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Abstract
DAG-Rider popularized a new paradigm of DAG-BFT pro-

tocols, separating dissemination from consensus: all nodes
disseminate transactions as blocks that reference previously
known blocks, while consensus is reached by electing certain
blocks as leaders. This design yields high throughput but con-
fers optimal latency only to leader blocks; non-leader blocks
cannot be committed independently.

We present Lemonshark, an asynchronous DAG-BFT pro-
tocol that reinterprets the DAG at a transactional level and
identifies conditions where commitment is sufficient—but not
necessary—for safe results, enabling nodes to finalize trans-
actions before official commitment, without compromising
correctness. Compared to the state-of-the-art asynchronous
BFT protocol, Lemonshark reduces latency by up to 65%.

1 Introduction
Modern distributed applications require consensus pro-

tocols that can achieve both high throughput and low la-
tency in adversarial environments. From cryptocurrency net-
works [1, 5, 6] processing millions of transactions daily to
geo-distributed databases [39, 43, 45, 46] serving global user
bases, these systems must maintain consistency despite po-
tential node failures and malicious behavior.

Byzantine Fault-Tolerant (BFT) consensus protocols [17,
18,24] address this challenge by solving the Byzantine Atomic
Broadcast (BAB) problem [22]: ensuring all honest processes
agree on a total order of messages (e.g., transactions) despite
Byzantine faults, with both safety and liveness guarantees.

While BFT protocols solve this fundamental problem, clas-
sical Asynchronous BFT approaches [26, 38, 40, 42] utilize
paradigms [14, 15, 18] that have been perceived as either ex-
cessively complex or prohibitively costly for practical deploy-
ment. While recent advances have substantially improved

performance [10, 40], a novel class of DAG-based proto-
cols [13,28] has emerged, introducing an innovative paradigm
that promises optimal round and amortized communication
complexity [23, 29, 34].

DAG-based BFT protocols [23, 29, 34] follow the principle
of decoupled data dissemination and consensus to improve
throughput and expected latency. These protocols enable ev-
ery node to propose transactions in the form of blocks that
reference previously known blocks, collectively forming a
Directed Acyclic Graph (DAG) across rounds. This paral-
lelization is the key to their increased throughput. While the
DAG imposes only a partial order, a total order can be derived
by selecting specific blocks as leaders.

DAG-BFT protocols achieve consensus by electing leader
blocks using a Global Perfect Coin abstraction [16, 37, 47].
This mechanism significantly improves expected latencies
compared to traditional approaches [26, 38,40, 42]. Once con-
firmed, leader blocks and their causal histories (all blocks
reachable through directed paths) are committed, then or-
dered deterministically and executed to produce finalized
outcomes for the constituent transactions of blocks.

Prevailing designs couple finalized outcomes with block
commitment. The leader election process fundamentally gov-
erns block commitment. Elected leaders may achieve optimal
latency (committed after the next round), while non-leader
blocks require inclusion in the causal history of a subsequently
elected leader to be committed. This asymmetry creates a
latency disparity: even under perfect network conditions with-
out faults, non-leader blocks experience 1-2 additional rounds
of delay compared to leader blocks.

Moreover, leader elections typically yield a single leader
and occur infrequently, thereby exacerbating latencies for the
majority of blocks. The current state-of-the-art asynchronous
DAG-BFT protocol, Bullshark [29], has only partially ad-
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dressed this issue by enabling more frequent leader elections
during periods of relative progress.

Rather than accelerating leader election, Lemonshark in-
troduces a theoretical shift:

We may yield finalized outcomes for transactions
in a non-leader block before it is committed.

We term this capability Early Finality — which decouples
finalization from commitment. Lemonshark demonstrates
that commitment via inclusion in a committed leader block’s
causal history represents a sufficient, but not necessary, con-
dition for obtaining finalized outcomes when it comes to
transactions in asynchronous DAG-BFT protocols.

Naively attempting to derive finalized outcomes for trans-
actions contained within non-leader blocks before their com-
mitment is generally unsafe. In asynchronous, adversarial
environments, a node’s local view of the global DAG may
not be complete. As such, there may exist blocks unknown to
the node—whose transactions conflict with or otherwise in-
fluence outcomes of those in its local view. Even if the node’s
local view includes all the blocks, the inclusion of a given
block in the causal history of a subsequently elected leader
cannot always be guaranteed.

Lemonshark addresses these safety challenges through a
key insight: knowing the ordering of conflicting blocks within
the eventual committed leader block’s causal history enables
the determination of safe, finalized outcomes even before the
leader block is proposed. We implement this through key-
space partitioning and deterministic causal history ordering.

Lemonshark partitions the key-space across blocks within
each round, ensuring that each block operates on a distinct
shard and eliminating most intra-round conflicts. This con-
straint, combined with predefined ordering rules, enables
nodes to safely derive final transaction outcomes by observ-
ing only conflicting actions from previous rounds — a practi-
cally achievable requirement even under network asynchrony
and Byzantine adversaries. While key-space sharding intro-
duces complexity for cross-shard transactions, Lemonshark
achieves early finality by re-interpreting the DAG locally
without additional coordination. Failing the checks does not
introduce additional throughput or latency penalties; transac-
tions simply finalize at their original commitment time.

To the best of our knowledge, Lemonshark is the only
asynchronous DAG-BFT protocol that provides early final-
ity in such a manner. We empirically compared Lemonshark
with Bullshark, the state-of-the-art asynchronous BFT pro-
tocol, in a geo-distributed setting across five AWS regions.
Lemonshark attains up to 65% lower consensus latency in the
failure-free case, while achieving virtually equivalent through-
put. Even under adversarial conditions, Lemonshark main-
tains its early finality benefits. In the presence of a single node
failure, Lemonshark attains an approximate 50% improve-
ment; even under maximum tolerable failures, Lemonshark
still maintains an approximate 24% latency benefit.

2 Preliminaries
We consider a set of n nodes: Π = {p1, · · · , pn}, where a

dynamic computationally-bounded adversary can corrupt up
to f < n

3 unique nodes. Corrupted nodes are considered Byzan-
tine, whilst the remainder are regarded as honest. Byzantine
nodes may exhibit arbitrary behavior, whereas honest nodes
follow the protocol faithfully. We assume a public key infras-
tructure exists for node identity verification.

We adopt identical timing assumptions as Bullshark: we
make no timing assumptions, and progress occurs even un-
der full network asynchrony. Messages may be reordered or
delayed arbitrarily, but are eventually delivered.

Since Lemonshark utilizes identical dissemination and con-
sensus mechanisms as Bullshark, we assume a reliable broad-
cast (RBC) [17] primitive with agreement, integrity, and va-
lidity properties [29]. We also assume a Global Perfect Coin
(instantiated with threshold signatures) [16,37,47] for random-
ized leader election to circumvent the FLP impossibility [27].

3 Background and challenges
The current state-of-the-art asynchronous BFT protocols

are all DAG-based protocols, with Bullshark being the most
performant implementation. Since Lemonshark utilizes the
same state-of-the-art core consensus mechanism, we first ex-
amine its design before analyzing the fundamental challenges
that prevent early finality.

3.1 DAG Core
DAG-BFT protocols, such as Bullshark [29], decouple mes-

sage dissemination from consensus. The dissemination proto-
col operates in sequential rounds r = 1,2,3, . . ., where each
node performs reliable broadcast (RBC) [17] of a message
containing:

• A unique node identifier.
• A set of client-submitted transactions.
• Pointers to (≥ 2 f +1) blocks from the previous round.
• Some additional metadata.
Transactions represent atomic operations that read and

modify key-value pairs in a shared state.
Upon successful completion of the RBC, the message be-

comes established as a block b. The RBC primitive provides
two crucial guarantees: eventual availability of a completed
broadcast (block) to all correct nodes, and identical block de-
livery across all correct nodes (non-equivocation). In effect,
this strong primitive mitigates the most disruptive aspects of
Byzantine behavior, ensuring that malicious nodes can only
interfere with the protocol by remaining silent; much like a
crashed node.

These blocks serve as vertices in a graph structure, with
their pointers to previous-round blocks forming edges, col-
lectively constructing the global DAG. It is possible for a
block to become orphaned if no subsequent block in the fol-
lowing round points to it. We elaborate in Appendix D how
Lemonshark handles such blocks.
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Figure 1: An example of latency disparities in Bullshark. Only criti-
cal pointers are shown for clarity. Red blocks denote steady leaders,
purple blocks denote fallback leaders, with crowns indicating com-
mitted leaders. The steady leader at round r+1 commits upon ob-
taining sufficient votes, while the green block at round r must await
inclusion in a future leader’s causal history, incurring 8 additional
rounds of delay. Were the green block itself a steady leader, it would
commit at round r+1.

3.1.1 Consensus Core
Under network asynchrony, nodes may maintain divergent

local views of the global DAG. However, since reliable broad-
cast precludes equivocation, Byzantine Atomic Broadcast is
achieved by reaching consensus on a totally ordered list of
blocks designated as leaders.

The challenge lies in achieving agreement on which blocks
are selected as leaders. Bullshark specifically employs two
leader types, where at most one type may commit within each
4-round wave:

• Steady leaders: Selected deterministically via round-
robin every 2 rounds.

• Fallback leaders: Selected randomly using a global
perfect coin every 4 rounds to circumvent the FLP im-
possibility [27].

When referring to a leader, we mean a block with that allo-
cated designation. Lemonshark utilizes the same consensus
mechanism as Bullshark. The leader selection process works
as follows: in each wave, blocks produced by a particular node
and its pointers constitute either a vote for a steady or fallback
leader depending on whether progress was witnessed as part
of its causal history in the previous wave. A steady leader
commits when at least 2 f + 1 blocks from the subsequent
round have pointers to it. Fallback leaders are identified at
the end of the wave, where blocks vote to commit by having
paths to it. Optimal latency is enjoyed by a steady leader that
obtains sufficient votes in the following round. It is important
to note that at most one leader type may commit each wave.

This leader commitment process is illustrated in Fig. 1,
where the blocks are the result of reliable broadcast. The red
blocks are steady leaders, and the purple blocks are fallback
leaders. The steady leader in r+1 obtained sufficient votes
and commits, while the missing steady leader in r+3 impedes
the progress, leading to all block paths in the subsequent wave
to be the fallback votes. The fallback leader in round r+4 is
identified and voted upon at r+7.

Figure 2: Both b̂ and b̃ contain transactions conflicting with those in
b. This figure demonstrates that Bullshark requires commitment to
resolve ordering uncertainty for such blocks.

3.1.2 Ordering and Executing Transactions
The consensus core (§3.1.1) produces a totally ordered list

of leaders. We define a block’s causal history as the set of
blocks it has paths to, excluding those already committed by
previous leaders. A node’s view of any block’s causal history
may vary depending on its perception of the last committed
leader. Each leader block’s causal history is sorted using a
deterministic algorithm and ordered in the same sequence as
the initial totally ordered list.

When a new leader b′ commits, its sorted causal history is
appended to this sequence. Transactions within each block are
then executed in this order, yielding finalized outcomes for
the corresponding transactions and blocks. Prior works [23,
34] employ different leader commitment mechanisms with
varying election frequencies. However, the resulting leader
list and transaction execution semantics remain analogous.

3.2 Inequitable Finality
While the ordering and execution mechanism described

in §3.1.2 ensures consistency, it creates significant latency
disparities between different types of blocks. For a block to
commit, it must either be part of a committed leader’s causal
history or be a leader itself. Since only a single leader may
be elected every 2 rounds, most blocks experience longer
commitment latencies than leaders. Even under optimal net-
work conditions, non-leader blocks experience 1-2 additional
rounds of delay compared to leaders, as they must await in-
clusion in a future leader’s causal history.

This creates an inherent asymmetry where transaction la-
tency depends not on network conditions or system load, but
solely on the arbitrary assignment of transactions to leader
versus non-leader blocks.

3.3 Challenges in Achieving Early Finality
This asymmetry raises a fundamental question: can we

determine a transaction’s finalized outcome before its contain-
ing block commits—circumventing the leader election bottle-
neck? This section demonstrates why early finality determina-
tion is unsafe in Bullshark, with formal proofs in Lemma A.1.

The core challenge stems from network asynchrony and
Byzantine adversaries creating uncertainty about the complete
set of conflicting transactions that may execute before a given
block. We illustrate this using Fig. 2: Consider Node 2 at
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Figure 3: Blue blocks represent the causal history of b—excluding
previously committed blocks. Blocks are ordered via breadth-first
traversal by ascending round number, terminating at b. (a) Executing
blocks in this order (b1, . . . ,b) yields the execution prefix b′⟨b⟩.

round r+1 producing block b. Its local DAG view includes
b’s causal history and at least 2 f blocks from other nodes
in round r+ 1. Due to asynchrony and potentially inactive
Byzantine nodes, Node 2 proceeds to round r + 2 without
awaiting all n blocks from round r+1.

