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Abstract

An application that needs relational tables, a key–
value cache, lexical search and vector search today
runs four systems, each holding its own version of the
same facts, and reconciles them in application code
with dual writes, sagas and background re-indexing.
We describe Hyphae, a local-first data engine in
which one process owns one data directory and runs
all four engines over one catalog, one write-ahead
log, one multi-version snapshot space, one commit
sequence number (csn) and one recovery path. A
transaction that touches SQL, a keyspace structure
and a search document is one commit, not a coordi-
nated sequence: it becomes visible at exactly one csn
in every engine, or in none. We make three claims
and bound each with a receipt. (1) Cost scales with
what a transaction touches, not with what the direc-
tory holds: on dedicated hardware the cross-engine
transaction commits in 1.02 ms at the median against
46.6 ms for the materialized path, and its page reads
(9) and log appends (3) are flat from 1 to 1,024 prior
versions of the same row. (2) The commit proto-
col is model-checked: a TLA+ specification of cross-
engine commit and recovery was exhaustively checked
by TLC (79,063,806 states generated, 43,885,299 dis-
tinct, depth 30) against six invariants, and the run
was reproduced with identical counts. (3) Results can
be proved to a third party who trusts neither the ma-
chine nor the network: eligible reads emit a canon-
ical proof and witness that a verifier re-executes of-
fline against an independently held 32-byte anchor.
We report the engine’s per-engine hot paths against
SQLite, DuckDB, Redis and Tantivy on the same host
and publish where it loses—SQLite’s point read is
11× faster and Tantivy’s durable ingest 41× faster—
because the contribution is the integration, not per-
engine speed. All receipts, harnesses and the formal
model are public.

1 Introduction
The relational database stopped being the only store
a long time ago [28]. A typical application now keeps
its authoritative rows in one system, a denormalized
copy in a key–value cache, a re-indexed copy in a
search engine and an embedded copy in a vector store.
Each system has its own notion of “current”. Noth-
ing outside application code knows that a row, a
cached key, an index entry and an embedding de-
scribe the same object, so the application reconciles
them by hand—dual writes, compensating sagas [10],
change-data-capture pipelines, cache invalidation [14].
Multi-model databases [18] and polystores [8] attack
the query side of this problem; the commit side—one
durable decision that all engines observe at once—
remains the application’s problem.

Hyphae takes the opposite position for the local-
first case: one process, one data directory, and one
commit sequence for every engine. The engines are
not sidecars behind a facade; they share the catalog,
the write-ahead log (WAL) [21], the multi-version root
set, the commit scheduler and a stable object-identifier
namespace. A transaction stages a SQL insert, a struc-
ture mutation and a search document, and commits
once. Readers see all of it at one csn or none of it.

This paper is not a claim that Hyphae is faster than
a specialized engine at that engine’s own hot path. It
is a claim about integration with bounded cost and
verifiable outcomes, and it is deliberately measured
in the way the project’s publication policy requires:
every number below is a receipt bound to an exact
source commit and a named host class, and losses are
printed with the same prominence as wins. Concretely
we contribute:
• A description of the shared substrate (§2) and of

the delta all-engine transaction, whose staging and
commit resolve only the identities a transaction
touches (§2.2).

• A TLA+ model of cross-engine commit and recov-
ery, checked exhaustively by TLC (§3).
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one catalog · one WAL · one MVCC root set
one commit sequence (csn) · one scheduler · one object-ID namespace

a transaction across engines is visible at exactly one csn everywhere, or nowhere

Figure 1: Four engines, one substrate. There is no per-
engine commit path and no internal network hop between
engines.

• Result proofs and witnesses that a third party veri-
fies offline against an externally trusted anchor, un-
der the rule that self-consistency is not trust (§2.3).

• A dedicated-hardware evaluation (§4): the cross-
engine transaction against the materialized path;
flat scaling in version depth; the durability abla-
tion across strict, group and memory classes; hon-
est per-engine comparisons; a document-scale lad-
der to one million documents with a bit-identical
model-scorer oracle; and the crash, isolation and
determinism evidence.

• A statement of what the system is not (§5), because
a bounded engine that fails closed is only useful if
the boundary is documented.

