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    LICENSE


MIT License

Copyright (c) 2026 Mark Cotner

Permission is hereby granted, free of charge, to any person obtaining a copy
of this software and associated documentation files (the "Software"), to deal
in the Software without restriction, including without limitation the rights
to use, copy, modify, merge, publish, distribute, sublicense, and/or sell
copies of the Software, and to permit persons to whom the Software is
furnished to do so, subject to the following conditions:

The above copyright notice and this permission notice shall be included in all
copies or substantial portions of the Software.

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, EXPRESS OR
IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF MERCHANTABILITY,
FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT. IN NO EVENT SHALL THE
AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR ANY CLAIM, DAMAGES OR OTHER
LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING FROM,
OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE OR OTHER DEALINGS IN THE
SOFTWARE.
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    Performance Audit Plan — Shared-Defect Findings from timeless_logs

Date: 2026-07-18
Status: findings recorded, fixes NOT yet applied. This is the work
plan for the timeless_traces performance branch.
timeless_logs 1.5.0 just went through a full performance overhaul
(branch perf/read-path-and-backpressure; see
timeless_logs/bench/results/2026-07-18_perf_audit_i185.md and
.../2026-07-18_read_path_backpressure_validation.md for the audit,
the fixes, and the validated numbers: durable ingest 227K → 388K
entries/s, query p50 seconds → 3-17ms under load, RSS 32GB → bounded).
timeless_traces (1.3.16) is a copy-and-adapt sibling of timeless_logs
and was scanned for the same defects on 2026-07-18. Verdicts below with
evidence; the fix for each is a port of the corresponding timeless_logs
commit on that branch.
Shares the defect — apply the playbook
	count_total: true default forces full block decompression
(index.ex:932,935). Worse than logs: the overlapping_blocks? check
(index.ex:1134-1158) can escalate collection to :all. Port: default
count_total off on the HTTP query path; per-term entry counts in the
term index (schema migration) for cheap exact totals; honest
early-exit. Logs saw 22x on limit queries, 570x on counts.

	Compactor reads the ENTIRE raw backlog into memory per pass
(compactor.ex:90-106) — OOM hazard once it falls behind — then sorts
it, and compresses sequentially (no Task.async_stream; logs at
least parallelized). Fixed interval + idle backoff only. Port:
bounded passes (entry budget), continuous rescheduling under debt,
parallel chunk compression, adaptive level under pressure.

	No drain-coupled ingest backpressure. Bounded in-flight flushes
exist (buffer.ex:8,129-132) but the pending :queue and the shard +
Index mailboxes are unbounded — the exact holes found in logs
(32GB RSS under overload there). Port the final gauge design and its
three hard-won lessons: producer-side atomics increment BEFORE send,
credit only when the block row is durable in SQLite, and producers
sleep-poll the gauge when over watermark (waiting on a GenServer call
reply is NOT backpressure — the shard hands work downstream faster
than it persists). Include compactor raw-debt in the overload signal.

	Query decompression fans out at full scheduler width
(index.ex:1063,1101,1182), uncoordinated with flush and compaction.
Port: query_concurrency cap (cores/2).

	No hot tail: spans invisible to queries until flush + index
(index.ex:37-47 — subscribers get Registry broadcasts, queries see
only indexed blocks). For traces this is a UX papercut ("where is my
span?"). Port: ETS ordered_set fed at accept, boundary-partitioned
queries (tail serves ts >= boundary, disk serves older — exact union,
no dedup). CRITICAL porting lesson: tail reads must be bounded
(prev/next walks for pages, select-continuation chunks for counts,
select_delete pruning) — the unbounded first version in logs made
everything WORSE (12s p50, 9GB RSS).

	Retention is pressure-unaware (retention.ex:39-67): size-based
deletion can treadmill against a flushing backlog. Port: skip
size/term cleanup while ingest is overloaded; purge the hot tail
range on deletion once the tail exists.

	Term extraction is per-span with no memoization
(index.ex:324-361 extract_span_terms). No regexes (cheaper than
logs was), but service.name, http.method, db.system, kind,
status values repeat massively within a block. Port the
memoize-per-distinct-pair batch extraction — in logs this moved the
durable wall +71% on its own. Also port per-term entry counts while
touching this (feeds fix 1).