This introduces ordering uncertainty: a block b̂ outside
Node 2’s view may contain transactions affecting b’s out-
come if b̂ precedes b in execution order. Since conventional
DAG-BFT protocols impose no restrictions on transaction-to-
block assignment, Byzantine adversaries can introduce such
blocks in any round, modifying every system key. If b̂ obtains
insufficient pointers (< f +1) in round r+2, we cannot guar-
antee that a future leader b′ (that has a path to b) at round r′

will have a path to b̂. Thus, we must first witness b′.
However, even this is insufficient. After observing b′ at

round r′, uncertainty remains about whether b′ will commit;
b′ may fail to secure sufficient votes, and a different eventual
leader (b′′) may have a different view regarding b̂’s effect on
b—potentially excluding b̂ from its causal history entirely.

These compounding uncertainties yield our main result:
without fundamental modifications to how the DAG struc-
ture is perceived, early finality is unachievable under network
asynchrony with Byzantine nodes.

4 Problem Definition
The inequitable finality described in §3.2 illustrates how

arbitrary transaction-to-block assignments lead to the uneven
latencies when obtaining finalized outcomes. Lemonshark
thus aims to determine a transaction’s finalized outcome be-
fore it is committed. Thereby allowing all blocks to yield lower
latencies! This section formalizes the notion of Early Finality
and establishes the theoretical framework for Lemonshark.

4.1 Refined Definition of Causal History
We begin by providing a concrete definition of causal his-

tory, specifying the exact ordering mechanism:
Definition 4.1 ((Sorted) Causal History of a Block). For a
block b, its causal history is the set of nodes that are part of
a sub-DAG, where b is the root, exclusive of the blocks that
are in the previous known committed leader’s causal history.
Its sorted causal history is obtained by applying Kahn’s algo-
rithm [32] to the sub-DAG and reversing the list, where ties
(blocks of the same round) are broken deterministically. We
denote this list as Hb = [. . . ,b].

Unlike existing DAG-BFT protocols that accept any deter-
ministic ordering method, we impose a temporal constraint
on the ordering: In a block’s causal history, blocks from ear-
lier rounds must be ordered before those from later rounds
(Fig. 3 illustrates this concept). This ordering choice, while in-
tuitive, is critical to Lemonshark’s early finality guarantees—
arbitrary orderings would undermine our ability to evaluate
transaction outcomes before commitment.

When a leader b′ commits, all blocks in Hb′ are committed
and executed sequentially. Non-leader blocks are committed
if and only if they appear in some committed leader’s causal
history. For a committed leader b′, we say it commits b for
all b ∈ Hb′ as well as all transactions in b. Given the strict
monotonic ordering between committed leaders, for leaders
b′ and b′′ that are committed consecutively, all elements in
Hb′ are committed before those in Hb′′ .

It is also important to note that a block b can only be com-
mitted by a single leader. Once committed by a leader, b is
excluded from the causal history of any other leader.

4.2 Transaction and Block Outcomes
To evaluate early finality, we first define outcomes for trans-

actions and blocks:
Definition 4.2 (Transaction Outcome (TO)). For a block
b = [t1, . . . , ti, . . . , tp], the transaction outcome (TO) of ti is
the outcome of ti when executing transactions in the follow-
ing order: Hb[: −1]+ [t1, . . . , ti]. We denote the prefix of Hb
exclusive of b as Hb[:−1].
Definition 4.3 (Block Outcome (BO)). For a block b and its
Sorted Causal History Hb, the Block Outcome (BO) of b is
the execution results of all transactions in b after executing
the blocks in the order of Hb.

The rationale for evaluating transaction and block outcomes
based on its own causal history is to eliminate intra-round
dependencies; treating it as if it were a leader itself.

4.3 Early Finality
To this end, we define Execution Prefix as the outcome of

intermediary blocks within a block’s sorted causal history Hb′ ,
computed prior to deriving the BO of b′. This serves as our
reference point for comparison.
Definition 4.4 (Execution Prefix (Block)). For blocks b′,b :
b = [t1, . . . , ti, . . . , tp], where b ∈ Hb′ . The execution prefix
b′⟨b⟩ is the outcome of the transactions in b when executing
the prefix of Hb′ up to and including b (i.e., Hb′ [0 : index(b)]
or Hb′ [0 : index(b)−1]+ [t1, . . . , ti, . . . , tp] ). We describe this
as the execution prefix of b with respect to b′.
Definition 4.5 (Execution Prefix (Transactions)). For blocks
b′,b : b = [t1, . . . , ti, . . . , tp], where b ∈ Hb′ . The execution
prefix b′⟨b(ti)⟩ is outcome of transaction ti when executing
the prefix of Hb′ right before b and [t1, . . . , ti] (i.e., Hb′ [0 :
index(b)−1]+ [t1, . . . , ti]). We describe this as the execution
prefix of ti with respect to b′.

When the leader block b′ (where b ∈Hb′ ) obtains sufficient
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Figure 4: Orange blocks represent all uncommitted blocks from
rounds prior to b’s round that might impact the finalized outcome of
b. The totally ordered list of committed leaders is generated by the
DAG consensus core (§3.1).

votes, the execution prefix of each block/transaction in Hb′

with respect to b′ becomes the finalized immutable outcome.
Suppose a non-leader block’s BO matches the execution pre-
fix with respect to the leader that commits it. In that case,
deriving the BO is functionally equivalent to deriving the
block’s eventual finalized outcome. We formalize this as Safe
Transaction/Block Outcome:
Definition 4.6 (Safe Transaction Outcome (STO)). For a par-
ticular transaction ti ∈ b, we say that its transaction outcome
is safe if for a committed leader block b′ : b ∈ Hb′ , the trans-
action outcome of ti is equivalent to the execution prefix
b′⟨b(ti)⟩.
Definition 4.7 (Safe Block Outcome (SBO)). If all transac-
tions within a block b have STO, we say the block has a safe
block outcome (SBO).

Finally, we define our central objective of Lemonshark:
Definition 4.8 (Early Finality). For a non-leader block b,
early finality is achieved for b if the SBO of b may be de-
termined before b is determined to be committed.

5 Lemonshark
Lemonshark builds upon the block dissemination and con-

sensus mechanisms described in §3.1, but restructures block
content and reinterprets the DAG structure to enable early
finality evaluation. As demonstrated in §3.3, early finality
was unattainable because blocks potentially ordered before
b—which may contain conflicting transactions—remain am-
biguous until the leader committing b is determined.

Lemonshark addresses this fundamental limitation through
a key insight (illustrated with Fig. 4): Suppose a block b’s
causal history includes all uncommitted blocks from prior
rounds that can affect its execution outcome. When b is com-
mitted by the leader b′, our ordering constraint (Definition 4.1)
ensures that only blocks from the same round as b may affect
b’s execution prefix with respect to b′. If those blocks indeed
do not affect b’s execution, SBO for b can be evaluated before
it is known to be committed.

In Lemonshark, this determination is made independently
by each node using its local view of the DAG. It is important
to note that Lemonshark does not enforce the conditions for
early finality; rather, each node surveys its local DAG and
identifies blocks that have met the criterion for SBO. All
honest nodes will eventually make the same determination or,

once the corresponding leader block b′ is committed, derive
identical finalized outcomes for all transactions in b. When
SBO for b is determined before commitment of b′, it may be
delivered to the clients early, reducing perceived latency.

In this section, we present the sufficient conditions that
nodes can check locally to determine whether early finality
can be achieved for a block, enabling safe execution results
before commitment.

5.1 Sharded Key-Space
As discussed in §3.3, each node must proceed after witness-

ing ≥ 2 f +1 blocks in round r, since waiting indefinitely for
potentially inactive Byzantine nodes is impractical.

Consequently, when a node produces block b in round r+1,
it cannot assert that all blocks prior to round r+1 containing
transactions affecting b’s execution prefix with respect to its
eventual committing leader are included in b’s causal history.

Lemonshark addresses this limitation by requiring each
node to operate on a distinct, rotating partition of the key-
space within each round. Specifically, we partition the key-
space over which transactions operate into n disjoint shards:
K = {k1, . . . ,kn}.

In each round, only a single node may produce a block
containing transactions that modify keys of a particular shard.
Furthermore, the node-to-shard mapping rotates each round
according to a publicly known schedule. For example, node
pi in-charge of shard ki at round r becomes in-charge of shard
k(i+1) mod n at round r + 1. A block containing transactions
that exclusively write to keys in shard ki is designated as being
in-charge of that shard.

For notational clarity, we denote br
i as a block from round

r that is in-charge of shard ki. Clients may broadcast their
transactions to all nodes, ensuring that a node in-charge of
that key-space will be able to handle it immediately upon
receiving it.

This rotation scheme prevents censorship attacks and sim-
plifies dependency tracking: block b only needs to con-
sider uncommitted blocks from previous rounds that oper-
ated on the same shard, rather than all potentially conflicting
blocks. We assume the key-space partitioning scheme [31,44]
that achieves load balance while minimizing cross-shard
transactions—The specific mechanisms for achieving optimal
partitioning are beyond the scope of Lemonshark.

Key-space partitioning introduces cross-shard transaction
complexity. To demonstrate Lemonshark’s generality, we de-
fine three transaction types:

• Type α: Intra-shard transactions that read and write ex-
clusively within shard ki

• Type β: Cross-shard read transactions that read from
multiple shards but write only to shard ki

• Type γ: Atomic multi-shard transactions consisting of
coordinated Type α/β sub-transactions that maintain
serializability.

These transaction types cover essential database opera-
tions [21,36,50]: local updates (α), cross-shard reads (β), and
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Figure 5: Consider a scenario where all blocks before round 1 has
committed. The blue and green blocks are in-charge of two distinct
shards (k1,k2), and the red blocks b′,b′′ are leader blocks. Sup-
pose both b4

1,b
4
2 persists in round 5. For b4

2, it has all uncommit-
ted blue blocks as part of its causal history; however, each block
does not point to the block of the same shard in the previous round.
The block outcome of b4

2 will execute blue blocks in the order of:
(b1

2,b
2
2,b

3
2,b

4
2). However, if b2

2 ∈ Hb′ ,b1
2,b

3
2 /∈ Hb′ and b′ is commit-

ted, then the final order is b2
2,b

1
2,b

3
2,b

4
2; therefore, b4

2 does not have
SBO. In contrast, suppose b3

1 has SBO, and b4
1 points to it and per-

sists in round 5, its BO will execute the green blocks in the order:
(b1

1,b
2
1,b

3
1,b

4
1). Regardless of which subset of green blocks is in Hb′ ,

the block outcome of b4
1 will always be equivalent to the execution

prefix b′′⟨b1⟩.

atomic coordination (γ). Extensions to additional transaction
types are possible, but beyond our current scope.

For clarity, we focus on Type β transactions that read from
a single other shard, and Type γ transactions that are sub-
transaction pairs. Extensions to Type β transactions reading
from an arbitrary number of shards and Type γ transactions
as n-tuples are detailed in Appendix B.

The remainder of this section examines how each trans-
action type may achieve early finality, along with various
intricacies Lemonshark must handle.

5.2 Type α: Intra-Shard Transactions
Type α transactions represent the optimal case for our

Lemonshark, performing both reads and writes exclusively
within a single shard. This subsection demonstrates how
blocks containing only Type α transactions can achieve SBO
before commitment, building the foundation for the more
complex transaction types.

We proceed inductively, first analyzing how the earliest
uncommitted block in-charge of a shard achieves SBO. We
then extend this analysis to subsequent blocks, carefully ex-
amining necessary conditions and potential edge cases that
arise from evaluating early finality.
5.2.1 First Uncommitted Block

To inductively establish whether a block in-charge of a
shard achieves SBO, we begin with the first uncommitted
block in-charge of that shard, illustrated by block b1

1 in Fig. 5.
This block possesses a unique advantage: if no leaders

exist in the subsequent round and it is committed by a leader
b′ from round 3 or later, it can guarantee its position as the
first block in-charge of shard k1 within the ordering of Hb′ .
Our ordering constraint (Definition 4.1) ensures that no other
block in-charge of shard ki may precede b1

1 in Hb′ .

Figure 6: Suppose green blocks are in-charge of a unique shard (k1).
On the left portion of the figure, b′ eventually commits b1

1. This
figure illustrates two ways the restriction discussed in §5.2.2 may be
bypassed.

However, b1
1 must still ensure its eventual inclusion in a

leader’s causal history. This requirement is satisfied by achiev-
ing persistence. A block persists at round r if > f +1 blocks
from that round have paths to it. Since each block contains
≥ 2 f + 1 pointers to blocks from the previous round, quo-
rum intersection ensures that if a block persists at round r, all
blocks from round r+1 onwards must have a path1 to it.

Consequently, if b1
1 persists at round 2, any leader from

round 3 onwards is guaranteed to have a path to it. Therefore,
absent a leader at round 2 and given that b1

1 persists at round 2,
its BO equals the execution prefix with respect to any leader
from round ≥ 3 that eventually commits it. Since the earli-
est such leader commits at round 4, exceeding the round at
which b1

1 persists (round 2), early finality is achievable for
the first uncommitted block in-charge of a shard containing
exclusively Type α transactions.
5.2.2 Leader in the Next Round

In §5.2.1, early finality was achieved for b1
1 under the as-

sumption that no leader exists in round 2. However, suppose
b2

1 is a leader that commits without having a path to b1
1 (illus-

trated in the left portion of Fig. 6), where as b1
1 is eventually

committed by b′ ̸= b2
1. In this case, we cannot assert that the

BO of b1
1 is safe, as execution follows the totally ordered list

of committed leaders, possibly placing b2
1 before b1

1 in execu-
tion order. We now discuss sufficient conditions to circumvent
this situation.