2 Design
2.1 One process, one directory
Hyphae is a Rust engine that opens one data di-
rectory under an exclusive operating-system lock.
Inside it live a bounded relational core, a native
keyspace/structure engine (strings, counters, hashes,
lists, sets, sorted sets, streams, TTL), and a search
engine with lexical (BM25/BM25F [27]) and vector
(exact and HNSW [19]) indexes. Figure 1 shows what
they share. The shared parts are not an integration
layer over independent stores; they are the only stor-
age path any engine has.

Commit sequence. Every committed transaction
is assigned one csn. A snapshot is a csn plus
the set of engine roots published at it. Every read
in every engine—a SQL query, a structure read, a
search—executes against one snapshot and reports its
visible_csn, so cross-engine correlation is a compar-
ison of integers rather than a reconciliation.

Isolation. The engine provides snapshot isolation
with first-committer-wins over logical write identities,
one global commit sequence, and read-your-writes in-
side a transaction. A version [begin_csn, end_csn)

is visible when begin_csn ≤ visible_csn < end_csn;
recovery validates the whole version chain and fails
closed on discontinuities. Serializable execution is not
implemented and must not be implied: predicate and
range conflicts are not detected, so write skew is admis-
sible exactly as in any snapshot-isolation system [25].

Durability classes. A commit selects strict (WAL
append, page synchronization and log synchroniza-
tion before acknowledgement), group (batched syn-
chronization across a cohort of concurrent commits)
or memory (acknowledged without any fsync). An ac-
knowledged memory commit can be lost by a crash
but never torn: recovery drops whole commits from
the volatile WAL suffix only. The class changes when
the acknowledgement is returned, not what is written;
recovery replays the WAL to the last published root
in every class.

Bounded grammar, fail-closed. The relational
core admits a versioned grammar—typed DDL, multi-
row INSERT, exact-primary-key UPDATE/DELETE, in-
dexed SELECT shapes, total and grouped aggre-
gates with HAVING and grouped ORDER BY, DISTINCT,
OFFSET, BETWEEN, one indexed inner-join form, one
materialized CTE form, two window forms. LIMIT
is mandatory on scans. A plan that cannot bind to
an index does not scan; it fails with a typed error.
The same rule holds for search (candidate budgets, at
most 250,000 documents per collection on the shipped
bound) and for structures (bounded pages and scans).
Boundaries are part of the contract, not tuning advice.

2.2 The delta all-engine transaction
The naive way to commit across engines inside one
process is to materialize: load each engine’s complete
state for the touched containers, apply the mutations
and publish. Its cost is proportional to what the direc-
tory holds. The delta all-engine transaction replaces
this with point resolution:
1. Stage. The transaction captures an immutable

snapshot and keeps three private overlays: rela-
tional, keyed by row; structure, keyed by key; lexi-
cal, keyed by (collection, document). Staging reads
resolve only the exact identities the transaction
names, by point reads against the snapshot’s roots.
No unrelated rows, keys or documents are read or
copied.

2. Commit. The commit coordinator re-resolves the
staged identities against the currently admitted
roots, applies the deltas by copy-on-write page mu-
tation, encodes one canonical WAL transaction, ap-
plies the selected durability policy, and publishes
every changed engine root once, under one csn.
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The contract’s invariant is that the number of page
reads and log appends per commit depends on the
touched identities and the tree height, not on the num-
ber of prior versions of those identities nor on the num-
ber of unrelated items in the engines. §4.2 measures
exactly that.

The search manifest. Release 3.0.0 replaced the
last component whose cost grew with the collection:
the per-collection document manifest, previously one
scalar value rewritten on every ingest (16 bytes per
document, i.e. 16 MB per batch at one million docu-
ments), is now a header plus 16 kB chunks keyed by
an immutable floor. Inserts write the header and the
chunks they touch and never rename or delete a chunk
(the delta path has no scalar delete); deletes merge
adjacent chunks under an invariant that bounds the
chunk count to 4 · docs/1024 + 2. Legacy manifests
remain readable forever and upgrade on the first ac-
cepted mutation. This is what made the one-million-
document rung measurable (§4.5).

