being honest, the best achievable
throughput (of any protocol) is exactly nB transactions per round.
Therefore, we can interpret THR as a measure of the disruption
caused by the adversary compared to the nB “ideal” throughput.
We first define the realized throughput T# under a fixed adversary
A in Definition 7, and subsequently define the throughput score
THR in Definition 8.

Definition 7 (Throughput Under Adversary). LetII be an assign-
ment protocol, and A be a fixed adversary strategy. For any s € N, let
Trg( (s) == {My, A,Cr},c[s) be the execution trace of 1 for s rounds
under A, per Definition 4. We define the throughput of protocol I1

under A to be
l S
= tim 13- [c)
r=1

Definition 8 (Throughput Score). Let II be an assignment pro-
tocol. We define the throughput of protocol II to be the minimum
throughput under all possible adversarial strategies A*, i.e.,
Ty = min T,
AeA*
where Tnﬂ is the throughput of 11 under A, per Definition 7. Finally,
we define the throughput score of II to be

T
THRy = —g.
n

We show that for any proposer-non-reactive assignment proto-
col, the adversary’s throughput-minimizing strategy is to remain
silent. More formalize and prove this statement in Theorem 1.

Theorem 1 (Worst-case adversarial strategy). Given a proposer-
non-reactive assignment protocol I1. Let the adversary be static with
at most f corruptions. Among all possible adversarial strategies, the
strategy that minimizes throughput is silence: after selecting the
f proposers to corrupt, denoted by set F, the adversarial proposers
submit no transactions in any round.

To formally prove this, we introduce and prove the following
lemma.

Lemma 1 (Per-transaction, per-round dominance of silence). Let
tx € A, be a transaction that a corrupted proposer q € ¥ may declare
in roundr. Consider two adversarial strategies that are identical except
that q declares tx in round r (INcL) or remains silent (Si). Then for
all¥’ > r, the number of transactions committed by round r’ under
SIL is at most that under INCL.

Proor. Given M,, A, and honest messages in round r.

Case A: tx is assigned and included by some other proposer in A,.
tx € C, regardless of ¢’s choice. Declaring tx by g cannot reduce
commitments. Hence |C,| under Sit is at most that under INCL.
Case B: tx is not assigned or assigned but not included by any other
proposer in A,. If q declares tx (INcL), then the set of committed
transactions is one more than in SiL.

For rounds > r, note that UppATEMEMPOOL (Alg. 1) updates M4
by removing C, and randomly permuting leftovers, then appending
N,41. Since C, under SIL is a subset of that under INcL, the leftover
set under S1L is a superset of the leftover set under INcL. Because
IT is balanced (Validity condition 4), the duplication of each of the
leftover transactions remains the same. The duplication of each new
transaction also remains the same. The number of newly added
transactions in INCL is thus at least the same as the number of
newly added transactions in Sir. This implies in the next round the
number of committed transactions (if all other strategy remains the
same), is at most one more in Sit than INcL. Since in round r, the set
of committed transactions in INCL was one more than Sir, the sum
implies that the union of committed transactions in INCL is at least
the same number in Sit. Inductively, the cumulative commitments
up to any r’ > r under SIL are at most those under INCL. O

ProoF oF THEOREM 1. Let o be any adversarial strategy profile
for corrupted proposers over rounds 1,2, . ... We transform o into
the silent strategy ¢®. This can be done by looking at each each
corrupted proposers included transaction in each round. By re-
placing the included transaction with silence for that transaction,
from Lemma 1, we can create a strategy with the same or worse
throughput. This step is repeated until no corrupted proposer has
any transaction included in its included set and thus staying silent
is the best strategy for the corrupted proposer. O

Remark 9 (Best possible throughput).  Given any assignment
protocol I1, an adversary A can corrupt any f parties and keep them
silent (i.e., have them not propose any transaction). Under ‘A, protocol
IT can have at most (n — f) - B distinct transactions committed per
round. Thus, we observe that no protocol can achieve a throughput

. n—f L.
score strictly greater than —=, per Definition 8.



3 Case Studies of Assignment Protocols

We present case studies from the literature on transaction assign-
ment protocols and analyze their throughput and censorship resis-
tance according to our formal definitions. We introduce a general
family of assignment protocols, which we refer to as the transaction-
non-reactive k-Duplication assignment family, or IT¢_qyp for short.
This framework subsumes both the MirBFT protocol and the Full
Duplication scheme discussed in Section 1 - the only two known
BFT protocols that explicitly define how transactions are distributed
among proposers.

3.1 Transaction Non-Reactive k-Duplication

In ITg_gup, the term k-duplication indicates that each transaction is
assigned to k proposers in a given round. This is a transaction-non-
reactive protocol, meaning that new and uncommitted transactions
are treated identically. Consequently, the duplication factor for any
transaction remains constant across rounds. Algorithm 2 formally
specifies ITi_qup. In each round r, every transaction in the mempool
is assigned to k consecutive proposers in a cyclic manner. The
starting point rotates deterministically by a stride of k between
rounds, ensuring that a persistent transaction gets assigned to a
new proposer in every round.

Algorithm 2 k-DUPLICATION ASSIGNMENT

1: function Iy (P, r, M, Hist)

2 Let n « |P]|

3 A =0

4 > Compute the effective number of transaction slots per round

5: K « %

6 offset < (r - k) mod K

7 fori € [K] do

8 Let tx; denote the i-th transaction in M

9 > Compute the starting proposer index for this transac-
tion’s assignment

10: start < (offset + hash(tx;) - k) mod n

11 > Determine the k proposers responsible for tx; in this
round

12: S« {(start+d)modn|de[0:k—-1]}

13: At < {P;j|jeS}

14: | return A,

In Theorems 2 and 3, we derive upper bounds on throughput
and censorship resistance per our formal definitions in Section 2.5.

Theorem 2. The throughput score of Tly_gyp is THR = %

Proor. Let |H| = n — f represent the number of honest pro-
posers. In the k-duplication assignment protocol, each transaction
is assigned to exactly k distinct proposers. Hence, across all honest
proposers, the total number of transaction slots assigned per round
is

Si=(n—f)IB|.
Since each distinct transaction occupies at most k slots (one per
proposer it is assigned to), the number of distinct transactions
among the honest proposers’ assignments, denoted U, satisfies

THRy < k- |U|.
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Rearranging, we obtain a lower bound on the number of distinct
transactions held by honest proposers:

Su _ (n=f)IB|
kK k

Next, consider the adversarial strategy. The adversary achieves
minimum throughput by having the f malicious proposers withhold
proposals or propose as per Theorem 1. Such a strategy eliminates
their contribution but cannot reduce the number of distinct trans-
actions assigned to honest proposers beyond the combinatorial
bound above. Thus, in the worst case, only honest proposers con-
tribute to the protocol’s throughput. Consequently, the cumulative
throughput over round w is

1 & - f)|B
Tf(W) ::;;|—(n If)l ||

U| >

and the throughput score is

_ limyy—00 T(W) _ (n-f)

THR : B o

[m]

Theorem 3. The censorship resistance score of g-gup satisfies CR <
ﬁfork < f,andCR =1 fork > f.