	Registry.count_match in the ingest hot path (buffer.ex:237) —
already per-batch (better than logs was), verify it stays hoisted
when porting.


Does NOT share (verified safe)
	Atom exhaustion: uses String.to_existing_atom with fallback
(span.ex:98); attribute keys stay strings. No fix needed.
	Timestamp units: nanoseconds throughout (exporter, OTLP ingest,
filters). No mixed-unit bug. Worth adding the magnitude-normalization
guard at ingest boundaries anyway (inbound units are trusted, not
validated), but low priority.

Traces-specific considerations for the port
	Spans shard by trace_id/service.name (4 shards default — scale with
cores like logs: cores/2 clamped 4..8).
	The trace_index table (trace_id → block_id) and duration-range queries
are extra read paths logs doesn't have — the concurrency cap and
count-fastpath work must cover trace-lookup fan-out (index.ex:1182)
too.
	Hot tail boundary partitioning must use span start_time (ns) and play
nicely with trace-assembly queries (a trace's spans may straddle the
boundary — union is still exact, but trace lookup should query both
sides by trace_id; tail needs a by-trace_id access path or trace
lookups accept tail scan).
	Sequencing: build the OTLP-span workload harness first (adapt
timeless_logs/bench/container_http_workload.exs), capture the
BEFORE numbers, then fix in the same order as logs (read path →
backpressure → compactor → concurrency → hot tail → batch
extraction), validating each against the harness.

Suggested branch name
perf/read-path-and-backpressure (mirror of the logs branch).
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    Rust traces API POC plan

Date: 2026-08-02
Status: Sessions 0–7 complete on poc/rust-telemetry-data-plane; release promotion continues on release/rust-telemetry-data-plane
The cross-signal default-replacement work, including automatic crash-safe
legacy migration and every release-readiness item below, is now governed by
timeless-libsql/docs/2026-08-02_rust_telemetry_data_plane_release_plan.md.
This document remains the immutable traces POC contract and evidence record.
This POC tests the same process boundary that succeeded for logs and metrics:
Rust owns the telemetry HTTP/data plane, while Elixir/Phoenix owns product
state, sessions, dashboards, and cluster administration. It does not build
a new traces storage engine. The existing timeless_traces virtual table in
timeless-libsql remains the only candidate storage/query engine.
The POC is traces-specific. It will be named timeless-traces-api; a unified
three-signal daemon is a decision for after all three signal implementations
show which code is genuinely common.
Boundary under test
OTel SDK / Collector / VictoriaTraces clients       Jaeger UI
                     |                                  |
              OTLP JSON/protobuf                 Jaeger HTTP
                     +---------------+------------------+
                                     v
                          timeless-traces-api
                    parse, bounded admission, query
                    planning, response encoding,
                    cancellation, API telemetry
                                     |
                                     v
                    public timeless-libsql surfaces
                                     |
                                     v
                          traces.db (one owner)

Phoenix / LiveView / TimelessTracesDashboard / Stack
sessions, auth policy, UI state, configuration, cluster administration
                                     |
                         loopback HTTP or Unix socket
                                     v
                          timeless-traces-api
The existing in-process TimelessTraces.Exporter remains the control path
during the POC. A successful daemon gives applications and collectors a
standard OTLP endpoint; it does not require removing the embedded exporter in
the same change.
Lessons carried forward
Keep
	Baseline the real service before server code. Admission is not durable
completion. Pin exact request/response fixtures, completed work, drain, and
current process HWM before changing the boundary.
	Do not reproduce storage for a quick benchmark. The API reaches traces
only through the released extension, its batch format, and public query
surfaces.
	Keep the engine's batching contract. The extension owns the 8,192-span
automatic flush. One accepted OTLP request becomes one established batch
insertion; the API must not add a 1,000-span buffer, compress individual
requests, issue per-span SQL, or turn request boundaries into block
boundaries.
	Fix the lowest reusable layer. Writer fairness, stable query snapshots,
bounded ordered reads, scalar reductions, trace lookup, compaction policy,
and storage telemetry belong in timeless-core/timeless-libsql whenever
direct SQLite/libSQL users benefit.
	Measure protected time and total memory. Logs showed that releasing a
writer guard can fix throughput while whole-result materialization still
consumes gigabytes. Both are release gates.
	Bound result shapes before tuning reader count. ORDER BY ... LIMIT,
scalar counts, and exact filtering removed database-sized logs results.
Reader sweeps only became meaningful afterward.
	Maintenance is a separate workload. Measure ingest with maintenance
deferred, then compaction/retention under load, drain-to-zero, logical
payload, SQLite high-water/reuse, and explicit vacuum separately.
	Concurrency follows evidence. One/two/four/eight readers are measured
again for traces. Two is a provisional correctness default, not an answer
copied from logs or metrics.
	Keep lifecycle ownership explicit. One process owns the database;
graceful SIGTERM drains and flushes, abnormal death is isolated, OTP can
restart the child, and incomplete responses are never partial UI data.
	Keep the POC narrow and honest. No auth implementation, backup UI,
cluster protocol, or generic server framework is allowed to distract from
storage fidelity and the API boundary.