2.3 Proofs and witnesses
An eligible read (catalog listings and descriptions, ad-
mitted SQL, product reads) can emit two artifacts: a
canonical proof (HYNPRF02) binding the operation, its
result and the snapshot roots, and a witness carrying
the pages needed to re-execute it. A verifier with only
the two files and a 32-byte anchor re-executes the op-
eration under bounded reference semantics and com-
pares the exact result. The anchor must come from an
independently trusted channel: the design rule is that
self-consistency is not trust—a directory that vouches
for itself proves nothing, so the proof format carries
an ExternalTrustedAnchor and the verifier refuses
to run without one. This is the authenticated-data-
structure lineage [20, 16, 32] applied to a local engine:
no outsourced server, but the same asymmetry be-
tween the party that produced a result and the party
asked to believe it.

3 Formal model
The cross-engine commit protocol—staging, admis-
sion against current roots, WAL encoding, root
publication and recovery replay—is specified in
TLA+ [15] as HyphaeCommit.tla and checked with
TLC [31]. The model covers concurrent transac-
tions across the engines, crashes that truncate the
volatile WAL suffix at an arbitrary prefix-closed point,
file-wide fsync, and recovery; memory-durability
commits acknowledge without entering the durable
set, so the model demonstrates rather than hides
that a crash may drop acknowledged memory com-
mits while never splitting one. Six invariants are

checked: TypeOk, Atomicity, StrictDurability,
FirstCommitterWins, VisiblePrefixComplete and
CsnBounded. The exhaustive run recorded in the
2026-08-30 dedicated-hardware receipt (TLC2 2.19,
96 workers, -deadlock because the model has inten-
tional terminal states) generated 79,063,806 states,
43,885,299 of them distinct, to depth 30 in 1 min 41 s
with no violation (“Model checking completed. No er-
ror has been found.”); the 2026-09-03 receipt repeated
the run with identical state counts (1 min 45 s) and
recorded the specification digest (b13cfc83…9728),
which makes the model-checking claim the one result
in this paper in the Reproduced state. The model is
evidence about the protocol as specified, not a proof
of the Rust implementation; fidelity is carried by the
all-engine transaction gate tests and the process-crash
matrix of §4.6. Following industrial experience with
formal methods at scale [23], we treat the specification
as the authority for what “one commit” means.

4 Evaluation
4.1 Methodology and evidence classes
The project distinguishes three environment classes:
class 1 (developer workstations; never quotable),
class 2 (virtualized cloud hosts; quotable only as “vir-
tualized, no latency certification”) and class 3 (dedi-
cated hardware). Comparative claims require class 3.
Every receipt records host, kernel, toolchain, exact
source commit, baseline versions, workload and raw
harness output, and is committed to the repository
under docs/gates/evidence/. Record state is Mea-
sured means one run per phase on one host of the class;
Reproduced means the same quantity was repeated un-
der the public protocol on another machine with the
evidence retained. We label per claim, not per pa-
per (Table 1). Three receipts on this host class exist
eight days apart, each on a different physical machine;
where a code path did not change between them, the
three values are three independent runs and the claim
is Reproduced. Where 3.0.0 changed the path, the fi-
nal value is one run of the final code and the claim
is Measured, with the earlier receipts as context only.
Deltas under 10 % between receipts are not claimed in
either state.

The dedicated host for the release measurement is
an AWS i7i.metal-24xl (bare metal; Intel Xeon
Platinum 8559C, 96 logical CPUs, 755 GiB RAM,
six 3.75 TB local NVMe, ext4 noatime, performance
governor, hypervisor flag absent; Ubuntu 24.04, ker-
nel 7.0.0-1011-aws, rustc 1.96.0; region us-east-2).
Three receipts exist on this host class eight days apart:
8aeb6ea (release 2.2.0, 2026-08-30), 2ff8a4b (3.0.0
candidate, 2026-09-03) and a443c52 (3.0.0 after the
B+tree split fix and the buffer-pool bound, 2026-09-
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Table 1: Record state per claim. “Three receipts” =
8aeb6ea, 2ff8a4b, a443c52, three physical machines of
the class.