Proor. Fix a target transaction 7 and fix an arbitrary initial
round index (w.l.o.g. round 1). Because assignments rotate by a
stride of k proposers each round, the set of proposers assigned to 7
in round t is

S, ={s+(t—-1)-k+d (modn)|d=0,....,k—1},

for some base index s determined by 7. By construction, each S;
contains exactly k distinct proposer indices. Moreover, for distinct
rounds t # t’ the sets S; and Sy are disjoint until the assignment
wraps around modulo n; in particular, for the purpose of short block-
ing intervals (i.e., fewer than n/k rounds) the sets S; are disjoint.

An adversary that wishes to censors 7 from being proposed by
any honest proposer during rounds 0, 1, ..., D must ensure that for
every t € {0,...,D} all proposers in S; are Byzantine (otherwise
an honest proposer in some round would propose 7). Because the
S; sets are disjoint for the range of rounds of interest, the adversary
needs to control at least k distinct proposers per blocked round.
Hence, to block D consecutive rounds the adversary must control
at least kD distinct proposers. Since the adversary controls at most
f proposers, we obtain the necessary inequality

kD < f.

Therefore, the largest delay T that the adversary can guarantee
until the transcation is committed satisfies

p<|L

+ 1.

Consequently, the maximum achievable censorship resistance
score is

1 1 k
< <

[£]+1 F Cfek

CR =

~i=

whenever k < f.
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Moreover, whenever k > f, the transaction 7 is assigned to at
least one honest proposer in every round, so the adversary cannot
censor it even for a single round and Cp,x = 1. Combining the two
cases yields

k .
cr < | Frr TE=S
1, ifk > f,

as claimed. O

3.2 MirBFT

As discussed earlier, MIRBFT can be viewed as a special instance
of TTj_qup With a duplication factor of k = 1. Note that MIRBFT is
among the few BFT systems that explicitly specify a transaction-
assignment mechanism as part of the design, rather than relying
on the proposers to pick their own transactions freely.

From Theorem 2 and Theorem 3, the throughput and censorship
resistance scores of MIRBFT are given by "%f and ﬁ, respectively.
MIrBFT achieves the highest possible throughput (since each trans-
action is assigned to exactly one proposer) but exhibits the weakest
censorship resistance, as a transaction assigned to a faulty proposer
may experience the maximum delay of O(f) rounds. Consequently,
MIRBFT represents one extreme of the design spectrum - optimal
for clients that prioritize throughput over censorship resistance.

3.3 Full Duplication

At the opposite end of the design spectrum lies the Full Duplication
variant, corresponding to an instantiation of ITx_qup Withk = f+1.In
this setting, every transaction is assigned to f + 1 distinct proposers,
ensuring that at least one honest proposer proposes it, regardless
of which f proposers are Byzantine. This redundancy guarantees
achieving the optimal censorship resistance score of 1.

However, this improvement in censorship resistance comes at
the cost of throughput. Since each transaction consumes f + 1
proposer slots per round, the total number of unique transactions
that can be proposed is reduced by a factor of f + 1. From Theo-
rem 2, the throughput in this regime is therefore n("f;fl) =0(1/f),
which represents the lowest possible throughput among proposer
non-reactive assignment protocols. Consequently, the Full Dupli-
cation scheme exemplifies the opposite extreme from MIRBFT: it
provides perfect censorship resistance but at the expense of minimal
throughput.

4 Lower Bounds

In this section, we present our lower bound statements for deter-
ministic, proposer-non-reactive protocols. First, we prove that any
deterministic assignment protocol achieving constant censorship
resistance score must incur throughput score THR = O(1/f); we
prove this for transaction-non-reactive (Theorem 4) and transaction-
reactive (Theorem 5) protocols. Conversely, any deterministic proto-
col that achieves near-optimal throughput score must tolerate a cen-
sorship resistance score CR = O(1/f); we prove this for transaction-
non-reactive (Theorem 6) and transaction-reactive (Theorem 7)
protocols.

Throughout the section, we assume that the number of corrupted
proposers is a constant fraction of the total number of proposers,

ie, L= 1. Also, recall from the validity conditions (Section 2.4) that

n
the maximum duplication factor increase in any round is J—’} =1/n.

Theorem 4 (Constant Censorship vs. Throughput for all-non-reac-
tive assignment). Consider a deterministic, proposer-non-reactive,
transaction-non-reactive assignment protocol I1. Suppose that I
has a censorship resistance score of CR and throughput score is THR.
IfCR = % where k is a fixed constant, then the throughput score

satisfies THR = O(1/f), where f is the number of byzantine faults.

Proor. If a protocol has censorship resistance score of CR, then
by Definition 6 the delay value Dy for that protocol is ﬁ =k, ie,
the protocol must commit any transaction tx assigned first in any
round r by round r + k. Consider a transaction tx first assigned to a
proposer in some round r. Define P (tx, i) to be the set of proposers
assigned to the transaction tx in round i > r. Then, we claim
that | ¥ P(tx,i)| > f + 1. Otherwise, i, | U/ P(tx,i)| < f,
then the adversary can choose to corrupt this particular set of
proposers, resulting in tx not being committed by round r + k. Since
the assignment is proposer-non-reactive and transaction-non-reactive,
the duplication factor is independent of the list of proposers # and
the transaction history Hist. Furthermore, as the assignment is
balanced (validity condition 4), the duplication factor is also not a
function of other transactions, and we can conclude that in each
round the duplication factor is just dependent on the round number,
ie., d(tx, i) =d; = |P(tx )|, and thus }, d; > | UP(tx, l)l Hence,

r+k r+k

Vix € A, : Zd(tx,i)2f+l - Zdizfn

This implies that in at least one round r*, the duplication factor
dye > ]% From the validity conditions, the maximum duplication
factor increase in any round is jﬂf = 1/n. Thus, in round r, the

duplication factor must be

ALY (i) _ Uy (D

=2 > P o ()
By the balanced validity condition 4, any new transaction must have
the same duplication factor, and thus, for all rounds, the duplication
factor must be Q(f).

Consider the throughput under the strategy that the adversary
chooses to behave honestly, i.e., broadcast its assigned transactions
(A = honest). The number of transactions committed if all parties
broadcast in round i is given by %, where d; is Q(f). So the average
number of committed transactions in any window is given by

r+D r+D nB knB

nB k
=< Z -
di ~ Dpftt & f+1 (f+1)pFt

1
A=honest _ ~
T =
i=r
Since Ty < Tnﬂ=h°“35t, i.e., any other adversarial strategy can only

reduce Ty; (Definition 8) Thus, THRyy = :—% < W =0(1/f).
o

Theorem 5 (Constant Censorship vs. Throughput for a transac-
tion-reactive but proposer-non-reactive assignment). Consider a
deterministic, proposer-non-reactive, but transaction-reactive as-
signment protocol I1. Suppose that, when all honest proposers follow
I1, the censorship resistance score is CR and the throughput score is



THR. IfCR = % where k is a fixed constant, then the throughput
satisfies THR = O(1/f).