One approach is to wait until leader b2
1 commits: Once b2

1 is
known to be committed, we can guarantee that no other block
in-charge of k1 will precede b1

1 in Hb′ . We formally show this
in Proposition A.4. Since the earliest b2

1 may commit is at
round 3, and the next leader (b′) can only exist from round 4
onwards, early finality remains achievable for block b1

1.
Alternatively, if b2

1 has a pointer to b1
1 (illustrated in the

right portion of Fig. 6), then committing b2
1 also commits

b1
1. Since b1

1 is from an earlier round, our ordering method
guarantees it executes before b2

1. This generalizes as follows:
for a block br

i , if br+1
i is a leader with a pointer to br

i , then br
i

executes before br+1
i when committed.

How can we determine which blocks may be elected as
leaders in round r+1? At each wave’s beginning, the labeling

1 This requirement aligns with the leader-election criterion for the partially
synchronous version of Bullshark [49].
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of steady and fallback votes across rounds is predetermined,
enabling identification of potential committed steady lead-
ers per wave. However, determining potential fallback lead-
ers is not possible a priori. Consequently, when a fallback
leader could potentially commit, we conservatively assume
any block in the wave’s first round could become a committed
fallback leader. In this case, we require br+1

i to have a pointer
to br

i , guaranteeing that br+1
i will not execute before br

i . We
formalize this requirement in Proposition A.3.

We denote all conditions specified in this subsection as
leader-checks for shard ki. Specifically, if either condition
is satisfied for a block b from round r with respect to block
br+1

i , we say that it passes the leader-checks for shard ki. We
summarize and illustrate the detailed conditions for leader-
checks in Algorithm A-1.
5.2.3 Subsequent Uncommitted Blocks

We now demonstrate how blocks other than the earliest
uncommitted ones in-charge of a shard may achieve early
finality. Reusing the conditions specified in Sections 5.2.1
and 5.2.2 is insufficient. We illustrate this limitation by exam-
ining b3

2 in Fig. 5. Suppose b3
2 persists in round 4, passes the

leader-check for shard k2 and is eventually committed by b′′.
Further suppose b2

2 does not persist in rounds 3, making it im-
possible to determine whether b2

2 will be in Hb′′ preceding b3
2

in execution. This is because although b3
2 ensures its eventual

commitment by persisting in round 4, the fate of uncommitted
blocks in-charge of k2 prior to round 3 remains uncertain.

A straw-man solution would require all uncommitted
blocks prior to round 3 and in-charge of k2 to be part of
b3

2’s causal history, but we illustrate in Fig. 5 that this may not
be sufficient. Similar to the problem described in §3.3, having
complete knowledge of all blocks locally does not necessarily
imply the execution order. A leader’s causal history might in-
clude only a subset of those blocks, resulting in a completely
different execution order from the one in b3

2’s BO.
However, if a committed leader must include a proper prefix

of those blocks, then we can ensure the eventual execution is
consistent with b3

2’s BO. Lemonshark addresses this challenge
by requiring block br

i to have a pointer to br−1
i , where the

latter has SBO. This creates a recursive path of blocks from
br

i to the oldest uncommitted block in-charge of ki in round r̂,
traversing blocks from rounds r̂+1 to r−1 that are in-charge
of ki. When such a path exists, we demonstrate in Fig. 5 that
this structure is sufficient to ensure that any committed leader
must include a proper prefix of this chain; it may not contain
an arbitrary subset of blocks from this chain within its causal
history.

More generally, if br
i points to br−1

i where the latter has
SBO, persists in r+1, and passes the leader-check for ki, we
can guarantee that no block in-charge of ki that is not con-
tained in br

i ’s causal history can execute before br
i . Therefore,

we can ensure that the BO of br
i will match the execution

prefix with respect to the leader that eventually commits it
and thus have SBO.

Algorithm 1 α-STO Eligibility Check
1: function α-STOCHECK(t ∈ br

i )
2: if ∃t ′ ∈ DLr where t modifies same key as t ′ then
3: return false
4: end if
5: if not LEADERCHECK(br

i ,ki) then
6: return false
7: end if
8: return

(
(br

i is oldest uncommitted block in-charge of ki) or (br
i points

to br−1
i and br−1

i has SBO)
)

and (br
i persists in r+1)

9: end function

Note: DLr will be elaborated further when we discuss Type γ transactions
in §5.4.3. LEADERCHECK() is described with §5.2.2 and illustrated in
Algorithm A-1.

Since the earliest a non-leader block br
i can be committed is

in round r+2, while learning that it persists can be achieved
in r+1, early finality remains possible. We illustrate all suf-
ficient conditions for a Type α transaction to have STO in
Algorithm 1 and provide formal proofs in Lemma A.2. We
also demonstrate in Proposition A.6 that since a substantial
subset of at least 3 f+2

2 blocks from each round must persist in
the subsequent round, early finality for some blocks remains
achievable even in the presence of byzantine adversaries and
network asynchrony.

5.3 Type β: Cross-shard Read Transactions
Type β transactions differ from Type α transactions by

reading from a different shard that they write to. Since Type
β transactions continue to write to the shard that their contain-
ing block is in-charge of, they retain the same requirements
as Type α transactions. Additionally, we must ensure that the
perceived read value when evaluating its TO matches that ob-
tained when evaluating the execution prefix of the transaction
with respect to the leader that eventually commits it.

In this subsection, we specifically examine how a particular
block from round r may exhibit characteristics that accommo-
date possible modifications to the read value occurring before,
during, and after r. We then identify conditions sufficient for
a Type β transaction within it to achieve early finality . To aid
in our illustration, consider a Type β transaction t in a non-
leader block br

i . It reads from k j : k j ̸= ki and is eventually
committed by a leader block b′.
5.3.1 Read Value Before r

Similar to §5.2.3, we must ensure that all possible uncom-
mitted blocks modifying k j prior to round r execute before
br

i . This is achieved by having br
i point to br−1

j , where the
latter has SBO. We can then assert: no uncommitted blocks
in-charge of k j existing before round r will execute before br

i .
Alternatively, if the oldest uncommitted block in-charge of k j
is at round ≥ r, then no block in-charge of k j prior to round r
may be ordered before br

i in execution.
5.3.2 Read Value During r

Our ordering procedure (Definition 4.1) orders blocks of
the same round in a mere deterministic order. Therefore, it
is possible that br

j exists in Hb′ and is ordered before br
i . We
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Figure 7: Suppose the green and yellow blocks are in-charge of two
distinct shards, k1,k2 respectively, no blocks exist before round 1,
and leader b′ eventually commits b2

1. This figure illustrates the two
cases in which b2

2 may be committed while b2
1 is not—a case for

Type β transactions.

do not make any ordering assumptions for blocks within the
same round. Yet, we have to ensure that br

j does not affect the
execution prefix of t with respect to b′.

Instead, if a node were to witness br
j in its local DAG, it

has to verify if it contains any transactions that write to the
key that t reads. If it does not, then it need not worry if any
transaction in br

j were to affect the execution prefix of t with
respect to b′. However, if it does, br

j must be committed by
a different leader b′′ in a round earlier than that of b′, so as
not to affect the execution prefix of t with respect to b′. This
condition is analogous to the first one described in §5.2.2.
There exist some intricacies in when exactly br

j is committed.
We illustrate 2 cases in Fig. 7, focusing on the green block b2

1.
Suppose b2

1 has already satisfied all requirements described in
§5.3.1 and contains a Type β transaction (t) that reads from
the yellow shard k2.

In the first case (depicted in the left portion of Fig. 7),
b2

2 ∈ Hb′′ , where b′′ is a committed leader. Furthermore, b2
2

does not have a path to b1
2 and not b2

1 , but b2
1 has a path to

b1
2 (where the latter has SBO). Per §5.3.1, b′′ must therefore

have a path to b1
2. At this point, all blocks before round 3

that are in-charge of k2 have been committed, and we can
be assured that no block in-charge of k2 before round 3 will
supersede b2

1 in Hb′ . In the second case (depicted in the right
portion of Fig. 7), b2

2 is a committed leader. Regardless of
whether b2

2 has a path to b1
2, once b2

2 is known to be committed,
b1

2 satisfies the second condition of leader-checks on k2 (per
§5.2.2) and t achieves STO. Similarly to the previous case,
we can be assured that no block in-charge of k2 before round
3 will supersede b2

1 in Hb′ that does not exist in Hb2
1
.

5.3.3 Read Value After r
Lastly, similar to §5.2.2, we must consider the case where

block br+1
j may contain transactions that modify the key t

reads and is committed before b′/br
i . In such a case, we simply

perform the same leader-checks for br
i but on shard k j. These

checks can be omitted if br+1
j does not contain transactions

that modify the key t is reading, since even if it precedes br
i

in execution, it does not affect the execution prefix of t with
respect to b′.

Collectively, with the conditions mentioned in Sec-

Algorithm 2 β-STO Eligibility Check
1: function β-STOCHECK(t ∈ br

i ,k j : k j ̸= ki)
2: if ∃t ′ ∈DLr where t modifies same key as t ′ or not α-STOCHECK(t ∈

br
i ) then

3: return false
4: end if
5: if not

(
(br

j is oldest uncommitted block in-charge of ki) or (br
i points

to br−1
j and br−1

j has SBO)
)

then
6: return false
7: end if
8: if br

j modifies key that t reads and br
j not yet committed then

9: return false
10: end if
11: return LEADERCHECK(br

i ,k j) or not ∃t ′ ∈ br+1
j that modifies what

t reads
12: end function

Note: DLr will be elaborated further when we discuss Type γ transactions
in §5.4.3. LEADERCHECK() is described in §5.2.2 and illustrated with
Algorithm A-1.

tions 5.3.1 and 5.3.2, we can ensure that blocks in-charge
of k j from rounds before, during, and after r will not impact
the execution prefix of t with respect to b′. We illustrate the
sufficient conditions for a Type β transaction to have STO
in Algorithm 2. Furthermore, all these conditions may be
evaluated by analyzing the local DAG before b′ is committed;
therefore, early finality for Type β transactions is achievable.
We provide complete formal proofs in Lemma A.3.

5.4 Type γ: Coordinated Cross-Shard Transac-
tions

Coordinated operations across multiple shards are a fun-
damental requirement in distributed databases. Atomic and
serializable tuples of transactions enable consistent writes
across shards. Combined with Type α,β transactions, these
three transaction types are sufficient to express the core oper-
ations required by most distributed database workloads.

A Type γ transaction is a specialized tuple of Type α/β

sub-transactions that are atomic and serializable as a tuple.
As mentioned in §5.1, we will discuss Type γ transactions as
a pair of sub-transactions.

Atomicity is guaranteed if all sub-transactions are even-
tually executed; this can be achieved by having both sub-
transactions include each other as part of its metadata. There-
fore, if one is part of a block, the other will be known by
all nodes and eventually be incorporated into the DAG and
committed as well.

The challenge lies in ensuring that Type γ sub-transactions
are serializable as a pair. We illustrate this with an example:
Consider a Type γ transaction that swaps the values of two
keys k1

j 7→ apple and k1
i 7→ orange, where k1

j ∈ k j,k1
i ∈ ki and

ki ̸= k j. In this particular instance, the Type γ transaction
comprises two Type β sub-transactions:

1. Sub-transaction 1: Read k1
j and write it into k1

i .
2. Sub-transaction 2: Read k1

i and write it into k1
j .

The desired outcome should be k1
j 7→ orange,k1

i 7→ apple.
However, as the sub-transactions execute independently and
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Figure 8: This figure shows how a Type γ transaction (t1, t2) affects
the execution order.

sequentially, the result will be both keys having identical
values. This is the case even if both transactions are adjacent
in the sorted causal history of a leader that commits them both.
Furthermore, a third transaction (such as writing mango to
k1

i ) may be ordered between the two sub-transactions, causing
the final outcome to deviate from the desired result.

Therefore, the sub-transactions that constitute a Type γ

transaction must be executed atomically at the same time for
the desired outcome to be achievable.
5.4.1 Ordering and Executing Type γ Sub-Transactions

Enforcing that both sub-transactions of a Type γ transaction
are executed together is non-trivial, especially since both com-
ponents of a Type γ transaction may exist in different blocks,
potentially in different rounds and within different committed
leaders’ causal histories.