Do not copy blindly
	Logs' level partition and exact substring/count primitives are not trace
query semantics.
	Metrics' PromQL parser, grid/window frames, and 4,096-point series buffers
do not apply to traces.
	The traces reader count, query mix, memory profile, and maintenance cadence
need their own measurements.
	A trace search returns traces assembled from spans; applying a span limit
before grouping is not automatically the same as a Jaeger trace limit.

Current reality and the first blocking gap
The current Elixir product and the current extension do not yet store the same
span shape.
	capability	current timeless_traces product	current libSQL vtab
	IDs	trace/span/parent hex strings	packed BLOBs, hex accepted at input
	core fields	name, kind, start/end/duration, status	name, service, kind, start/duration, status
	span attributes	typed map	flat JSON converted to string pairs
	status description	preserved	absent
	events	preserved and rendered as Jaeger logs	absent
	resource attributes	preserved and used for processes/service	absent except explicit service
	instrumentation scope	preserved	absent
	trace lookup	packed trace index in SQLite	packed _trace_blocks index
	ingest threshold	product default 1,000 spans / 1 second	fixed 8,192 spans
	ingest batch	Elixir maps through buffer/shards	public columnar batch v0
	compression	OpenZL/zstd block files	status-pure timeless codec blocks
	transactions/recovery	product block/index protocol	SQLite transactions and recovery

The extension already has the right skeleton: public batch ingest, an 8,192
automatic flush, buffered visibility, status-pure blocks, a packed trace index,
term and time-range pruning, retention, transactions/savepoints, crash-tested
recovery, and timeless_trace_buckets. It also has measured direct ingest near
1M spans/s and 37.4 bytes/span on the hostile 960K-span fixture.
However, an HTTP server over the current ten-column vtab would silently lose
status descriptions, events, resources, scope, and attribute value types. That
would make a fast benchmark meaningless. Session 1 closes this fidelity gap
before the server accepts OTLP.
OTLP fields the current Elixir product already ignores or does not expose—such
as links, trace state, flags, schema URLs, and dropped-count fields—must be
listed explicitly in the Session 0 compatibility inventory. The POC may retain
the current behavior, but it may not silently claim full OTLP conformance.
Fixed storage and API contracts
	CREATE VIRTUAL TABLE traces USING timeless_traces remains the storage
boundary. The server may not create a parallel block/index implementation.
	The extension's 8,192-span automatic flush remains authoritative. Explicit
flush, optimize, prune, buffered visibility, transactions, and restart
behavior remain public SQL contracts.
	OTLP JSON, OTLP protobuf, protobuf gzip, the 10 MiB request cap, and the
current Jaeger routes are in scope because the existing HTTP service exposes
them today.
	Trace/span/parent IDs, nanosecond timestamps, duration, kind, status, status
description, typed attributes, events, resource, and instrumentation scope
must survive ingest, flush, optimize, reopen, query, and Jaeger rendering.
	One HTTP request is parsed once, encoded once into a versioned columnar batch,
and admitted once to a bounded writer. No per-span SQL path is a production
benchmark path.
	One ordered SQLite writer owns mutations. Reads use a bounded configurable
pool. The API reports admission, completion, failure, queue depth/age, and
drain independently.
	The Rust process is the sole owner of its traces.db. Controls use separate
fresh data directories/databases.
	API cancellation must stop host work and SQLite work, clear progress state,
and leave the reader reusable.
	Every optimization is additive and independently keep/reject measurable.
Exactness beats a favorable benchmark.