ProoF. The proof for the theorem follows the same steps as The-
orem 4. All duplication factors in addition to r are also dependent
on Hist, which would not change any step of the proof. O

Corollary 1. Consider a deterministic, proposer-non-reactive assign-
ment protocol I1. Suppose that I1 has a censorship resistance score of
CR and the throughput score is THR. If CR = 1, then the throughput
satisfies THR < f+1

Proor. Substituting k =1 in equation 1 implies that the dupli-
cation factor for each round r must be d» > f + 1. Thus, in any
window W, the average number of committed transactions (if all

: : A=honest _ nB nB
adversarial parties act honest) would be Ty =4 S
Thus, THRy = I < -L o

nB = f+1

Theorem 6 (Optimal Throughput vs. Censorship for transaction-non-re-
active assignment). Consider a deterministic, proposer non-reactive,
transaction-non-reactive assignment protocol II. Suppose that,
when all honest proposers follow I1, the censorship resistance score

is CR and the throughput score is THR. If THR = %ﬁ, then the
censorship resistance score satisfies CR < 1/f.

Before proving Theorem 6, we state and prove Lemma 2 about
the duplication factor of assignment protocols achieving optimal
throughput.

Lemma 2. LetII be a deterministic, proposer-non-reactive, trans-
action non-reactive assignment protocol with optimal throughput
THRp = # Then for any w € N, where f < w << s, there exists
sufficiently large s € N such that for all execution traces, and for all
A e A Trgl (s) = {M;, A;, C, }rels), there exists r* < s —w such
that d(tx,r) =1 for all roundsr € [r*,r* + w] and all transactions
tx € UrE[r",r"+w]Ar~

Proor. We give a proof by contradiction. Assume that there
exists w such that for all sufficiently large s € N, there exists
an execution trace Tr? (s) = {M,Ar,Cr}rels) such that for all
r < s — w, there exists a round r* € [r,r + w] and a transaction
tx* € A+, such that d(tx*, r*) > 2.

Fix any sufficiently large s € N. We partition the (assumed) trace
Tr? (s) with the above property into w-sized sub-traces, where the
Jj-th sub-trace is {M;, Ay, G} jw<r<(j+1)w- Each sub-trace j must
contain at least one a round r; € [j-w,(j + 1) - w] and one
transaction tx; € A,;, such that d(tx;, r;) > 2.

Fix one such sub-trace j. Since II is transaction-non-reactive,
and using the balanced condition, we have d(tx,r;) > 2 forall tx €
Ay;. This means that under the same A (from Trg‘ (s)), the number
of transactions committed in round r; is |C;; | < ";f |A nf ”TB.

Tj l< n
Thus the average throughput over sub-trace j is

1 Z Ic,| < l(ﬂ@J,(w_l)ﬂ
w n 2 n

Y reljw G+ w]

(nB))

L= Byw— 1) < u(nB).
n 2 n
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Since this is true for all sub-traces within the s-sized trace, and since
s is sufficiently large, we get that THW < # (nB), per Definition 7.

Therefore the throughput score of II is Tnﬂ < %ﬂ a contradiction.

[m]

Proor oF THEOREM 6. Let II be any assignment protocol with
THR = # We describe an adversarial strategy A which causes
D > f.

Adversarial Strategy A. Given II, the adversary first examines
the protocol description to find a window w with w > f such
that the duplication factor satisfies d(tx,r) = 1 for every round
r € [r*,r* + w] and every transaction tx € U e[+ y+ 4] Ar. The ex-
istence of such a window is guaranteed by Lemma 2. Consequently,
the adversary executes the following strategy:

(1) Chooses tx* := tx; € M.

(2) Initializes ¥* := 0.

(3) For r € [r*,r* + f]: Simulates A, « II(P,r, M, Hist,),

Updates 7+ «— F* U A, [tx*].

(4) Outputs F.
Under adversary A, we observe that tx* is always assigned to
corrupted proposers for the first f rounds of the window w of IT’s
execution. This means D’ > f and consequently D > f. It remains
to show that #* < f. By Lemma 2 we know that d(tx,r) = 1 for
all tx € M, and all rounds r € [f], and thus |A, [tx*]| < 1 for all
rounds r € [f]. Therefore, in each iteration of A*’s simulation
loop, the size of ¥ increases by at most 1, completing the proof.

O

Theorem 7 (Optimal Throughput vs. Censorship for transaction-re-
active assignment). Consider a deterministic, proposer-non-reactive,
transaction-reactive assignment protocol I. Suppose that, when
all honest proposers follow I1, the censorship resistance score is CR
and the throughput score is THR. If THR = %C, then the censorship
resistance score satisfies CR < 1/f.

PROOF. Let us assume to the contrary; that the censorship resis-
tance score for such a protocol is IT > f 7 1e., the delay under all
adversaries Dy < f — 1. Consider any transaction tx” that is first
assigned in round r. Since Dy < f — 1, the transaction tx” must
be committed by round r + f — 1 for any adversary. This implies
that the duplication factor for the transaction tx in some round
r* € [r,r+ f — 1] is > 2 (otherwise a corruption set that includes
each party that is assigned this transaction exists).

Consider an adversary A = RANDOM, which chooses its cor-
ruption set randomly. The probability that the transaction tx” is
censored until round r*, and then assigned to two honest parties in
round r* is given by

(' (71 z) )
PR NG
l—lf—l (") -1
n-1 (" f +1) B n!
In a sufficiently large but finite window s, the number of such
transactions would be at least one, thus reducing the throughput

P=

n—f-1
n—f+1
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nf

score strictly from the maximum score of —=. Thus, a contradiction.
]

5 Improved Assignment Protocols

5.1 Transaction-Reactive (k, £)-Duplication

Next, we study transaction-reactive (k,)-duplicate assignment
protocols as an improvement over transaction-non-reactive proto-
cols (see Section 3.1). Here, in every round, each party is assigned
a block of transactions. Each transaction initially has a duplica-
tion factor of k; that is, it is assigned to k different parties. If a
transaction fails to be committed, its duplication factor is increased
additively or multiplicatively by a predefined factor ¢ and it is reas-
signed in the next round only to parties that it has not previously
been assigned to (we assume duplicates are assigned in ascending
party-index order whenever the protocol prescribes an ordered
placement). Specifically, we focus on a subclass of these protocols
in which the duplication factor of a transaction increases over time
if the transaction remains uncommitted. Intuitively, if a transaction
with an initial duplication factor k is censored in a given round,
the protocol prioritizes it in subsequent rounds by assigning it to
additional parties, thereby increasing its chances of commitment
(i.e., reducing the chances of censorship). We consider two variants
of this mechanism: additive and multiplicative duplication. In the
additive variant, which we call IT(x ;).a1 (Algorithm 3), the duplica-
tion factor increases by a constant ¢ in each round, such that the
duplication factor in round r is k, = k + (r — 1) - £. Importantly,
the newly assigned parties in each round are distinct from those in
previous rounds—for instance, if the transaction was assigned to
ky parties in round 1, then in round 2 it is assigned to a k; + £ new
parties. In the multiplicative variant, which we call II(x ;).\ (Algo-
rithm 4), the duplication factor grows by a constant multiplicative
rate [. Thus, if a transaction remains uncommitted for r rounds,
its duplication factor in round r becomes k, = £~V . k;. In this
section, we focus on analyzing the worst-case adversarial attack
that minimizes throughput and maximizes censorship resistance.
We derive a general expression for the throughput and censorship
resistance scores as a function of the number of malicious parties
f and the duplication factors k and ¢.