Type α and β transactions follow the commitment and exe-
cution procedure described in §3.1.2, while Type γ transaction
executions deviate slightly. Consider two sub-transactions that
constitute a Type γ transaction, t1 ∈ br1

i and t2 ∈ br2
j , where

br1
i ̸= br2

j . We consider 3 cases:
• Consider r1 = r2 and br1

i ,br2
j are committed by the same

leader. Suppose br1
i is ordered before br2

j (per Defini-
tion 4.1). t1 will not be executed with the other transac-
tions in br1

i . Instead, t1 is executed concurrently with t2
in br2

j . We illustrate this example in Fig. 8.
• Consider r1 < r2 and br1

i ,br2
j are committed by the same

leader. Since br1
i is from an earlier round, it is ordered

before br2
j in the leader’s sorted causal history. Therefore,

similar to the previous case, t1 is executed together with
t2 in br2

j .
• Consider br1

i ,br2
j are committed by different leaders

(with br1
i committed earlier). Transaction t1 will not

execute until t2 is committed, and t1 will similarly be
executed together with t2 in br2

j .
Essentially, although sub-transactions may exist in distinct

blocks, they are reordered such that they execute together,
as-if both exist in one of the 2 blocks. For illustration, we
denote that block as the prime block and the corresponding
transaction (that exists physically in the block) as the prime
sub-transaction. The other block/transaction is likewise re-
ferred to as the non-prime block/sub-transaction.

A challenge of achieving early finality for Type γ trans-
actions is determining which transaction is prime. This is
mainly because it requires us to witness both blocks and iden-
tify which leader’s causal history they are part of.

Lemonshark’s technique to achieve early finality for Type

γ transactions is straightforward: if we can guarantee that
both sub-transactions are part of the same leader’s causal
history, we can determine which sub-transaction is prime.
Subsequently, from the position of the prime sub-transaction,
we evaluate if STO for both sub-transactions can be achieved
before it is committed.
5.4.2 Same Round, Same Leader

We now describe how early finality for Type γ transactions
may be achieved per the first case described in §5.4.1. Con-
sider two sub-transactions that constitute a Type γ transaction,
t1 and t2, existing in blocks br1

i and br2
j respectively.

Same Leader’s Causal History The requirement that both
blocks exist within the same leader’s causal history is read-
ily satisfied. This condition is trivially met when a leader in
round max(r1,r2)+1 contains both blocks within its causal
history. Conversely, when no leader from a round prior to
max(r1,r2)+1 has either block in its causal history, the per-
sistence of both blocks in round max(r1,r2)+1 ensures their
eventual inclusion in the same committed leader’s (b′) causal
history. We establish this property in Proposition A.7.

Suppose b′ is the leader that ultimately commits both
blocks. Under the assumption r1 = r2 and br1

i precedes br2
j in

the ordering of Hb′ : t2 constitutes the prime sub-transaction.

Condition for STO Firstly, we require that t1 and t2 be eval-
uated to have STO independently—treating each as an au-
tonomous Type α or β transaction. When the non-prime sub-
transaction t1 achieves STO independently, this indicates that
all uncommitted blocks capable of influencing its outcome
that exist in rounds < r1 are contained within br1

i .
Similarly, satisfying the leader-checks ensures that blocks

in the subsequent round r1 + 1 = r2 + 1 will not supersede
them during execution according to our sorting procedure
established in Definition 4.1. Given that both br1

i and br2
j are

elements of Hb′ , this guarantees that t1 would maintain STO
if it were the sole transaction in br2

j .
When no additional transactions exist in br1

i and br2
j , this

condition alone suffices for STO evaluation of t1 and t2. How-
ever, given that this scenario is not frequently realized, we
must account for the potential influence of other transactions
in br1

i and those preceding t2 ∈ br2
j on the outcome of t1. To

address this complexity, we impose a comprehensive con-
straint: all remaining transactions in both br1

i and br2
j must

have STO. This requirement enables the deterministic assess-
ment of their impact on t1 in advance, enabling us to produce
STOs for both t1 and t2 that match the execution prefix of t1
and t2 with respect to b′.

Given that every transaction within br1
i and br2

j can be deter-
mined to possess STO in round max(r1,r2)+1 before com-
mitment, early finality remains achievable for Type γ transac-
tions. The complete formal proof is presented in Lemma A.4.

We relegate the more intricate case where r1 ̸= r2 to the ap-
pendix (Lemma A.5). Nevertheless, the underlying principle
is intuitive: if we can reduce the problem to the one described
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in this section, then early finality is achievable as well.
5.4.3 Different Leaders, Delay List

As highlighted by the third case specified in §5.4.1—it is
entirely possible that br1

i and br2
j are committed by two distinct

leaders. In this particular case, we are unable to evaluate
the TO of the non-prime sub-transaction (suppose it is t1 ∈
br1

i ) until the prime counterpart is committed. This inability
to evaluate the TO of t1 makes it impossible to derive the
outcome of subsequent transactions from shard ki that read or
write to the same key that t1 modifies. This naturally implies
that STO would be impossible to derive as well.

We handle this constraint with a blacklisting approach: by
adding t1 in the Delay List for round r1 (DLr1). The delay
list DLr contains transactions from rounds up to r that are ap-
pended in this manner. If a transaction in a block from round
r reads or writes to the same key modified by a transaction
that exists in DLr, that transaction automatically becomes
ineligible to achieve STO. To ensure that the delay list is
comprehensive, we show in Proposition A.8 that when a node
deems that a transaction were to fulfill all other requirements
for STO, its view of the Delay List must include all transac-
tions that may possibly affect it.

A Type γ sub-transaction is only removed from DL if
both sub-transactions are committed, or when the prime sub-
transaction is evaluated to have STO. We elaborate on how
the latter is possible in Lemma A.5, where t1 and t2 are part
of the same leader’s causal history but in different rounds.

An unfortunate consequence of the Delay List mechanism
is that if t1 is committed earlier, we are delaying its execution
until t2 is committed, possibly incurring rounds of additional
delay. Nevertheless, because Type γ transactions are assumed
to be relatively rare (due to how the key-space is partitioned
into shards), we expect this issue to have only a negligible
impact in practice.

6 Pipelined Dependent Transactions
Orthogonal to our main insight in §5, we observe that

clients with dependent transactions (where subsequent trans-
actions rely on the outcomes of prior transactions) typically
face multiplicative latency penalties. By providing tentative
speculated results earlier, subsequent transactions may be in-
troduced into the DAG sooner (Fig. 9). When speculation suc-
ceeds, this approach achieves lower latencies; when incorrect,
subsequent transactions are merely aborted and latency re-
verts to the baseline case. We provide a more detailed analysis,
experimental results, and the integration with Lemonshark’s
core contributions in Appendix F.

7 Implementation
We implement Asynchronous Bullshark by forking Bull-

shark’s [3] open source repository, which itself forks from the
Narwhal project [7] and utilizes Narwhal’s DAG structure for
its consensus core. We then implement Lemonshark on top
of our Asynchronous Bullshark implementation to interpret
the DAG differently for early finality. The implementation is

Figure 9: How speculation can aid in reducing latencies for depen-
dent transactions. Suppose the pairs ta, tb and tx, ty are dependent.
However, we allow ty to be submitted earlier along with a speculated
result for tx. ty execution is contingent on whether that a speculated
result is equivalent to the finalized outcome of tx

written in Rust and uses tokio [9] for asynchronous network-
ing. ed25519-dalek [4] is used as the cryptographic library
and RocksDB [8] for persistent storage of the DAG.

Baselines: We compare Lemonshark explicitly against Bull-
shark [29] as it is the only state-of-the-art asynchronous
DAG-BFT with a complete open-source implementation. We
exclude Tusk [23] from comparison as Bullshark’s greater
leader election frequency yields 33% lower latencies. We
also exclude Agreement-on-Common-Set asynchronous BFT
protocols like Dumbo [40], as Tusk demonstrates substan-
tial (20×) latency improvements over these approaches. Un-
certified DAG BFT protocols either lack practical imple-
mentations [35] or operate under different network syn-
chrony assumptions [12], which makes direct comparison
with Lemonshark inappropriate.

8 Evaluation
In theory, early finality in Lemonshark should improve

transaction latency while maintaining throughput and scala-
bility of a DAG-BFT protocol. We now evaluate Lemonshark
to empirically demonstrate the benefit of early finality. In
particular, we aim to answer the following questions:

• Can Lemonshark consistently achieve lower latency
through early finality, while maintaining high throughput
and scalability?

• Can Lemonshark sustain its performance even for cross-
shard transactions?

• Can Lemonshark maintain its latency benefit even in the
presence of failures?

We use two types of latencies in the evaluation. Consensus
latency refers to the time taken for a block to be finalized after
its reliable broadcast. End-to-end (E2E) latency refers to the
duration for a transaction within a block to be finalized after
it has been generated by the client. For Type γ transactions,
both E2E/consensus latencies are recorded with respect to the
latest submitted sub-transaction onto the DAG.

Experimental Setup: We deploy our testbed on AWS, uti-
lizing m5.8xlarge [2] instances distributed across 5 regions:
N. Virginia (us-east-1), N. California (us-west-1), Sydney
(ap-southeast-2), Stockholm (eu-north-1), and Tokyo (ap-
northeast-1). Each machine has 10Gbps bandwidth, 32 vCPUs
running at 3.1GHz, and 128GiB memory. These machines
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Figure 10: Performance of Lemonshark with Type α transactions vs Bullshark with no faults, varying the number of nodes.

are selected as they mirror those deployed by production
blockchains and represent commodity servers.

As described in §5.1, shard-rotation is deterministic and
public, but clients should broadcast transactions to all nodes.
Following previous works [11, 23, 29], our clients connect
locally to each instance and continuously send streams of
512B “nop” transactions. This approach isolates consensus
performance from two orthogonal factors: (1) client geolo-
cation, which would otherwise introduce variable network
delays based on client proximity to the instances2, and (2)
transaction execution overhead, which would confound mea-
surements of consensus latency.

To evaluate cross-shard operations, we mark each block’s
meta at dissemination to denote transaction types it carries
(e.g., whether it contains a set of type β transactions that read
from other shards).

Narwhal proposes scaling dissemination by utilizing an
additional “worker-layer” that performs the first step of reli-
able broadcast in batches. Blocks in the DAG then contain
hashes representing batches. In our experiments, we utilize
batch sizes of 500KB and block sizes of 1000B3. We uti-
lize a leader-timeout value of 5 seconds; if a steady leader
should exist in a round, each node waits that duration before
proceeding without the leader’s block in its local DAG.

As discussed in §3.1.1, Byzantine nodes are unable to
equivocate due to the reliable broadcast primitive. Therefore,
in our experiments, we simulate only crash-faults. We deviate
from past experimental methodologies [23, 29], normalizing
failure behavior by randomly selecting faulty nodes and ran-
domizing steady leader selection. We elaborate in Appendix E
on why we believe this approach is fairer. We also elaborate
in Appendix D how missing blocks caused by crash faults can
be identified by honest nodes. All measurements represent
the average of 3 independent runs of 3 minutes.

8.1 Single Shard Transactions
Lemonshark’s latency is optimal when all transactions are

Type α. As such, we compare that performance with Bullshark
with no crash-faults present. Since every non-leader block in
Lemonshark should qualify for early finality after witnessing
sufficient blocks in the subsequent round, consensus latency
2 We measured a maximum of ∼300ms network latency between the most
distant instance pair in our deployment. Even accounting for this max-
imal penalty, Lemonshark achieves superior end-to-end latencies in all
experiments. 3 Since each hash digest is 32B long, a 1000B block repre-
sents approximately 32K transactions
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Figure 11: Performance of Lemonshark with Type β transactions,
while varying the amount of cross-shard activity and STO failure
rates; “Cs Count” refers to “Cross-shard Count”.

for all blocks approaches optimal at approximately 65% lower
than Bullshark (Fig. 10). This performance is sustained even
when we increase client transaction rates and committee sizes.
Eventually, client transaction rates exceed consensus capacity,
causing queues to form indefinitely and latencies to spike.

For the remainder of our experiments, we utilize a baseline
transaction rate of 100K-tx/s and a committee size of 10.
This represents a moderate load that effectively stresses the
consensus mechanism while remaining within capacity.

8.2 Cross-Shard Transactions
Since Type γ transactions consist of pairs of Type α/β trans-

actions, their performance closely correlates with that of their
constituent sub-transactions in failure-free scenarios. There-
fore, we evaluate cross-shard behavior by simulating Type
β transactions and γ sub-transactions. We configure 50%4

of all blocks to contain cross-shard transactions that either
read from a number of shards equal to “Cross-shard Count”
or have sub-transactions distributed across that many shards.
When a block in round r contains cross-shard transactions,
we randomly determine the number of shards it interacts with
(uniformly from 0 to “Cross-shard Count”) for either reads
or sub-transaction placement. For each shard from which it
reads, “Cross-shard Failure” denotes the probability that the
read key is modified by another block in round r, or that the
companion sub-transactions do not exist in the same round.

Given the relatively synchronous nature of the AWS net-
work, the primary factor preventing a Type β transaction t
(from a block in round r reading from k j) from obtaining STO
is not pointing to blocks from the previous round (§5.3.1) or
failing the Leader-check (§5.3.3), but rather when br

j modifies
the read value (§5.3.2). However, when br

j commits before t,

4 We vary this proportion in Appendix E.3
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Figure 12: Performance of (a) Type α (b) Type β/γ (with moderate
amount of cross-shard activity, (Cross-shard Count = 4, Cross-Shard
Failure = 33%, while varying the number of faults.

we can determine its effect on the read value and evaluate STO
for t. This scenario explains why, even when Type β transac-
tions are abundant and “Cross-shard Failure” rates are high,
our consensus latencies remain approximately 25% lower
(Fig. 11) than those of Bullshark. Even when all transactions
are cross-shard, we maintain ∼18% consensus latency reduc-
tion when “Cross-shard Count = 4” (details in Appendix E.3).