Compatibility surface to pin
Ingest
	POST /insert/opentelemetry/v1/traces	OTLP JSON;
	OTLP protobuf;
	gzip-compressed protobuf;
	nested resource/scope/span/event attributes;
	root and child spans;
	all five span kinds and three status values;
	empty requests, malformed payloads, invalid IDs/timestamps, partial input,
wrong content type, oversized body, and decompression failure;
	exact ExportTraceServiceResponse/JSON status and body semantics.



Query
	GET /select/jaeger/api/services
	GET /select/jaeger/api/services/:service/operations
	GET /select/jaeger/api/traces/:trace_id
	GET /select/jaeger/api/traces with service, operation, start/end, limit,
minDuration, and maxDuration
	GET /health
	the completion-aware flush barrier

Backup is inventoried in Session 0 but remains outside the POC implementation
unless a release-readiness decision pulls it forward.
Measurement contract
Every comparison uses deterministic OTLP bodies and query sequences and
records:
	offered, admitted, and SQLite-completed spans/s;
	admitted/completed/failed requests and spans;
	queued/in-flight batches, spans, and body bytes; oldest queue age;
	parse, protobuf/gzip decode, batch encode, admission wait, writer queue wait,
SQLite statement, transaction, and flush time;
	write and query p50/p95/p99 by route and query shape;
	candidate blocks, trace-index rows, payload blocks read, decoded spans,
matched spans, returned traces/spans, frame bytes, and response bytes;
	read-permit wait/hold time, writer wait/timeouts, cancellation, and retries;
	raw/compressed blocks, logical payload bytes, SQLite file/WAL/SHM bytes,
freelist/high-water behavior, and bytes/span;
	compaction input/output/rewrite amplification, duration, backlog, prune work,
and ingest pause;
	Linux process VmHWM and final VmRSS;
	exact decoded HTTP parity plus storage-oracle parity after flush, optimize,
reopen, and crash; and
	graceful drain time with final queue/in-flight 0/0.

The pinned matrix includes:
	direct extension batch ingest, no queries;
	current Elixir API/block-store control with zero/one/two query workers;
	Rust API/libSQL with zero/one/two query workers;
	every individual read shape on fixed seeded data;
	maintenance deferred and maintenance under load;
	one/two/four/eight reader sweep after query fixes; and
	final drain, graceful restart, kill-9 recovery, file reuse, and HWM.

The Elixir product/block store is the primary process-boundary control because
timeless_traces does not currently have an Elixir+libSQL engine. Direct
extension measurements isolate storage capability; they are not substituted
for the HTTP control.
Session 0 — Pin the real control and compatibility contract
	[x] Add one black-box data-plane fixture for both the current Elixir HTTPservice and the future Rust server.

	[x] Pin rich OTLP JSON, protobuf, and gzip ingest, including the fields thecurrent extension cannot yet preserve.

	[x] Pin decoded Jaeger services, operations, trace lookup, and trace-searchresponses; record intentional ordering normalization separately from
semantic equality.

	[x] Inventory current OTLP fields and Jaeger parameters as preserved,normalized, rejected, or ignored. Do not label the subset “compatible”
without this table.

	[x] Make container_http_workload.exs deterministic and completion-aware.Stop reporting a successful HTTP response as durable span throughput.

	[x] Add additive control health/flush counters needed to observe admitted,completed, queued, in-flight, rejected, and drained work.

	[x] Capture current Elixir zero/one/two-query baselines with maintenancedeferred, every query-shape p95/p99, storage size, and HWM.

	[x] Capture direct extension v0 batch ingest and the currently supportedten-column query shapes on the same core-span subset.


Artifacts:
	test/data_plane_contract_test.exs in timeless_traces;
	a deterministic completion-aware workload under bench/;
	bench/results/2026-08-02_traces_api_session0.md; and
	a checked compatibility inventory in that result.

Exit criterion: satisfied. The current API/storage result is executable and
exact, and no subsequent Rust number can confuse admission, durability, or
lost span fields. Results are recorded in
bench/results/2026-08-02_traces_api_session0.md.
Session 1 — Close libSQL span-fidelity parity
	[x] Extend the public vtab schema additively for status description, events,resource attributes, and instrumentation scope. Preserve typed JSON
values; do not hide them in a server-private blob.

	[x] Decide and document the current product behavior for OTLP links and otherpresently ignored fields before changing it.

