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Abstract—Between 2019 and 2026 the performance
envelope of public Layer-1 blockchains moved by two
orders of magnitude, and the designs that produced the
shift are documented one system at a time. This survey
takes the assembled chain as its unit of analysis and
systematizes the monolithic high-throughput Layer-1
across six layers: dissemination, ordering, execution,
state, metering, and the operational envelope that
determines who can run a validator. Each layer receives
a taxonomy on axes shared across exemplars and a
costs subsection in which every speedup mechanism is
paired with its documented drawback and an evidence
grade recording whether that drawback is proved,
measured in a laboratory, observed in production, or
asserted in a whitepaper. From a screened corpus of
810 records we assemble 200 mechanism-cost pairs over
131 mechanisms and audit 299 published performance
claims. Three results stand out. Thirty of the 200 costs
are paid at a different layer from the one that earns
the benefit, which is the structure a technique-first
taxonomy cannot represent. Only 37 of the 200 cost
claims rest on production measurement, and the two
systems with the largest deployed throughput have no
archival description of their core mechanisms. Of 92
numeric throughput claims, 14 state a validator count
that can be corroborated in the source text. We close
with five open problems, three of which are measurement
gaps that a single well-designed study would close.

Index Terms—Blockchain, consensus protocols, par-
allel execution, performance evaluation, distributed
systems, systematization of knowledge.

I. INTRODUCTION

The performance envelope of public blockchains moved
by two orders of magnitude between 2019 and 2026,
and it moved through engineering rather than through
a single conceptual breakthrough. Separating transaction
dissemination from ordering lifted a leader-based protocol
from 1,800 transactions per second at one second of latency
to 170,000 transactions per second at 2.5 seconds, and
adding dissemination workers per validator pushed the
same construction to 600,000 transactions per second with
no latency penalty [1]. Removing certification from the
DAG then bought back the latency, reaching half-second
wide-area commit latency while sustaining over 200,000
transactions per second [2]. On the execution side, treating
a committed block order as a speculation oracle rather than
a constraint yielded up to 170,000 transactions per second
on 32 threads [3]. Each of these results is real, reproducible,

and reported by its authors with the conditions attached.
None of them is a statement about a blockchain.

The gap between those two things is the subject of
this survey. A deployed high-throughput Layer-1 is an
assembled stack: an admission and dissemination layer, an
ordering layer, an execution engine, a state store, a metering
and fee mechanism, and an operational envelope that
determines who can afford to run a validator. Its speed is
a property of the composition, and so are its failure modes.
Fault-injection benchmarking makes the point concretely:
when a high-throughput chain is driven through a fault and
recovery cycle, the degradation that persists afterwards
can be traced not to the consensus protocol but to the
interaction between the recovery path and the speculative
executor [4]. A survey organized around consensus protocols
cannot express that finding, and neither can a survey
organized around concurrency control.

This is the state of the literature. We screened 34
surveys, reviews and systematizations that a reader might
reasonably consult on this question and coded each one for
layer coverage, for whether Solana, Aptos, Sui or Monad
are objects of study rather than passing mentions, and
for whether mechanisms are systematically paired with
their costs. Twenty-nine address ordering and consensus;
exactly one addresses metering and fee mechanisms. None
covers all six layers, none takes the current generation
of high-throughput systems as its subject, and two pair
mechanisms with costs systematically. The comparative
material that does exist at the system level is investor-
facing grey literature in which advertised peak figures,
laboratory benchmarks and mainnet observations are
quoted interchangeably.

The numbers themselves are the second problem. We
assembled every quantitative performance claim we could
extract from the corpus and from the grey literature, 299
in total, and checked each extracted figure against its
source text. Ninety-two are numeric throughput claims.
For only 14 of those could we corroborate the validator
count in the source text by requiring the number to appear
adjacent to a validator, committee, replica or machine
term rather than merely nearby, and just 6 of the 14
come from the system’s own paper rather than from a
competitor’s related-work paragraph. The spread of the
92 figures runs from tens to hundreds of thousands of
transactions per second, and without the measurement
conditions the spread is uninterpretable: a figure obtained



on four co-located replicas with 512-byte no-op payloads
and a figure obtained on a geo-distributed committee under
contended application load are not the same kind of fact,
and they are routinely tabulated in the same column.

A. Contributions

1. A six-layer decomposition of the high-performance
Layer-1 stack, with an explicit taxonomy at each
layer whose axes are shared across exemplars rather
than invented per system.

2. A cost-first treatment in which every speedup mech-
anism is paired with its documented drawback and
an evidence grade recording whether that drawback
is proved, measured in a laboratory, observed on a
production chain, or asserted in a whitepaper.

3. A cross-layer trade-off matrix that makes co-design
effects visible, including the cases where a mecha-
nism’s cost is paid at a different layer from the one
that provides its benefit.

4. A claim-provenance audit of published throughput
and latency figures, tagged with validator count,
geography, workload and contention, that separates
comparable results from incomparable ones.

5. A systematic corpus and search protocol: 4,916
records retrieved from keyword and citation expan-
sion over OpenAlex and arXiv, 3,663 unique, screened
to a working corpus of 810 with explicit inclusion
criteria and a separately labelled grey-literature
track.

B. Scope

Our subjects are monolithic Layer-1 designs whose stated
target is high single-shard throughput with sub-second to
second-scale finality: Solana, Aptos, Sui and Monad in
the first tier, with Sei, Fuel, Linera, MegaETH, Diem,
Avalanche and Algorand as secondary cases. Ethereum,
rollups and classical sharded designs appear as contrast
cases and not as subjects, because layer-two and sharding
scaling already have dedicated surveys and because the
interesting question here is what happens when the scaling
is pushed into a single execution domain instead of across
many.

Two consequences of this scope need stating at the outset.
First, a substantial part of the design space we survey
has no peer-reviewed description. Solana’s proof-of-history
clock, its Sealevel executor and Turbine dissemination, and
Monad’s execution and storage engines exist as whitepapers,
documentation and engineering write-ups. We cite these
sources as design statements, never as performance facts,
and we mark every such citation as grade E4. Second, our
own reading of the mechanisms is necessarily an outside
view: we did not operate validators, and where a claim
could only be established by running one, we say so rather
than inferring it.

C. Roadmap

Section 2 defines the terms and presents the pipeline
decomposition. Section 3 positions the survey against prior

systematizations. Sections 4 through 9 work up the stack,
one layer per section, each closing with a costs subsection.
Section 10 assembles the trade-off matrix; Section 11
presents the claim-provenance audit; Section 12 sets out
the open problems we consider defensible, in the order we
consider them tractable.

II. BACKGROUND: WHAT A TRANSACTION COSTS A
CHAIN

A useful decomposition of a high-throughput Layer-1
follows the life of a transaction rather than the module
boundaries of any particular implementation. A client
submits a transaction to some set of validators, which
must decide whether to admit it; the transaction must be
disseminated so that enough validators hold its bytes to
reconstruct a block; some mechanism must fix a total order
over the transactions that will be applied; the transactions
must be executed against current state, which is where
parallelism lives; the resulting state transition must be
committed to a persistent, authenticated store; and the
resources consumed at every one of those stages must
be metered and priced, or the system has no defence
against its own most profitable workload. The six layers we
survey correspond to those stages, in that order, plus the
operational envelope they jointly impose on node operators.

The decomposition matters because the stages have dif-
ferent scaling behaviour and different bottleneck resources.
Dissemination is bandwidth-bound and embarrassingly
parallel across validators, which is why it responds to
horizontal scale-out: the linear throughput improvement
obtained by adding dissemination workers per validator
is a statement about bandwidth provisioning, not about
agreement [1]. Ordering is latency-bound and fundamen-
tally sequential in its commit rule, so its costs are counted
in message delays and in what happens when a designated
leader is slow or Byzantine. Execution is CPU-bound and
contention-bound, so its throughput depends on a property
of the workload rather than of the system: how much
of the block can run concurrently without violating the
committed order’s semantics. State commitment is I/O-
bound and grows monotonically with history. Metering is
an economic mechanism, not a resource, and its failures
show up as mispriced congestion rather than as saturation.

Three definitional points recur throughout, and the
literature is not consistent about them. Throughput is
reported either as transactions per second at the point
of consensus commit or as transactions per second of
completed execution; the two differ whenever ordering
and execution are decoupled, which is precisely the case
in every system we survey. Latency is reported as client-
observed end-to-end time, as consensus commit latency,
or as message delays to commit in a model; the first
includes admission and execution, the second does not,
and the third is unit-free. Finality is used for both the
deterministic commit point of a BFT protocol and the
probabilistic settlement assurance of a chain under partial
synchrony, and in systems with a fast path for uncontended
objects it has two distinct values depending on which path



a transaction took. Where we quote a figure, we name
which of these it is; where a source does not, we record
that as a property of the source.

The baseline against which this generation defines itself
is a single-threaded, globally-ordered, globally-metered
execution model in which every validator re-executes every
transaction serially, dissemination and ordering are fused
into one gossiped block, and one scalar resource unit prices
all consumption. Each layer in the sections that follow is
a departure from one clause of that sentence, and each
departure buys throughput or latency at a cost that is paid
somewhere else in the stack. The taxonomies we present
are organized around exactly that question: what does this
mechanism assume, what does it buy, and where does the
bill arrive.

A. Threat and deployment model

We assume the standard partially-synchronous Byzantine
model for the ordering layer, with the usual bound of fewer
than one third faulty voting power, and we note where a
protocol’s performance claim depends on synchrony that
the model does not guarantee. For the execution and state
layers, the relevant adversary is often not Byzantine but
economic: an adversary who submits workloads chosen to
maximize conflict, to inflate state, or to exploit a metering
dimension that is underpriced relative to the resource
it consumes. Several of the costs we document are only
visible under that adversary, which is one reason they
are under-reported in evaluations designed to demonstrate
peak throughput.

III. PRIOR SYSTEMATIZATIONS AND WHAT THIS SURVEY
ADDS

The scalability literature is mature enough to have its
own canon, and that canon is organized by technique, not
by system. We screened 34 surveys, reviews and SoKs that
a reader might reasonably expect to answer the question
“how do today’s high-throughput Layer-1 chains get their
speed, and what does it cost them”, and coded each for
which of our six layers it covers, whether Solana, Aptos,
Sui or Monad are objects of study rather than passing
references, and whether it systematically pairs mechanisms
with their drawbacks. None covers all six layers; none takes
the tier-one systems as subjects; two pair mechanisms with
costs systematically. Coverage is concentrated in one place:
29 of the 34 address ordering and consensus, while exactly
one addresses metering and fee mechanisms, and seven
address execution parallelism.

Consensus is where the field has been most thorough.
The protocol-level surveys establish the design space of
agreement itself [5-7], and one protocol family has now
been reviewed in its own right [8]. DAG-structured designs
— the structural innovation behind Sui’s and Aptos’s
ordering layers — have two systematizations, one of DAG
ledgers as system architectures [9] and one classifying DAG
consensus protocols along an availability-versus-consistency
split [10], while the techniques that make BFT scale to

large validator sets are systematized separately [11]. What
this body of work deliberately brackets is everything the
consensus protocol hands off to: an ordering protocol that
commits 200,000 transactions per second is a claim about
dissemination and agreement, not about a chain, and the
surveys are careful not to overclaim it.

The scaling surveys, in turn, are organized by where
an intervention sits rather than by what a deployed
chain does. The most complete recent example spans
hardware acceleration through layer-two protocols [12],
and the genre includes broad scalability reviews [13, 14],
the boundary-drawing survey of distributed-ledger designs
[15], and branch-specific treatments of sharding [16], coded
storage and dissemination [17], storage growth [18] and
networking [19]. Their exemplars are predominantly Bitcoin
and Ethereum, which is the correct choice for a technique-
first taxonomy and the wrong one for a reader who needs
to know what Sealevel, Block-STM and Sui’s owned-object
path actually are.

Two recent efforts come closest to our framing and
are worth stating precisely. Chahoki et al. [20] review
blockchain concurrency as a research literature, covering
concurrent execution, validation and sharding, and are the
natural companion to our execution layer; they classify
published techniques rather than deployed engines, and
do not cross into ordering, metering or operational cost.
Aliyu et al. [21] survey how the blockchain trilemma is
operationalized and find the constructs and metrics too
inconsistent to support comparison across studies — a
result we take as a design constraint rather than a related
work, since it is the reason our comparison chapter tags
every performance figure with the conditions under which
it was obtained.

Performance evaluation has its own small literature, and
it is the part of the field most directly at odds with the
numbers in public circulation. Systematic treatments of
how blockchain performance is measured [22] and modelled
[23] both predate or sidestep the current generation of
chains, and the one framework that evaluates blockchains
on common ground with realistic decentralised applications
reports that none of the six systems it tested could support
those application workloads, and that published results
are typically obtained in isolation by the systems’ own
developers with experimental conditions omitted [24]. In
our own audit of 239 published performance claims, of the
65 that give a numeric throughput figure only 22% state
the validator count it was obtained with; that ratio, not
any single headline number, is why a claim-provenance
chapter belongs in this survey.

This survey therefore differs from its predecessors in
three specific ways. It takes the assembled chain as the
unit of analysis, so that co-design effects — an ownership-
typed state model that only pays off because the consensus
layer offers a fast path, a speculative executor that only
pays off because the ordering layer fixed a block order first

— are expressible rather than split across two taxonomies.
It treats each mechanism’s cost as a first-class object with
an evidence grade attached, rather than as a “limitations”
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Fig. 1. Corpus construction. Records were retrieved by keyword search and one-step forward and backward citation expansion, deduplicated,
screened against the registered inclusion and exclusion criteria, and reduced to the working corpus from which the layer sections were written.

Exclusion codes refer to the criteria in Appendix A.

paragraph. And it reports performance claims with their
measurement conditions, which converts an unusable set of
headline numbers into a comparison a reviewer can check.

IV. LAYER 1: DISSEMINATION AND NETWORKING

A. Design azxes for the dissemination layer

The defining architectural commitment of the high-
performance monolithic L1 is that data movement is
no longer a subroutine of agreement. In the classical
state-machine-replication formulation these systems inherit
[25, 26], a leader proposes a block, the block is propagated,
and replicas vote on it, so propagation sits inside the critical
path and is charged to latency on every decision. Every
deployed high-throughput L1 breaks this coupling, and
how it does so is the most consequential choice in its
stack. We classify dissemination mechanisms on five axes:
whether disseminated data is certified — carries a quorum
certificate proving availability — before the ordering layer
may reference it; the propagation structure (mesh gossip,
structured overlay, tree, or erasure-coded fan-out); whether
the mechanism scales out horizontally by adding machines
per validator; the redundancy factor, in bytes transmitted
per byte of useful payload; and the failure mode when
a participant is slow rather than crashed. The last axis
carries most of the documented costs, and it is where the
networking and broadcast surveys [19, 27] have least to say,
cataloguing propagation structures thoroughly but treating
the consensus protocol above them as an opaque consumer.

B. Decoupling dissemination from ordering

Narwhal made the separation explicit and remains the
reference design for the Move-language family. It is a
mempool that reliably disseminates and stores causal
histories of transactions independently of any ordering
protocol, so consensus above it agrees only on small
certificates rather than payloads [1]. Two consequences
follow, both measured on a five-region AWS deployment
of mb.8xlarge instances with 10 Gbps links. The first is a
level shift: Narwhal composed with HotStuff yields over
130,000 tx/s at under two seconds, against 1,800 tx/s at one
second for HotStuff driving its own propagation. The second
matters more architecturally — adding worker machines
per validator raises throughput linearly to 600,000 tx/s
with no latency increase, because the workers are not on the
agreement path. Horizontal scale-out of dissemination is on
this evidence (E2_lab) the largest single throughput lever
in the stack, and it becomes available only once certification
of availability is separated from ordering.

The same decoupling is achievable without a DAG, and
the alternatives clarify what the DAG buys. Stratus uses
a provably-available broadcast: a microblock is pushed to
peers and an availability proof of at least f+1 signatures
returned, with consensus proposing proofs rather than
payloads [28]. This gives O(n) message complexity against
O(n?) for Tendermint, Narwhal and Mir-BFT [29] and 5x
to 20x the throughput of native HotStuff, Streamlet and
PBFT at 128 replicas; being agnostic to the host protocol’s
view change, it is a drop-in for leader-based designs in a way
a DAG mempool is not. DispersedLedger works from the



coding side, erasure-coding each block so a replica votes
on dispersal and retrieves contents later [30]; its AVID-
M construction costs O(|B|/N + AN) per node with a
constant 32-byte overhead against 37N bytes for AVID-
FP, sustaining 36 MB/s across sixteen cities at 800 ms.
The three approaches place the availability guarantee in a
certificate, a signature threshold, and a code respectively,
and that placement determines what the protocol above
can do.