Censorship Resistance. We first analyze the worst-case adver-
sarial strategy for censoring a transaction and derive the resulting
censorship resistance score. In the worst case, the adversary targets
one transaction, and corrupts all proposers to which that trans-
action is assigned, until its total corruption budget of f parties
is exhausted. Let k, denote the duplication factor of the targeted
transaction in round r. The maximum censorship delay D is char-
acterized by the largest number of rounds for which the adversary
can corrupt all assigned proposers, i.e., Zf):l k< f< Z?;ll ky.
The censorship resistance score is then given by CR = 1/(D + 1).
The following lemma states the censorship resistance scores for
Ik ey-mr and Ik )-a1.

Theorem 8. The censorship resistance score of the additive-increase

protocol IL (. y-ar is CR = —(zk—3t)+\jizk—€)2+8!f’ while the censorship

resistance score of the multiplicative-increase protocol I1(i ¢y-ur is

— 1
R e[ )

Algorithm 3 (k, £)-Duplication Additive-Increase Assignment
1: function I1 i py_a1(P, 7, M, Hist, B)

2: > Initialize an empty mapping A, from transactions to sets of
proposers

3: Ar =0

4 AvailableProposers «— P

5 Sort M by increasing Hist[tx] > Previously assigned trans-
actions (smaller Hist [tx] ) have higher priority

6: for each transaction tx € M in sorted order do

7: rix < Hist[tx] > Round index when tx was first assigned

to any proposer
8: d «— r’ — riy » Number of rounds since the first assign-
ment of tx

9: kix &< min(n, k+d-¢) > Current duplication factor

10: Pix < proposers who have never been assigned tx

11: Stx «— first ki proposers from Piy

12: for each proposer p € Six do

13: if block of p in A, has < B transactions then

14: | Add tx to block of proposer p

15: if block of p is now full (B transactions) then

16: Remove p from AvailableProposers

17: if AvailableProposers = 0 then

18: B | break; > Stop if all blocks filled

19: | return A,

Algorithm 4 (k, ¢)-Duplication Multiplicative-Increase Assign-
ment

1: function IT(x o) vi(P, 1, M, Hist, B)

2 > Initialize an empty mapping A, from transactions to sets of
proposers

3: Ar =0

4 AvailableProposers «— P

5 Sort M by increasing Hist[tx] » Previously assigned trans-
actions (smaller Hist [tx] ) have higher priority

6: for each transaction tx € M in sorted order do

7: rix < Hist[tx] » Round index when tx was first assigned
to any proposer

8 d « r’ — rx > Number of rounds since the first assign-
ment of tx

9: ki < min(n, k - £%) > Current duplication factor

10: Py < AvailableProposers who have never been as-
signed tx

11: Stx « first ki proposers from Piy

12: for each proposer p € Six do

13: if block of p in A, has < B transactions then

14: | Add tx to block of proposer p

15: if block of p is now full (B transactions) then

16: Remove p from AvailableProposers

17: if AvailableProposers = () then

18: break; > Break out of both loops if all blocks

B L filled
19: | return A,




PRrROOF. 1. Additive increase. For an additive duplication increase
factor I, the number of newly assigned parties grows linearly each
round, reducing the problem to an arithmetic series. The total num-
ber of corrupted parties after D is

D
f=;(k+(r—1)t’)=Dk+w{’

2f = 2Dk + D(D — 1)¢,= ¢D* + (2k — £)D.

Solving the quadratic equation ¢D? + (2k — £)D — 2f = 0 for D

yields
—(2k—0) +\J(2k — ) + 8¢f
- 2t
This gives the maximum number of rounds D that the adversary
can delay the transaction’s commitment under additive growth.
From Definition 6, the censorship resistance score of Algorithm 3 is

1 2¢
CRadd = =

D+1 —(2k —36) +/(2k — €)% + 8¢f

D

2. Multiplicative increase. Assume first that the duplication in-
crease factor satisfies £ > 1. In round r, the transaction is assigned
to k¢! parties. If the adversary wishes to censor the transaction
for D consecutive rounds, it must corrupt all of these parties in
each round, so the total number of corrupted parties satisfies

D D
- -1
f= "kt =k .
r=1

t-1

Solving for D yields

zD=1+@

-1
= D =Iogt,(1 + u) .
k
By Definition 6, the censorship resistance score of Algorithm 4 is
therefore

1 1

CRH=D+1 =l (t-1)f ’
og,|l1+ —F—+1

For the special case £ = 1: the transaction is assigned to k new
parties in each round. In this regime the total number of corrupted
parties needed to censor the transaction for D rounds is f = kD,
so D = f/k + 1 and hence CR = k/(f + k). This reduces to the
transaction non-reactive assignment protocol(see Section 3.1). O

This shows that the censorship resistance of the MI assignment
protocol is asymptotically better (in terms of f) than that of the Al
assignment protocol.

Throughput. As defined in Section 2.1, throughput is measured
in the steady state, once the duplication process reaches a stable
pattern. Because assignments are transaction-reactive, delaying a
transaction by additional rounds strictly increases its number of
honest assignees in future rounds, but doing so consumes Byzantine
proposer-slots. Thus, throughput is governed by how efficiently
the adversary can trade its control over f proposers per round for
redundancy among honest proposers in the steady state.

The following lemma states the throughput scores for IT(x )-mr
and Iz ¢y-ar-
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Theorem 9. Assume the adversary can map duplicated transac-
tions to a disjoint set of honest parties. Then I1(k r).vr has throughput
W, and Lk ¢)-ar of Algorithm 3 has

max(n—EEL £, k)
nk ’

score TH Rn(k )M >

throughput score TH RH(k,[)—AI >

Proor. Consider a window of rounds of size s, across which the
throughput score would be evaluated (with s — o0), per Definition 8.
Let m represent the total number of unique transactions committed
during the window. During this window, the adversary has control
over s - f - B transaction slots, whereas honest parties have s - (n —
f) - B slots. To compute the throughput, we compare the cost the
adversary pays in its own slots to increase redundancy in the honest
slots.

Consider an arbitrary transaction tx assigned to at least one
honest proposer in round r, and let P (tx, i) represent the set of
proposers assigned tx in round i € [a,r], where a and r the first
and last round it got assigned, respectively. Under our transaction-
reactive assignment rule, these sets are disjoint across rounds:
P(tx, i) NP (tx, j) =0 fori # j.

If the adversary keeps tx uncommitted through round r, every
proposer in P (tx, i) for each round i < r must be Byzantine. There-
fore, to censor tx for ¢ rounds, the adversary must “spend” at least

~

-1

|P(tx,a + j)|

Il
o

J
Byzantine proposer-slots. Each additional honest copy of tx beyond
the first reduces the number of unique committed transactions. If
there are k(tx) copies for transaction tx, the adversary reduces the
unique count by k(tx) — 1. Thus, we define redundancy introduced
by each transaction as R(tx). Note here that the sum of unique
transactions, m, and the redundancy introduced by each transaction
Ditxem (R(tx)) is (n — f)sB, since all the honest proposer slots must
be filled by either a unique transaction or a redundant transaction.

m+ R(tx) = (n— f)sB

Also, note that in any round the honest parties will commit at
least one transaction, and thus across s rounds, at least s transactions
will be committed for both MI and Al This implies that m > s.