claim state

TLC model check: identical state
graph in two receipts

Reproduced

Strict single-SET commit
1.81/1.82/1.82 ms (three re-
ceipts)

Reproduced

UPDATE with fsync per commit
1.75/1.85/1.82 ms

Reproduced

Reopen 7.7/7.7 s at 250k; 34.6/34.5
s at 1M

Reproduced

250k query ladder (bm25 6.2/6.2,
facet 10.6/10.7, phrase 7.3/7.2,
fuzzy 12.0/12.0 ms)

Reproduced

Baseline hot paths (SQLite,
DuckDB, Redis, Tantivy) in all
three receipts

Reproduced

Cross-engine delta transaction 1.02
ms; version-depth sweep

Measured (3.0.0 path)

Embedded GET 2.2 µs; SQL point
read 20.3 µs; lexical query 111 µs

Measured (3.0.0 path)

1M query ladder 23.2–54.2 ms;
buffer-pool comparison

Measured (3.0.0 path)

Scorer equivalence at 1M, bit-
identical

Reproduced (two receipts, two layouts)

Crash matrices (class 2, 2026-08-
02)

Measured, pre-3.0.0

Cross-host byte-identical directory
(engine 1.2.2)

Reproduced (two hosts)

03; the measured tree is commit 0295656 after the
DCO rewrite). Where we quote one number it is
from a443c52 unless stated; the others appear as run-
to-run context. Shipped defaults are used through-
out: 8,192-frame buffer pool, one worker, no gover-
nor. Baselines are pinned: SQLite 3.50.2 (rusqlite
0.37 bundled, WAL, synchronous=FULL), DuckDB
1.5.5 (default durable WAL), Redis 7.0.15 over a Unix
socket with appendonly yes in both always and
everysec postures, and Tantivy; workloads are byte-
identical deterministic corpora shared across engines,
and durability postures are matched like for like where
the baseline offers one.

4.2 The cross-engine transaction
Materialized versus delta. Table 2 reports the
transaction shape 1 INSERT + 1 SET + 1 indexed doc-
ument, memory durability, 2,000 commits, on the two
paths. The delta path commits in 1.02 ms at the me-
dian (1.09 ms at p99) against 46.6 ms (95.8 ms) for the
materialized path—a 46× ratio on this receipt, 49× on
8aeb6ea. The composition rows show where the cost
lives: SQL alone 200 µs, SQL plus structure 371 µs, all
three engines 1.02 ms. Adding the search engine to a
transaction costs about 650 µs on this host; it does not

Table 2: Cross-engine transaction, 1 INSERT + 1 SET
+ 1 indexed document, memory durability, 2,000 commits,
p50/p99. a443c52 §4, earlier receipts as context.

a443c52 2ff8a4b 8aeb6ea

Materialized batch (ms) 46.6 / 95.8 65.0 / 127 55.1 / 101
Delta batch (ms) 1.02 / 1.09 1.10 / 1.16 1.13 / 1.26

SQL only 200 µs 218 205
SQL + structure 371 µs 386 444
SQL + structure + search 1.02 ms 1.07 1.13

1 32 256 1024
0

100

200

prior versions of the same row

de
lta

tx
n

p5
0

(µ
s) total

commit
stage

Figure 2: The cost of a cross-engine commit does not
depend on how many versions of the touched row exist: 9
page reads and 3 appends at every depth. a443c52 §5.

multiply the cost of the other engines.

Flat in version depth. Table 3 is the contract’s in-
variant measured. With 1, 32, 256 or 1,024 prior ver-
sions of the same row the delta transaction costs 194–
202 µs at the median, performs exactly 9 page reads
and 3 WAL appends, and never loads complete state.
Three orders of magnitude of history are invisible to
the commit. With 0, 256 or 4,096 unrelated items per
engine the cost rises from 346 µs to 893 µs: this is tree
height (17→41 page reads), not a scan, and it is 15–
16 % cheaper than on 2ff8a4b because the even leaf
split writes fewer pages per rewritten path (appends
15→11 and 20→14).

Group commit. With eight producers on the delta
path, strict commits run at 1.54 ms p50 and 587/s;
group durability at 3.14 ms p50 and 2,263/s, 3.86× the
strict throughput at twice the latency (256 commits,
standalone smoke).