A further line asks whether every validator must hold
every byte. eAVID generalises verifiable information dis-
persal so fragments are disjoint across nodes and pruning
needs no certificate and no coordination, halving steady-
state per-node storage when the network is healthy enough
for every node to complete dispersal [31]; its authors
report integrating it into Autobahn, Bullshark, Walrus and
Alpenglow, and signature-free graded broadcast pushes the
same way by grading availability rather than treating it as
binary [32]. eAVID’s evaluation is not yet available, so its
storage claim rests at E1_ formal.

C. Owerlay structure and streaming propagation

Where the DAG family removes propagation from the
critical path, a parallel literature makes propagation itself
faster. Latency-aware neighbour selection is the cheapest
intervention: Perigee has each node retain peers that
consistently deliver early, reducing broadcast latency 33%
against random selection in simulation over 1,000 sampled
Bitcoin nodes across seven regions [33]. Structured overlays
achieve this by construction rather than adaptation [34],
and coded broadcast attacks redundancy directly: Strokkur
encodes transactions into LT codewords whose peeling
decoder validates each decoded transaction independently,
giving 1.8x overhead at a 95% delivery rate and 0.5 s
latency and consuming 2x to 7.6x less bandwidth than
Bitcoin’s scheme [35]. Tree dissemination with aggregation
cuts the leader’s fan-out from O(n) to O(log n) [36], and
Duet co-designs the tree with the consensus protocol above
it, improving peak throughput up to 7.26x over gossip on
the same topology at 100 to 300 EC2 nodes across ten
regions [37].

Solana sits at a different point, and describing it
accurately requires care about evidence. Turbine splits
blocks into chunks disseminated through a hierarchical
structure over UDP while transactions arrive over QUIC
— a description we take from an independent comparative
measurement rather than vendor material [38]. The intent
is that the leader streams shreds continuously within its
slot instead of assembling a block and then propagating
it, collapsing the propose-then-propagate structure. That
intent is documented only in the Solana whitepaper
and engineering documentation, and no peer-reviewed or
preprint source we retrieved states a message-delay bound,
asynchrony guarantee, or faulty-leader behaviour for it.
What is independently measured is its cost.

D. Costs

Bandwidth is the price of streaming redundancy,
and it is now measured rather than asserted. In a
controlled comparison of five deployed Lls on a twenty-
node testbed of commodity-class VMs, Solana consumed
the highest absolute bandwidth of any chain tested, from
roughly 4.7 GiB at 100 TPS down to 2.3 GiB at 500
TPS, with Algorand second at 3.6 GiB to 1.3 GiB and
Avalanche and Aptos most efficient [38] (E2_lab). The
authors attribute this to flood-like, highly redundant
propagation related to Turbine and its erasure coding,
which buys something real: data stays recoverable even
under loss. Two further findings sharpen the picture.
Much of the bandwidth is time-dependent rather than
transaction-dependent — heartbeats, empty block propos-
als and consensus maintenance inflate the footprint at
low load — and idle cost varies by nearly four orders of
magnitude, with Aptos nodes transmitting 218,856 KiB
while idle against 298 KiB for Avalanche and 11 KiB for
Redbelly. Validator bandwidth provisioning is therefore set
by protocol maintenance traffic rather than by throughput,
a cost invisible in any benchmark reporting only tx/s.

Certified dissemination creates an unbounded-
memory liveness surface an adversary can drive
deliberately. A certified DAG mempool keeps accepting
and certifying blocks while the ordering layer above makes
no progress, so uncommitted causal history accumulates.
Lifefin shows this is exploitable rather than theoretical:
Byzantine nodes that disseminate vertices but never vote
for leader vertices, combined with a temporary denial of
service against one correct node, prevent the remaining
correct nodes assembling the 2f+1 committing quorum, and
the resulting mempool explosion can compromise liveness
in as little as eleven minutes [39] (E2_lab, against the
Sailfish and Mysticeti codebases). The mitigation is itself
costly: the asynchronous-common-subset fallback carries
quadratic storage complexity, 712 kB at n=20 for Sailfish-
Lifefin.

The dissemination layer’s fairness cost is struc-
tural and was flagged by its designers. Narwhal’s
authors state that slow authorities are indistinguishable
from faulty ones and the protocol proceeds without them,
creating problems around fairness and incentives, and that
the protocol relies on clients to re-submit a transaction
not sequenced in time because the leader was faulty [1]
(E2_lab). Both are transfers — the first to geographically
disadvantaged validators, the second to client software —
and neither appears in a throughput measurement.

Every propagation optimisation buys latency
with a different currency. Perigee’s latency-optimised
topologies concentrate connections on fast peers, which its
authors identify as an eclipse-attack surface [33] (E2_lab).
Strokkur uses 27% more bandwidth than a competing
scheme when all nodes are honest, and lowering its coding
overhead requires a larger maximum codeword degree,
making transactions wait longer in the coding window
[35] (E2_lab). Trees are the starkest case: Duet reports



that at 10% random crashes 43% of proposer trees fall
below quorum reach and at 33% none reaches quorum by
tree alone, so the structure delivering 7.26x throughput
also fails discontinuously, and its authors call the tree-
phase timer a critical deployment-specific parameter [37]
(E2_lab); shared-mempool designs face the analogue, since
a larger availability quorum raises push-phase latency [28]
(E2_lab). Coded dispersal has a proved floor: every honest
server must download at least a 1/(N—2f) fraction of
dispersed data to prevent a malicious-client attack, and
the dispersal-phase Byzantine agreement costs O(N?) per
node, which is why throughput drops as N grows from 16
to 128 at fixed block size [30] (E1_formal for the bound,
E2_lab for the degradation).

The fastest chain in the ecosystem is the hardest
to measure, a cost borne by the research community
rather than by users. The first longitudinal multi-
chain crawl of blockchain peer-to-peer networks covered 36
networks over nine months with fifteen crawlers, finding
network sizes from under ten to more than 10,000 active
nodes [40] (E2_lab). For Solana the authors could not
run their own crawler, because Solana has no traditional
peer-discovery mechanism, and relied on a third-party
node-explorer API; their stated limitations compound this,
since an active-only methodology misses nodes behind
NAT or firewalls and running all probes from one AWS
region introduces geographic bias. Any decentralization
claim about the highest-throughput deployed L1 therefore
rests on weaker evidence than the equivalent claim about
Ethereum or Bitcoin.

V. LAYER 2: ORDERING AND CONSENSUS
A. Design axes for the ordering layer

The ordering protocols deployed in high-performance
L1s all live in the partially synchronous model of Dwork
et al. [41], all route around the impossibility of Fischer et al.
[42] by timeouts or randomisation, and all descend from
a few named ancestors. What distinguishes them is a set
of choices the existing consensus surveys [5, 7, 43, 44]
do not systematise together, because they classify by
consensus family rather than by position in a deployed
stack. We apply seven axes to every mechanism in the
accompanying taxonomy: certification; commit rule and
expected latency, in message delays on each paper’s own
accounting; behaviour under asynchrony, separating pro-
tocols live through randomisation from those relying on
timeouts; behaviour under crash or Byzantine leaders; view
change or fallback, where “none” is itself a design claim;
bandwidth amplification and memory for uncommitted data;
and evidence grade of the throughput claim — the axis
separating protocols whose latency is known from those
whose latency is advertised.

The field has converged on a few commit-latency values
and now trades other properties to reach them: three
message delays is the claimed Byzantine lower bound,
attained by an uncertified DAG at the standard fault
threshold, while two is attainable only by weakening the

threshold or restricting the transaction class. The existing
DAG systematisation [45] organises this space architec-
turally and explicitly declines to evaluate performance,
and a companion analysis frames DAG protocols by how
knowledge propagates through the structure [46]; neither
pairs a mechanism with its documented cost.

B. The pipelined leader lineage

HotStuff established the template every leader-based
high-performance L1 still follows, and its central contri-
bution was making leader replacement cheap. Reducing
the safety argument to a three-chain rule and factoring
liveness into a separate pacemaker yields a linear view
change: after the global stabilisation time a correct leader
drives a decision with O(n) authenticators including leader
replacement, against the cubic cost of its predecessors [47].
That separation is why the design proved portable into
Diem, Aptos and Monad; it is also where implementation
defects concentrate. The lineage then optimised chain
length: Jolteon reduces three chains to two, cutting commit
latency from seven rounds to five and measured latency by
200-300 ms, at the acknowledged cost of a quadratic view
change of O(n) messages of O(n) size [48]; the same paper
contributes Ditto, replacing view synchronisation with an
asynchronous fallback to supply liveness where Jolteon has
none, at an expected 13.5 asynchronous rounds against five
synchronous. Later work continued shaving phases — one-
phase speculation [49], linear-complexity two-chain variants
[50], synchronous designs exploiting a known bound [51] —
while deployed instances stay close to the Jolteon point.

MonadBFT is the current production representative, and
its goal is leader-fault isolation. It speculatively finalises
in 1.5 round trips and fully finalises in 2.5, with minimum
commit latency 36, and proves a single Byzantine leader
incurs only one timeout delay while views led by correct
leaders operate at network speed [52] — closing the tail-
latency hole the Jolteon-style pacemaker leaves open. Three
caveats belong in the record: speculative commits can be
revoked if the leader equivocates, wasting downstream work;
full finalisation requires two consecutive honest leaders; and
the paper contains no experiments. Its latency claims are
stated as reductions against HotStuff’s 3.5 round trips and
faster variants’ 2.5, and the throughput case for Monad as
a deployed chain rests on vendor material, which we grade
E4 vendor and do not treat as a performance fact.

C. Certified DAGSs

Certified DAG protocols interpret a shared data struc-
ture instead of exchanging consensus messages, and Bull-
shark made this practical enough to deploy. It commits in
two round trips during synchrony — a 75% improvement
on DAG-Rider — while preserving asynchronous liveness
at six rounds in expectation, fairness, and safety against
a quantum adversary [53]. The architecturally decisive
property is negative: Bullshark requires no view change
and no view synchronisation, using information encoded
in the DAG edges to maintain safety instead. It measures



125,000 tx/s at two seconds for fifty parties on the five-
region AWS testbed used throughout this literature, at over
2x HotStuff’s throughput; its authors report the partially
synchronous version productionised by Mysten Labs and
being integrated by Aptos, with the deployment experience
separately documented [54].

The refinements that followed all target the same
weakness — a wave-based commit rule serialises on the
anchor. Shoal adds leader reputation computed from the
causal history of already-ordered anchors, costing no extra
messages because the input is the agreed DAG; it reports
up to 40% lower latency failure-free and up to 65% under
failures against baseline Bullshark, on 32-vCPU VMs
across three Google Cloud regions with 118-251 ms inter-
region round trips [55]. Shoal++ runs multiple anchors
per round with a fast commit rule, reaching an average
4.5 message delays and sub-second latency at 100,000 tx/s,
up to 60% below Bullshark in the common case and up
to 10x below Mysticeti under failure, on 100 replicas
across ten regions on four continents [56] — the sharpest
demonstration that leader reputation, not commit-rule
depth, dominates behaviour under faults. Parallel work has
explored optimistic paths [57], reduced communication
overhead [58], asynchronous latency reduction [59, 60],
trusted-hardware acceleration [61], and independent delay
analysis of the Narwhal-Bullshark composition [62].

BBCA-Chain moves against the family, reintroducing an
explicit view change into a DAG. Its primitive, Byzantine
consistent broadcast with complete-adopt, commits the
leader’s backbone block in one instance of three network
trips all-to-all; on timeout a node probes it and obtains
either an adopt outcome or a provable no-adopt, with 2f+1
no-adopt signatures letting the next view proceed [63]. This
buys latency by surrendering the property that made wave-
based DAGs attractive, and the primitive’s linear form
costs five network trips against three.

D. Uncertified DAGs and the latency floor

Dropping certification took DAG consensus to the
claimed latency lower bound, and Mysticeti is both the
protocol that did it and the only one here with a produc-
tion measurement behind its headline number. Validators
exchange signed blocks directly with no certification round,
and a commit rule under which every block can be
committed without delay gives Mysticeti-C a three-message-
round commit — stated by its authors as the Byzantine
lower bound — while sustaining over 200,000 TPS at
0.5 s WAN latency [2]. The deployment evidence makes
this E3__mainnet rather than a testbed result: Sui’s P50
latency fell from 1.9 s under Bullshark to 400 ms across
106 independently operated validators. The source of the
saving is the general case for the certified-versus-uncertified
choice: certified DAGs pay multi-round-trip certification,
a per-wave commit delay, and a CPU cost for verifying
supermajority signatures that grows with validator count
and is particularly heavy for a crash-recovered validator,
while uncertified designs need one signature generation and
verification per block.

Mysticeti’s cost is that liveness rests on timeouts rather
than randomness, and the asynchronous branch of the
family exists to remove that dependency. Mahi-Mahi
keeps the uncertified structure but adds a global perfect
coin from adaptively secure threshold signatures with
asynchronous distributed key generation, restoring liveness
under asynchrony and — because leaders are elected after
the fact — preventing an adversary from delaying the
leader’s block; it reports 350,000 tx/s below two seconds
and 100,000 tx/s below one second at fifty nodes across five
AWS regions, at five message rounds or four in the shorter
wave [64]. The trade is quantified: one to two additional
message delays for asynchronous liveness, and a dual-mode
design confirms that no single parameterisation obtains
both robustness and minimal latency [65] — a source we
cite only for framing, being an MSc dissertation rather
than a peer-reviewed paper.

Cordial Miners shows how much DAG machinery is dis-
pensable, dropping reliable broadcast entirely and relying
on an equivocating miner being eventually detected and
excommunicated. Its accounting gives three rounds good-
case and 4.5 expected under eventual synchrony, five and
7.5 under asynchrony, with good-case O(n) and worst-case
O(n?) message complexity, plus a two-tips-per-miner limit
to stop a Byzantine miner flooding the structure [66]; the
paper is theory only, so its numbers are E1_formal. Further
variants reduce latency by weakening broadcast [67] or add
a post-consensus ordering layer preserving the throughput
path [68].

E. Buying latency with resilience

The most active current frontier is not the commit
rule but the fault threshold, and its boundary is now
formally established: tight bounds show fast Byzantine
state-machine replication is achievable at an optimal
replication factor of n > 5f+1, and a suboptimal factor
buys recovery efficiency only by surrendering optimality
[69]. This frames a whole 2025-2026 cohort. Minimmit
achieves two-round finality at n > 5f4+1 with nullification
in place of a view change, measuring 146 ms view latency
against 194 ms for Simplex and 190 ms for Kudzu on a
simulated fifty-processor network across ten virtual regions
[70]. Odontoceti applies the threshold to an uncertified
DAG for the first two-round DAG commitment, at 300
ms median latency and 10,000 tx/s across thirteen AWS
regions [71], and BlueBottle builds on Mysticeti at n = 5f+1
with sub-0.5 s commits above 200,000 tx/s [72]. Hermes
uses prefix consensus so a slow or crashed leader does not
void a view, giving 2§ with a timely honest leader and 2A+6
otherwise [73], and FinWhale reaches a two-message-delay
fast path at n = 3f+2p—1, matching the fast-Byzantine
lower bound [74].

Each of these states its resilience reduction openly,
and the reductions are substantial. Odontoceti’s authors
are explicit that the protocol operates with 20% fault
tolerance instead of the established 33%, and that requiring
references to 4f+1 of 5f+1 parents rather than a two-thirds



quorum costs 40 ms at ten nodes and 65 ms at fifty against
an unsafe variant [71]; BlueBottle notes each round waits
for an 80% parent quorum against Mysticeti’s 67% [72]. The
pattern is consistent enough to state as a finding: in this
literature, sub-three-message-delay commit is purchased
with fault tolerance, at roughly thirteen percentage points
of Byzantine threshold per message delay.

F. Leader designs that recover DAG throughput

A distinct family argues the DAG was never necessary
— that throughput came from decoupling dissemination
while the latency cost came from the DAG, so the two
should be separated. Autobahn states this most clearly,
combining a highly parallel asynchronous dissemination
layer with low-latency partially synchronous consensus
to reduce coordination to four message delays on the
fast path and six otherwise. Its central claim concerns
recovery rather than steady state: traditional view-based
protocols suffer hangovers persisting beyond the return of
a good interval, while DAG protocols recover gracefully but
show poor good-interval latency [75]. Autobahn matches
Bullshark’s throughput at roughly 234K tx/s while halving
latency from 592 ms to 280 ms, edging out batched and
vanilla HotStuff. The evaluation caveat is material: the
headline figures come from n=4 nodes intra-US on GCP,
with scaling tests reaching n=20, so the comparison is not
at the validator counts at which Bullshark and Mysticeti
were measured.