1. Multiplicative Increase. For MI, a transaction of age d has kg =

d
ke? assignees. To reach age d, the adversary uses Z?;ol ki = k%

d;
slots. Given the total corrupted-node cost 372, k* 1 < sfB,it

follows that:

m
Z k(¢% —1) < (£-1)sfB
=1
The adversary seeks to maximize redundancy = 372, (kq; — 1):
2=Z(k€df —k+k-1)<(t-1)sfB+(k—1)m
j=1

With m = s(n — f)B — ¥ unique transactions:
m>s(n—f)B—((¢-1)sfB+ (k—1)m)

km>sB(n—-{f) = m> %(n—ff)
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Sincem > s = m > max (s, ﬁ(n - t’f)) Definition 7 gives

RN
Tﬁ?({k,z)—MI = len; (; Zl: |C,|).
=

Under all adversaries A, ¥5_;|C/| = m > max (s, $(n - £f)).
Thus,

X 1 sB
Tt gy 2 Sli)rrgo (; max (s, ?(n - t’f)) |)
From Definition 8,

THRy _ e ., max (k. (n—£f))
(k. 0)-MI nB nk ’
2. Additive Increase. For Al, a transaction of age d has kg = k + ¢d
assignees. To reach age d (i.e., being censored for d rounds), the
total Byzantine proposer-slots the adversary must spend is the sum

of assignees in all preceding rounds:

d-1
A(d) = Z(k +jO) =kd +

=0

—[d(dz_ Y <sfB.

Whenever tx is finally committed at age d, it occupies k4 slots. One
slot is the unique transaction, and the remaining k4 — 1 slots are
redundant copies. Thus, the redundancy created by a transaction
ofagedisR(d) =k +df — 1.
We observe that for any d > 0, the redundancy is bounded by:
4
R(d) < EA(d) + (k-1).
The adversary chooses a multiset of ages D = {d; };":1 to max-
imize total redundancy ¥ = 7%, k + d;¢ — 1 subject to the total
Byzantine slot constraint }}72; (kd i+ Mj(‘é#l)) < sfB. Using our

linear bound:
m
-1

3= ZR(d,—) < Z (£A(dj) +k- 1)
J=1 j

< £sz +m(k —1).

The number of unique committed transactions m is the difference
between total honest slots and the redundancy X:

m=s(n—f)B-3%

m>s(n—f)B- (zsz+ m(k — 1))

el 1))

sB k+¢
mZ?(H—Tf).

Since m > s =— m > max (s, % (n - % )), Definition 7 gives

1 S
A —1; -
TH(k,t’)-AI - sh_>nolo (3 Zl |C’|)'
=

Under all adversaries A, }7_; |Cr| = m > max (s, % (n - ]‘T”f))

Thus,
(L sB k+¢
TH(k,F)—AI > lim |- max (s, - n— Tf )

§—00 S

From Definition 8,

k
Tt a S ax (k’ (" B %{f))
nB nk

THRH(k,()—AI =

[m]

On AI vs. MI. By Theorems 8 and 9, the throughput of both
additive-increase (AI) and multiplicative-increase (MI) assignment
protocols is a linear function of the adversarial corruption budget f.
For fixed duplication parameters (k, £) we obtain

o))

Thus, comparing worst-case throughput reduces to comparing the
coefficients of f. We have

n—{f
Tn(k.(’)-MI = B( A ) and TH(k,t’)-AI =

k+t
Tgepyan 2 Tgepn & € < (%) = t(k-1) < k.

Since ¢ is usually small (~ 2), the throughput for Al and MI do not
differ substantially. However, as shown in Theorem 8, the two mod-
els differ sharply in censorship resistance: multiplicative increase
achieves censorship resistance of order 1/log,(f/k), while additive
increase achieves only order of \/W . Consequently, multiplicative-
increase assignment protocols offer stronger censorship resistance
while maintaining throughput behavior that is comparable (up to
constant factors) to that of additive-increase protocols.

5.2 Transaction-Reactive (k, £)-Duplication vs.
Transaction-Non-Reactive k-Duplication

—A— Hk-dup

—x— Il (x,2)-M1

o
o

S
IS

Throughput score
e
(s}

| | | |
0.1 0.2 0.3 0.4 0.5

Censorship resistance score

Figure 2: Throughput vs. censorship resistance score for n =
128, f =42, £ =2, with k € [1, f].

To compare the transaction-reactive protocol IT (4 ¢y against
the transaction non-reactive protocol I qup, We plot in Figure 2
the score tuples (CR, THR) attained by each protocol family. Specif-
ically, we compare I )-mr against [Txqup in the same regime with
n = 128 proposers out of which f = L% - 128] = 42 are Byzantine.
For each possible CR value, we compute the k value achieving CR
and then use k to compute the corresponding THR value.

Figure 2 shows that IT(x ¢)-v1 outperforms Il gyp in most of the
region where II( 2)-mr is defined, i.e., for THR < 1/3. Concretely,
except for the extreme case where the duplication factor is 1, any
throughput score that I gy, can achieve, IT(x »)-v1 can achieve the
same throughput score with a much (exponentially) better censor-
ship resistance score. As an example, Sui, which is essentially ITs_qyp,



is strictly dominated by IT(; 2)-m1, which gives better throughput
and censorship resistance scores.

6 Randomized Assignment Protocols

In this section, we study randomized assignment protocols, obtained
by randomizing the k-duplication assignment family from Sec-
tion 3.1. Recall that the deterministic round-robin assignment is
predictable and can be targeted: an adversary can censor a trans-
action by corrupting its k designated proposers. Our randomized
variants instead sample assignees uniformly at random (avoiding
repeat assignments across rounds), and we assume an adversary
that chooses its per-round strategy before learning that round’s
randomness.

thVe present two assbignfnent protocols: ﬂg‘_mn 4 and Hiff;;er. In
% . €ach transaction is randomly assigned to exactly k pro-
posers, so that each proposer is assigned B transactions in expecta-
tion. Note that this scheme requires global randomness. In Hzf:zjer,
each proposer randomly samples B transactions such that each
transaction is assigned to k distinct proposers in expectation. This
scheme can be instead instantiated with local randomness sampled

by each proposer.

Modified Throughput Score and Censorship Resistance Score
Definitions. In a randomized protocol, if we take an infinite in-
terval, some transaction’s delay can be infinitely long with a small
probability. Similarly, it is possible that all honest parties select the
same transactions.

On the throughput side, we redefine the throughput score to
be based on expected throughput. For throughput under adver-
sary (Definition 7) and throughput (Definition 8), we use the same
definitions for randomized protocols; the only difference is that
throughput is now measured in expectation, provided that we can
prove tight concentration bounds around the expected value.

On the censorship resistance side, we redefine the censorship
resistance score to be based on worst-case censorship resistance
except with a small probability parameterized by parameter c.