	[x] Add a versioned traces batch revision for the rich span shape whilekeeping batch v0 and existing block generations readable.

	[x] Evolve the span codec compatibly. Old blocks return documented defaults;new blocks survive optimize and reopen without lossy conversion.

	[x] Derive/index service.name consistently from resource/span attributeswhile retaining the explicit public `service` query column.

	[x] Preserve typed attribute/resource/event values through SQL JSON text,batch ingest, compression, and Jaeger tag/log encoding.

	[x] Add row-versus-batch, buffer-threshold, transaction/savepoint/rollback,flush, optimize, prune, reopen, corruption, and crash regressions.

	[x] Extend the randomized plain-table oracle with rich spans and comparesemantic JSON values, packed IDs, timestamps, and all query families.

	[x] Measure storage and direct ingest regressions against the existing v0core-span fixture. Record an honest size cost for fidelity.


Exit criterion: satisfied. One hundred percent of the Session 0 rich fixture
survives direct SQLite/libSQL ingest and cold reopen, with backward
compatibility and no server code, in timeless-libsql commits 368e204 and
2176321. Results, including direct v0/v1 storage, ingest, query tails, HWM,
compatibility, and crash evidence, are recorded in
bench/results/2026-08-02_traces_api_session1.md.
The exact supported and unsupported OTLP field inventory is in
docs/2026-08-02_trace_fidelity_contract.md.
Session 2 — Build the descriptive Rust server shell
	[x] Add poc/timeless-traces-api; do not create timeless-api or sharemetrics/logs route modules prematurely.

	[x] Load the extension, create/connect one traces vtab, and use the samevtab arguments/retention contract as direct callers.

	[x] Start one ordered writer and a configurable bounded reader pool, with tworeaders only as a provisional correctness default.

	[x] Add a bounded command queue and exact request/span/body watermarks.
	[x] Add liveness, readiness, stats, and completion-aware flush endpoints.
	[x] Acquire an owner lease before SQLite, reject a second owner, and expose aclear capability/version mismatch before accepting traffic.

	[x] Handle SIGINT/SIGTERM through stop-admission, drain, flush,checkpoint, and child exit. Keep kill-9 semantics honest: flushed data is
durable; the admitted unflushed tail may be lost but must never corrupt.

	[x] Pin oversized-body pre-admission rejection, queue saturation, shutdown,restart, and cold reopen with extension-backed tests.


Exit criterion: satisfied. The traces-specific binary owns lifecycle and
durability before OTLP or Jaeger implementation, and every test reaches the
public extension rather than benchmark-only storage. Evidence is recorded in
bench/results/2026-08-02_traces_api_session2.md.
Session 3 — OTLP JSON/protobuf ingest through the public batch
	[x] Implement OTLP JSON, protobuf, and gzip parsing with the pinned Session 0validation and response behavior.

	[x] Enforce the 10 MiB limit before admission and a decompressed-size limitfor gzip so compressed bodies cannot bypass memory bounds.

	[x] Parse one complete request, encode one rich columnar batch, and executeone hidden-column insert. Keep the extension's 8,192-span flush intact.

	[x] Return the current ExportTraceServiceResponse shape and exact accepted/rejected accounting; never silently accept data the writer later loses.

	[x] Prove root/child IDs, all kinds/statuses, typed attributes, events,resources, scope, status description, timestamps, and malformed bodies.

	[x] Run direct-extension, Rust HTTP, and Elixir control no-query comparisons,including parser/batch/SQLite phase attribution, queue drain, storage,
and HWM.


Exit criterion: satisfied. All three wire encodings persist the exact rich
fixture after flush/reopen with bounded raw/decompressed bodies, one public
batch statement per request, no per-span SQL, and a 200 that covers SQLite
completion. Results are recorded in
bench/results/2026-08-02_traces_api_session3.md.
Session 4 — Jaeger discovery, trace lookup, and search parity
	[x] Implement services, operations, trace-by-ID, and trace-search routes withthe pinned Jaeger envelopes and time/duration unit conversions.

	[x] Assemble complete traces across block boundaries with deterministic spanorder and exact parent/resource/process/event/status rendering.

	[x] Define whether limit counts traces or spans. Match the establishedproduct contract first, then document any standards correction as an
explicit compatibility change.