8.3 Performance under Failures
We vary the number of crash-faults to evaluate their impact

on consensus latency. When f = 1, Lemonshark’s consensus
latency improvement decreased from approximately 65% to
approximately 50%, and further declined to approximately
24% when f = 3. As demonstrated in Fig. 12, Type β/γ trans-
actions exhibited similar performance degradation: approx-
imately 23% improvement when f = 1 and approximately
14% when f = 3. This behavior is expected, as commitment
disruption reduces the likelihood of the scenario described
in §5.3.2. For Type β transactions, t and br

j are often com-
mitted together by a fallback leader instead. Nevertheless,
Lemonshark consistently achieves lower latencies than Bull-
shark across all failure scenarios.
8.3.1 Missing Blocks In-Charge of a Shard

Since only a single node may write to a particular shard
per round, if the node in-charge of the shard is faulty, trans-
actions designated to that shard will be delayed till an honest
becomes in-charge of that shard. This represents a fundamen-
tal trade-off in Lemonshark’s sharding design; if a transaction
is submitted while the node in-charge of it is unavailable, that
transaction will incur an additional delay. Those unfortunate
transactions perform slightly worse than in Bullshark, with
an average increase of approximately 500ms (approximately
12%) in end-to-end latency when f = 1, and approximately
1500ms (approximately 17%) when f = 3.

9 Related Work
Traditional Asynchronous BFT Traditional DAG-free asyn-
chronous BFT protocols [26, 38, 40, 42] utilize either the
BKR [14, 15] or CKPS [18] agreement-on-common set
paradigm; both with expected O(logn) time complexity.
DAG-Rider [34] established the current standard for asyn-
chronous BAB protocols by achieving constant expected time
complexity with high throughput by establishing a common

core [19, 25] and subsequently electing a leader.
DAG-BFT with Weaker Network Assumptions Several de-
scendants [11,29,48] of early DAG-BFT protocols [13,23,34]
reduce commitment latency through leader-focused strategies,
such as increasing leader count or introducing faster commit-
ment rules. These improvements come at the cost of reduced
resilience to asynchrony [11, 48]. Autobahn [30] addresses
the inefficiency of lock-step dissemination in DAG-BFT but
employs PBFT [20]-style commitment, weakening network
assumptions to partial synchrony. In contrast, Lemonshark
preserves strong asynchrony assumptions, aligning with DAG-
Rider [34] and Tusk [23]. Since Lemonshark builds upon
Bullshark, our insights extend to those protocols [23, 34].
Uncertified DAG-BFT Recent work has introduced “uncerti-
fied DAGs” [35, 41] to reduce DAG-BFT latency by replac-
ing expensive reliable broadcast primitives with best-effort
dissemination. However, this introduces a synchronization
overhead on the critical path [11, 30]. This overhead can out-
weigh the latency savings, resulting in significant performance
degradation under minor message loss.
Fast Finality in other works Other uncertified DAG-BFT
protocols, such as Mysticeti-FPC [12], employ explicit vot-
ing to ensure conflict-free transaction ordering for dis-
tinct keys, allowing certain transactions to achieve finality
faster. However, this approach differs fundamentally from
Lemonshark: Mysticeti-FPC requires explicit coordination,
whereas Lemonshark implicitly determines whether early fi-
nality conditions are satisfied through local DAG inspection.

For simplicity, Lemonshark evaluates early finality at the
coarse-grained block level. However, the mechanism can be
refined to operate at the transaction level exclusively as well
(see Appendix C). Moreover, Mysticeti-FPC trades network
resilience for performance and still inherits the synchroniza-
tion issues fundamental to all uncertified DAG-BFT protocols.

Similarly, Hotstuff-1 [33] nodes “vote” explicitly by con-
veying their speculative execution results to clients. However,
Hotstuff-1 also lacks resilience to network asynchrony, and
its single-leader architecture limits throughput scalability.

10 Conclusion
In this work, we identify latency disparities between leader

and non-leader blocks in DAG-BFT protocols and present
Lemonshark: an asynchronous DAG-BFT protocol that en-
ables early finality. Early finality allows non-leader blocks
to return finalized results before commitment when specific
conditions are satisfied, enabling them to achieve optimal
latencies previously exclusive to leader blocks.
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A Definitions and Proofs
A.1 Definitions for Bullshark

This subsection describes the Bullshark consensus engine.
We utilize definitions to illustrate better how Lemonshark
works in the later sections.
A.1.1 Blocks
Definition A.1 (Rounds and Waves). The protocol progresses
in virtual rounds; For every round. Beginning from round 1,
every 4 rounds constitute a wave; round 1-4 belongs to wave
1, round 5-8 to round 2, and so on.

In each round (r), a node pi may call upon the Reliable
Broadcast Primitive to disseminate a message (rbc(m, pi,r))
where m is the message. When a node receives that message,
it calls deliver(m, pi,r). The Reliable Broadcast primitive
guarantees the following properties:

• Agreement: If two honest party calls deliver(m, pi,r),
deliver(m′, pi,r), then m′ = m.

• Validity: If the sending node is honest, all honest nodes
will eventually call deliver(m, pi,r)

• Totality: If an honest node calls deliver(m, pi,r), all
honest nodes eventually call deliver(m, pi,r).

In this work, we imagine a 2-phased reliable broadcast
primitive akin to Bracha’s reliable broadcast [17].
Definition A.2 (Blocks and Pointers). A block b is the result
of a message being delivered deliver(m, pi,r); we say pi pro-
duced the block b in round r. The message m includes a
set of transactions b = [t1, . . . , ti, . . . , tp] ordered by pi, as well
as a set of at least 2 f + 1 blocks from r− 1. We say b has
pointers to any block within that set.

In Bullshark, blocks from r might have direct pointers to
blocks in r′ : r′ < r− 1. These pointers are called “weak-
links”. However, in this work, we disregard this optimization
and focus solely on what they refer to as “strong-links”; or
pointers to the immediate previous round r−1.

It is also clear how the blocks and their pointers intrinsically
form a DAG, where the blocks are the vertices and the pointers
represent the edges.
Definition A.3 (Block Path). For a block b′ in round r′ and
a block b in round r : r′ > r, b′ has a path to b if 1) b′ has a
pointer to b, or 2) there exist blocks in rounds r′−1 to r+1
that b′ has pointers recursively to b.
A.1.2 Leaders and Votes

In Bullshark, there exist two classes of leaders: Stable lead-
ers for when the network is relatively synchronous, and fall-
back leaders when there exists byzantine interference or asyn-
chrony.
Definition A.4 (Stable Leader). A Stable leader is a
pseudonym that is deterministically given to a block in the
first and third rounds of any wave.

Stable leaders are typically assigned in a round-robin man-
ner.
Definition A.5 (Fallback Leader). A fallback leader is a
pseudonym randomly given to a block in the first round of any
wave. This allocation is only revealed at the end of the fourth
round of the wave, utilizing a global perfect coin.
Definition A.6 (Raw Causal history of a block). The raw
causal history of a particular block b is the blocks to which it
has paths to.
Definition A.7 (Stable Vote). For a particular wave w : w > 1,
in the raw causal history of the block produced by pi in the
first round of the wave: if it shows either the 2nd Stable leader
in wave w−1 or the Fallback leader is committed, then paths
by blocks produced in the 2nd and last rounds in w by the
same node are considered stable votes.
Definition A.8 (Fallback Vote). For a particular wave w : w>
1. In the raw causal history of the block produced by pi in
the first round of the wave: if it shows neither the 2nd Stable
leader in wave w− 1 nor the Fallback leader is committed,
paths by the block produced by pi in the last round of w to the
Fallback leader are considered as a fallback vote.

In Bullshark, a leader that has garnered sufficient votes is
considered Committed. By quorum intersection, it’s clear to
see that only a single leader type may be committed for the
first round of a wave.
Definition A.9 (Committed Leader). A leader is “Committed”
once it has received sufficient votes; a fallback leader that has
received at least 2 f +1 fallback votes, or a stable leader that
has received at least 2 f + 1 stable votes in the same wave.
A leader is also “Committed” if it’s in another committed
leader’s causal history, and has obtained sufficient votes: ≥
f +1 of the appropriate vote type with less than f +1 votes
of the other vote type present. .
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A.1.3 Causal Histories
Once a leader is committed, the blocks it has paths to are

ordered deterministically. As such, we define:
Definition A.10 ((Sorted) Causal History of a Block). For a
block b, its causal history is the set of nodes that are part of
a sub-DAG, where b is the root, exclusive of the blocks that
are in the previous known committed leader’s causal history.
Its sorted causal history is obtained by applying Kahn’s al-
gorithm to the sub-DAG and reversing the list. where ties
(blocks of the same round) are broken deterministically. We
denote this list as Hb = [. . . ,b].

The causal history of any block excludes blocks that
are already committed, as those blocks cannot be executed
again and are safe to ignore. In contrast to previous works
that accept any deterministic method, we specify a particu-
lar ordering procedure. This choice is both intuitive (older
blocks execute first, in round-by-round order) and critical to
Lemonshark, ensuring that older blocks never precede newer
blocks. We do not impose constraints on how blocks from
the same round are ordered, provided the ordering remains
deterministic. We illustrate this concept in Fig. 3.

Once a leader commits, we commit and execute transac-
tions within blocks of its sorted causal history sequentially,
proceeding block by block. Consequently, non-leader blocks
are committed if and only if they exist in the sorted causal
history of a committed leader block, where any non-leader
block may be included in at most one committed leader’s
causal history. For a committed leader b′, we say it commits
b : b ∈ Hb′ as well as all transactions in b. Given the strict
monotonic ordering between committed leaders, for leaders
b′ and b′′ that are committed consecutively, all elements in
Hb′ are committed before those in Hb′′ .
Definition A.11 (Commitment of a non-leader block). For a
non-leader block b, it is committed if it is in the causal history
of a committed leader block b′ : b ∈ Hb′ and b′ has sufficient
votes. We say b and its transactions are committed by b′ in
the order of Hb′ .
Definition A.12 (Commitment ordering). For two subse-
quently committed leaders b′,b′′ from rounds r′,r′′ such that
r′ < r′′ where Hb′ = [b1,b2,b′],Hb′′ = [bx,by,b′′] We say b′

and elements in Hb′ are committed before b′′ and elements in
Hb′′ . Similarly in Hb′ we say b1 is committed before b2.
A.1.4 Transaction/Block Outcomes
Definition A.13 (Key-spaces and Transactions). Let K repre-
sent the key-space of a database, and a transaction as a unit
of work that modifies a key k ∈ K in the database.
Definition A.14 (Transaction Outcome (TO)). For a block
b = [t1, . . . , ti, . . . , tp], the transaction outcome (TO) of ti is the
outcome of ti when executing transactions in the following
order: Hb[: −1]+ [t1, . . . , ti], where Hb[: −1] is the prefix of
Hb exclusive of b.
Definition A.15 (Block Outcome (BO)). For a block b and
its Sorted Causal History Hb, the Block Outcome (BO) of b is

the execution results of all transactions in b after executing
the blocks in the order of Hb.

It is key to note that a block’s causal history changes based
on which leader a node believes is the latest that has been com-
mitted. Therefore, a node’s view on a block’s sorted causal
history, as well as the TO of the transactions within the block
might not be static.
Definition A.16 (Execution Prefix (Block)). For blocks b′,b :
b = [t1, . . . , ti, . . . , tp], where b ∈ Hb′ . The execution prefix
b′⟨b⟩ is the outcome of the transactions in b when executing
the prefix of Hb′ up to and including b (i.e., Hb′ [0 : index(b)]
or Hb′ [0 : index(b)−1]+ [t1, . . . , ti, . . . , tp] ). We describe this
as the execution prefix of b with respect to b′.
Definition A.17 (Execution Prefix (Transactions)). For blocks
b′,b : b = [t1, . . . , ti, . . . , tp], where b ∈ Hb′ . The execution
prefix b′⟨b(ti)⟩ is outcome of transaction ti when executing
the prefix of Hb′ right before b and [t1, . . . , ti] (i.e., Hb′ [0 :
index(b)−1]+ [t1, . . . , ti]). We describe this as the execution
prefix of ti with respect to b′.

When the leader block b′ (where b ∈ Hb′) obtains suffi-
cient votes to commit in round r′, the execution prefix of
each block/transaction in Hb′ with respect to b′ becomes the
finalized immutable outcome.
Definition A.18 (Safe Transaction Outcome (STO)). For a
particular transaction ti ∈ b, we say that its transaction out-
come is safe if for a committed leader block b′ : b ∈ Hb′ , the
transaction outcome of ti is equivalent to the execution prefix
b′⟨b(ti)⟩.
Definition A.19 (Safe Transaction Outcome (SBO)). If all
transactions within a block b have STO, we say the block has
a safe block outcome (SBO).
Definition A.20 (Early Finality). For a non-leader block b,
early finality is achieved for b if the SBO of b may be deter-
mined before b is determined to be committed.
Definition A.21 (Block Persistence). We say that a block b
in round r persists in round r′ : r′ > r, if for any set of 2 f +1
blocks in round r′, at least one block in the set has a path to
b.
Proposition A.1. A block b in round r has greater than f
blocks in round r + 1 pointing to it iff it persists in round
r+1.