Definition 10 (c—Delay Under Adversary). LetII be a randomized

assignment protocol and A a fixed adversary strategy. Let {M,, Ay, C; }72,

be the (random) execution trace. For s € N, let 7 := | J;_, Ay. For
eachtx € T, define D(tx) := cix — arx, Where ¢y and ay are the first
round that tx was assigned and committed respectively. For o € (0, 1),
define the a-percentile delay in s rounds as

1
Qu(s) == D st VAl ‘E([{tx e 7,/ : D(tx) < D}|) > «a.
We define the c—censorship delay of II under A to be

Dg’{ = SILIEO Qu(s) fora:=1-(nB)~°.

Definition 11 (c—Censorship Resistance). The c—censorship resis-
tance score is defined as in Definition 6, but with c—censorship delay
for adversaries (from Definition 10).

6.1 Sampling k Proposers per Transaction

We describe the protocol H;jran o formally specified in Algo-
rithm 5. The main idea is that in each round, all proposers share

some global randomness, which determines the k proposers each
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transaction is assigned to. In more detail, in each round, trans-
actions in the mempool are ordered, giving priority to the old-
est assigned transactions. For each transaction tx, the protocol
samples k proposers uniformly at random from those who have
not previously been assigned to tx. In both Algorithms 5 and 6,
SampleDistinct(S, k, rand) denotes sampling k distinct elements
from set S using random seed rand. Note that H}C"_mn 4 can produce
assignments that do not explicitly respect the block size B, i.e., there
might be proposers who are assigned less or more than B transac-
tions; however, the expected block size for each proposer is B. Next,
we analyze the throughput and censorship resistance behavior of

tx
11 k-rand”

Algorithm 5 PER TRANSACTION SAMPLING
(P, r, M, Hist, rand)

1: function II™

k-RAND
2: > Initialize an empty mapping A, from transactions to sets of
proposers
3: Ar =0
4 AvailableProposers «— P
5 Sort M by increasing Hist[tx] » Previously assigned trans-
actions (smaller Hist [tx] ) have higher priority
6: for each transaction tx € M in sorted order do
7 Py « proposers who have never been assigned tx be-
fore
8 > Sample k distinct proposers uniformly at random from
Ptx
9: Six < SampleDistinct(Pyy, k, rand)
10: for each proposer P € Sy do
11: if A,[P] has < B transactions then
12: L Add tx to A, [P]
13: Record that P has now been assigned tx
14: if A, [P] is now full (B transactions) then
15: Remove P from AvailableProposers
16: if AvailableProposers = () then
17: L L | break; > Stop if all blocks filled
18: | return A,

Throughput. In Theorem 10, we prove that the expected through-
put score for ITY¥ . is E[THR] = £ (1 — (JI:)/(Z)), in Corollary 2

_k

we simplify and show that E[THR] > IT” where 7 is the fault

ratio. Under HZ‘ o the sampling process is independent across
-ran

transactions; thus, we can prove (see Lemma 3) that THR is tightly

concentrated around its expected value with high probability.

Theorem 10 (Expected Throughput in Hi’fmn 4)- The throughput
score of assignment protocol I . (described in Algorithm 5) satis-

fiesE[THR] = %, wherep =1 — (J,:)/(Z)

Proor. Let |H| = n — f denote the number of honest proposers,
and Let T = % be the total number of distinct transactions to
be assigned in a given round. Let X be the random variable that
denotes the number of transactions assigned to at least one honest
proposer. For a fixed transaction, the probability that all k proposers
assigned to it are corrupted is

f

Pr[all k are corrupt] = ﬁ
k
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Hence, the probability that the transaction is assigned to at least
one honest party is

Under H}C"_mn 4 each round has the same expected throughput.
Thus the throughput score per Definition 8 is equal to the expected

throughput score for a single round:

E[Xl_e_z(l_d_))_
)

E[THR] = B k%

Corollary 2 (Expected Throughput lower bound). Assume f =n-n
k
for some constant nj. Then E[THR] > I_T”

! k k
Proor. Using that % < (L;) ,wegetthatp >1— (Jg)
k

and thus
k
E[THR] > % (1 - (1;) )

Next, using f =7 - n, we can simplify

1—17"

E[THR] 2 —

]

Lemma 3 (Throughput concentration bound in H}C"_mn - Let X
denote the number of unique transactions assigned to at least one
honest party in a round, and let THR = X /(nB). Then, for any 0 <
§<1,

Pr [THR <(1- 5)]E[THR]] < exp ( & EZ[X] )
and similarly
Pr [THR > (1+ 5)E[THR]] < exp ( ¥ IE;[X] )

In particular, for sufficiently large nB/k, the throughput is tightly
concentrated around its expectation with high probability.

Proor. Let I; be the indicator that transaction i is assigned to at
least one honest party. Then X = ZiT=1 I;, where T = nB/k, and each
I; is an independent Bernoulli random variable with mean p. The
result follows directly from standard Chernoff bounds applied to
the sum of independent Bernoulli random variables, then dividing
by nB to get the throughput score. O

Censorship Resistance. In Theorem 11, we derive the c-censorship
. o kIn(1/n)

resistance score of H;C’fran 4 In Corollary 3, we simplify CR > = lr; n 1;7) ;

this means that it suffices to set k € @(Inn) for CR to equal 1.
Before deriving the censorship resistance score CR in Theo-

rem 11, we first state and prove the censorship delay D in Lemma 4.

Lemma 4 (Censorship delay in Hz‘_mn o Fixc € R*. Under assign-

x the censorship delay of any given transaction

ment protocol T e rand’

is at most
-In(nB
S ¢ n(nB)

( ® )
n T
)
rounds, except with probability at most W.

Proor. Fix a transaction tx. In any given round, tx is censored
if all of its assigned proposers are Byzantine, which occurs with
probability

f
()

Pcensor = 71 -
(k)

Since sampling is independent across rounds, the probability that
tx is censored for D rounds is p2 ... We require that this proba-
bility p2 .., is at most (n113)0' Rearranging, we get that any given
transaction is censored for at most

_c In(nB)

: ((f;)

rounds, except with probability at most W.

Theorem 11 (Censorship resistance score of H;"_ran @) Fixc € R*.
The assignment protocol H‘ZTTZ ZZ" has c-censorship resistance score

(/)

> — .
~ c¢-In(nB)

Proor. Lemma 4 guarantees that any given transaction is cen-
sored for at most
_ ¢-In(nB)

: ((;Z)

rounds, except with probability at most W. Per Definition 11,
this implies that H;{’fran 4 has c-censorship resistance score

l
()

~ ¢-In(nB)’

Corollary 3 (Censorship resistance lower bound for H;{X_mn Q- Let
f =nnfor0 < n < 1. Then the c-censorship resistance score ofl'llffmnd
satisfies

kIn(1/n)

CR> ———,
~ cln(nB)

except with probability at most —(nllg)c .



()

k
Proor. From Theorem 11 and using that 6] < (f;r:) , we get
k
that

(Z))

In|-— 1
s ((i) (i)
~ cln(nB) — cIn(nB)
_ kin(1/n)

~ ¢In(nB)’

as desired.

6.2 Sampling B Transactions per Proposer

Next, we describe the second randomized assignment protocol
Hifflfger, formally specified in Algorithm 6. In each round, and for
each proposer P;, the protocol samples B transactions uniformly
at random from the candidate pool of ”—If transactions. Under this
sampling method, each transaction has a probability k/n to be
selected by any proposer, and thus, an overall (expected) duplication
factor of k. We highlight that Hif‘::;;er can be instantiated with local
randomness, i.e., each proposer can locally sample randomness,
which determines the B transactions to include. Next, we analyze

the throughput and censorship behavior of Hif:s;er.