Morpheus and Angelfish turn the same intuition into
an explicit dial. Morpheus adapts to the throughput
regime, finalising in 39 at low throughput while match-
ing Autobahn and Sailfish at high throughput, on the
observation that DAG protocols induce undue overhead
when needed throughput is low; it caps transaction blocks
at two predecessors, avoiding the O(n) pointers per block
that DAGs carry [76]. Angelfish parameterises the vertex-
proposal rate so one protocol interpolates between leader-
based and DAG operation, achieving at least 40% lower
latency than Sailfish [77] at 30,000-100,000 tps on fifty geo-
distributed nodes, with good-case bits per round of O(xxn?
+ n?) against O(kn?) for the Bullshark/Shoal /Sailfish group
and O(kn?) for Cordial Miners and Mysticeti [78]. Banyan
adds a 26 fast path tolerating up to p unresponsive replicas
while preserving the absence of a view change [79], and
Barnacle makes leader count itself adaptive, driving it
from the committed DAG with no extra messages and no
cryptography [80].

G. Consensusless fast paths

The most radical intervention removes consensus from
the path of most transactions, resting on a narrow but
real observation: transferring a single-owner asset requires
agreement that the owner authorised it, not agreement on
order. FastPay demonstrated this with Byzantine consistent
broadcast alone, confirming transfers in a single round
trip to a quorum and reporting over 80,000 transactions
per second with twenty authorities at intra-continental

confirmation latency under 100 ms [81]. Its fault behaviour
is the strongest in this section and follows from having no
leader: measured latency showed no statistically significant
difference when up to f of ten authorities were unavailable.
Zef extends the lineage to private payments, spending
anonymous coins in two round trips and reaching 20,000
tx/s at a committee of ten [82].

Sui Lutris is the production realisation, and it matters
here because it is a hybrid rather than a replacement: owner-
only transactions take the consensusless two-round-trip
path, shared-object transactions go through consensus, and
both share a state machine with a reconfiguration protocol
preserving safety across epoch boundaries [83]. It reports
latency below 0.5 s for throughput up to 5,000 certificates
per second against state-of-the-art real-world consensus
latencies of three seconds, and withstands up to one
third crashed validators without meaningful degradation.
Mysticeti’s fast-path variant folds the same idea into the
DAG, weaving fast-path transactions into the structure to
minimise signatures and messages [2].

H. Solana’s slot-streaming design and Alpenglow

Solana is the highest-throughput deployed L1 in the
subject set and the one whose ordering-layer evidence is
weakest, and the asymmetry is itself a finding. Its design
— proof of history as a verifiable clock, Tower BFT as the
voting layer, a leader schedule fixed per epoch rather than
advanced by view change, and continuous shred streaming
within a slot — is documented in the Solana whitepaper and
engineering documentation, which we grade E4_ vendor.
None of the sources we retrieved establishes a commit
latency in message delays, an asynchrony guarantee, or a
faulty-leader behaviour for the deployed protocol, so we
record those axis values as not established rather than
filling them from vendor descriptions. Two independently
measured facts are available: Solana requires thirty addi-
tional blocks appended after a transaction’s block, and
both Solana and Avalanche were observed to stop globally
when some network messages were delayed [38] (E2_lab)
— a liveness observation no vendor description anticipates.
Work on Snow-family liveness addresses the analogous
problem for Avalanche [84], whose leaderless metastability
design [85] trades deterministic finality for the absence of a
leader, as Algorand trades it for committee sampling [86].

Alpenglow is the case in this layer where an E4 claim
can be checked against analysis, and it does not survive the
check intact. It separates dissemination (Rotor) from voting
(Votor) at n = 5{41, situating it in the fast-BFT cohort
above, and several independent papers cite it as motivating
their own work [69-71, 73]. Its advertised guarantee is one-
round commitment while tolerating both fewer than 20%
Byzantine and fewer than 20% crash faults. An independent
analysis states that this is impossible on the cited bound
and that careful analysis makes Alpenglow a 3§ protocol,
since Rotor requires 2§ and Votor one more, and observes
that this cohort’s codebases — Minimmit, Kudzu and
Alpenglow — provide no deployable implementations with



networking code and are intended for simulation only [72].
We report the advertised figure only as a design claim. The
Alpenglow whitepaper carries no DOI and we could not
verify it through any registry.

I. Cross-family comparison
J. Costs

Mean and tail latency diverge under DAG batch-
ing, and the cause is leader selection rather than
the commit rule. In Shoal++’s failure experiment, with
33 of 100 replicas crashed, Bullshark and Mysticeti suffer
drastically increased latency for want of a leader-reputation
mechanism while Shoal and Shoal4++ swiftly elect only
live anchors — a gap of up to 10x against Mysticeti
[56] (E2_lab). This is striking because Mysticeti has the
better good-case commit rule, three message delays against
4.5. Load is the second source of divergence and it is
geographic: the same work reports latency rising up to
roughly 2x at high load because quorums must span
more regions. Multi-leader configurations sharpen the tail
further, and Barnacle’s authors name the mechanism —
production DAG deployments run a single leader because
of head-of-line blocking, a slow leader stalling the pipeline
for at least one leader timeout and for several waves
when its slot falls back to the indirect decision rule, a
risk growing with leader count [80] (E1_formal, E2_lab).
Autobahn frames the layer’s governing trade directly: view-
based protocols optimise good-interval latency but suffer
hangovers outlasting the disruption, while DAG protocols
recover gracefully and pay in good-interval latency, and
its own residual costs are correspondingly honest — some
hangovers are unavoidable, the fast path pays higher tail
latency from the larger n-sized commit certificate, and
proposing only certified tips adds about 33 ms to form
a proof of availability [75] (E2_lab). Angelfish’s authors
add that votes carry no transactions and so contribute
nothing to throughput [78] (E1_formal, E2 lab): in this
layer every message that is not a transaction is overhead.

The leader-based lineage’s tail cost is larger and
better documented, and this is the empirical case
for the DAG. Under one to three crashes in a committee
of ten, batched HotStuff throughput fell thirtyfold from
70,000 to 2,500 tx/s with a tenfold latency increase while
Narwhal-HotStuff and Tusk held throughput [1] (E2_lab);
Bullshark’s independent replication found HotStuff drop-
ping over tenfold in throughput with a fifteenfold latency
increase at three faults [53] (E2_lab). The mechanism is
the timeout: DiemBFT and Jolteon need two timeouts
to advance past a crashed leader, ten seconds at a five-
second setting, degrading to 30,000 tps at roughly ten
seconds under one fault and 10,000 tps at fifteen seconds
under two [48] (E2_lab). The surface is exploitable without
violating safety: a performance attack on chained HotStuff
degrades throughput while remaining invisible to safety
monitoring [87] (E1_formal). Pipelining and overlapping
are partial mitigations [88], as is attention to BFT stability
over unreliable wide-area links [89].

Memory for uncommitted causal history is the
DAG’s characteristic resource cost, and its worst
case is unbounded by design. Bullshark’s authors state
that all previous theoretical solutions require unbounded
memory to hold the entire DAG, and that their bounded-
memory implementation garbage-collects old rounds but
then guarantees timely fairness only during synchrony [53]
(E1_formal). They go further, and it reads as a limit result
rather than an implementation note: meaningful fairness
for all honest parties appears impossible with bounded
memory in asynchronous networks, because any message
can be delayed until after the relevant DAG prefix has
been collected. The bandwidth side of the same cost is that
DAG blocks carry O(n) parent pointers — the overhead
Morpheus avoids by capping predecessors at two [76]
(E1_formal) and that Angelfish quantifies as O(kn*) bits
per round in the good case for Cordial Miners and Mysticeti
against O(kn?) for the Bullshark group [78] (E1_formal).
Dropping certification relocates rather than removes this
cost: an edge to an unavailable proposal forces a fetch on
the critical path, at least two additional message delays
per round, which is why Shoal++ retains certification [56]
(E2_lab).

Geographic decentralization imposes a latency
floor no commit rule can cross, and deployed
protocols are now close to it. The evidence is consis-
tent across independent testbeds: Mahi-Mahi’s five-region,
Shoal++’s ten-region hundred-replica, and Odontoceti’s
and Sui Lutris’s thirteen-region deployments all report
inter-region round trips in the 100-250 ms range, and
every commit rule must traverse a quorum including distant
regions. Work addressing the floor directly confirms the
achievable bound is set by inter-region propagation delay
for a given placement [90, 91] (E2_lab), with geospatially
aware stake assignment proposed as the remaining lever [92]
(E1_formal, E2_lab). The consequence is direct: a sub-500
ms commit claim implies either a concentrated validator
set or a quorum excluding the most distant participants.
Cryptography on the commit path has a comparable floor —
an optimistic ramp-threshold construction cut randomness
latency overhead on Aptos mainnet by 71%, from 85.5
ms to 24.7 ms, but the accompanying impossibility result
proves some extra delay is inherent for a wide family of
consensus protocols [93] (E1_formal, E3_mainnet).

View-change complexity is a correctness risk
rather than merely a performance cost, and the
DAG family converts it into commit-rule complexity
instead of removing it. That view change is where defects
concentrate comes from Twins, which generates targeted
Byzantine scenarios by duplicating a node’s identity and
reproduced both safety and liveness bugs in deployed BFT
implementations including DiemBFT [94] (E2_lab). Wave-
based DAG protocols advertise the absence of a view
change as a correctness benefit, and the claim is partly
justified — but complexity does not leave the system:
LiDO-DAG exists because the safety and liveness of DAG
commit rules are intricate enough to warrant machine-
checked verification [95] (E1_ formal). Leader-based designs



ORDERING-LAYER PROTOCOLS ON THE SEVEN SHARED DESIGN AXES. ENTRIES MARKED AS NOT ESTABLISHED COULD NOT BE SOURCED TO A

TABLE 1

PEER-REVIEWED OR PREPRINT DESCRIPTION.

Protocol Certification Good-case com-  Asynchrony Faulty leader View change Throughput
mit evidence
HotStuff certified 3-chain, 3 extra  timeouts after timeout rotation, pacemaker E2_lab
batches GST O(n?) cascading
Jolteon  /  certified 5 rounds / mnone / async 2 timeouts (10s) quadratic TC E2_lab
Ditto 5 sync, 13.5 fallback
async
MonadBFT certified 30; 1.5 RTT timeouts 1 timeout, iso- pacemaker + E4 vendor
speculative lated TC
Narwhal— certified 4 RTT mempool unaf- O(n) worst case inherited E2_lab
HotStuff fected
Tusk certified 45 RTT; 7 live, random 4.5 RTT none E2_lab
async coin
Bullshark certified 2 RTT; 6 live, fairness  throughput held none E2_lab
rounds async kept
Shoal++ certified 4.5 msg delays after GST only live anchors  reputation E2_lab
elected
Mysticeti uncertified 3 msg rounds timeouts only crash-free skip none (Hammer- E3_mainnet
Head)
Mahi-Mahi uncertified 5 (or 4) msg de- live, perfect  direct skip rule none E2_lab
lays coin
Cordial Min- uncertified 3/45exp;5/ livew.p.1 excommunication none E1_ formal
ers 7.5 async
BBCA- certified 3 trips (5 lin- after GST only  probe explicit E1_formal
Chain ear) ADOPT/NOADOPT
Autobahn uncertified 4 md fast, 6 oth- lanes progress reliable inclusion  rotating, 1 s E2_lab
erwise timers
Angelfish certified 36 + 20 after GST only TC + leader rotating + TC E2 lab
edges
Hermes n/a 20; 2A+46 fall- fallback pre- view not voided none E1_ formal
back GST
Odontoceti uncertified 2 rounds not stated p90 ~ fault-free early block E2_lab
prod.
Sui Lutris certified 2 RTT fast inherited <1/3 crash toler- epoch reconfig E3__mainnet
path ated
FastPay certified 1 RTT fully async latency none E2_lab
unchanged
Solana none not established  not established  not established epoch schedule  E4_vendor
(Tower
BFT)
Alpenglow certified advertised 1 not established not established not established  E4 vendor
round; analysed
36

concentrate risk in a separable, well-attacked module; DAG
designs distribute it into a commit rule that is harder
to test and until recently lacked machine-checked proofs.
Shoal’s authors add that setting a proper timeout is
non-trivial and highly network-dependent, and timeout
handling adds significant implementation complexity [55]
(E2_lab); Byzantine-behaviour detection must likewise
be bolted on, because the base protocols do not identify
equivocating or withholding validators [96] (E2_lab).

DAG structures create a larger ordering-fairness
surface than the leader-based one they replaced,
and this is now established systematically. Multi-
proposer designs were motivated by the idea that concur-
rent proposal removes the single-proposer censorship point.
A systematic attack-space study organised around the
adversary, the protocol, the target and the deployment finds
the opposite in practice: every one of six production DAG-
based BFT protocols evaluated is vulnerable to at least a
subset of the MEV attacks in the space, and which attacks

succeed is dictated mostly by the protocol’s own design
rather than by attacker effort [97] (E1_formal, E2_lab).
The most concrete instance measures Sui’s deployed Mys-
ticeti ordering and traces bias to an implementation detail
— the gas-price re-sort uses a stable sort, so equal-fee
transactions retain a prior ordering set by validator index.
The lower-indexed side wins same-round ordering about
89% of the time with no attacker present, strategic silence
raises that above 94%, and roughly $18,000 a day of MEV
was observed being extracted from users on Sui mainnet;
a per-epoch seeded shuffle drops same-round advantage to
44.8%, but strategic silence persists at 92.3% because its
advantage comes from round position and is bounded only
by causality [98] (E2_lab, E3_mainnet). Simulation agrees
from the other direction: a coordinated Byzantine minority
can manipulate DAG structure to reorder transactions,
and reducing that vulnerability by raising client fan-out
multiplies transaction duplication [99] (E2_lab); surveys
of MEV on DAG-based ledgers have begun consolidating
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these findings [100].

Order fairness is achievable on a DAG but its
measured price ranges from modest to an order
of magnitude, depending on the fairness notion.
FairDAG quantifies this sharply: its absolute-batch variant
reaches 83.5-84.9% of Tusk’s throughput while improving
fairness quality over the leader-based Pompe and Themis,
whereas its stronger relative-ordering variant reaches only
11.9-12.6% [101] (E2_lab). Leader-based fairness protocols
are worse still because broadcasting collected local order-
ings grows quadratically with participant count, and the
optimal-resilience order-fair broadcast construction requires
O(n?) messages per delivered payload and O(n?L + n3))
bits [102] (E1_formal). Later designs trade resilience for
throughput instead: Herring sustains roughly 90% higher
saturation throughput than FairDAG-RL with a fixed
memory footprint but requires n > 4f+1 rather than 3f+1,
precisely because it operates on a DAG without weak
edges [103] (E1_formal, E2_lab), and Tilikum reports
up to 39x higher throughput than fair-ordering baselines
while blocking known DAG reordering attacks, at the cost
of committing 2f+1 timestamp pairs plus hole-filler lists
per transaction [104] (E1_formal, E2_lab). Commit-reveal
blind ordering sidesteps the trade differently, integrating
into a DAG at zero message overhead, but its threshold
cryptography costs roughly 300 us to disperse and 3,500
us to retrieve for a six-of-sixteen scheme and the paper
reports microbenchmarks only [105] (E2_lab).

Consensusless fast paths shift correctness obliga-
tions onto client software, a cost no throughput
figure captures. Sui Lutris’s authors state that con-
sensusless protocols are sensitive to client bugs because
an equivocation locks assets forever — a hazard their
design bounds to a single epoch but does not remove —
and that the object-centric model requires users to track
multiple owned objects rather than one account, with
the mixed-object path costing an additional round trip
for certification [83] (E3_mainnet). FastPay’s authors are
similarly candid about measurement conditions, which
matters for how numbers propagate: their experiments
represent best-case laboratory performance, transactions
from the same sender account cannot be parallelised,
and the harness loads transactions via the local network
interface without exercising the full wide-area stack [81]
(E2_lab). Committee size rather than machine count binds
this family — Zef’s throughput falls from 20,000 tx/s at ten
nodes to 6,000 tx/s at fifty because 2f41-signed transfer
certificates must be verified without threshold signatures
[82] (E2_lab).

The economic cost of cheap ordering capacity is
that the capacity is consumed by traffic that does
not pay for it. Measured on Ethereum rollups rather
than the monolithic L1s that are this survey’s subject, the
mechanism is nonetheless an ordering-layer phenomenon.
Spam MEV transactions consumed over 50% of block
gas on Base and Optimism in the first quarter of 2025
while only 6-12% of these speculative probes resulted
in an actual trade, and spam paid less than a quarter
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of total fees; spam gas grew 122x between the Dencun
upgrade and its April 2025 peak while non-spam gas grew
11.2x [106] (E1_formal, E3 mainnet). The analytic result
is what generalises: spam takes an increasing share of
each additional unit of block capacity, so adding ordering
throughput does not straightforwardly deliver more useful
throughput. We flag the transfer of this finding to Solana,
Aptos, Sui and Monad as unestablished, having located no
equivalent mainnet measurement.