4.3 Durability ablation and a pub-
lished regression

Table 4 isolates the durability classes on identical
single-SET commits (materialized path, 10,000 com-
mits). Strict costs 4.39 ms at the median, of which
the receipt clocks account for execution 1.58 ms, WAL
append 49 µs, page sync 536 µs and WAL sync 589 µs;
memory durability 3.86 ms; group with eight produc-
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Table 3: Delta-transaction scaling sweeps, CPU 0, median of three runs. a443c52 §5.

prior versions total stage commit reads appends full loads

1 194 µs 32.4 161 9 3 0
32 193 µs 32.4 161 9 3 0

256 202 µs 38.8 163 9 3 0
1,024 201 µs 38.8 162 9 3 0

unrelated items total stage commit reads appends

0 346 µs 34.2 272 17 5
256 676 µs 33.6 577 30 11

4,096 893 µs 51.1 764 41 14

Table 4: Durability classes, identical single-SET com-
mits, materialized path, 10,000 commits, p50. a443c52 §4;
2ff8a4b §5.

class a443c52 2ff8a4b 8aeb6ea

Strict 4.39 ms 35.5 ms 4.98 ms
Memory 3.86 ms 34.2 ms 3.62 ms
Group, 8 producers 12.4 ms 40.4 ms 16.1 ms

ers 12.4 ms per commit but 497 commits/s against
196/s strict.

The middle column is the regression this project
published rather than hid. The 2ff8a4b receipt
showed the same commits at 35.5, 34.2 and 40.4 ms—
seven times slower than the release before—while the
receipt clocks were unchanged. The 31 ms lived out-
side every clock: a B+tree batch-rewrite change had
split overflowing leaves fill-first, producing trees of one-
entry leaves (904 leaves for 4,000 keys where ≤ 21 are
expected), and the complete-state load of the mate-
rialized path was paying for it. The fix splits evenly;
the a443c52 column is the same host class eight hours
later. We include this because it is exactly what the
receipt discipline is for: the number was wrong, the
receipt said so, and the receipt of the fix is bound to
the fixing commit.

4.4 Per-engine hot paths against spe-
cialized baselines

Table 5 places each engine next to the system built for
that workload, on the same host, same run. Hyphae
loses the SQL point read to SQLite by 11× (20.3 µs
vs 1.8 µs), loses durable lexical ingest to Tantivy by
41× (1.12 s vs 27.0 ms per 1,000-document batch) and
lexical query latency by 1.4×, and loses the embed-
ded GET at p99 to Redis over a Unix socket (16.3 µs
vs 9.5 µs) while winning it at p50 (2.2 µs vs 7.9 µs).
Durable writes are the honest cost of copy-on-write
publication plus two synchronizations: an UPDATE
with fsync per commit is 1.75 ms against SQLite’s
21.9 µs (SQLite’s default journal posture does not syn-

chronize the same way; the receipt records both pos-
tures).

The trend across the three receipts is what changed
in 3.0.0: the prepared point read went from 34.0 µs to
20.3 µs (denser leaves, hot path resident in the larger
pool), the embedded GET from 11.1 µs to 2.2 µs, and
the lexical query from 4.09 ms in 2.2.0 to 111 µs—
37×—with Tantivy’s lead shrinking from 50× to 1.4×.
None of these are claims of superiority over the base-
line; they are the cost of running the workload inside
one transactional process, and they are the cost the ap-
plication would otherwise pay in reconciliation code.

4.5 Scale: the document ladder to one
million

The search engine ships with a collection bound of
250,000 documents; the bound moves only when a re-
ceipt exists for the next rung. Table 6 shows the 250k
and 1M rungs on the dedicated host, the latter with
the bound lifted on that host only. After the leaf-split
fix and the 8,192-frame pool, the 1M query ladder
is linear in the document count—bm25 23.2 ms, fil-
tered+facet 42.6 ms, phrase 24.2 ms, fuzzy(1) 54.2 ms,
i.e. 3.3–4.5× the 250k stage for 4× the documents,
where the previous receipt had shown 6.6–8.3×. At
250k nothing moved: the smaller pool already held a
250k query’s segments. The manifest at 1M is 1,952
chunks behind a 39,056-byte header; a controlled com-
parison on the same 1M directory shows the pool
bound alone accounts for 2.3× on the scorer (50.8 ms
to 22.4 ms), and the CPU profile no longer shows page
verification (BLAKE3 and CRC32C, 44 % of samples
before) in the top 40.