Algorithm 6 PER PROPOSER SAMPLING
: function IROPOSER(P M, Hist, rand)

k-RAND

1
2 A =0

3: AvailableProposers «— P
4

5

Sort M by increasing Hist [tx]

> Define the target candidate pool size based on system ca-

pacity

Ncap — (n : B)/k

CandidatePool « First N, transactions of M

for each proposer P €  do
> Uniformly sample exactly B transactions from the can-
didate pool

10: A,[P] « SampleDistinct(CandidatePool, B, rand)

11: return A,

N N

Throughput. In Theorem 12, we prove that the expected through-

n—f
put score for Hifﬁ;er is E[THR] = %(1 - (1 - %) ); in Corol-

1—e-k(-1)

lary 4 we simplify E[THR] ~ > Where 7 is the fault ratio.

Theorem 12 (Expected Throughput in Hiffsjer). The through-

put score of assignment protocol H,’Cx_mnd (described in Algorithm 6)

n—f
satisfies E[THR] = %, wherep =1— (1 _ %) )

Proor. Since each proposer samples transactions from the pool
of nB/k transactions uniformly at random, the probability that a
given transaction is not chosen by a given honest proposer is

B k

=1-——=1--.
Ps nB/k n
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Since each honest proposer samples independently of other pro-
posers, the probability that a given transaction is not chosen by

any honest proposer is
K\
po = (1 _ _) .

n

Thus, the probability that at least one honest proposer chooses a
given transaction is

k\"f
=1-py=1-[1-= )
p=1-p=1-(1-%)

Since there exist "—kB transactions in the candidate pool, the expected
throughput is given by

nB
E(X)=—-p,
(="
and the throughput score is given by
EX) _p
E(THR) = —= = £,
( ) nB k

[m]

Corollary 4. Let f =nn for0 <n < 1.Ifn islarge, then E(THR) =
1—e—k(1-n)
s

Proor. We assume that f = nn. Thus,

k n(1-n)
p=1—(1——) =1-¢ k0
n

)
for large n. Thus, the expected throughput score tends to ~—~*—7——.

[m]

Next, we want to prove a tail bound on the throughput of Himposer,
-rand

similarly to the analysis of I}* .. However, note that the indicator
random variables X; — that represent whether the i-th transaction
is proposed by at least one honest proposer — are not independent
under Hifﬁ:ﬁ;er. In order to use Chernoff bounds, we prove that the
random variables are negatively associated (NA) (Lemma 5). After
establishing NA, we can use Chernoff-Hoeffding bounds (Lemma 6)
to get tail bounds for the throughput of the protocol. Our proof
relies on (Proposition 5, [12]) which states that Chernoff-Hoeffding
bounds are applicable.

Lemma 5 (Negative Association of Transaction Inclusion). Let X;
be an indicator random variable representing whether a particular
transaction tx; is included by a at least one honest proposer, under

Hif‘;’a’zzﬂ. The set of variables {X;}v; are negatively associated (NA).

Proor. To prove this statement we will prove first that for each
proposer, selecting a transaction is NA to selecting other trans-
actions and then through the standard closure properties defined
by [17] extend the negative association to the at least one honest
proposer case.

Let X;; be a random variable that honest proposer j selects
transaction tx;. Restating the problem as: An urn (mempool) con-
tains N (= nB/k) balls (transactions), each having a different color
(unique transactions). Suppose a random sample of n(= k) balls
(transactions) is chosen (without replacement) and Y;,i = 1,..., N,
be random variables indicating the presence of a ball of the ith
color in the sample. This proves the equivalence to the example
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stated in Section 3.1(c) of [17] which proves that this distribution
is Negatively Associated.

From Property P; of [17], we have that a union of independent
sets of NA variables is NA. Since each honest proposer chooses its
set independent of each other, the union of chosen transactions
from each proposer results in a Negative Association between the
transactions. O

Now that we have established Negative Association, we will use
Chernoff-Hoeffding bounds to get tail bounds for the throughput
of the system.

Lemma 6 (Throughput concentration bound for Hir;’fﬁer) Let X be
the random variable representing the number of unique transactions
committed by honest proposers in a single round. Let p = E[X] be the
expected throughput derived in Theorem 12. For any § € (0, 1), the
probability that the realized throughput deviates from the expectation

is bounded by:

2
Pr[X < (1-96)u] < exp (—5711)
and

Pr[X > (1+9)p] <exp (—52%)

Proor. Let X; be the random variable that transaction i is as-
signed to at least one honest party. Then X = ZiTzl X;, where
T = nB/k, and each X; are negatively associated random variable
with mean p. The result follows directly from standard Chernoff
bounds applied to the sum of negatively associated random vari-
ables, then dividing by nB to get the throughput score. O

Censorship Resistance. In Theorem 13, we derive the c-censorship
resistance score of Hif:l:er. In Corollary 5, we show that CR >

ckl(ri(n%)) ; , it suffices to set k € ©(Inn) for CR to
equal 1.
Before deriving the censorship resistance score CR in Theo-

rem 13, we first state and prove the censorship delay D in Lemma 7.

3 tx
similar to ITY

proposer

trand )- Fixc € RY. Under
, the c-censorship delay of any given

Lemma 7 (Censorship delay in IT
assignment protocol Hp mp oo

transaction is at most
n-c-In(nB)
Ck(n—f)

rounds, except with probability at most _(nB)C .

D=—— "

Proor. Fix a transaction tx and an honest proposer P. The prob-
ability that tx is not proposed by P in one round is
B k
- =1--.
nB/k n
Since honest proposers select transactions to propose independently
of other proposers, and using that (1 — x)"f < e *(*=f) the
probability that tx is not proposed by any honest proposer (in one
round) is given by

nef
LA R TP
-] <

Over D independent rounds, the probability that tx is never pro-
posed by any honest proposer is at most

(e—k(n—f)/n)D — e—Dk(n—f)/n.
We require that this probability is at most W. Rearranging, we
get that any given transaction is censored for at most
n-c-In(nB)
k(n—f)

rounds, except with probability at most W.

D=

O

). Fixc € R*.
has c-censorship resistance score

k(n-f)
CR=> n-c-In(nB)’

Theorem 13 (Censorship resistance score of TI™*
k-rand
proposer

The assignment protocol IT;, '

Proor. Lemma 7 guarantees that any given transaction is cen-

sored for at most
n-c-In(nB)

k(n—f)

rounds, except with probability at most
Hproposer

D=

(nB)c Per Definition 11,
has c-censorship resistance score

k(n-f)
CR=> n-c-In(nB)’

this implies that

[m]

Corollary 5 (Censorship resistance lower bound for Hpmposer) Let
f=nnfor0<n <1 Then Hii‘;s Zf;r has c-censorship resistance score

k(1-n)
CR > m

proposer

Proor. Plugginginn = f/nin Theorem 13, we get that IT,_

has c-censorship resistance score

| k-
~ ¢-In(nB)

6.3 Comparison Between Randomized and
Deterministic k-Duplicate Protocols

To showcase the power of adding randomness in an assignment pro-
tocol, we compare the two randomized k-duplicate protocols with
the deterministic k-duplicate transaction-non-reactive protocol.