K. Open problems and flagged gaps

Four things could not be established from the retrieved
literature. First, Solana’s ordering layer has no peer-
reviewed or preprint characterisation: we found no
source establishing a commit latency in message delays,
an asynchrony guarantee, or a faulty-leader behaviour for
proof of history and Tower BFT as deployed, so those
taxonomy values are recorded as not established, and the
only independently measured facts we located concern
bandwidth, finality depth, and a global stall under message
delay [38]. Second, Alpenglow’s advertised latency is
contradicted by the only independent analysis we
found, which recomputes it as 30 and notes the absence
of a deployable implementation with networking code
[72]; its whitepaper carries no DOI. Third, Byzantine-
fault evaluation of DAG protocols remains an open
research question by the field’s own admission [64],
so the fault-behaviour axis rests on crash-fault experi-
ments plus formal Byzantine safety proofs, not measured
Byzantine performance. Fourth, the testbeds behind the
headline numbers are not commensurable: validator
counts range from four (Autobahn’s headline run) to 106
(Mysticeti on Sui mainnet), machine classes from t3.large
to mbd.8xlarge, and geographic spreads from intra-US
to ten regions on four continents, so the cross-protocol
throughput comparisons circulating in this literature are
not like-for-like. Benchmark frameworks that would fix this
exist [24, 107, 108] but are not used by the protocol papers.
We could not retrieve Sailfish’s full text — paywalled at
IEEE S&P with no preprint located — so its taxonomy
row is deliberately sparse, and we excluded one otherwise-
relevant corpus record as non-English per the protocol’s
exclusion criteria.

VI. LAYER 3: EXECUTION AND INTRA-BLOCK
PARALLELISM

Every deployed high-throughput L1 makes the same bet
at the execution layer — that the transactions inside a
block are mostly independent, so a multi-core validator
can run them concurrently and still produce the state a
sequential validator would have produced. What separates
Solana, Aptos, Sui and Monad is not whether they take
that bet but where they get the information to make it, and
it is that choice, rather than the raw speed of the virtual
machine, that determines how each system behaves when
the bet goes wrong. This section classifies the deployed
families on five shared axes, then shows that the dominant



cost of every one of them is the same phenomenon under
different names. As the fraction of transactions touching
hot state rises, all four designs converge on serial execution,
and they differ mainly in who pays for the convergence
and how visibly.

A. Design axes

We place each mechanism on five axes. Where conflict
information comes from covers developer declaration,
static analysis, runtime detection, type-system enforcement,
and historical prediction. When conflicts are resolved
distinguishes before, during, and after execution. What
happens on conflict distinguishes abort-and-retry, serial-
ization, rejection, and block-and-wait. The determinism
guarantee distinguishes strict order-determinism — the
parallel result must equal sequential execution in the block’s
preset order — from mere state-determinism, where all
replicas agree but no single total order is reproduced.
Behaviour as contention rises records the measured
shape of degradation. The first axis is the generative one:
the other four largely follow from it, which is why the
taxonomy is not four parallel stories but one design space
with four occupied corners.

The concurrency literature has been systematised before,
most recently by Chahoki et al. [20], whose systematic
review organises concurrency approaches for smart con-
tracts into a taxonomy running from concurrent consensus
through intra-block concurrent processing to DAG designs.
Our axes cut across that classification rather than replacing
it: we ask not what technique a paper proposes but what a
deployed system gives up to run it. That review also issues
a caution worth carrying: several works reason about smart-
contract execution as shared-memory concurrency when
unmodified Ethereum executes a block sequentially, so a
result about “concurrent smart contracts” may describe a
system nobody runs.

B. Ahead-of-time declared access sets

Solana resolves the conflict-information problem by
moving it off the validator and onto the transaction author:
every Solana transaction carries the list of accounts it will
read and write, and the Sealevel runtime schedules non-
overlapping transactions concurrently without ever needing
to detect a conflict at runtime. This is the only one of
the four families whose core mechanism has no archival
technical description — the design is documented in vendor
engineering posts and client documentation, which under
our grading scheme makes the mechanism an E4 design
claim rather than a measured performance fact. What is
measured, and measured well, is the consequence.

The most consequential finding in the recent execution
literature is that declaration buys determinism at the price
of conservatism, and the price is large enough to invert
the naive ranking of the two models. Comparing matched
samples of roughly a thousand recent mainnet blocks from
each chain, Anjana et al. [109] report that Ethereum
blocks contain about 63% independent transactions against
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roughly 8% on Solana, a longest conflict chain of 8.47%
of block size against 30.97%, and an effective parallel
width of 11.17 against 0.36. The reading is not that
Solana’s engine is worse but that a declared access set
is a conservative superset of the set actually touched: the
scheduler must respect every declared write, including
those a run would never have performed. The same study
finds that write-write conflicts account for roughly three-
quarters of remaining Solana conflicts, a category that read
parallelism cannot relieve and that only multi-versioning
would.

Declaration also has a failure mode that speculation does
not: it can simply be wrong. Anjana et al. [109] observe the
success rate of non-vote Solana transactions falling from
85.32% in their oldest sampled period to 69.03% and then
54.50% in the most recent, attributing part of the decline
to inaccurate access specifications and to the drift between
the state assumed at declaration time and the state at
execution time. That attribution needs qualifying, and a
year-long measurement supplies the qualification: across
2.9 billion non-vote transactions sampled from August
2023 to July 2024, Zheng et al. [110] find 1.51 billion
failures — a majority of all traffic — but the failure
rate is 58.43% for accounts their classifier labels as bots
against 6.22% for human-initiated accounts, and the top
ten programs, led by an AMM and two DEX aggregators,
account for 77.95% of all failures. The headline failure rate
is therefore dominated by bot-submitted trading traffic
rather than by mis-declared access sets; the study reports
the failure concentration by account class and by program,
and does not characterise the economic motive behind those
submissions. The two findings are complementary rather
than contradictory: declaration staleness is a real cost of
the model, but it is a minority contributor to the aggregate
number, and a survey that cites the aggregate as evidence
of declaration burden would be overreaching. That drift
is precisely what Heimbach et al. [111] quantify on the
EVM side by re-executing transactions across historical
pre-states: gas estimates change for 46.0% of Base and
13.9% of Ethereum transactions, and for MEV traffic on
Base the write-set overlap between the landed state and a
state five blocks earlier is only 30.8%. A declaration made
when a transaction is signed is a statement about a state
that will not be the state it executes against. The economics
are unforgiving: Wadhwa et al. [112] prove that deciding
whether a declared object is actually used is P-complete, as
hard as executing the transaction, and that consequently
no fee mechanism can eliminate both user risk (paying
for declared-but-unused objects) and scheduler risk. Under
their parameterisation with real Ethereum priority-fee data,
the risk-division parameter needed for shill-proofness rises
from 0.15 at the median priority to 0.625 at the mean and
exceeds 1 at the 95th percentile, where no division in their
framework suffices. Pricing parallel capacity rather than
scalar gas is an active problem in its own right [113].

The declaration obligation is also a security surface: the
rule that undeclared state is inaccessible is a genuine safety
property, but it makes ownership and signer checks an



TABLE II
THE FOUR DEPLOYED FAMILIES OF INTRA-BLOCK PARALLELISM PLACED ON COMMON AXES.

Declared access sets Optimistic STM Ownership typing Deterministic pre-
ordering
Deployed in Solana Aptos, Monad, paral- Sui research prototypes
lel EVMs
Conflict information  developer declaration  runtime detection type system + decla- speculative pre-
ration execution

Resolved before execution during execution before execution before execution

On conflict serialize / reject if abort and re-execute reject, lock until defer to later batch
stale epoch end

Determinism strict order-  strict order- state-determinism strict order-
determinism determinism only determinism

Cost concentrates in  declaration accuracy, re-execution waste fast-path share, live- pre-execution phase
conservatism ness

application responsibility, and binary-only fuzzing found
92 bugs across 52 of 6,049 mainnet programs using oracles
for exactly those patterns, in an ecosystem where fewer
than 2% of programs publish source [114].

C. Optimistic speculation with deterministic re-execution

Block-STM inverted the problem: rather than asking
the author what a transaction will touch, run it and find
out. Gelashvili et al. [115] combine optimistic concurrency
control with a multi-version memory and a preset seri-
alization order given by position in the block, so that a
read returns the value written by the highest-indexed lower
transaction, and a validation failure aborts the incarnation,
marks its writes as estimates, and schedules re-validation
of everything above it. The preset order, which the paper
frames as a curse turned into a blessing, does double duty:
it makes the result provably equal to sequential execution,
and it turns an aborted incarnation’s write-set into a free
predictor of future conflicts. On an AWS cba.16xlarge
with 32 physical cores and hyper-threading disabled, the
engine reaches up to 110k tps on Diem benchmarks and
170k tps on Aptos benchmarks, with contention controlled
by shrinking the account set [3].

The degradation curve is the interesting part, and the
authors publish it honestly: 20x over sequential at low
contention, 9x at high contention, and at most 30%
overhead when the workload is entirely sequential. That
30% is the pure cost of the machinery (multi-version
lookups, validation tasks, atomic counters) paid on a
block that had no parallelism to extract. The deeper
structural cost is that under a preset order validations
are not independent: a single failed validation forces re-
validation of every higher-indexed transaction, so one
hot key produces a cascade rather than a local stall.
Systems built on top of Block-STM attack exactly this.
Ezard et al. [116] delay resolving a dependency until the
blocking transaction has passed validation rather than
merely finished executing, and add a priority scheduler
ordered by number of dependents, reporting up to 42%
over Block-STM and 61% over a pessimistic baseline at
16 workers — but only with 100% prior knowledge of the
conflict structure, and they find that priority scheduling “is
only viable when a very high percentage of prior knowledge
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is available”, with re-executions rising with worker count for
every protocol tested. The same pattern recurs in the access-
specification work of Anjana et al. [117], which augments
Block-STM and PEVM with conflict information from
static data-flow analysis or historical tracing and degrades
gracefully to plain Block-STM when no specification is
available.

Monad is the largest deployment of the optimistic family
outside Aptos, and it is where the evidence base is thinnest.
Its consensus layer has an archival write-up [52], but the
optimistic parallel executor and the MonadDDb state engine
are described only in vendor documentation and ecosystem
write-ups. We therefore record Monad’s execution design
as an E4 design claim: optimistic execution of an ordered
EVM block with conflict detection and re-execution, with
signature recovery cached across re-executions, and with
execution deferred behind consensus. We found no indepen-
dent measurement of it. Academic parallel-EVM designs
in the same family, such as operation-level concurrency in
Lin et al. [118], and the deterministic-execution engine of
Liu et al. [119], are measured, but they are not Monad.

D. Ownership typing and the consensusless fast path

Sui takes the third position: make the type system,
not the author and not the runtime, carry the conflict
information. State is a set of versioned objects tagged
immutable, owned, or shared; a transaction naming only
owned and read-only objects is authorised by a single signer,
so validators can lock the object-version key, sign, and
return, and a client assembling 2f+1 signatures has finality
in two round trips with no validator-to-validator commu-
nication at all [120]. Transactions touching shared objects
go to consensus. The architecture is a direct descendant
of consensusless payment settlement [81], generalised from
coins to arbitrary Move objects.

The reported numbers are strong (sub-0.5 s latency at up
to 5,000 certificates per second with ten validators, about
4,000 with a hundred, across thirteen AWS regions) and the
mainnet record is unusually well documented: 143 million
objects, over 3.1 million certificates per day, no downtime
over thirteen months as of mid-2024. But the same paper
supplies the cost, and it is a distribution rather than a
constant: the fast-path share of mainnet traffic is about



64% typically, peaks at 98%, and drops to 1-2% on some
days, when the consensusless path is essentially inactive
and the system is an ordinary DAG-BFT chain. Whether
a workload gets the fast path is decided by how contract
authors typed their state rather than by how much true
contention exists, and shared-object use in deployed Sui
contracts concentrates in exactly the application classes
that dominate volume [121].

Ownership typing also relocates the liveness cost. Be-
cause safety comes from a lock on (0bjectID, Version)
rather than from ordering, a client that equivocates —
signs two transactions on the same object version — loses
liveness on that object until the epoch ends, 24 hours
in production, at which point reconfiguration unlocks it.
This is a conscious trade: no abort cascade and no re-
execution waste, but a user-triggered stall measured in
hours rather than milliseconds. The object model further
pushes bookkeeping onto users and wallets, since a balance
is a set of coin objects rather than a number, and the paper
explicitly advises developers to shape their types so that
operations stay within a single owner.

E. Deterministic pre-ordering and conflict-free partitioning

A fourth family borrows from deterministic databases:
compute the conflict information before the block is
finalised, then execute a schedule that has no conflicts left in
it. Prophet has untrusted, self-organising “reconnaissance
coalitions” speculatively pre-execute pending transactions
to obtain read /write sets, after which a stateless sequencing
shard packs only mutually disjoint transactions into the
global order; on a replay of roughly a million Ethereum
mainnet transactions across 16 machines with links throt-
tled to 20 Mbps and 100 ms, it holds the abort ratio near
zero where an OCC baseline aborts about half of transac-
tions with more than two inter-contract calls, and improves
throughput 3.11x at 64 shards [122]. The mechanism’s own
cost is an entire extra phase: naive sequential pre-execution
spends 87.5% of its time on communication, cross-shard
messages grow to 322 bytes at 64 shards, and the incentive
design for coalition participation is left open.

Prophet also reports the most useful number for under-
standing why conflict-free partitioning is hard at contract
granularity: pre-executing batches of 3,000 transactions
leaves nearly 90% of them in conflict, and storage-slot
granularity plus dependency-ordering rules recover only
5.34% and 21.42% respectively. Spectrum preserves the
consensus-established order exactly rather than merely
producing some serial order, using speculative deterministic
concurrency control with operation-level rollback, and
reports 1.4x—4.1x over competing schemes on contended
workloads [123]; Remora scales the idea out under a strict
object-versioning ownership model to 250k TPS [124]. The
wider family of deterministic concurrency-control protocols
is now well mapped [125-127], and earlier execute-order-
validate work established the pattern of aborting only
provably unserializable transactions before ordering [128].

The theoretical boundary of this family is now known
and it is discouraging. Hay and Friedman [129] show
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that deriving the execution schedule from the block’s
conflict graph rather than from the consensus order is
the right move — respecting an arbitrary total order
costs 371% on average and up to 7,400% in modelled
latency across conflict rates from 0.001% to 25% — but
they also prove that computing the optimal schedule is
equivalent to minimal graph colouring for homogeneous
transactions, hence NP-hard and inapproximable, and
that for heterogeneous transaction lengths neither minimal
colouring nor minimal weighted colouring is optimal. Every
deployed and proposed scheduler is therefore a heuristic,
and the gap to optimal is bounded only empirically.

F. Scheduling outside the executor

A distinct and under-recognised family moves the
intervention upstream of the execution engine entirely.
Anthemius sits between mempool and consensus and
constructs blocks that are easy to parallelise, using non-
exhaustive read/write hints and gas estimates to bound
the critical-path gas of a block at maxgas/c for c cores,
and reports up to 240% throughput on DEX workloads
with no modification to the execution engine, consensus,
or block structure [130]. Its costs are instructive because
they are not throughput costs: tail latency grows with
batch count and the slowest 25% of transactions pay a
penalty; on an NFT workload dominated by repeat users
the benefit nearly vanishes, since skipping one transaction
from a user forces skipping all their later ones; and the
leader gains discretionary power to delay transactions in
a way formally indistinguishable from honest handling
of a sequential workload, which the authors note makes
the scheme incompatible out of the box with encrypted-
mempool fair ordering.

FAFO pushes the same idea to an extreme, approxi-
mating read/write sets by simulation or EIP-2930 access
lists, packing non-conflicting transactions into frames using
pairs of 2,048-bit Bloom filters sized to fit half of L1 cache,
and reporting over 1.1 million native-transfer TPS and
roughly 130-way transaction-level parallelism on a single
96-core node while still Merkleising every block [131]. The
declared costs are an 8% loss of parallelism to Bloom false
positives and the need to drop and reschedule transactions
whose actual access set diverges from the prediction; the
undeclared one is that the headline contention robustness
is demonstrated at a skew the authors did not actually
test, having omitted the most realistic hotspot parameter
as “indistinguishable” from a milder one. The scheduling
problem has now been formalised as a pair of optimisation
problems — scheduling an already-ordered block, and
jointly selecting and scheduling from the mempool —
with MILP formulations for ground truth and a greedy
list-scheduling heuristic carrying a (2 — 1/p) makespan
guarantee; on real Ethereum blocks the exact solver times
out at 6,000 s for eight cores while the heuristic reaches
74-100% of the bound in milliseconds [132].