Scorer equivalence. The durable posting scorer is
checked against a retained-model reference scorer that
recomputes the ranking from first principles. At one
million documents, on a tree whose physical layout
the split fix had just changed, the two agree on 1,000
ranked hits—identifiers, order and score bits—with
the model taking 3.5 hours and the durable scorer

5



Table 5: Per-engine hot paths on the same host (p50 / p99 unless noted). Losses in colour. a443c52 §1--3.

workload Hyphae baseline

SQL point workload, 1M rows
point SELECT, prepared 20.3 / 36.3 µs SQLite 1.8 / 2.1 µs 11× slower

DuckDB 191 / 235 µs
UPDATE, fsync/commit 1.75 / 2.43 ms SQLite 21.9 / 402 µs slower

DuckDB 915 µs / 1.38 ms
UPDATE, batched ×100 30.6 / 31.4 ms SQLite 724 µs / 4.34 ms slower
load, 1,000-row batches 4.0 /s SQLite 963 /s; DuckDB 13.1 /s slower

Keyspace, 1M keys
GET 2.2 / 16.3 µs Redis UDS 7.9 / 10.8 µs p50 3.6× faster, p99 slower
SET strict vs Redis always 1.81 / 2.53 ms 509 / 910 µs slower
SET no-fsync-ack vs everysec 371 / 404 µs 9.6 / 11.5 µs slower

Lexical, 100k documents
query top-10 111 / 181 µs Tantivy 78.3 / 82.9 µs 1.4× slower
ingest, 1,000-doc durable batch 1.12 / 1.73 s Tantivy 27.0 / 45.7 ms 41× slower

Table 6: Document-cap ladder, fresh NVMe loads, ladders on reopened directories, p50 of 16 samples, limit 10. a443c52
§6.

rung ingest/s vacuum reopen bm25 filt.+facet phrase fuzzy(1)

250k 4,265 13.8 s 7.7 s 6.2 ms 10.6 ms 7.3 ms 12.0 ms
1M 3,638 64.3 s 34.6 s 23.2 ms 42.6 ms 24.2 ms 54.2 ms
ratio 0.85× 4.5× 3.7× 4.0× 3.3× 4.5×

39.5 ms cold and 22 ms warm. This is the fourth rung
(100k, 250k, 1M twice) with bit-identical agreement.
The first bm25 sample after a fresh load remains the
cold-cache outlier (p95 17 s at 1M) and is reported,
not excluded.

4.6 Crash, isolation and determinism
Process crash. The commit path has seven bound-
aries (blob staged, promoted, page appended, page
synchronized, WAL appended, WAL synchronized,
root published). A harness runs one child process per
boundary and kills it with SIGKILL exactly there, then
reopens the directory. The recovered csn sequence is
[⊥,⊥,⊥,⊥, 1, 1, 1]: through page synchronization the
prior state reopens; from WAL append onward the
complete new state reopens; no boundary exposes a
mixed engine state. Four further boundaries cover
checkpoint publication (eleven scenarios in total, all
passed).

Block-layer power loss. The same eleven scenar-
ios were replayed under dm-log-writes [17]: a fresh
ext4 file system over the logging target, the process
killed at each boundary, and the block log replayed
only to the last stable write before mounting, run-
ning recovery and a read-only e2fsck. The recov-
ered sequence differs from the process-kill case at ex-
actly one boundary—[⊥,⊥,⊥,⊥,⊥, 1, 1]—because af-
ter “WAL appended” the page cache held a complete

transaction that stable storage did not; the engine cor-
rectly reopens the prior state. We report this as the
reason the two matrices both exist. Their status is
block-replay-not-physical-device-cut: they are
not evidence of a physical power cut, a device-cache
loss or a tear inside a completed block write.