Comparison Setting. We plot the THR and CR scores against the
duplication factor k for the three protocols. To facilitate comparison,
we set n = % and evaluate the THR and CR formulas with n = 128
proposers out of which f = L% - 128 = 42 proposers are Byzantine.
For CR, we set the block size to be B = 5 and consider the (¢ = 2)-
censorship resistance score for both randomized protocols.

Comparison Observations. In Figures 3 and 4, we plot the THR
and CR scores against the duplication factor k € [1, 10]. In Figure 3,
we observe that the randomized protocols consistently achieve
better throughput than the deterministic counterpart. The only
exception occurs when k = 1, where Hﬁ’fj’;jer fails to achieve the
maximum THR = 1 — 5 = 2/3 that is achieved by both I\ _ . and
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Figure 3: Expected throughput score vs. duplication factor
of deterministic and randomized k-duplicate protocols. Here
n=128,n=1/3,and f = 42.
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Figure 4: Censorship resistance score vs. duplication factor k
of deterministic and randomized k-duplicate protocols. Here
n=128,n=1/3,f=42,B=5,and c = 2.

proposer
Ii-qup. In TE"F

a4 > honest proposers sample transactions indepen-
dently; thus THR reflects that some transactions receive no proposer
and are missed, and this is why THR is below the 1 — 5 baseline
(for k = 1). On the other hand, H;{X_ran 4 is better than Hiffﬁer be-
cause it assigns each transaction to exactly k proposers, preventing
“unassigned” transactions.

In Figure 4, we observe that the randomized protocols significantly
outperform the deterministic counterpart in terms of censorship
resistance. In this n = 128 regime, H;{’fran 4 consistently achieves
more than 4x higher CR than ITj_4up. We emphasize that this dif-
ference grows exponentially in the number of proposers n. As in
the THR case, II™ achieves better CR scores than TP P 1

TIPTOPOSET  qnli k—fand . . . k—ra.nd

trand » Quplication is only guaranteed in expectation, yielding
weaker worst-case censorship resistance; in contrast, H;iran 4as
signs each transaction to exactly k proposers, eliminating under-
assigned transactions and thus achieving higher censorship resis-

tance.

6.4 Overcoming Deterministic Lower Bounds

Our randomized protocols overcome deterministic lower bounds.
Here, we discuss how H;Cx_ran 4 overcomes both “classes” of determin-
istic lower bounds from Section 4, as also illustrated in Figure 1.

Elsheimy et al.

. . + _ cln(nB) tx
First, if we set k* = mam < f, then Hk*_ran

d achieves c-

censorship resistance score of 1, while THR € @(@). There-
fore, H}(’iiran 4 overcomes the lower bound from Theorem 5, which
states that protocols achieving optimal CR = 1 must suffer from
THR € O(1/f).

Second, Htl’frand achieves THR = 1 — n, where n = f/n, and c-

. . In(1
censorship resistance score CR > n/n) . Therefore, TI{* _ . over-

c-In(nB) d
comes the lower bound from Theorem 6, which states that protocols

achieving THR = 1 — n must suffer from CR < %

7 Related Work

Traditional BFT consensus [8, 9, 27] relies on a single leader
per view, creating a single point of censorship. The adversary can
censor a transaction for f blocks in cases where a byzantine leader’s
silence triggers a view change protocol to elect a new leader. While
the overall throughput of such systems remains optimal (since no
duplicate transactions are inserted), the absolute value remains
small, since a single leader can only propose a certain number of
transactions capped by its maximum bandwidth.

Multi-proposer (leaders) consensus protocols aim to address this
limitation. A dominant approach is DAG-based consensus, which
decouples transaction dissemination from ordering. Mir-BFT [24]
introduced parallel leaders with deterministic transaction parti-
tioning to improve throughput. DAG-based consensus protocols,
such as Bullshark [23], Narwhal and Tusk [11], and protocols such
as Aptos and Sui allow every validator to propose blocks concur-
rently [4, 6]. If a client submits a transaction to sufficiently many
validators (e.g., more than 2f), at least one honest proposer will
include it, yielding strong short-term censorship resistance. In the
worst case, insufficient dissemination (only sent to constant number
of proposers) yields an O(f) censorship delay, while sufficiently
wide dissemination yields constant delay. However, the choice of
sending the transaction to multiple proposers reduces the through-
put of the system, since multiple parties would propose the same
transaction, and thus at best a fraction O(1/f) of the maximum
throughput would be achieved as informed by our lower bound
results in Section 4.

To reduce the bandwidth overhead induced by transaction dupli-
cation, recent work such as Sedna proposes a dissemination model
in which users transmit erasure-coded fragments rather than full
transactions [21]. This significantly reduces the bandwidth cost of
reaching multiple proposers, but introduces additional practical
constraints. In particular, fragment verification does not enforce
correct encoding: a proposer can only check that a fragment is well-
formed and signed, not that it corresponds to a valid or decodable
transaction. Our work focuses on the full-transaction dissemination
regime instead, which is the dominant model used in practice.

Another related work [2] measures the minimum latency cost
that a transaction must face to ensure censorship resistance, and
shows how to achieve this bound. Such a lower bound is still subject
to our results. Thus, to ensure censorship resistance one must pay
a cost in latency for finality as well as in throughput.

Outside of pure consensus protocol design, one line of work
augments a single-proposer model with inclusion lists (FOCIL [25]
and AUCIL [26]) - additional constraints that force a block pro-
poser to include certain transactions. In FOCIL, for each slot a small
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committee of validators is randomly chosen to each gossip a local
inclusion list of transactions. The block proposer must then include
an aggregate of these lists in its block, and attesters check that this
aggregate honestly reflects the committee’s reports. AUCIL refine
this approach by introducing a fee based assignment of transac-
tion to the committee members through a correlated equilibrium
based coordination scheme. Multiple IL proposers independently
select transactions, and an aggregator is chosen via an auction that
rewards larger inclusion lists. Excluding transactions is therefore
disincentivized, since an aggregator that omits transactions risks
losing to one that includes more. Both FOCIL and AUCIL strengthen
censorship resistance in single BFTs — either through committee
vetos or economic incentives, but introduce additional overhead
from committee communication and inclusion-list data, and do not
mitigate transaction duplications.

8 Conclusion and Future Work

This work presents a unified framework for analyzing the trade-off
between censorship resistance and throughput in multi-proposer
BFT protocols. We formalize quantitative metrics for censorship
resistance and throughput, establish tight lower bounds for deter-
ministic protocols, and construct deterministic and randomized
schemes that match or exceed these bounds. An interesting direc-
tion for future work is to analyze these trade-offs under rational
adversarial models, where proposers are utility-maximizing agents.
In such settings, it becomes necessary to account for strategic behav-
ior, incentive compatibility, and equilibrium outcomes, potentially
yielding different assignment mechanisms and feasible regions.
Finally, it would be interesting to study the same censorship-vs-
throughput tradeoff problem under weighted settings. For instance,
proposers might control more building power (e.g., stake), or trans-
actions might consume different compute (e.g., gas used).
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