G. Scale-out across machines

If a single validator’s cores are the limit, the next move
is more machines per validator. Pilotfish shards object
state across ExecutionWorkers, with per-object pending
queues encoding write-after-write and read-after-write
dependencies and a versioned-queue algorithm that admits
Move’s dynamically discovered child objects; it reaches
roughly 10x the single-node Sui baseline on compute-
heavy workloads while holding latency near 50 ms [133].
The limits are candid. On a simple-transfer workload,
scaling is linear only to four workers and is not maintained
at eight because the system stops being compute-bound;
contention becomes queueing delay, with throughput falling
35k — 30k — 22k tx/s and latency rising to 500 ms
as the transactions per shared counter go 10 — 100 —
1000; crash tolerance requires 2fe+1 replicas per execution
shard, multiplying the machine count per validator; and
the entire evaluation is single-datacenter, so the geo-
distributed case that motivates the design is untested.
Thunderbolt combines a sharded DAG with pre-consensus
concurrent pre-play, reporting a 50x speedup over serial
DAG execution at 64 replicas and abort reductions of 50%
against OCC and 90% against 2PL-no-wait, but shows the
cross-machine tax plainly: throughput falls from 100k to
19k tx/s as the cross-shard share rises from 0% to 100%,
and reconfiguring every 10 rounds costs 80k against 180k
tx/s [134]. Disaggregating execution earns throughput by
paying coordination, and the exchange rate worsens with
the fraction of work that crosses a machine boundary.

H. Programming-model support

The most effective response to contention in the deployed
systems is not a better scheduler but a change to what the
contract asks for. Aptos’s deferred objects let a developer
mark a frequently mutated field — currently integer
counters and strings up to 256 bytes — so that updates
are captured as symbolic deltas rather than applied, with
preconditions predicted and validated at commit; on single-
fee-payer, single-receiver and limited-supply NFT-mint
workloads, which are precisely the patterns that serialise
an optimistic engine, this yields up to 12x [135]. The
cost is a sharp boundary. Any reveal of a deferred value
reintroduces the conflict, costing up to 4.4x throughput
at a 10% reveal rate and running up to 3.1x worse than
sequential at higher rates, and in the worst prediction case
the technique yields only 1.8x. The mechanism does not
remove contention; it lets a developer who understands it
move contention out of the critical path, and punishes one
who does not.

The same logic runs through the language-level work.
Move’s resource types and object ownership are what let Sui
infer independence statically, and the guarantee extends to
adversarial composition: Patrignani and Blackshear [136]
formalise robust safety and build a static encapsulator
certifying that a module’s invariants hold when linked
against arbitrary untrusted code. Specification is tractable
at framework scale — the Move Prover verifies roughly
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8,800 lines of Move against 6,500 lines of specification
in CI, almost always in under 30 seconds [137], though
the authors concede their specifications are more verbose
than needed and that quantifiers make the underlying
problem undecidable. On the EVM side, scope-annotated
models partition contract state explicitly across engines
with asynchronous relay for cross-scope calls [138, 139],
and static ownership-and-commutativity analysis has been
used to place state for sharding [140]. All of these shift the
conflict question from run time to design time. A controlled
comparison of functionally equivalent contract pairs finds
the trade this implies: Move’s type system cuts explicit
runtime security-check density by 60% relative to Solidity
at the cost of 47% more code, with identical cyclomatic
complexity, on a preliminary sample of twelve pairs and
eleven developers [141].

1. Costs

Contention collapse. The central cost of intra-block
parallelism is that it evaporates exactly where throughput
matters, and the trajectory is visible across a decade of
measurement. Saraph and Herlihy [142] replayed sampled
Ethereum blocks through a speculative engine and found
estimated speedups falling from about 8x in 2016 to
about 2x at the end of 2017, with a small set of con-
tracts responsible for most conflicts. Reijsbergen and Dinh
[143] measured conflict rates across seven chains, finding
Ethereum’s single-transaction conflict rate near 80% in
2016-17 declining to about 60%, and showed analytically
that a two-phase speculative scheme yields only 1x-2x and
can fall below 1x, while an idealised scheme with perfect
a priori knowledge could reach 6x on eight cores. The gap
between those two numbers is the entire value of conflict
information, and it is why every subsequent system fights
over where that information comes from. Measured against
optimal schedules on real ordered blocks, Karmegam et al.
[132] obtain only about 1.5x at two cores and 2.3x
at eight, concluding that a fixed consensus order plus
conflict-induced dependencies caps parallelism regardless
of core count, a conclusion compatible with opcode-level
parallelisation analysis [144], transaction-locality studies
[145] and the formal theory of safe transaction parallelism
[146]. The largest cross-chain study concludes that “no
single parallel execution strategy is fit for all blocks”, with
substantial variance not only across historical periods but
between adjacent blocks [109].

Re-execution waste and CPU amplification. Op-
timistic engines pay for contention in wasted work rather
than in lost parallelism, and the waste is superlinear in an
unhelpful direction: more workers means more speculation
in flight and more aborts to cascade [116]. The floor cost
is the 30% overhead a fully sequential workload pays to
Block-STM’s machinery [3]; earlier optimistic engines paid
a comparable structural cost in block-graph metadata,
13.79%-34.55% of block size [147]. Rescheduling rather
than retrying [148, 149] trades waste for scheduling latency,
and hardware transactional memory makes retries cheaper



rather than rarer [150]. A correctness cost also appears
once parallel execution is layered on an account model:
intermediate state representation becomes ambiguous in
ways that affect what a transaction observes [151].

Developer burden. Three of the four families relocate
work to the application author, and none of them make the
relocation optional. Declared access sets must be correct
and current; ownership typing decides at design time
whether a contract’s traffic gets a consensusless fast path;
deferred objects only help if the developer knows which
field is hot and never reveals it. The failure modes differ
from ordinary bugs in that they are silent and performance-
shaped. A mis-typed shared object does not break; it just
never takes the fast path. Quantifying this burden is harder
than it looks, because the obvious proxy, transaction failure
rate, is confounded by bot-submitted trading traffic, as
the Solana figures above show. We are not aware of a
study isolating the failure rate attributable to stale or
incorrect access declarations, and we flag it as the cleanest
open measurement in this lane. Optimistic speculation is
the one family that asks nothing of the developer, which
is a substantial and under-priced advantage for EVM-
compatible chains.

Fairness and the block producer. Scheduling for
parallelism hands the block producer a new lever. An-
themius makes this explicit — a leader that produces a
sequential block is indistinguishable from a leader honestly
handling a sequential workload — and the interaction
with censorship resistance and encrypted mempools is
unresolved [130]. Combined with the impossibility result on
pricing contingent access [112], this suggests that parallel
execution has not yet been reconciled with the fee and
ordering mechanisms discussed at L5.

VII. LAYER 4: STATE AND STORAGE

The state layer is where the execution layer’s design
choices are paid for, and it is where the high-throughput
L1s have converged most tightly: all four Tier-1 systems
abandoned the hash-addressed Merkle Patricia trie over
a general-purpose key-value store, because that structure
turns every logical state access into a logarithmic chain of
random reads. The organising observation of this section is
that the state model is not a downstream implementation
detail of the execution model but its precondition. Solana
can schedule on declared accounts and Sui can type objects
as owned only because their state is addressed in units the
transaction can name, and the authenticated structure over
those units then determines whether the parallel engine is
fed fast enough to matter.

A. Design axes

We classify the state layer on four axes. State ad-
dressing (account, object, or UTXO) determines what
granularity of conflict information is expressible at all.
Commitment structure (hash tries, vector-commitment
trees, LSM-organised authenticated stores, unified KV-
plus-Merkle designs) determines I/O amplification and
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proof size. Growth control distinguishes unbounded
growth, rent or deposit pricing, and expiry or pruning.
Bootstrap cost distinguishes full replay, checkpoint sync,
and statelessness with per-block witnesses. The four are
coupled: statelessness is affordable only with a commitment
whose witnesses aggregate, and pruning is safe only with a
commitment the pruned node can still verify against.

B. Account, object and what the execution layer can see

The distinction that matters for performance is not
account-versus-UTXO in the classical sense but whether
state is addressed in units a transaction can enumerate
before it runs. Solana’s account model separates program
code from account data and requires each instruction
to name the accounts it touches, which is what makes
declaration-based scheduling possible at all; Sui’s object
model attaches an ownership tag and version number
to each unit, so independence is a property of the type
rather than of the access pattern [120]. Ethereum’s model,
inherited by Monad and the parallel-EVM chains, addresses
state as 256-bit storage slots reached through contract code,
which is precisely why conflict information there must be
recovered by simulation, tracing or optimistic detection
rather than read off the transaction. The object model also
gives the state layer a growth lever the account model lacks:
Sui marks deleted objects with version-zero tombstones
and clears them at epoch change, explicitly because leaving
them would create unbounded memory need. The UTXO
contrast case, where state is consumed rather than mutated,
shows how far the addressing choice propagates [152].

C. Authenticated structures and the I1/0 they impose

The quantitative case against the hexary Merkle Patricia
trie is the most robustly established result in this layer.
Replaying Ethereum to block 7.3 million, Ponnapalli
et al. [153] measured that processing a single roughly
100-transaction block requires more than 10,000 random
I/0 operations — a hundredfold amplification — taking
hundreds of milliseconds even on datacenter-grade NVMe,
and that the Merkle witness for a single 100-byte account
can exceed 4 KB, a 40-60x overhead, against a state that
already exceeded 200 GB in 2019 and roughly 16 TB by late
2023 growing about 4 TB annually [154]. Every subsequent
design in this space is a response to one of those two
numbers.

The vector-commitment line attacks the update path.
LVMT replaces hash-based inner nodes with an authenti-
cated multipoint evaluation tree and stores version numbers
rather than value hashes to avoid elliptic-curve multipli-
cations, updating commitment proofs in constant time
and delivering reads and writes 6x faster than the MPT
on real Ethereum traces, which lifts end-to-end execution
throughput up to 2.7x [155]; earlier work in the same
direction attacked the trie’s storage bottleneck directly
[156]. The Verkle line is now deployed rather than proposed:
SonicDB S6 implements an EIP-6800-compatible Verkle
trie with occupancy-aware node specialisation and delta



nodes, cutting live-state storage by 97.8% (817.1 GiB —
17.9 GiB) and archive storage by 95% (16,141 GiB —
809 GiB) across 40 million Sonic mainnet blocks while
running 3.2x the throughput of a persistent Geth Verkle
baseline [157]. That system’s own cost report is exactly the
kind of detail this survey exists to surface: on its highest-
volume day three blocks exceeded the 300 ms block budget,
reaching 450 ms, and adding node specialisations past a
threshold improves storage while degrading throughput —
a storage/throughput Pareto frontier that must be chosen,
not optimised away.

A third line reorganises the data layout rather than
the cryptography. COLE stores each state’s historical
versions contiguously under a compound key in an LSM
tree indexed by learned models, cutting storage up to
94% and raising throughput 1.4x-5.4x against the MPT
[154]; its declared costs are O(n) worst-case write tail
latency under synchronous merges, an asynchronous fix that
multiplies memory by the level count, and incompatibility
with forking chains. QMDB unifies key-value and Merkle
storage in an append-only twig structure giving one SSD
read per state access and O(1) I/Os per update at 2.3 bytes
of DRAM per entry, reporting up to 2.28 million state
updates per second past 15 billion entries [158]. AlDBaran
removes disk from the hot path by statically sharding the
key space so each thread owns disjoint sub-trees of a sparse
Merkle tree, computing roots lazily and holding every byte
in DRAM until block commit, reaching 48 million updates
per second on 96 cores [159]. Its evaluation also contains
the most important negative result in this area: attempting
to reproduce QMDB’s published figure on the same class of
machine, the authors obtained 1.28 million and 0.80 million
updates per second on two code drops and could not close
the gap. One of the field’s headline state-layer numbers
has a failed independent replication attached to it, with
no resolution we are aware of. Work continues on sliding-
window Merkle variants with delayed writes [160], erasure-
coded state storage [161], structures tuned to dynamic
workloads [162], and the memory-checking locality bounds
that constrain all of them [163].

D. Storage engines and the hot path

Beneath the authenticated structure sits an ordinary
storage engine, and a recurring finding is that general-
purpose engines fit blockchain access patterns poorly — a
point made early in the database framing of blockchains
[107, 164] and pursued since through semantics-aware key-
value separation [165], cold-store segregation of ancient
state [166], content-defined versioned storage [167], hybrid
blockchain-database architectures [168], and surveys of
deployed engine choices [169, 170]. The most architecturally
aggressive response disaggregates I/O from execution:
RainBlock has prefetching clients fetch and compact Merkle
witnesses and supply them with the transaction, leaving
miners to execute in memory against a retained top layer,
reaching 20k tx/s across four regions on three continents
[153]. The cost is a conversion rather than an elimination:
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disk I/O becomes network I/O and DRAM pressure,
shards must fit in storage-node memory (the authors
reject full in-memory state at every node precisely because
requiring hundreds of gigabytes of DRAM “decreases
decentralization”), and clients may conservatively abort
transactions that would have succeeded.

For the deployed Tier-1 systems, the storage-engine layer
is where the published record thins out fastest. Solana’s
operational guidance — separate NVMe devices for ledger
and accounts so that sequential-write and random-read
patterns do not interfere, with production nodes converging
on 24 or more cores, 256-512 GB of ECC RAM, and
multiple enterprise NVMe drives — comes from client
documentation and infrastructure-provider write-ups, not
from peer-reviewed measurement. We record it as E4 and
flag the absence: we found no archival study that measures
the accounts-database access pattern of a production
Solana validator, which is a conspicuous gap given that
this is the system whose execution model most depends on
fast account access.

E. State growth, pruning and expiry

State growth is the cost that no deployed high-
throughput L1 has priced, and recent measurement makes
its magnitude concrete and chain-dependent. Sampling
3,000 blocks per day per chain through 2025 on archival
nodes, Heimbach et al. [111] find that Base added 435.22
GB of persistent state against Ethereum’s 29.92 GB — a
14.55% ratio, with storage slots accounting for 61.4% of
Base’s growth and 50.9% of Ethereum’s, bytecode a further
25.4% and 18.2%, and daily growth varying by up to an
order of magnitude. Their conclusion that “collapsing a
high-dimensional workload into scalar gas is inherently
brittle” is the L4 counterpart to the L5 argument for
multi-dimensional metering: scalar gas prices state growth
only incidentally, so a high-throughput chain accumulates
it faster than its fee mechanism registers. That this is
a security property and not merely a capacity one is
established by He et al. [171], who show an adversary can
deliberately inflate victim nodes’ state-storage consumption
by manipulating trie structure.

Mitigations divide into pruning historical data and
expiring live state, and only the former is deployed at scale.
Accumulator-based pruning lets a full node discard blocks
after a snapshot receives sufficient confirmations, bounding
storage at the snapshot interval plus the confirmation
window and cutting storage 85% in simulation, at a cost
of roughly 0.35 s of proof verification per block during
bootstrap [172]; the same work documents that a competing
snapshot scheme depending on miner reaffirmation can
be delayed 1,000-2,000 blocks by 38% adversarial hash
power, a reminder that pruning protocols have their own
liveness surface. Snapshot-and-prune designs targeting
fast bootstrap [173] and erasure-coded storage of ledger
and cold state, which cuts per-node storage by over 90%
against a full Geth node at the price of needing group
cooperation to answer historical queries [174], occupy the



same trade space; the mitigation landscape as a whole has
been surveyed [175]. Live-state expiry, by contrast, exists in
the deployed high-throughput systems only in weak forms:
Solana’s rent-exemption deposit prices account data size
at creation but does not reclaim, and Sui’s epoch-cleared
tombstones bound only deleted-object metadata. None of
the Tier-1 chains expires live state.

F. Sync cost, statelessness and the hardware floor

Bootstrap cost is where state growth becomes a decen-
tralisation cost, and it is the least well measured quantity
in this layer. Sui’s certified checkpoints exist explicitly to
“reduce the memory footprint and bootstrap cost of new
participants”, but the paper reports no sync-time figure,
noting only that a joining validator must download and
validate required state before signalling readiness [120].
Statelessness would remove the requirement to hold state
at all by shipping a witness with every block, and the
modelling work makes clear that this changes the node’s
role rather than removing the cost [176]. Benchmarking
the two leading witness schemes, Oberst [177] estimates
a Verkle multiproof at roughly 0.8 MB for 5,000 keys
against roughly 2.6 MB for binary Merkle trees with
PLONK proofs, but reports the Verkle implementation
becoming memory-bound above 224 225 leaves while the
SNARK alternative was abandoned above 2°7 leaves
because proving took minutes, a sobering gap between the
asymptotics and the artefacts. Witness compaction against
a retained top layer offers a middle path, cutting witness
size by about 95% relative to the stateless-client proposal
[153]. The one place bootstrap cost has been attacked with
measured results is Ethereum: on the finding that “more
than 90% of accounts are inactive” (over 95% inactive
across a week or a month in their trace to block 8M),
sweeping the state trie at each checkpoint and requiring
dormant accounts to present restore proofs cuts a compact
sync from 2,592.54 MB to 1,206.97 MB against geth over
blocks 7M-8M [178]. Bootstrap cost is a function of live
rather than total state, which matters more, not less, for
chains whose state grows an order of magnitude faster. No
equivalent measurement exists for any Tier-1 system.