Proof. By quorum intersection. If there are at least f + 1
blocks in round r+1 which have a path to b, then clearly any
subset of size 2 f + 1 blocks must contain at least one such
block. If b persists, assume for the sake of contradiction that
at most f blocks point to it. Take the set of all blocks that do
not have a path to b. This set clearly has size at least 2 f +1,
contradicting that b persists.

The notion of Block persistence is that if a block has suf-
ficient pointers to it at some round, then it will definitely be
included in some committed leader’s causal history.
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A.1.5 Impossibility of Early Finality in Bullshark
In Bullshark, there is no restriction on which transactions

may be included in which block. As such, a block may in-
clude transactions that touch on all keys in K. Therefore, in
our proof, we demonstrate that it’s precisely because of this
general approach to transaction block inclusion that leads to
Bullshark being unable to achieve early finality.
Proposition A.2. Due to network asynchrony, there may exist
at least f blocks from round r that do not persist in r+1.

Proof. Suppose at round r, there exists a 2 partitions of nodes:
π1,π2 such that π1 ∩π2 = /0,π1 ∪π2 = Π, |π1| = 2 f + 1. Its
possible that the blocks in π1 only learn of blocks in its own
partition. As a result, its blocks in r + 1 only point to the
blocks produced by nodes in π1.

Suppose at this point the partition is lifted. The nodes in π2
now see all blocks from round r. Each block in π2 may point
to all blocks created by those in π2, but those blocks may only
get at most f pointers, and therefore do not persist in r+1.

Lemma A.1. Consider the Bullshark protocol; in the presence
of Byzantine adversaries and network asynchrony, it is not
possible to determine if a non-leader block b in round r has
SBO before it is committed.

Proof. Suppose b persists in round r+ 1 and there exists a
committed leader b′ from r′ obtains sufficient votes in round
r′+ω such that b ∈ Hb′ . We focus on a single transaction
t ∈ b, that modifies key k ∈ K.

Consider some block a in round r which contains transac-
tions that modifies every single key in K. By Proposition A.2,
it is possible that by the means of an inactive adversary, or
manipulated network ordering, a does not persist in round
r+1.

It is clear that if a is ordered before b in execution, it will
affect the BO of b. Since a does not persist, for any block
b′ there is guarantee that a ∈ Hb′ . Suppose that it holds that
a ∈ Hb′ , and for a block b′′ it holds that a ∈ Hb′′ .

For early finality, we must evaluate if b has SBO before it
is committed.

Now, at round r′+ω−1, it is not known if b′ will get suffi-
cient votes to be committed as leader. If it is committed, then
to achieve early finality, we must evaluate if b has SBO by this
round. Suppose the SBO evaluation is that a is not committed
and executed before transactions of b. Then consider that at
round r′+ω it is revealed that b′ is committed as leader, and
so a is ordered before b. This conflicts with the evaluated
BO for b, and violates correctness. Conversely, suppose the
SBO evaluation is that a is committed. Then suppose that at
round r′+ω it is revealed that b′ is not committed, and even-
tually the next leader committed is b′′, where we have that
a /∈ Hb′′ , again violating correctness. As such, it is not possi-
ble to correctly decide on the finalized outcome of executing
the transactions in b at round r′+ω−1.

Therefore, early finality is not possible in the presence of
Byzantine adversaries and network asynchrony

A.2 Lemonshark
Definition A.22 (Sharded Key-space). For the Key-space K =
{k1,k2, . . . ,kn}, let it be partitioned into n distinct shards ki =
{k1

i ,k
2
i , . . .} : ∀i, j ∈ n, i ̸= j,ki ∩ k j = /0. We say a block is

in-charge of a shard if its transactions only modify keys from
that particular shard.
Definition A.23 (Shard ownership). A block b from round r
and in-charge of a shard ki ∈ K is denoted as br

i .
Lemonshark supports three types of transactions, each capa-

ble of early finality. For simplicity and as a proof of concept,
we present these transaction types and argue that they are
sufficient to cover the essential operations in typical database
usage, namely, local updates, cross-shard reads, and coordi-
nated atomic actions. These transaction types are:

• Type α: A transaction in a block in-charge of ki that
reads from and writes to ki.

• Type β: A transaction in a block in-charge of ki that
reads from a key in k j where j ̸= i and writes to ki.

• Type γ: An unordered pair of Type α/β sub-transactions
that are atomic and pair-wise serializable.

For clarity, we focus on Type β transactions that read from
a single other shard, and Type γ transactions that are sub-
transaction pairs. Extensions to Type β transactions reading
from arbitrary numbers of shards and Type γ transactions as
n-tuples are detailed in Appendix B.
Definition A.24 (Pair-wise serializable). A pair of sub-
transactions is considered Pair-wise serializable if it is ex-
ecuted concurrently, with no other transaction interleaving
it.

Since a Type γ transaction is two separate sub-transactions
that may exist in two separate blocks, it’s possible that one
sub-transaction is committed before the other. For Type
γ sub-transactions to be pair-wise serializable, they must
be executed together. Therefore, the earlier committed sub-
transaction must be delayed. This is achieved by means of a
Delay List.
Definition A.25 (Delay List (DL)). A Delay list from round r
includes an ordered list of transactions belonging to rounds
up to r; we denote this at DLr. Any transaction t that reads or
modifies a key from round r automatically fails to gain STO if
there exists a transaction in DLr that also modifies the same
key.

Suppose for a pair of sub-transactions t1, t2 that make up
a Type γ transaction. If one of the sub-transactions (t1) is
committed before the other, or exists in an earlier round than
the other (t2), the former is placed into the ordered delay list.
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It is only removed from the DL once t2 is committed or has
STO. DLr includes all transactions that might be included in
it before and up to round r. Since a transaction that is placed
into the delay list has an unknown outcome until the other
half is committed, we make the restriction that a transaction
t that modifies or reads a key k j

i may not have STO if there
exists a transaction in DL that also modifies k j

i .
Since only one block may modify a key k every round,

we need not worry about concurrent additions into the DLr
involving the same shard.

A.3 Leader check
Here, we discuss in more formal detail the leader check

mentioned in §5.2.2

Algorithm A-1 Leader Check
1: function LEADER_CHECK(br, ki)
2: if leader in round r+1 or leader in round r+1 is committed

then
3: return true
4: end if
5: w← ⌊r/4⌋+1
6: steady_ok← enough steady votes in wave w
7: fallback_ok← enough fallback votes in wave w
8: if not steady_ok and not fallback_ok then
9: return true

10: end if
11: steady_leader_check← steady leader in r+1 is in charge

of ki
12: if fallback_ok and both leaders exist then
13: return CHECKPATH(br, br+1

i )
14: end if
15: if steady_ok and steady_leader_check then
16: return CHECKPATH(br, br+1

i )
17: end if
18: return true
19: end function
20: function CHECKPATH(br, br+1

i )
21: return br+1

i has path to br

22: end function

Definition A.26 (Leader Check). For a block b in round r, it
b passes the leader check on shard ki if:

1. In the next round, there exist no leaders (odd round).

2. if there exists a steady leader and there exists sufficient
steady votes, if it is in-charge of ki, it must have a pointer
to b.

3. If there exists sufficient fallback votes, br+1
i must have a

pointer to b.

Or a leader in r+1 is already committed, while b is not.
Otherwise, the block fails the leader check on shard ki.

Note that b does not need to be in-charge of shard ki in this
definition.

We now prove using the following propositions that if the
leader check is satisfied for a block b, then we have sufficient
conditions to be certain that the block in-charge of ki in round
r+1 cannot execute before b.
Proposition A.3. Let b be an uncommitted block in round r
that persists in round r+1. If b passes the leader check for
shard ki, then b will always be committed before br+1

i .

Proof. Suppose otherwise, br+1
i executes before b.

Consider the case that br+1
i is committed due to a commit-

ted leader b′ in round r+ 2 or after. As b persists in round
r+1, b′ must have a path to b and so it will also commit b.
Recall from Definition A.10 that blocks are ordered in non-
descending order of the rounds they are created. Therefore, b
must be ordered to execute before br+1

i in Hb′ and this case is
impossible.

Therefore, the committed leader b′ must exist in round
r + 1. Since br+1

i is committed by a leader block in round
r + 1, this implies br+1

i = b′. As b passes the leader check
for shard k, the second and third items of the leader check
condition guarantee that b′ must have a pointer to b. However,
this means b will be committed by br+1

i and by the ordering
of blocks in the causal history, b will execute before br+1

i .

This shows that the only block from r+1 that can possibly
be committed before a block from r that persists in r+1 is a
leader block in r+1. However, if this leader has pointers to the
persisting block, it will not be committed before the persisting
block due to the ordering defined in Definition A.10.
Proposition A.4. Let b be an uncommitted block in round r
that persists in round r+1. If there exists a leader b′ in round
r+1 where b /∈Hb′ , and b′ is already known to be committed,
then any uncommitted block in r + 1 may not be executed
before b.

Proof. As b is not in Hb′ , the next elected leader that can
commit b must be in round r+2 or after. Since b persists in r+
1, this block must contain b in its causal history and so commit
b. Due to the ordering defined in Definition A.10, no blocks
in round r+1 may be ordered and execute before b even if
they exist and are in the next leader’s causal history.

A.3.1 STO for Type α

Let us define a notion that will be useful when showing
that we can correctly determine STO for a transaction before
the parent block is committed.
Definition A.27 (Complete Shard History). For an uncommit-
ted block b in round r and a shard ki, let br̂

i be the earliest
uncommitted block in charge of shard ki from round r̂ where
r̂ ≤ r.

We say b has Complete Shard History for ki if and only if
b has a path to b̂ which includes all blocks from round r−1
to r̂+1 that are in-charge of ki. We denote this ordered path
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Figure A-1: This Figure illustrates the checks to ensure that if a leader block in-charge of a shard ki in the immediate subsequent round exists,
it must be executed after block b.

of blocks as Cb(i) = [br̂
i ,b

r̂+1
i . . . ,br−1

i ,b], where |Cb(i)|= r−
r̂+1.

Observe that by requiring a path containing all the blocks
in-charge of ki, each block on this path also has Complete
Shard History. Note that b does not have to be in-charge of k
to have Complete Shard History for ki.

Now, we show why Complete Shard History is useful in
helping correctly determine STO. Suppose some block b in
round r has Complete Shard History for shard ki. Then b
knows of all of the relevant transactions on shard ki that can be
committed. Further, if the next committed leader has a pointer
to b, then the leader must also have pointers to all of these
blocks, and so these blocks will be committed. Therefore, b
knows that all of these blocks must be executed, and so can
correctly determine the outcome of executing these blocks
before its own execution.
Proposition A.5. Consider a block b in round r which has
complete shard history for ki. If b passes the leader check on
k and persists in r+1, there may not be any block in-charge
of ki which is not in Hb that may be executed before b besides
br

i .

Proof. Let b′ be the leader that eventually commits b. Ob-
serve that as b has complete shard history for ki, blocks in-
charge of ki but not in Hb must be in round r or after. Now,
assume otherwise that some block besides br

i in-charge of ki
from some round before r is executed before b. This implies
that it must be committed by some leader b′′ which commits
before b′. If it is committed by b′, our ordering (see Defini-
tion 4.1) guarantees that it is executed after b.

Suppose b′′ is in round r+ 2 or after. Since b persists in
round r+1, it must hold that b ∈ Hb′′ and so is committed by
b′′. This directly contradicts that b′ is the leader that eventually
commits b.

Now, suppose that b′′ is in round r + 1. Since b passes
the leader-check, b′′ must have a pointer to b and therefore

A Type  Transaction
, in-charge of 

from round 

 a transaction 
in the   that also modifies 

the same key that  reads 
or modifies?

No STO for STO for 

Leader check of  on 

Yes

No

Fail

Oldest uncommitted 
block in-charge of ?

OR
b points to block that is in-charge

 of   that has SBO

Does 
 persist in

Pass

No

Yes

No
Yes

Figure A-2: This Figure illustrates all the sufficient conditions for a
Type α transaction to have STO.

commits b and again directly contradicts that b is committed
by b′.

Finally, if b′′ is in round r, the only block in-charge of k that
it can commit but is not in Hb is br

i (that is, b′′ is br
i ). It cannot

possibly commit any block in rounds r+1 or after.

Note that b does not need to be in-charge of ki to have
complete shard history for shard ki.
Lemma A.2. For a shard ki, a Type α transaction t ∈ br

i can
be determined to have STO in round r+1 if all of the following
hold:

• There does not exist any transaction in DLr that modifies
ki.
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• br−1
i has SBO and br

i has a pointer to it, or br
i is the

earliest uncommitted block in-charge of ki.