	[x] Use only public extension surfaces. Add a reusable discovery/trace queryprimitive first if raw vtab rows or shadow-table knowledge would leak
into the API.

	[x] Add per-request cancellation with a scoped SQLite progress handler andhost-loop checks; prove the same reader is reusable after cancellation.

	[x] Differential-test every route against the Session 0 fixture beforetiming fixed exact, selective, fan-out, duration, discovery, and full
trace shapes.


Exit criterion: satisfied. Every declared Jaeger route is socket-to-response
Rust and matches the pinned Session 0 semantic oracle. The established span-
limit-before-grouping behavior remains explicit, malformed duration/negative
limit input is a visible 400, and dropped requests interrupt extension work
and leave the same reader reusable. Results are recorded in
bench/results/2026-08-02_traces_api_session4.md.
Session 5 — Reusable read-path and memory acceleration
Apply changes only when Session 4 counters identify the work:
	[x] Port the logs stable-snapshot pattern to traces: capture candidate blocklocations and buffer generation under the transition guard, then release
the guard before safe payload reads, decode, filtering, and JSON work.

	[x] Teach traces xBestIndex/engine queries exact`ORDER BY start_ts ASC|DESC LIMIT/OFFSET` intent where SQLite rechecks
cannot invalidate the bounded prefix.

	[x] Prevent whole-result materialization in the traces cursor. Stream blocksor return a versioned packed frame; reject any design retaining
database-sized payload/result copies.

	[x] Add native trace-search, duration/attribute filtering, scalar count, ordiscovery primitives only for measured expensive shapes and expose them
to direct SQLite/libSQL users.

	[x] Evaluate per-block duration aggregates for bucket/overview queries onlyif the existing decode-bound `timeless_trace_buckets` path is material.

	[x] Preserve writer fairness already shared from logs and prove forcedflush/optimize/prune publication interleavings remain exact.

	[x] Repeat isolated shapes and mixed one/two-query workloads after eachchange; keep or revert independently.


Exit criterion: satisfied. The public traces cursor streams one block at a
time, exact ordered limits retain only LIMIT + OFFSET, discovery is metadata-
native, duration filters run inside the engine, and exact bucket percentiles
retain duration vectors rather than rich span rowsets. Stable snapshots release
the writer gate before decode/JSON CPU. Fixed 800K read time fell 5.42× and HWM
fell 70.88%; a 0/1/2-query mixed run sustained 326K/328K/318K durable spans/s.
Per-block duration aggregates were rejected because the measured API duration
shape still requires exact row filtering and the public bucket contract also
requires per-service error counts plus exact p50/p95/p99. Results are recorded
in bench/results/2026-08-02_traces_api_session5.md.
Session 6 — Elixir control-plane seam and process isolation
	[x] Reuse the proven metrics OTP child lifecycle mechanics, but keep atraces-specific HTTP client/data source.

	[x] Decide after three signals whether the identical executable supervisioncode should become a small shared `TelemetryDataPlane.Process`; do not
merge signal-specific clients or route semantics.

	[x] Switch one real TimelessTracesDashboard historical search and onetrace-detail lookup behind an opt-in data-plane source. Keep dashboard
session/state/rendering in Phoenix.

	[x] Make a complete response all-or-error; invalid JSON, truncated bodies,disconnects, and child restarts never become partial trace waterfalls.

	[x] Force SIGKILL, prove OTP restart without a BEAM/dashboard crash, andrecover the exact flushed trace. Prove normal OTP shutdown sends
`SIGTERM`, drains, flushes, reaps the child, and leaves no orphan.

	[x] Keep live tail, alerts, backup UI, token policy, and cluster state out ofthis POC seam unless a historical-query integration cannot be tested
without them.


Exit criterion: satisfied. The real LiveDashboard Page search and trace-detail
callbacks cross an opt-in, lossless native HTTP surface while Phoenix retains
state/rendering and all deferred concerns. Complete-response regressions reject
invalid/truncated/disconnected data atomically. SIGKILL restarted in 20.089
ms with the exact flushed trace; normal OTP stop flushed an admitted tail,
reaped the OS child, and reopened exactly. The supervised endpoint added 12 us
at p95 and the OTP owner used 109,304 bytes. Results are recorded in
bench/results/2026-08-02_traces_api_session6.md.
Session 7 — Scheduling, maintenance, and final verdict
	[x] Sweep one/two/four/eight readers after functional/query fixes.
	[x] Run zero/one/two-query workloads, every included read shape,maintenance under load, final drain, HWM, and fixed response parity.