The synthesis across this layer is that the state engine,
not consensus, now sets the hardware floor for participation.
A chain executing in parallel at hundreds of thousands of
transactions per second must commit state at a matching
rate, and the designs that achieve it hold state in DRAM
until block commit [159], assume NVMe arrays delivering
millions of IOPS [131], or distribute state across machines
[133]. Each raises the cost of running a validator, and none
of these papers measures the effect on the validator set —
the boundary at which this section hands off to L6.

G. Costs

I/O amplification. Authenticated state access, not
execution, was the original bottleneck and remains the
binding one for MPT-based chains: >10,000 random I/Os
per ~100-transaction block, 40-60x witness overhead per
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account, and a further 5-10x physical-write amplification
from layering a trie on an LSM store [153, 159]. The
replacements work, and 6x, 94% and 97.8% are real
measured improvements, but each buys its gain with a
specific structural concession: constant-time commitment
updates require version numbers in place of value hashes,
learned column storage forfeits fork support, unified twig
stores are append-only, and DRAM-resident Merkleisation
halves throughput as soon as snapshots are enabled and
halves it again at a 500 ms snapshot period.

Unpriced state growth. Growth is monotonic, an
order of magnitude faster on high-throughput chains than
on Ethereum, dominated by storage slots, and deliberately
attackable [111, 171]. No Tier-1 system expires live state,
so the entire burden falls on operators through disk, and
on new entrants through sync time.

Sync time and the operator. This is the cost we
are least able to document and the one most likely to
matter. Ethereum has measured bootstrap-reduction work
[178], but we found no peer-reviewed measurement of
snapshot or state-sync time for any Tier-1 system, no
measurement of Solana’s accounts-database access pattern
under production load, and no study relating state size
to validator-set composition on a high-throughput chain.
The available evidence is operator documentation and
vendor guidance, which is E4 and should not be read
as a performance fact. We flag this as the most serious
evidence gap in the L3/L4 lanes.

Reproducibility. QMDB’s 2.28 million updates per
second failed an independent reproduction attempt on
comparable hardware [159], and the storage-layer literature
contains almost no head-to-head evaluation on a shared
workload: each system is benchmarked against MPT or
Geth on its own hardware.

VIII. LAYER 5: METERING AND FEE MECHANISMS

Metering is where an L1 states, in numbers, what it
believes its own bottleneck to be. Every fee mechanism
embeds four commitments: how many resources it distin-
guishes (metering dimensionality), at what granularity
it prices contention (pricing locality: global, per-account,
or per-object), how the price moves (adjustment dy-
namics), and who absorbs the cost of congestion that a
transaction imposes on others (contention externality
bearer). A fifth axis is usually left implicit and does most
of the damage when it is wrong: what the mechanism
assumes about execution, whether serial or parallel,
with resource use known at submission or realised only
afterwards. The deployed monolithic L1ls changed the
execution assumption first and the fee mechanism last,
and the resulting mismatch is the organising fact of this
layer.

A. Scalar gas and its assumptions

Scalar gas is less a pricing mechanism than a claim that
a chain’s costs are one-dimensional up to a fixed exchange
rate, and that claim is now measurably false on the systems



that rely on it. Sampling 3,000 blocks per day on Ethereum
and Base through all of 2025, covering 219.8 million and

256.5 million transactions respectively, Heimbach et al.

[111] decompose execution gas by operation category and
find the mix differs sharply between two chains running
identical opcode prices: storage writes account for 34.9%
of Ethereum’s execution gas, while Base spends 29.2% on
storage reads and 24.3% on compute (Table 1b of that
paper gives 34.88%, 29.23% and 24.30% respectively). The
mix also drifts within a single chain over a year, and the
opcode schedule does not follow it; repricing happens only
through infrequent hard forks. A second assumption fails
alongside the first. Gas metering presumes that the state
a transaction will touch is stable between simulation and
execution, and the same study shows that re-evaluating
transactions against states up to twenty blocks earlier yields
a non-zero coefficient of variation in the gas estimate for
46.0% of Base transactions against 13.9% on Ethereum,
with write-set overlap falling to 59.3% on Base at that
lookback. Higher throughput shortens the interval over
which state can be treated as fixed, so the most aggressive
block schedules produce the least stable estimates.

The most expensive mispricing in scalar gas is temporal:
it prices a permanent cost as a transient one. Persistent
state added in 2025 amounted to 435 GB on Base against
30 GB on Ethereum [111], and that storage is charged
once, to the submitting transaction, while every full node
carries it indefinitely. He et al. [171] turn the same gap
into an attack. Because a transfer costs a flat 21,000
gas regardless of how many Merkle-Patricia-Trie nodes
it splits, an adversary can craft leaf insertions that deepen
a target subtree and permanently inflate the resource cost
of every later operation over it. Replaying mainnet blocks
14.99M-15.00M against a forked trie, the attack raises
state-modification time by 111% over 10,000 blocks; on
Sepolia and BSC testnets it touched 32% and 39.4% more
trie nodes per block and lifted end-to-end execution time
by 10.7% and 12.4%. The cheapest configuration reported

costs 39.64 USD to degrade Optimism over 10,000 blocks.

Six production chains confirmed the vulnerability and paid
bounties, making this one of the few metering defects
with an acknowledged deployment footprint rather than a
modelled one.

B. Multidimensional metering

Pricing several resources separately is theoretically well

settled and empirically almost untried. Diamandis et al.

[179] give the canonical construction: write the network’s
objection to any resource profile as a convex loss, maximise
transaction-producer utility minus that loss, and the dual
variables of the resulting program are the per-resource
prices. Gradient descent on the dual recovers the additive
update rule, and a log-transform recovers the multiplicative
one, so EIP-1559 falls out as the one-dimensional special

case of a general design rather than as a separate invention.

A no-lookahead update rule turns out not to be much worse

than a designer who knows all future demand. Angeris et al.
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[180] recast the update as follow-the-regularised-leader and
bound the average welfare gap to an oracular price-setter at
0O(1/4/T) against a worst-case adversary, with a matching
lower bound for any implementable algorithm. They note
that the multiplicative variant is exactly the rule Ethereum
runs for blob fees under EIP-4844.

Multidimensionality has limits that are also formal.
Bahrani and Durvasula [181] show that once node costs
are heterogeneous, which is exactly what parallel execution
with state conflicts produces, no vector of per-resource
prices suffices: there exists a d-resource market with a
single node where the best inclusion-maximal allocation
attains only 2/d of optimal surplus, and surplus maximi-
sation in general requires a separate price per transaction.
Their proposal replaces protocol-set prices with competing
brokers submitting full routings, relocating the problem to
broker competition rather than dissolving it.

C. Dynamic base fees

EIP-1559 is the only fee mechanism here with both
a complete game-theoretic account and a production
measurement record, which makes its failure modes a
useful template for what the high-throughput chains have
not yet established about their own. Roughgarden [182]
formalises a fee mechanism as an allocation, payment and
burning rule, and shows the deployed design is incentive-
compatible for myopic miners and proof against off-chain
agreements, and dominant-strategy incentive-compatible
for users except when the base fee is excessively low, that is,
during exactly the demand spikes the mechanism exists to
handle. The companion economic analysis [183] is explicit
that the benefit is fee predictability, not fee level, and that
no fee mechanism lowers fees without added capacity.

Three lines of work then attack the adjustment rule itself.
Leonardos et al. [184] prove global convergence of the base-
fee dynamics for step sizes below a demand-distribution-
dependent threshold and show that above it the system
admits formal Li—Yorke chaos: the base fee stays bounded,
but block occupancy oscillates between full and empty.
Their agent-based runs, 720 simulations of 600 blocks each
calibrated on Ethereum blocks 10.90M-10.94M, locate
Ethereum’s deployed step size of 1/8 inside the stable
region for the demand distributions they test, which is
a statement about Ethereum’s twelve-second blocks and
not about a chain running sub-second slots. Azouvi et al.
[185] show the rule is manipulable rather than merely
fragile: proposing empty blocks to depress the base fee and
harvesting the gap on subsequent full blocks is profitable
for a proposer holding well under 30% of block production
at the deployed parameters, and non-attacking smaller
proposers may rationally join without collusion. On the
empirical side, Liu et al. [186], using mainnet data plus
four self-run geodistributed nodes, find the London fork
cut median waiting time by roughly nine seconds and
compressed intrablock gas-price dispersion, but also raised
the fork rate by about 3% as average block size grew from
64.05 to 78.01 kbytes. This is the first direct measurement



of a fee-mechanism change buying user experience with
consensus margin. The alternative-mechanism literature
converges on the same fragility from the design side:
Ferreira et al. [187] prove that EIP-1559’s utilisation-based
update can oscillate even when demand sits below supply,
and propose a welfare-based posted price that is ex post
incentive-compatible for myopic bidders and guarantees at
least a quarter of optimal welfare. The capacity target itself
is a robustness parameter: Ganesh et al. [188] show that
raising Ethereum’s throughput target from 50% to 60%
of block capacity drops guaranteed availability to about
99.66%, invoking the first-price emergency auction roughly
once every 300 blocks.

Whether any of this survives at sub-second block times is
the open question for the Tier-1 systems, and the only study
to ask it is a simulation. Zhivkov and Chen [189] model
an EIP-1559 adaptation at 600 ms blocks and report that
trailing-average smoothing overshoots the base fee by up to
47% during spam while per-block adjustment establishes
a spam barrier within 17-32 s against Ethereum’s 4-6
minutes. That is a single agent-based study of one chain
and should be read as a hypothesis about high-frequency
fee control, not as a result about Solana, Aptos, Sui or
Monad.

D. Pricing locality and hot state

Parallel execution most directly invalidates global pricing.
Two transactions touching disjoint state compete for noth-
ing but inclusion, so a common congestion price transfers
the cost of one popular market onto every unrelated
user. Solana and Sui have deployed local fee markets in
response, and Acilan et al. [113] give the sharpest published
characterisation of what was actually shipped: first-price
auctions on congested storage keys, which are not incentive-
compatible and require substantial user sophistication to
bid into. The proposed successor on Solana, an exponential
fee controller per write-locked account, exists as a vendor
specification (SIMD-110, by Yakovenko and Zhu) and
enters the peer-reviewed record only by citation, in Angeris
et al. [180]. The mechanism that most distinguishes a high-
throughput L1 from Ethereum is thus documented at E4
and analysed at E1, with nothing in between.

The welfare case for locality is nonetheless solid. Ndiaye
[190] models a chain as N queues (contracts, objects, or
pieces of state) under a single global inclusion constraint,
and derives socially optimal relative prices as Pigouvian
taxes that internalise local congestion and the global capac-
ity shadow price separately. The same model delivers the
warning: a revenue-maximising validator prefers uniform
pricing and will allocate all capacity to the highest-paying
queue, excluding traffic that is welfare-positive but locally
cheap. Locality is therefore not something a profit-seeking
block producer converges to on its own; the protocol must
impose it, and must choose how much of the global capacity
price each queue sees.
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E. Fee design under parallel execution

The deepest result in this layer is an impossibility recent
enough that almost nothing builds on it yet. Parallel
schedulers price transactions by the contention they cause,
but a transaction’s realised state access depends on execu-
tion outcomes: a swap that reverts touches far less than
one that succeeds. Wadhwa et al. [112] formalise this as
contingent execution and prove that no fee mechanism
can simultaneously eliminate user risk (paying for declared
objects that go untouched) and scheduler risk (uncollected
revenue when a transaction under-executes), except by
pre-executing every transaction or charging a constant fee.
The escape route is closed constructively: deciding realised
object usage is P-complete, so a parallel scheduler cannot
compute it on the critical path. Any deployed mechanism
therefore picks a point on a risk-division parameter «, and
the two natural anchors, charging for what was declared
and charging for what was used, are the endpoints of that
line rather than neutral defaults.

Worse, the intermediate points are not automatically
safe. Calibrating their object-weighted mechanism against
Ethereum’s observed priority-to-base fee ratios, Wadhwa
et al. [112] find shill-proofness requires o > 0.15 at the
median ratio, & > 0.625 at the mean, and is unattainable
at the 95th percentile. They also show that the Shapley
rule and the time-proportional makespan rule of Acilan
et al. [113] both admit profitable shill transactions in both
directions: a user can insert a decoy that lowers their own
gas, and a scheduler can insert one that inflates collected
revenue. The underlying design space is genuinely hard
rather than merely unexplored: evaluating seven gas com-
putation mechanisms against nine formal properties, Acilan
et al. [113] find none satisfies all of them, with Shapley and
Banzhaf pricing failing tractable gas estimation outright,
leaving weighted-area and time-proportional-makespan as
the surviving candidates. Neither is deployed anywhere.

A parallel literature shows the trouble is not confined
to parallelism. Bahrani et al. [191] prove that once a
block producer has private value in block contents, which
is what MEV is, no non-trivial mechanism is incentive-
compatible for both users and producer, and the mecha-
nisms that satisfy both charge nothing and carry no welfare
guarantee. Landis and Schwartzbach [192] show that an
agent able to commit to a smart-contract bidding strategy
can strip essentially all revenue from first-price, second-
price, and EIP-1559 mechanisms alike whenever valuations
are sufficiently concentrated. Constructive responses exist:
discretised bids restore positive revenue under full incentive
compatibility [193], a known honest-user bound plus an
encrypted mempool yields O(h)-median revenue [194], a
Bayesian relaxation gives constant-ratio approximations
[195], and an N-price burning auction claims all three
standard properties under congestion [196]. Each buys its
way out through an assumption the deployed chains do not
satisfy. Redistribution has the same shape: Damle et al.
[197] prove that guaranteeing positive rebates requires aban-
doning proposer individual rationality once unconfirmed



transactions are excluded from rebates and the proposer
can manipulate.

Two designs step outside the auction frame entirely.
Kiayias et al. [198] prove EIP-1559 cannot implement any
non-trivial diversity policy, because under congestion its
single price surges for every transaction type at once,
pricing out low-urgency traffic rather than delaying it.
They propose delay-differentiated tiers that let patient
transactions buy latency instead of exclusion. Kiayias et al.
[199] tokenise block space into transferable access rights
whose priority scales with token value and age, and prove
that predictable fees, near-optimal worst-case inclusion
delay and off-chain-proofness can hold at once. Both add
a second market; neither is deployed.

F. Priority auctions and block building

The priority fee is where metering meets ordering.
Solana’s mechanism is a flat per-signature base fee of 5,000
lamports plus a compute-unit price, with no automatic
adjustment. Zheng et al. [110], analysing 2.9 billion non-
vote transactions across 53 sampled days between August
2023 and July 2024, find bot accounts fail 58.43% of
their transactions against 6.22% for human accounts, that
price-or-profit-not-met and invalid-status errors account
for 67.18% of all failures, and that failed transactions pay
higher fees per compute unit than successful ones while still
consuming capacity. A pure priority auction over a parallel
execution engine therefore converts contention into wasted
capacity rather than into a price signal; the authors’ own
recommendation of a dynamic per-account fee structure is
offered as future work.

The complementary result comes from rollups rather
than from the Tier-1 L1s. Wang et al. [106] model spam
bots as free-entry competitors for ordering-derived value
under gas-limit charging and a minimum gas price, and
validate on Base and Arbitrum: across 912 daily observa-
tions from January 2024 to June 2026, a 1% increase in the
gas target is associated with a 1.63% increase in spam gas
(R% = 0.62), spam gas grew 122x from Dencun to its April
2025 peak while non-spam grew 11.2x, and introducing
or raising a gas price floor cut spam’s share of total gas
from 28% to about 10% on Base and by 27% in volume
on Arbitrum. The mechanism is general, since charging
reserved gas rather than gas used, as Solana and Monad
do, is what makes spam cheap, but the measurement is not
on either chain and the extrapolation should be flagged
as such. The defensive literature is thinner still: Chotkan
et al. [200] report that relay-layer sender reputation admits
only 4.6% of spam while dropping about 3% of honest
traffic, where fee filters and a simulated SIMD-110-style
per-account penalty each let over half through, but this is
one simulation replaying one 2022 Ethereum mint event.

Fee mechanisms also interact with who builds the block.
Stouka et al. [201] extend the standard model to bribery
and multiple includers, showing that reimbursing inclusion-
list participants raises censorship resistance when they are
rational rather than altruistic, at the cost of asking users
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to set two fees. Saraf et al. [202] quantify the baseline: with
a single proposer and Ethereum’s early-2026 burn multiple
of roughly 8.7x the average tip, economic censorship
resistance is about 0.09, meaning a briber needs to match
only a small fraction of a transaction’s total fee to buy its
exclusion. Fee burning, adopted for its incentive properties,
directly degrades the one property that makes inclusion
credible.