• br
i passes the leader check on ki.

• br
i persists in round r+1.

Proof. Recall that a transaction has STO if its TO matches
the execution prefix of that transaction with respect to the
leader that eventually commits it. Let b′ be the leader that
eventually commits br

i .
First consider the case where br

i is the earliest block in-
charge of ki which is not committed. As br

i passes the leader
check, by Proposition A.3 it holds that br+1

i cannot execute
before it. Next, as br

i persists in round r + 1, any block in-
charge of ki in round r+2 or after cannot execute before it, as
any leader committing such a block necessarily has a path to
br

i and so commits it. By the ordering on the blocks, br
i must

execute before any block in-charge of ki in round r+2 or later.
Therefore, it is safe to conclude that br

i will execute before
any other blocks in-charge of ki in rounds after r. Therefore,
the transaction outcome of t must be equivalent against the
execution prefix b′⟨b(ti)⟩.

Suppose br
i is not the earliest uncommitted block in-charge

of ki, but it has a pointer to br−1
i which has SBO. This im-

plies either br−1
i is the earliest uncommitted block in-charge

of shard k and the earlier argument holds for all its transac-
tions; or it has a pointer to the block that is in-charge of ki
in the preceding round, which has SBO. By applying this
argument recursively, this implies that br

i has complete shard
history of ki. As br

i passes the leader check, by Proposition A.3
and Proposition A.5, we can be sure that there does not ex-
ist any block not in Hb in-charge of ki that may be executed
before br

i .
Since br−1

i has SBO, its block outcome is equivalent to its
execution prefix with respect to the leader block that commits
it. As it must also have complete shard history for ki (at round
r− 1), its block outcome must execute all of the blocks in-
charge of ki in rounds prior to r−1 in order of their rounds.
Therefore this also holds true for the execution order of blocks
in-charge of ki by committed leader blocks. So it is clear that
when committed by b′, br

i must be the next block in-charge
of ki to be executed after br−1

i . This naturally implies that the
transaction outcome of any Type α transaction in br

i must be
equivalent to the execution prefix of it against b′.

Finally, it is straightforward to observe that these conditions
can be determined in round r+1.

Proposition A.6. Even under network asynchrony and the
presence of Byzantine adversaries, there must exist at least
(3 f +2)/2 blocks from round r that persist in r+1.

Proof. Suppose there exist 3 f +1 blocks in round r, and due
to byzantine inaction, there exist only 2 f +1 blocks in round
r+1. There may exist fewer than 3 f +1 blocks in round r,

but with fewer blocks, more blocks persist, as there are fewer
options for blocks in round r to point to. To minimize the
number of blocks that persist in round r+ 1, each block in
r+1 have exactly 2 f +1 pointers to blocks in r.

Suppose there exist A blocks from round r that must persist
in. To minimize the pointers from blocks in round r that point
to the remainder 3 f +1−A blocks, we let all blocks in r+1
point to those blocks in A.

This means each block in r+1 need to point to a remainder
of 2 f +1−A blocks in round r.

Since each 2 f +1−A blocks in the remainder 3 f +1−A
blocks in r can only have at most f blocks pointing to it
and there exists 2 f + 1 blocks, we need ⌈2 f + 1/ f ⌉ = 3 of
these sets in the 3 f +1−A blocks. Therefore, we solve the
inequality:

(3 f +1−A)(2 f +1−A)>= 3
2 f +1 > A >= (3 f +2)/2

Therefore, (3 f +2)/2 is the minimum number of blocks that
must persist in r+1.

Proposition A.6 shows that a certain number of blocks must
persist in each round. Therefore, its possible for certain blocks
to gain SBO even in the presence of byzantine adversaries
and network asynchrony.
A.3.2 STO for Type β

Lemma A.3. Take any two distinct shards ki,k j. Let br
i be a

block in round r in-charge of shard ki, and let br−1
j ,br

j,b
r+1
j

be blocks in-charge of k j in rounds r−1,r,r+1 respectively.
A Type β transaction t ∈ br

i that reads from ka
j ∈ k j can be

determined to have STO in r+1 if all of the following hold:

1. t meets all of the conditions for STO for a Type α trans-
action (see Lemma A.2).

2. br
i has a pointer to br−1

j and it has SBO, or br
j is the

oldest uncommitted block in-charge of k j.

3. br
j does not have a transaction that modifies ka

j , or br
j is

known to already be committed by some leader block.

4. br
i passes the leader check for k j or the br+1

j does not
have a transaction that modifies ka

j .

Proof. Let b′ be the leader block that eventually commits br
i .

As the transaction writes to ki, we require that t meets the
conditions for STO as if it is a Type α transaction, including
that it persists in round r+1.

Now, since t reads from k j, we now additionally need to
ensure that our read value based on the block outcome of br

i
will be the same as that for t when it is committed, so that the
transaction outcome of t is equivalent to the execution prefix
of t in b′.
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Figure A-3: This Figure illustrates all the sufficient conditions for a
Type β transaction to have STO.

First, suppose that either br
j does not have a transaction

that modifies ka
j . Given this, executing br

j before br
i in leads

to an identical execution prefix of t with respect to b′ as if
it were executed after. Alternatively, if this does not hold,
then we know that br

j is already committed by some previous
leader. If so, then clearly br

j cannot be in Hb′ (by definition
of causal history of a block) and therefore it will not affect
the execution prefix of t with respect to b′. In either case, we
can thus safely ignore br

j as it has no effect on the execution
prefix of t with respect to b′.

We have that either br
i has a pointer to br−1

j and br−1
j has

SBO, or that br
j is the oldest uncommitted block in-charge of

k j. We then apply a similar argument as Lemma A.2. This
implies that b has complete shard history of k j, and further
that the blocks in-charge of k j in Hbr−1

j
must be executed in

order of their rounds, followed by br−1
j . Therefore, our read

value of ka
j in the transaction outcome of t will be equivalent

to the execution prefix of t with respect to b′, as long as no
block in-charge of k j after round r affects the execution prefix
of t with respect to b′.

If br
i passes the leader check on k j, by Proposition A.5,

there cannot exist any block in-charge of k j that can be ordered
before br

i in the next committed leader’s causal history besides
br

j. Otherwise, if br
i does not pass the leader check on k j then

we have that br+1
j does not have a transaction that modifies

t. Then it is clear that executing br+1
j before br

i leads to an
equivalent execution prefix of t with respect to b′ as if it were
executed after. Therefore, br+1

j will not affect the execution
prefix of t with respect to b′. As b′ persists in round r+ 1,
then no blocks in-charge of k j will execute before br

i .
Therefore, we can conclude that the transaction order of t

is equivalent to the execution prefix of t with respect to b′.
These conditions can be evaluated in round r+1.

A.3.3 STO for Type γ

The following proposition shows how we may infer that
two blocks may exist in the causal history of a single leader
block before even witnessing the said leader block.
Proposition A.7. Consider a block b in round r and a block
b̂ in round r̂, and without loss of generality let r < r̂. If both
blocks persist in round r̂+1 and neither block is in the causal
history of any leader block before and up to round r̂+1, then
both blocks must exist in the same committed leader block’s
causal history.

Proof. Since neither block exists in the causal history of
leader blocks from before and up to round r̂ + 1, the next
possible leader block can contain both must exist after r̂+1.
Since both blocks persist in round r̂ + 1, that leader block
must have a path to both blocks. Therefore, they must exist in
the same committed leader block’s causal history.

The following proposition shows that we will not incor-
rectly determine a transaction to have STO when there is
uncertainty due to a conflicting transaction in the delay list.
Proposition A.8. Consider two blocks br−1

i ,br
i in-charge of

shard ki in rounds r−1,r respectively.
If b points to br−1

i , which has SBO, or if we know br
i is the

oldest uncommitted block in-charge of ki, then it implies that
DLr contains all possible transactions that modified keys in
ki.

Proof. If br
i was the oldest uncommitted block in-charge of

ki and it is in r, then any other possible block in-charge of ki
prior to r must have been committed and therefore known.

Similarly, if br−1
i has SBO, it implies that b has complete

shard history of ki. Therefore, there does not exist an uncom-
mitted block in-charge of ki from before round r that is not in
Hb. Therefore, all blocks in-charge of ki prior to r is known
as well.

Since all blocks that are in-charge of ki is known, there
must not exist a transaction that would be in DLr that we do
not know.

Definition A.28 (Type γ sub-transactions execution or-
der). Consider a Type γ transaction comprised of two sub-
transactions t1, t2 that exist in blocks b1,b2 from rounds r1,r2
respectively.
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• If r1 = r2, and b1,b2 are in the same leader’s causal
history, then t1, t2 are executed in some deterministic
order between the 2 transactions.

• If r1 < r2, and b1,b2 are in the same leader’s causal
history. Then t1 will be executed concurrently with t2.
That is to say, it is not executed along with the other
transactions in b1.

• If b1,b2 are committed by different leaders. The one
committed earlier executes at max(r1,r2) with the one
committed later.

Lemma A.4. Consider a Type γ transaction of 2 sub-
transactions t = [t1, t2] where t1 ∈ b1, t2 ∈ b2 in round r. The
transaction t can be determined to have STO in r1 +1 if all
of the following hold:

• Both t1 and t2 may be evaluated to have STO indepen-
dently.

• Every other transaction in b1 and b2 have STO.

• The conditions of Proposition A.7 is met and so there
exists some eventually committed leader block b′ such
that both t1, t2 exist in Hb′ .

Proof. First, given that the conditions of Proposition A.7 hold,
we now assume b1 and b2 are committed by the some leader
block b′, and without loss of generality, let the prime transac-
tion be t2. Given that blocks of the same round are ordered
deterministically, it is known that all blocks will order b1
before b2 and this assumption can be safely made.

Now, given that both t1 and t2 satisfy the requirements to
have STO independently, the transaction outcome of t1 and t2
are each equivalent to their respective execution prefix with
respect to b′. However, now t1 will be concurrently executed
with t2 instead of following the typical ordering on the blocks
and transactions.

Given that all other transactions in b1 and the transactions
prior to t2 in b2 will be guaranteed to execute before t1, their
execution may now affect the transaction outcome of t1. Given
that all of these transactions have STO, their transaction out-
come is equivalent to their execution prefix with respect to b′

and therefore, it can be correctly determined their effect on
transaction outcome of t1. Therefore transaction outcome of t1
now, when ordered concurrently with t2 is indeed equivalent
to its execution prefix with respect to b′. This is illustrated
with Fig. 8.

All of the above may be evaluated in round r+1.

Lemma A.5. Consider a Type γ transaction of 2 sub-
transactions t = [t1, t2] where t1 ∈ br1

i and t2 ∈ br2
j , and without

loss of generality, r1 < r2.
t = [t1, t2] can be determined to have STO in round r2 +1

if all of the following hold:

• t1 independently has STO when considering it to be in
br2

i . This condition includes that br2
i must be observed.

• t2 independently has STO.

• Every other transaction in br2
j has STO.

• Furthermore, all other transactions in br2
i have STO

given that t1 were to be in br2
i instead of br1

i .

• The conditions of Proposition A.7 is met and so there
exists some eventually committed leader block b′ such
that both t1, t2 exist in Hb′ .

Proof. First, given that the conditions of Proposition A.7 hold,
we now assume that br1

i and br2
j are committed by the same

leader block b′.
Since r1 < r2, t1 will be moved to execute concurrently

with t2 instead of in br1
i . Given that br2

i is observed, then now
let t be removed from br1

i and placed as the last transaction
in br2

i instead. Now, this becomes an instance which is cov-
ered by Lemma A.4. Given that the conditions of this lemma
are met, then it holds that the conditions of Lemma A.4 are
satisfied as well. Therefore, the transaction order of t1 will be
equivalent to its execution prefix with respect to b′.

There is one technical detail that is different, since it is
known that t1 will now be executed with t2 (as if in br2

j ).
Therefore, its presence in the delay list can now be safely
ignored when considering STO for transactions in blocks in-
charge of ki in between and including rounds r1 and r2, as it is
guaranteed that this transaction will only execute after these
blocks.

If the above conditions are true, STO may be evaluated at
round r+1.

Lemma A.6. Type α,β,γ transactions may be evaluated to
have STO before the leader b′ that includes them in its causal
history is committed.

Proof. For a Type α,β transaction in round r+1, it may be
evaluated to have STO in round r + 1 as per Lemmas A.2
and A.3. Since the leader checks were passed, the earliest the
transaction may be committed is round r+ 2, where b′ is a
steady leader.

For Type γ transactions, that exist in two parts b1,b2
from rounds r1,r2 respectively. STO may be evaluated at
round max(r1,r2) + 1. whilst the leader may exist in the
earliest round max(r1,r2) + 1+ 1 and committed in round
max(r1,r2)+1+2.

Therefore, by Lemma A.6, early finality is possible for
Type α,β,γ transactions.
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B Extending Type β/γ transactions
Extending Type β transactions to read from a set of shards

is quite simple. Suppose we have a transaction t ∈ br
i that

reads from a set of shards K = {. . .}. ∀k j ∈ K , br
i needs

points to a block br−1
j that has SBO, and it passes the leader

check on shard k j. If these conditions are achieved, it’s clear
to see how Lemma A.3 may be extended to prove that t has
STO.