Both matrices are class 2 (m6i.2xlarge, EBS) and
were recorded on 2026-08-02 against commits 91af0b7
and 0a167bc, a month and the B+tree layout change
before the 3.0.0 source; no crash receipt is bound to
the measured 3.0.0 commits. Process-kill lanes for
group commit, WAL retention, vacuum, blob collec-
tion and migration remain open. This is the largest
gap between what the model says and what the
shipped code has been shown to do.

Isolation and metamorphic checks. Six isolation
properties are proven by gate tests—repeatable reads
from an immutable snapshot, private writes visible in-
transaction, first-committer-wins on overlapping row
writes, a rejected transaction cannot replace a com-
mitted value, disjoint stale write sets rebase and both
commit, committed state survives reopen—and 768
metamorphic comparisons (256 deterministic cases ×
3 rewrite families over a 64-row typed dataset, seed
20260804) return byte-equivalent rows for AND/OR
commutativity, double negation, De Morgan, primary-
key range ordering and CTE identity. Bounded TPC-
C-shaped transactions (eight properties over nine ta-
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ble families) and one admitted TPC-H shape (Q3; the
other 21 are listed with their unsupported feature)
round out the relational evidence. All of these are
labelled “bounded implementation evidence, not pro-
moted into the G2 closure”: they do not claim phan-
tom freedom, lost-update freedom, write-skew free-
dom or any official benchmark result.

Cross-host determinism. Two hosts with differ-
ent distributions, kernels (7.0.12 vs 5.15.0), glibc
(2.43 vs 2.35), CPUs (Xeon Platinum 8358 vs
Xeon 6767P) and Python lines ingested the BEIR
FiQA-2018 corpus (57,638 documents, 648 queries)
through 7,208 windowed ingest/checkpoint/vacuum
cycles. The committed directories are byte-identical:
55,562,927,163 bytes after ingest and 564,961,635
bytes after maintenance, with identical nDCG@10, re-
call@10 and MRR@10 to the digit. This receipt is at
engine 1.2.2 and covers x86-64 only.

Scorer equivalence. See §4.5: four rungs (100k,
250k, 1M twice) on which the durable and reference
scorers agree bit for bit.

5 What Hyphae is not
The engine’s own claims page is the wording authority,
and its non-claims are part of the contract. Hyphae is
not a universal SQL engine: no subqueries, no UNION,
no outer joins, no expression arithmetic; unsupported
shapes fail closed. It is not Redis-compatible: struc-
tures are Valkey-shaped in semantics but there is no
RESP surface. It is not distributed: one process owns
one directory, and multi-process access goes through
the local daemon. It embeds no LLM, no embedding
provider and no cloud service. The collection bound
is 250,000 documents. The performance numbers are
receipts for one host class and one run per phase; they
are not guarantees, and deltas under 10 % between re-
ceipts are noise until a second host says otherwise.

6 Limitations and future work
Table 1 separates what has been reproduced from
what has been measured once. The 3.0.0-specific
paths—the delta transaction, the resident hot paths,
the one-million rung—have one run of the final code;
rerunning the same runbook on the published commit
on a second machine of the class, and on a second CPU
vendor, is the next receipt to produce. aarch64 is un-
measured. The vector branch is under-evaluated rel-
ative to the lexical branch: the roadmap’s remaining
conditions for the 1M bound are ANN consolidation
cost and resident memory at 106 × 768 dimensions,
which the delta path does not yet cover. The syn-

thetic ladder corpus has a pathological one-term-per-
document dictionary and supports cost claims only,
never relevance claims. The crash matrices predate
the 3.0.0 code and are class 2; binding them to the
release commit on dedicated hardware is the next re-
ceipt to produce. The scorer’s fail-open probe con-
structs errors on the hot path (5.5 % of samples); it is
the cheapest next fix. A known 3.0.0 defect mislabels
an all-rejected conditional structure batch as a corrup-
tion error (issue #268); it does not affect durability
or the results here.

7 Related work
Multi-model and polystore systems. Multi-
model databases store several models in one sys-
tem [18]; polystores federate several systems behind
one query interface [8]. Both address querying across
models. Hyphae is narrower and lower: it does not
federate, and its contribution is that the commit is
shared—one WAL transaction, one csn—so the appli-
cation never sees two engines disagree.