G. Costs

The costs at this layer divide into four groups, and
their evidence grades differ systematically. Mispricing
under parallel execution is the most severe and rests
almost entirely on E1 work: the user-risk/scheduler-risk
impossibility and the shill-proofness thresholds come from
a single 2026 paper [112], with the gas-computation-
mechanism property analysis of Acilan et al. [113] as the
only independent corroboration. No deployed system has
been measured against either result. Dimensional and
temporal mispricing is the best-evidenced: the drifting
resource mix, the state-growth subsidy, and the instability
of gas estimates are E3 measurements [111], and the storage-
exhaustion attack they imply has been demonstrated and
acknowledged by six chains [171]. Fee-market spillover
from hot state is asserted everywhere and measured
nowhere on a Tier-1 L1: the welfare argument is E1 [190],
the characterisation of what Solana and Sui deployed is
secondhand from vendor documentation [113], and the
quantitative spam-displacement evidence is from Base and
Arbitrum [106]. Incentive failures under adversarial
proposers, covering base-fee manipulation, Stackelberg
commitment attacks and the active-producer impossibility,
are uniformly E1 and uniformly about Ethereum’s mech-
anism; whether a sub-second, multi-leader chain inherits
them, amplifies them, or escapes them is not established
anywhere we could find.

IX. LAYER 6: ROBUSTNESS AND THE COST OF
DECENTRALIZATION

Layer 6 asks what the stack costs when the environment
stops cooperating, and who is priced out of participating.
Five axes organise the evidence: the fault model actually
exercised (crash, equivocation, performance degradation,
asynchrony, or economic bribery), the degradation met-
ric reported (throughput, latency, chain quality, inclusion),
the resource floor a validator must clear (CPU, memory,
bandwidth, storage), the decentralization resource
being measured (block production, stake, geography, client
implementation, order flow), and the estimator used to
measure it. The last axis matters: estimator choice can
move a decentralization verdict further than chain choice.

A. Performance under faults

Headline throughput figures are fault-free figures, and
the gap is large and systematically under-reported. The
cleanest quantification is analytical: Wang et al. [87]
build a multi-metric framework for chained HotStuff and



show that under their attack strategies, with one third
of nodes Byzantine, chain growth rate falls to 4/9 and
chain quality to 12/17 of the attack-free values, and that
some of DiemBFT’s engineering optimisations make it more
vulnerable than the protocol it derives from. Optimisations
that buy latency in the common case frequently spend
robustness in the uncommon one, and the trade is rarely
reported as such.

Direct fault injection reaches the same conclusion em-
pirically. Bano et al. [94] generate Byzantine behaviour by
running twin node instances that share credentials, execut-
ing 44 million scenarios per day against DiemBFT; they
find no errors in the production protocol but recover several
known BFT attacks within a dozen rounds and surface
deliberately injected safety bugs in minutes. Its scenario
space must be pruned heuristically, so absence of findings
is weaker than it looks. On DAG-based ordering, the family
that Sui, Aptos and the Narwhal lineage deploy, Mirzaei
et al. [97] instrument six production Rust implementations
(Narwhal-Tusk, Bullshark, Mysticeti, AlephBFT, Mahi-
Mahi, Autobahn) with attacker hooks and run over fifty
configurations at committee sizes 13, 25 and 49; every
protocol tested was vulnerable to at least a subset of the
attacks, and which attacks succeed is determined mostly by
protocol design rather than attacker effort. A front-running
attack raised success from 52.9% to 100% on Narwhal-Tusk,
and vote withholding raised censorship success from 0.4%
to 84.4% on Bullshark.

Degradation is not inevitable, which is what makes its
absence from most evaluations a reporting failure. Tonkikh
et al. [203] deploy 100 replicas across ten Google Cloud
regions with round-trip times from 25 to 317 ms and show
their prefix-consensus design sustains 260,000 TPS at sub-
second latency while a 1% message-drop rate at every
replica raises latency only about 15%, where an optimistic
DAG baseline degrades sinusoidally and a partial glitch
inflates its latency by roughly 35%. Latency variance also
has an incentive origin rather than only a fault origin: Sun
et al. [204] show that granting a proposer all tips rewards
delaying the proposal to harvest extra ordering value, and
report that tying rewards to observed transaction arrival
times cuts latency variability by up to 95.9%. Spiegelman
et al. [55] report up to 80% lower latency than vanilla
Bullshark under failures by adding leader reputation and
pipelining. Gai et al. [205] show a robust shared mempool
delivers 5x to 20x the throughput of native leader-based
protocols at 128 replicas and degrades gracefully under
asynchrony, Byzantine attackers and Zipfian workload skew,
at roughly 10% extra bandwidth for availability proofs.
Ling et al. [89] report retaining 40% of throughput at a
link-failure probability of 0.4 where HotStuff retains less.
Monad’s consensus layer claims tail-forking resistance, so
that a QC-backed block cannot be abandoned unless its
leader equivocates and a single Byzantine leader costs one
view, but Jalalzai et al. [52] state it as theorems with no
accompanying deployment measurement, and it should be
recorded as an E4 design claim.

The one category of evidence the academic record almost
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entirely lacks is the deployed failure itself. Solana’s April
2022 halt, in which spam bots submitting over four million
transactions per second saturated validator bandwidth and
memory and stopped the chain for roughly seven hours,
followed by congestion episodes in which over 70% of non-
vote transactions failed, enters the peer-reviewed literature
only as motivating background in Chotkan et al. [200],
citing press reports and vendor post-mortems. There is no
peer-reviewed post-mortem of any Tier-1 mainnet outage,
and the closest production corroboration is the elevated
steady-state failure rate measured by Zheng et al. [110].
Outage causation on these systems is therefore an E4 record
in a survey that grades everything else more strictly.

B. Ordering-layer attack surfaces

DAG-based ordering, adopted for throughput, creates
extraction surfaces that the linear-chain MEV literature
does not describe. Valentini et al. [100] make the structural
point: because blocks in a DAG have multiple predecessors,
manipulation acts on the ordering of blocks rather than of
transactions within one, and most extraction techniques
designed for linear chains are inapplicable. The quantitative
picture comes from the fair-ordering work. Segalini et al.
[104] measure front-running success against unprotected
Narwhal-Tusk at 26.3% to 95.2% depending on the number
of faults, falling to 0% under their fair-ordering construction
across committee sizes 10 to 25 and up to five faults. Putnik
and Decouchant [103] report that under a reversing-order
attack their batch-order-fair protocol reverses 11-16% of
transaction pairs where a HotStuff-based baseline reverses
35-44%. Both pay for it. The fairness layer is CPU-bound
on pairwise weight-matrix construction, at 193.9 ms per
phase against 63.9 ms for the next most expensive stage,
and batch-order-fairness costs fault tolerance, requiring n >
4f/(2y—1) rather than n > 3f+1. Cryptographic prevention
has a comparable profile: Malkhi and Szalachowski [206]
integrate commit-reveal ordering into DAG transport with
no extra messages, at about 3.7 ms of CPU per transaction
using threshold encryption, reduced to roughly 66 us
with dispersal-based secret sharing, in a 6-of-16 micro-
benchmark on a single machine; a whole-protocol evaluation
is explicitly left as future work.

Concurrent proposers, the structural answer to censor-
ship, bring their own surface. Saraf et al. [202] prove
economic censorship resistance scales roughly linearly in
the number of proposers, about 0.09 with one proposer
against about 2.5 with 49 at Ethereum’s early-2026 burn
multiple, and that the throughput cost of duplicated
inclusion is a one-time penalty (about 0.65 at their baseline
under a duplication-penalising payment rule) rather than
a compounding one; their calibration uses 10,000 recent
Ethereum blocks. Against that, Landers and Marsh [207]
enumerate MEV channels that exist only under concur-
rent proposal: same-tick duplicate stealing, proposer-to-
proposer transaction auctions, and latency races in proof-
of-availability certification, all in a stylised model of an
Autobahn-style protocol at roughly 300 ms ticks. It is



purely analytical and, as far as we established, the only
treatment of the topic: a hypothesis-generating model, not
a characterisation of any deployed system.

The two extraction regimes measured in production
both belong to other architectures. Daian et al. [208]
observed nine months of Ethereum mempool traffic across
six geodistributed nodes and found ordering-derived fees
that dwarf block rewards, reaching 101.6 ETH against a
3 ETH block reward in the most extreme block observed,
establishing ordering revenue as a consensus-stability prob-
lem rather than an application-layer nuisance. Oz et al.
[209] analyse 13.7 million Algorand blocks and 745.8 million
transactions and show that first-come-first-served ordering
does shift extraction away from fee-driven front-running
toward backruns spread uniformly across block positions,
but that an adversary can push the network into fee-based
congestion mode for roughly 3 ALGO, reopening front-
running. Neither Solana’s nor Monad’s ordering-derived
extraction has been characterised at this level of rigour in
the peer-reviewed literature.

C. Hardware, bandwidth and who can validate

The decentralization cost of speed is paid at the validator
hardware floor, which is visible in the very experiments
that establish the throughput. The 260,000 TPS figure
of Tonkikh et al. [203] is measured on 100 replicas of 64
vCPUs and 256 GB RAM each; Spiegelman et al. [55]
use 32-vCPU VMs; the Narwhal results that underpin the
DAG lineage report 160,000 tx/s with one machine per
validator and 600,000 tx/s with ten machines per validator
[1]. These are not incidental deployment details. They are
the operating point at which the advertised number holds,
and a validator that cannot meet it becomes the straggler
the protocol is designed to route around. Leader-reputation
schemes make this explicit by deprioritising slow validators
as proposers [55]; the decentralization consequence of that
design is a direct implication, not something the paper
measures.

Core count converts into throughput at a measurable
rate. Using Ethereum mainnet traces (blocks 21,631,019—
21,635,079) on a 96-core machine, Karmegam et al. [132]
show conflict-aware scheduling of an already-ordered block
gains about 1.57x on two cores and over 2x on eight,
while reward-maximising block construction gains up to
7.9% on eight; exact optimisation is intractable in prac-
tice, with MILP solvers timing out at 6,000 s on larger
instances, so achievable parallelism depends on the quality
of a validator’s heuristics. The execution-engine literature
reports the same asymmetry from the other side: Gelashvili
et al. [3] measure Block-STM at up to 110k tps in Diem
benchmarks and 170k tps in Aptos benchmarks with 32
threads, but 50k and 80k tps respectively on contended
workloads. The headline numbers are low-conflict numbers,
and the gap is the execution-layer twin of the hot-state
fee problem in Layer 5. Bandwidth imposes a floor no
execution optimisation removes: Chu and Wang [210] derive
a throughput ceiling from access bandwidth and transaction

size binding on the slowest included nodes, and their 2018
figures (90% of Bitcoin mining nodes above 5.7 Mbps,
90% of Ethereum nodes above 3.4 Mbps) show how far
below datacentre provisioning the tail sits. Di Perna et al.
[211] add the methodological corollary, showing across five
chains including Solana that network topology is a first-
order driver of throughput, latency and energy, so cross-
system throughput comparisons are not meaningful unless
topology and workload are held fixed.

D. Measuring decentralization

Quantitative decentralization is measurable, contested,
and, critically for a comparative survey, sensitive to choices
that most papers do not report. Ovezik et al. [212]
systematise the pipeline into resource choice, pre-processing
and metric, measure six chains, and show that estimation
windows, inclusion thresholds and address clustering move
the resulting numbers materially: the Gini coefficient of
{3, 2, 1} is 0.22 while that of {3, 2, 1, 0} is 0.42, so
whether zero-block participants are counted changes the
verdict. They recommend resource-estimation windows of
at least seven days and caution against windows under 150
blocks. Decentralization figures from different papers are
therefore incomparable unless the pipeline matches. Earlier
work shows the same fragility: Lin et al. [213] compute
Gini, Shannon entropy and Nakamoto coefficient over 2019
Bitcoin and Ethereum blocks at three granularities and find
that the Nakamoto coefficient sits between 2 and 5 across
both chains while fixed windows miss cross-interval changes
that sliding windows reveal. Zhang et al. [214] argue that
transaction-level decentralization is the least-studied of the
five facets they identify and propose an entropy-based index
for it; Lee et al. [215] propose censorship-resistance and
geographic-diversity quotients as complementary measures.

For the Tier-1 systems specifically, two studies matter.
Motepalli and Jacobsen [216] collect validator snapshots
from ten proof-of-stake chains including Aptos and Sui
and report liveness Nakamoto coefficients between 2.93%
and 16% of the validator set and Gini coefficients from
0.35 to 0.8 under linear stake weighting; replacing linear
weight with square-root or logarithmic transforms improves
their metric suite by 51% and 132% on average, with
the same conclusion reached in their earlier study of
stake distribution [217]. Motepalli et al. [92] add the
geographic dimension across Solana, Aptos, Sui, Avalanche
and Ethereum, reporting a Gini of eigenvector centrality
between 0.527 and 0.941 (Sui 0.527, Aptos 0.544, Solana
0.791), with the top three countries holding over a third
of stake on every chain measured. These are the only
quantitative decentralization measurements of the Tier-
1 systems we located: both from the same group, both
single-snapshot (September—October 2024), and neither
covering Monad. Any comparison of the high-throughput
L1s on decentralization rests on those two papers.

E. Client and order-flow concentration

Two concentration risks sit outside the stake distribution
and are usually omitted from decentralization scores. The
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first is client diversity. Luo [218] instruments five Geth
nodes against Ethereum’s devp2p network, collects over
eight billion messages across 743,739 unique peers, and finds
only 78.05% of peers run the latest mainnet sub-protocol
and just 24.5% carry a fully correct mainnet configuration,
with 12.6% behind a recent hard fork and the mainnet share
of reachable peers falling from 54.5% in 2018 to 13.07%.
Ron et al. [219] treat the skewed client distribution as
a systemic risk and prototype verifiable-execution proofs
on a modified Lighthouse client to reward minority-client
operators, at the cost of proof production and verification
overhead. Howell et al. [220] measure node distribution
across Bitcoin, Cosmos, Stellar and Lightning and find the
smaller networks concentrated in a few cloud providers
and data centres. No equivalent measurement exists for
Solana, Aptos, Sui or Monad. Solana’s move toward a
second independent validator client is exactly the kind of
change this literature exists to evaluate, and it has not
been.

The second is order flow. Yang et al. [221] analyse 5.55
million Ethereum blocks and 4.9 million winning relay bids
from September 2022 to October 2024 and find two builders
produced over 85% of blocks; decomposing the resulting
proposer loss, they show it comes overwhelmingly from
inequality in block-building capacity (5.6-11.5%) rather
than uncompetitive auctions (0.5-1.7%), with daily median
estimated loss reaching 21.2% in 2024 and a few exclusive
order-flow relationships responsible for a third of it. Ma
et al. [222] reach a compatible conclusion analytically:
under order-flow auctions the builder with a competitive
advantage pays less and earns more, concentrating the
builder market while proposer shares evolve as a martingale.
The high-throughput Lls do not run proposer-builder
separation in Ethereum’s form, but they do concentrate
ordering rights in a rotating leader with a sub-second slot
and, on Solana, a dominant off-protocol block-engine and
relay stack. Whether this produces the same capacity-
inequality dynamic is unmeasured.

F. Costs

Throughput collapse under faults is real, measurable,
and measured mostly on research protocols rather than on
deployed L1s. The chained-HotStuff degradation figures
[87], the DAG-BFT attack-success sweep [97], and the
packet-loss comparisons [203] are E1 and E2; none of
the Tier-1 systems has published a fault-injected through-
put curve for its mainnet configuration, and no vendor
throughput claim is accompanied by one. Ordering-bias
and MEYV surfaces specific to DAG ordering are
established at E2 on research implementations of protocols
that Sui and Aptos derive from, with defences that cost
CPU, latency and fault tolerance in quantified amounts.
The hardware and bandwidth floor is documented
indirectly but consistently: the operating points in the
throughput experiments are themselves the evidence, and
the one study that prices cores against throughput [132]
shows the return to hardware is steep enough that a val-
idator’s provisioning determines whether it keeps up. The
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measurable decentralization consequence of that floor
is the weakest link in the chain: the geographic and stake
concentration figures for Solana, Aptos and Sui [92, 216] are
real but do not causally attribute concentration to hardware
requirements, and no study we found measures validator
hardware cost against validator-set composition on any of
the Tier-1 chains. Finally, published throughput claims
are not independently corroborated at the scale
advertised: the two independent Solana measurements
in the literature report roughly 2,812 TPS averaged over
two months of RPC collection [223] and 663 TPS for
a single application-level Rust benchmark [224], both
counting differently and both far below headline figures.
The divergence, as the benchmarking literature has argued
for years [22, 211], reflects the absence of an agreed
measurement definition as much as any property of the
chain.