Extending Type γ transactions to be an n-tuple across n
shards is quite simple as well. Suppose all n sub-transactions
exist in the same round, have SBOs, and we can ensure that
all sub-transactions will eventually be in the causal history
of the same committed leader. Per Lemma A.4, the Type γ

transaction has STO as well. A similar argument may be
applied to Lemma A.5 when all n sub-transactions exist in
different rounds, but is eventually committed by the same
leader.

C Future Work: A Finer Grained
Lemonshark

For clarity, Lemonshark presents sufficient conditions for
determining whether a block has SBO, evaluated recursively
starting from the earliest uncommitted block in each shard.
Intuitively, SBO is “inherited” from one block to the next: a
block cannot have SBO if the uncommitted block in-charge
of the same shard in the previous round does not.

However, this inheritance requirement is stronger than nec-
essary for individual transactions. Consider blocks b1,b2—the
first and second uncommitted blocks in charge of a shard—
and a type α transaction t ∈ b2 that modifies a key untouched
by any transaction in b1. Transaction t can achieve STO as
long as b2 persists and passes the leader check, regardless of
whether b1 has SBO or whether b2 references it.

This observation reveals that Lemonshark’s current condi-
tions are sufficient but not necessary. Deriving tight necessary
conditions for STO evaluation remains an interesting direction
for future work.

D Missing blocks, Weak links, Orphaned and
Dangling Blocks

Determining the “oldest uncommitted block” for a shard in
the presence of Byzantine nodes requires identifying whether
missing blocks are genuinely absent or exist without a node’s
knowledge.

Missing blocks can be ascertained by a node querying
the remaining nodes to determine whether they voted in the
second phase (vote phase) of the reliable broadcast [17]. If
fewer than 2 f +1 nodes voted (ascertained by having < f +1
positive responses out of the 2 f +1 responses obtained), such
a block will never exist and can be categorized as missing.

However, if at least 2 f + 1 (≥ f + 1 out of the 2 f + 1 re-
sponses obtained) nodes voted, that block might exist. This is
not problematic if all blocks in subsequent rounds are known
and none reference the missing block. We refer to those as
orphaned blocks. Dangling blocks (blocks pointed to by only

a small subset of blocks and never committed) are categorized
similarly. Bullshark [29] allows blocks to reference blocks
from non-immediate previous rounds via pointers referred to
as “weak links.”

These weak links do not participate in consensus; instead,
they are used to help orphaned or dangling blocks eventually
get committed. However, since blocks may be referenced
via weak links almost arbitrarily, we disallow such links in
Lemonshark, as they enable arbitrary inclusion of blocks into
a node’s causal history.

The problem with dangling blocks is that if they are not
committed, they will always be the oldest uncommitted block
in-charge of a particular shard, preventing other blocks in-
charge of the same shard from ever gaining SBO.

In this section, we will define limited look-back as a po-
tential solution to handle such cases, effectively acting as
a high-water mark that eventually excludes these dangling
blocks from consideration.

We first define Sorted Causal History with Limited Look-
back to be used in-place of Sorted Causal History.
Definition D.1 (Sorted Causal History with Limited look-back
(v)). Suppose the last known committed leader is in round r′,
where the next possibly committed leader is in round r′+2.
Consider a block b in round r > r′ and let v be a publicly
known constant. b’s Sorted Causal History with Limited look-
back LHb is defined to be all blocks in Hb that are from round
r′+2− v or after. We denote r′+2− v as the watermark mb
for b.

Consider some block b in round r and the leader block
b′ in round r′ that eventually commits b. One issue that can
potentially occur with the above definition is that a node’s
local view of LHb may include blocks that are not in LHb′ , if
they have different watermarks. Therefore, we need to show
that for any block b ∈ LHb′ , their Sorted Causal History with
limited look-back excludes blocks from the same rounds, that
is, their watermarks are the same.
Lemma D.1. Consider a leader block b′ from round r′ that
eventually commits. For all b ∈ LHb′ , the watermark mb of
block b is identical to watermark mb′ of block b′.

Proof. Suppose that for any node’s local view of the DAG,
there exists a block b∈ LHb′ where its watermark differs from
mb′ . By the definition of watermark of b and b′, this implies
that there exist two distinct next possibly committed leaders
from 2 different rounds, which is absurd.

The next question to address is whether for a given block b
(from round r), the Sorted Causal History with Limited Look-
back of b will differ for two distinct nodes. Observe that the
only factor that changes the local view of the watermark is the
knowledge of the latest committed leader. If a node evaluates
a block to have met the criteria for SBO, the criterion will
hold regardless of which leader prior to r is newly committed.
This consistency is illustrated in Appendix A.2.
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In other words, suppose the view of the watermark is for
a fixed block b for a node is mb1 and it evaluates b to have
SBO. Even if the view of the watermark for b is mb2 where
mb2 > mb1 for another node, it will not alter the execution
prefix of b with respect to the leader that eventually commits
it. Intuitively, this holds because the node with the lower
watermark must account for a larger set of conflicts.

It is also important to note that even in the case outlined
using Definition 4.1, it is not possible for a node to initially
evaluate a block as meeting the SBO criterion, and later, af-
ter learning of a more recently committed leader, revise this
evaluation to not meet the SBO criterion. This holds as well
when utilizing Definition D.1.

Thus, the use of Sorted Causal Histories with Limited Look-
back eventually eliminates dangling blocks from considera-
tion. By constantly updating the threshold for the oldest un-
committed block, this mechanism refreshes the possibility for
blocks to meet the SBO criterion.

E Additional Experimental Discussion
E.1 Rationale for Randomizing Faulty Nodes

There are a few reasons to randomize which nodes are
faulty; firstly, in the case where there is a single fault: In the
original Bullshark [29] implementation, the steady leader is
elected in a round robin manner. Which means it is possible
that the supposed faulty node will never be the 2nd steady
leader of a wave, causing the system to never enter fallback-
mode. Secondly, the original implementation orders the node
randomly and then selects the leader in a round-robin manner,
enabling the previous case even when f > 1. Artificially
improving the performance of the protocol when faults exist.

Lastly, since Lemonshark requires a recursive chain of
SBO for a block to gain SBO (if it was not the latest un-
committed block). Randomizing the failures will result in a
worse but fairer representation of Lemonshark.

E.2 Major Code Differences
Here we discuss some changes made to Bullshark’s Code.

1. We were unable to get the claimed performance when
utilizing parameters as described in their paper (utilizing
their code). However, we achieved similar results when
we utilized the parameters present in their repository5.
We believe this could either be a mistake on their part or
one of the various bugs in their fallback version of the
protocol.

2. Similar to Narwhal-Tusk [23], nodes perform 1 round of
one-to-all broadcast to create batches, and another one-
to-all broadcast to form blocks including those batches.
Each batch contains up to 500kB of transactions, but can
be represented by a 32B hash. Therefore, a block size
of 1000B should only contain approximately 32 batches.
In their code, whenever producing a block, the entire
batch queue is flushed, resulting in blocks containing an

5 Data available at GitHub

unbounded number of batches (and an extremely large
block including many hashes). We set an upper-limit
(bounded by the block size); therefore, we exhibit a queu-
ing behavior in our results when the client transaction
rate is increased.

3. In Bullshark’s implementation, they ordered the nodes
sequentially and selected the last f nodes to be faulty.
We instead, chose to randomized the selection of faulty
nodes. Furthermore, we also randomized the steady
leader election as compared to a simple round-robin
rotation (per Bullshark). However, we add a restriction
that no two consecutive steady leaders are the same. This
is to introduce a more normalized yet realistic failure
behavior. Previously, because the rotation of leaders was
static, it was possible for the system to never enter fall-
back mode in some cases; when a single faulty node is
only ever elected as the first steady leader of the wave—
skewing the results. Our procedure allows the state to en-
ter fall-back mode reliably when f = 1, making it more
aligned with an adaptive adversary.

E.3 Additional Experiment results
Varying “Cross-shard probability” in Lemonshark In §8.2
we utilized “Cross-shard probability”= 50%, denoting the
percentage of blocks containing Type β/γ transactions; in
Fig. A-4 we show the effects of varying that rate. Even at
100%, we enjoy ∼ 13% E2E latency reduction and ∼ 18%
consensus latency reduction.
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Figure A-4: Performance of Lemonshark with moderate amount of
Type β transactions,(Cross-shard count = 4, Cross-shard Failure =
33%) while varying Cross-shard probability.

E.4 Cost of Experiments
As illustrated in the appendix of Narhwal-Tusk [23], run-

ning these experiments on AWS can become very costly,
extremely quickly.

F Pipelining Dependent Client Transactions
Beyond the scope of our main insight in §5, we observe that

if a client has a chain of transactions t1, . . . , tl such that every ti
requires the outcome of the previous transaction ti−1, a client
will typically need to send t1, wait for its finalized outcome
when committed, before sending t2, and so on. Therefore, the
total latency incurred is at least the time required for l distinct
leaders to be committed.
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Figure A-5: For illustration, we break the RBC of our block into
two one/all-to-all broadcast instances BC1,BC2; akin to the 2-phase
nature of Bracha’s reliable broadcast [17]. The client first sends
in a transaction t1. (2) After the first BC1, the process provides a
speculative outcome for t1 in the form of to1. (3) The client then
sends in the next transaction t2 with the requirement that it only
executes if the execution of t1 yields to1. (4,5,6) similar steps repeat
for t2, t3.

Since a RBC primitive may be decomposed into two phases
[17] of one-to-all broadcast. Suppose the process receiving the
transaction provides the (unfinalized and potentially unsafe)
speculative TO for t1 in b1 for round r1 during the first phase.
In that case, the client may send a tentative transaction t ′2 that
executes conditionally on the speculated outcome of t1 being
the one specified in t ′2.

Before the first phase of the next block b2 : t ′2 ∈ b2,b2 ∈
Hb1 in round r1 + 1 can be proposed, a similar operation is
performed for t ′3 ∈ b3, and so forth.

Such pipelined behavior can potentially achieve much
lower latencies for the entire chain of transactions t1, . . . , tl ;
we illustrate this in Fig. A-5. It is important to note that due
to our sorting algorithm in Definition 4.1, ∀b : b1,b2 ∈Hb, b2
is always ordered after b1 in Hb.

Eventually, when the block is committed or has satisfied
the conditions for early finality, the finalized outcome of t1 is
communicated to the client, whereupon two cases may occur:

1. The finalized outcome matches the speculated out-
come provided previously: In this case, the client sim-
ply continues, knowing that t ′2 has been submitted and
will be executed in due time.

2. The finalized outcome does not match the previously
speculated outcome: In this case, t ′2 will only execute
if the speculative outcome of t1 aligns with the one in-
cluded in t ′2. If not, t ′2 is aborted, as are any subsequent
transactions that depend on its speculated outcome. The
client then immediately submits a new transaction, t ′′2 ,
based on the finalized outcome of t1, thereby restarting
the chain of transactions.

Because cascading failure is intrinsic to the transaction
chain itself, the above conclusions can be reached indepen-
dently by each process without requiring coordination. Even
if an unexpected outcome occurs, the latency remains upper-
bounded by the rate of normal consensus progress via leader
election. Thus, in the worst case, this pipelined behavior in-
curs no additional penalties.

Figure A-6: Catching the next bus: (1) Our client sends a Type β

transaction to the process. (2) After the first BC1, the process sends
a speculative outcome. (3) The client uses this speculative outcome
to send its 2nd causally related transaction. (4) At r+ 1 we learn
that our read will be stale, and the process informs the client (5) The
client then re-sends the 2nd transaction in the immediate subsequent
block, incurring a single block worth of delay compared to an entire
consensus latency worth.
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Figure A-7: Performance of Pipelined client transactions (L-shark
+ PT) when varying the number of crash-faults. Where 50% of
transactions are Type β/γ, “Cross-shard Count” = 4, and ”Cross-
shard Failure” = 33%.

F.1 Pipelining and Lemonshark
Lemonshark allows processes to determine whether trans-

actions may have STO or whether they definitively cannot
have STO. In such cases, the provided speculative TO may be
known to be definitively inaccurate before commitment. This
can be communicated to the client before finality, thereby al-
lowing the client to resubmit its chain of transactions earlier;
we illustrate this in Fig. A-6.

However, transactions that may execute based on some
condition are analogous to Type γ transactions, in that the
conditional execution of a transaction may affect other trans-
actions. As such, all contingent transactions are added to the
Delay List as well. They are removed when they are finalized
or removed entirely when cascading failure occurs.

F.2 Evaluation
We also evaluated how pipelined dependent transactions

may perform by fixing a moderate amount of Type β transac-
tions (Cross-shard count = 4, Cross Shard Failure = 33%), and
varying the number of failures. We also added a parameter
“Speculation Failure” to denote the probability that the specu-
lated outcome deviates from the finalized outcome if STO is
not possible. In the best case, we saw an∼ 80% improvement
in latencies when there are no faults, but even in the worst
case we still saw ∼ 11% lower E2E latencies. This is because
of the phenomenon we describe in Fig. A-6.
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