Sagas and coordinated writes. Sagas [10] and
the dual-write and change-data-capture patterns [14]
are what applications use when their engines cannot
commit together. They trade atomicity for availability
across processes. In the single-process local-first set-
ting there is no availability to buy; Hyphae removes
the trade.

Transaction processing. WAL, ARIES-style re-
covery [21], MVCC [22, 25] and group commit [11,
5] are classical. Deterministic systems such as
Calvin [29] obtain replayability by fixing the order of
execution; Hyphae fixes the order of publication (the
csn) and obtains cross-host bit-identical directories
from a deterministic commit encoding (§4.6).

Embedded engines. SQLite [9] and DuckDB [26]
are the embedded baselines we measure against, and
each is faster at its own hot path. Redis/Valkey [1, 3]
and Tantivy [2] are the keyspace and lexical baselines.
Purpose-built vector systems [30] optimize a workload
Hyphae runs as one branch of a hybrid query.

Verifiable data. Authenticated data structures [20,
16] and verifiable SQL over outsourced databases [32]
let a client check results from an untrusted server;
ledger databases [4, 6] expose cryptographic history.
Hyphae’s proofs apply the same asymmetry locally,
with the explicit rule that the anchor must come from
outside the directory.

7



Formal methods and testing. TLA+ and TLC
are used industrially to check distributed proto-
cols [23]; we use them on a single-process multi-engine
commit. Crash-consistency testing [24, 17] and isola-
tion checking [7, 13] inform the crash matrices and
litmus receipts in §4.6.

8 Conclusion
A local-first application does not need four systems to
have four capabilities. It needs one commit that all
four engines observe. Hyphae shows that this can be
done with a cost that follows the transaction rather
than the directory, a commit protocol whose meaning
is fixed by a model-checked specification, and results
that a third party can verify without trusting the ma-
chine. It also shows what that costs at the per-engine
hot path, and prints the losses next to the wins. The
receipts, harnesses, model and source are public at
commit 24bce1a [12].
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A Evidence ledger
Every quantity in this manuscript maps
to a receipt file in the Hyphae repository
(docs/gates/evidence/) at source commit
24bce1accdff8d14127797afe6f237a57c1cd4f3,
tag release-v3.0.0-crates. The complete ledger—
each value with its file, section, measured com-
mit, host class and the receipt’s own caveats—is
evidence/ledger.md in the manuscript repository.
Table 7 lists the receipts by section.
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Table 7: Receipts behind each section (repository paths
under docs/gates/evidence/ unless noted).

section receipt(s), measured commit, class

§4.2, §4, §4.4, §4.5 hyphae-3.0-metal-a443c52-2026-09-03.md
(a443c52 = 0295656, class 3);
baseline-i7i-metal-2026-09-03.md
(2ff8a4b, class 3);
baseline-i7i-metal-2026-08-30.md
(8aeb6ea, class 3)

delta contract docs/native/delta-all-engine-transaction-v1.md;
native-delta-all-engine-transaction-linux-2026-08-03.md

§3 docs/formal/README.md; TLC runs in
the 2026-08-30 and 2026-09-03 metal
receipts §1

§4.6 crash native-process-crash-matrix-linux-2026-08-02.md
(91af0b7, class 2);
native-checkpoint-process-crash-linux-2026-08-02.md;
native-block-power-loss-replay-linux-2026-08-02.md
(0a167bc, class 2)

§4.6 isolation native-g2-isolation-litmus.md,
native-g2-metamorphic.md,
native-g2-sqllogictest.md,
native-g2-tpcc.md,
native-g2-tpch.md

§4.6 determinism rag-cross-host-determinism-2026-08-22.md
(engine 1.2.2)

manifest, ladder collection-cap-250k-2026-09-02.md
(c-16, class 2);
collection-manifest-chunked-1m-ladder-2026-09-03.md

proofs docs/native/native-proof-v1.md,
docs/native/native-witness-v1.md

release identity docs/release/receipts/3.0.0.md
wording, classes, non-
claims

docs/product/claims.md
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