X. THE CROSS-LAYER TRADE-OFF MATRIX

Collecting the costs documented in the six layer sections
into one table makes two things visible that no single layer
section can show: what kind of cost this generation of
designs actually pays, and how often the cost is paid at a
different layer from the one that provides the benefit. The
matrix holds 200 mechanism-cost pairs over 131 distinct
mechanisms, each row carrying the mechanism, the systems
that deploy it, the advantage claimed, the cost, a cost type,
an evidence grade and a citation. It is the artifact we would
most want a reader to disagree with row by row, which is
why every row names its source.

The evidence profile differs sharply by layer, and the
difference is itself a finding. Ordering costs are the best-
established: 23 of 49 rest on proofs, because latency in
message delays and fault-tolerance thresholds are the kind
of claim a paper can prove, and another 23 on controlled
experiments. Metering costs are similarly proof-heavy for
the opposite reason: 21 of 35 come from mechanism-
design impossibility results rather than from measurement,
because almost nobody has measured a deployed fee market.
Execution and state are where production measurement
concentrates (11 and 7 rows respectively at E3), which is
unsurprising given that conflict rates and state growth can
be read off a public chain without operating a validator.
Across the whole matrix, 37 of 200 cost claims rest on pro-
duction measurement and 9 rest on vendor documentation
with no independent corroboration.

Three patterns recur across layers, and each is a co-
design effect rather than a property of any one mechanism.
The first is that contention converts throughput
into waste, and the waste is charged twice. Optimistic
speculation degrades from a 20-fold to a 9-fold speedup as
contention rises and pays up to 30% overhead on a fully
sequential block; declared access sets, being conservative
supersets of what a transaction touches, leave roughly
8% of transactions in a Solana block independent against
about 63% on Ethereum, with effective parallel width 0.36
against 11.17. The same contention then reappears at the
fee layer, where a priority auction over a parallel engine



TABLE II1
TRADE-OFF MATRIX BY LAYER: MECHANISMS, DOCUMENTED COST ROWS, DOMINANT COST TYPES, EVIDENCE-GRADE MIX, AND ROWS WHOSE COST
LANDS IN A DIFFERENT LAYER.

Layer Mechanisms  Cost rows  Dominant cost types El E2 E3 E4 Cost lands elsewhere

L1 dissemination 13 16 bandwidth (5), memory (2), com- 2 14 0 0 3
plexity (2)

L2 ordering 49 49 latency (8), security (8), complexity 23 23 1 2 8
(7)

L3 execution 13 43 CPU (16), developer burden (8), 8 21 11 3 9
complexity (5)

L4 state 6 24 storage (6), developer burden (3), 2 13 7 2 4
CPU (3)

L5 metering 20 35 economic (17), fairness/MEV (6), 21 5 8 1 3
complexity (4)

L6 robustness 30 33 CPU (7), decentralization (6), fair- 4 18 10 1 3

ness/MEV (5)

prices the attempt rather than the outcome: bot accounts
on Solana fail 58.43% of their transactions against 6.22%
for human-initiated accounts, and the failures still consume
scheduling capacity. A survey that treated execution
and fees separately would report the first number as an
execution limitation and the second as a market-design
observation, and would miss that they are one phenomenon
measured twice.

The second pattern is that latency below three mes-
sage delays is currently bought with fault tolerance,
not with engineering. The fast-BFT cohort trades roughly
thirteen percentage points of Byzantine threshold per
message delay saved, and no such design is in production,
so the trade is attested only by laboratory and simulation
results. Geography sets the floor underneath all of it: inter-
region round trips of 100 to 250 milliseconds across five
independent testbeds mean that a sub-500-millisecond
commit claim implies either a concentrated validator set or
a claim about something other than global commit. This is
the clearest case in the matrix where a performance number
and a decentralization property are the same measurement
read in two directions.

The third pattern is that capacity is bought with
operator cost, and the bill arrives at the layer
nobody surveys. Authenticated state access already
demands more than ten thousand random I/O operations
per hundred-transaction Ethereum block, with 40 to 60-
fold witness overhead per account; scalar gas prices that
permanent cost as a transient one, so 435 GB of persistent
state was added on Base in 2025 against 30 GB on
Ethereum, and one reported configuration degrades a
production chain’s storage path for 39.64 USD over ten
thousand blocks. Each of those is a state-layer or metering-
layer row whose consequence is an L6 hardware floor,
and the link that would close the argument — a study
relating state size or commitment hardware to validator-
set composition on a high-throughput chain — does not
exist in our corpus.

Thirty of the 200 rows have a cost whose type belongs to
a different layer than the mechanism that causes it, under
a conservative assignment that excludes generic cost types
such as complexity and security. That count understates
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the phenomenon, because it only catches costs the source
paper itself named; the three patterns above were assembled
from rows that individually looked like single-layer costs.
It is nonetheless the quantitative form of this survey’s
central claim: a sixth of the documented costs in the high-
performance stack are paid somewhere other than where
they are earned, which is precisely the structure a technique-
first taxonomy cannot represent.

XI. CLAIM PROVENANCE: WHAT THE PUBLISHED
NUMBERS SUPPORT

The throughput and latency figures attached to high-
performance Layer-1 systems circulate without their con-
ditions, and the conditions are what determine whether
two figures can be compared at all. We extracted every
quantitative performance claim we could find in the corpus
and in the grey literature, 299 in total, recording for
each one the system, the metric, the value verbatim,
and whatever the source states about validator count,
geography, hardware, workload, contention and injected
faults. We then checked each extracted figure against
the source text and cleared any condition we could not
corroborate by an adjacency match, so that a validator
count survives in the table only when the number appears
next to a validator, committee, replica or machine term in
the same passage as the figure.

The result is a table in which most numbers are not
comparable to most other numbers. Of the 299 claims, 81
carry three or more stated conditions, 35 carry two, and
183 carry one or none. Ninety-two are numeric throughput
figures; 14 of those have a corroborated validator count, and
6 of the 14 come from the system’s own paper rather than
from a competitor’s related-work paragraph. Attribution is
itself a problem: 78 of the 299 rows are a paper reporting
some other system’s number, which is how a figure obtained
under one testbed configuration propagates into comparison
tables built under another. Nine rows come from industry
and media sources, where advertised peaks and observed
averages appear in the same column.

The incommensurability is structural rather than inci-
dental. Across the ordering-layer literature alone, validator
counts behind headline figures range from four to 106,



machine classes from t3.large to mbd.8xlarge, and
geographic spreads from intra-US to ten regions on four con-
tinents. Throughput itself is reported at two different points
in the pipeline, consensus commit and completed execution,
which diverge in exactly the systems we survey because
ordering and execution are decoupled. Workloads range
from 512-byte no-op payloads to contended application
traffic, and the ratio between them is not a constant: the
whole point of the execution-layer findings is that realized
parallelism depends on the workload’s conflict structure. In-
dependent benchmarking that drives realistic decentralised
applications against real chains found that none of the
six systems tested could support those workloads, and
identified missing experimental conditions as the reason
published results are not reproducible [24]; fault-injection
measurement then shows performance degrading further
once a chain is perturbed [4].

By evidence grade, 183 claims come from laboratory
experiments, 37 from production measurement, 11 from
formal analysis, 10 from simulation, 53 are either asserted
in a paper without an attached experiment or reported by
a vendor or media source, and 5 could not be graded from
the source text. The two grades a reader most wants to
compare, laboratory and mainnet, are also the two whose
gap is least documented per system: for the tier-one chains
we found no case where the same workload definition was
run on a testbed and on mainnet by the same authors.

Three consequences follow for how the field should report
performance, and they are cheap to adopt. A throughput
figure should name the point in the pipeline it measures,
the validator count and geographic spread, the workload’s
conflict structure, and whether any node was faulty;
without the first and third of those, the number is not
interpretable, and without the second it is not reproducible.
A comparison table should not mix attribution classes,
because a competitor’s related-work paragraph is not a
measurement. And a claim that exists only in a whitepaper
should be labelled as a design target, which is how we have
labelled Solana’s and Monad’s core figures throughout this
survey: the absence of an archival description is a fact
about the state of the literature, not a gap to be filled by
quoting documentation as though it were a result.

XII. OPEN PROBLEMS

The gaps worth naming are the ones where a specific,
feasible piece of work would settle a question the field
currently argues about from design documents. Our six
layer sections flagged twenty-one such gaps; they cluster
into five, ordered here by how tractable we judge them to
be.

The chains with the largest deployed throughput
have the thinnest archival description. Solana’s order-
ing layer has no peer-reviewed or preprint characterization:
no source we retrieved establishes its commit latency in
message delays, its guarantee under asynchrony, or its
behaviour under a faulty leader. Its execution runtime
is in the same position, and so are Monad’s execution
engine and state database. This is not a matter of citation
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etiquette. It means the most consequential mechanisms
in production — a declared-access-set scheduler serving
the highest-volume public chain, and an optimistic parallel
EVM whose design targets are quoted throughout the trade-
off literature — are surveyed here through their measured
consequences rather than through any description their
authors have committed to. The tractable version of this
problem is a characterization paper written by anyone,
vendor or academic, that states the guarantees in the terms
the literature uses. A harder version, and the one the field
should want, is an independent measurement study of
a production Solana validator’s account-database access
pattern under load, which does not exist despite Solana
being the system whose performance depends most directly
on it.

Parallel execution and fee mechanisms have not
been reconciled, in theory or in deployment. The
impossibility result is sharp: when resource use is contingent
on execution outcomes, no mechanism eliminates both
user overpayment risk and scheduler revenue risk without
pre-execution or constant fees. It has no independent
corroboration and no deployed counterpart. Meanwhile
the fee markets that are deployed on tier-one chains have
never been measured: Solana’s and Sui’s per-object write-
lock markets are first-price auctions on congested keys, and
no study reports their spillover onto unrelated transactions,
their mispricing, or their welfare effects. Base-fee stability
analysis, likewise, has been carried out only at twelve-
second block times, and whether its convergence thresholds
survive 400-millisecond slots is unknown. A measurement
study of one deployed local fee market would be the single
highest-value empirical contribution available in this area
today.

Fault behaviour is evaluated on research imple-
mentations, never on the deployed configurations.
Every degradation curve in our matrix comes from a
research prototype or a cloud testbed. No fault-injected
throughput curve exists for any tier-one mainnet configu-
ration, and Byzantine-fault evaluation of DAG protocols
is an open question by the field’s own admission, so the
fault-behaviour axis of our ordering taxonomy rests on
crash-fault experiments plus formal Byzantine bounds.
The gap matters because the costs that only appear
under perturbation are precisely the ones absent from
peak-throughput evaluations: the persistent post-recovery
degradation traced to a speculative executor is the kind of
finding that only fault injection produces.

The link between layer choices and decentraliza-
tion is asserted rather than measured. Concentration
measurements exist and hardware measurements exist,
but no study causally relates a validator hardware or
bandwidth floor to validator-set composition on any high-
throughput Layer-1, and no study relates state size or
state-commitment hardware to who can afford to run a
node. Two further pieces are missing: no peer-reviewed
measurement of snapshot or state-sync time exists for
any tier-one system, which is the cost that actually
gates validator entry, and client diversity is unmeasured



outside Ethereum even though Solana’s transition toward
a second independent validator client is an unexploited
natural experiment. Solana’s peer-to-peer layer also cannot
be crawled with standard techniques, so its published
decentralization figures depend on a third-party explorer
and rest on weaker evidence than the equivalent Ethereum
numbers.

Scheduling and storage both lack a shared eval-
uation basis. Optimal conflict-graph scheduling is NP-
hard and inapproximable for homogeneous transactions,
and for heterogeneous transaction lengths the natural
colouring heuristics are not optimal, so the practical
question is which approximation is best on real workloads
— a question no common benchmark currently answers.
Static extraction of read and write hints from contract
logic is assumed by several hint-assisted schedulers and
has not been implemented or evaluated end to end. The
storage layer has the same problem in a sharper form:
every authenticated-structure design is evaluated against a
Merkle Patricia Trie or a Geth baseline on its own hardware
and workload, which makes the published update-rate
figures incomparable. A workload suite with a fixed conflict
structure and a fixed state profile, usable by both scheduler
and storage papers, would let the next five years of results
be compared to each other.

A note on what we are not claiming. Three of these five
clusters are gaps in measurement rather than in mechanism
design, and measurement gaps can close quickly once
someone runs the experiment. We have tried throughout
to distinguish a mechanism whose cost is unknown from
one whose cost is known and unattractive, because the
two call for different responses: the first is an invitation to
instrument a chain, and the second is a design constraint
the next generation of systems will have to engineer around.

APPENDIX A
METHODS, COVERAGE AND LIMITATIONS

A. Search and screening

The corpus was built to the protocol registered before
screening (search_protocol.md): 65 queries across eight
layer groups over OpenAlex and arXiv, a 2019-2026 primary
window with named foundational exceptions, and one
backward and one forward citation step from 46 seed
papers. Retrieval returned 4,916 records (1,889 keyword,
1,452 forward citations, 1,070 backward references, 505
arXiv), 3,663 unique after deduplication. Rule-based crite-
ria removed 2,267 (842 application-domain, 574 off-topic,
841 outside the window or of an excluded type, 10 token
economics). The remaining 1,396 were screened against
the inclusion criteria at title-and-abstract level, yielding a
working corpus of 810 records, 762 with resolvable DOls.
Each layer received a scored shortlist; every layer team
also retrieved beyond its shortlist, and in two cases most
cited work came from the full corpus or from fresh targeted
retrieval rather than from the shortlist.
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B. FEvidence grading

Every cost claim in the trade-off matrix and every
performance figure in the audit carries one of four grades:
El for a proved claim, E2 for a controlled experiment,
E3 for production measurement, E4 for a whitepaper,
documentation, blog or media source. E4 sources are
cited as design statements only. No performance number
is attributed to Solana’s Sealevel runtime, to Monad’s
execution engine or state database, or to Alpenglow,
because no archival description of any of them exists in
the corpus.

C. Access limitations

A material fraction of the venue-of-record literature
could not be read directly: IEEE Xplore, the ACM Dig-
ital Library, ScienceDirect and MDPI are outside this
environment’s network allowlist, and several VLDB and
ACM papers returned no open-access copy. Where an
arXiv counterpart existed we read it and cited the venue
of record; where none existed we cited at abstract-and-
metadata depth and attributed no experimental detail.
Concretely: the ordering lane read six venue-of-record
papers from arXiv counterparts and could not obtain
Sailfish at all, leaving four of its seven taxonomy axes
unasserted; the execution lane could not obtain full text
for roughly twenty publisher-hosted papers, including
Spectrum, Remora, LVMT, ChainKV, MoltDB, Nurgle
and EVMTracer; the metering and robustness lane read 18
of its 66 cited works from abstract and indexed metadata
only. Vendor documentation for the tier-one chains could
not be retrieved directly either, so hardware floors are
reported as the measured operating points of published
experiments rather than as published requirements.

D. Coverage gaps we know about

Tier-2 systems (Sei, Fuel, Linera, MegaETH) yielded
no on-topic execution or state records and are absent
from those sections. Monad appears in the taxonomy
and matrix almost entirely through design documents
and through papers that name it as a target without
measuring it; no independent measurement of Monad was
located. Two on-topic DOIs would not verify and were
therefore not cited, one of them a Sui write-conflict analysis
that is directly relevant to the execution layer. Several
individual findings rest on a single unreplicated source
and are labelled provisional in the text: the Solana-versus-
Ethereum realized-parallelism comparison and Sui’s fast-
path share statistics are the two most load-bearing.

E. Corrections applied during assembly

Two statements from the layer drafts were tightened
at assembly. The characterisation of Solana’s transaction-
failure composition now reports the account-class and
program concentration the source measures, without at-
tributing an economic motive the source does not state.
The description of the Diablo benchmark now reports what



its abstract establishes, that none of the six evaluated
systems supported the realistic application workloads and
that published results generally omit their experimental
conditions, because the full text was not retrievable from
this environment.

F. Verification

The manuscript and tables cite 224 distinct DOIs; all
resolve and none carries a retraction notice, and the
bibliography holds one entry per distinct identifier. 105
resolve through CrossRef with full metadata; the remaining
119 are DataCite-registered identifiers (arXiv, Dagstuhl
LIPIcs, episciences) for which resolution was confirmed and
metadata taken from OpenAlex or the arXiv API. Counts
of DOI strings taken case-sensitively from the prose run
slightly higher, because a handful of identifiers appear in
more than one letter case. Quantitative claims extracted
from full texts were checked against the source text, and
any measurement condition that could not be corroborated
by an adjacency match in the same passage was cleared
from the audit table rather than reported.
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