	[x] Measure raw compression and compressed merging separately. Reuse thelogs size-tiered/budgeted optimize policy only if traces currently shows
rewrite amplification; do not assume it does.

	[x] Exercise real expiration, SQLite page high-water/reuse, WAL checkpoint,and explicit offline vacuum separately. Do not call logical optimize a
physical shrink.

	[x] Add API admission fairness or host transaction grouping only if queue,writer-wait, and completion evidence identifies a real problem.

	[x] Compare final Rust API/libSQL with the current Elixir API/block store anddirect extension on the same host. Preserve honest cases where the
existing block engine or a plain index wins.

	[x] Run the full traces/dashboard suites, Rust workspace/Clippy, extensionSQL/CLI/oracle/crash suite, rich-span contracts, HTTP fixtures,
cancellation, owner lease, and child-restart gates.

	[x] Record keep/reject, measured reader default, declared API subset, and theexact next product/release boundary.


Exit criterion: satisfied. The process boundary is kept based on exact field
and wire compatibility, durable completed work, bounded tails/memory,
operational isolation, and honest physical storage behavior. Measurements,
keep/reject decisions, and the exact promotion boundary are recorded in
bench/results/2026-08-02_traces_api_session7.md.
Explicitly deferred from the POC
	authentication/token management and tenant policy;
	TLS termination and public-network exposure;
	backup/restore product workflow;
	remote libSQL replication, cluster membership, routing, and failover;
	live-tail transport across the process boundary;
	a unified metrics/logs/traces daemon or generic route framework;
	changing the default timeless_traces storage path;
	automatic vacuum policy; and
	OTLP/Jaeger features the current product does not support, unless Session 0
classifies one as a correctness requirement rather than product expansion.

Release readiness beyond authentication
Authentication is necessary for a network-reachable daemon, but it is not the
only remaining release work. Release scope matters.
Extension improvements
Reusable timeless-core/timeless-libsql fixes from the logs and metrics POCs
can ship independently of the daemons. They already run the workspace,
SQL/CLI, randomized oracle, transaction/savepoint, and kill-9 crash suites.
They still need the normal version/changelog/artifact release process, but do
not need to wait for a unified API server.
Opt-in local daemon preview
Before publishing the Rust API binaries as an experimental loopback/Unix-
socket option, complete these gates in addition to auth:
	Promote and package the binaries. Move supported crates out of poc/
or otherwise make them first-class workspace/release artifacts; assign
versions, lock dependency policy, build Linux/macOS artifacts, and publish
checksums/SBOM/license notices.
	Version the server/extension contract. Add an explicit capability and
minimum-version handshake so a newer binary cannot accept traffic against
an incompatible extension. Define additive database-schema migrations and
downgrade behavior.
	Finish process ownership for every released signal. Metrics has an OTP
supervision proof; logs does not yet have the equivalent product seam.
Standardize readiness, owner fencing, graceful drain, abnormal restart,
child reaping, and configuration validation.
	Declare the supported API surface. Logs and metrics POCs intentionally
implement subsets; metrics still lacks full PromQL and product endpoints.
A preview may expose a documented subset, but every unsupported route must
be explicit and must not silently fall back across the process boundary.
	Provide backup/restore and upgrade drills. Define a consistent SQLite/
libSQL backup, restore verification, WAL/checkpoint behavior, and recovery
from an interrupted upgrade. For existing users, document whether preview
starts with a fresh database or provides an importer.
	Run production fault and soak gates. Sustained mixed load across
maintenance intervals; slow/disconnected clients; cancellation storms;
disk-full/read-only filesystems; WAL growth; corrupt blocks; port/address
conflicts; repeated crash/restart; file-descriptor pressure; and bounded
RSS over hours, not only short ramps.
	Expose operational observability. Separate liveness/readiness, stable
machine-readable stats, structured logs, queue/maintenance/error counters,
build/version identity, and actionable failure messages. Define initial
SLOs and alert thresholds.
	Choose the local transport/security envelope. Prefer loopback or Unix
sockets by default. If binding beyond loopback, add auth, secret rotation,
request identity/audit, rate limits, and a documented TLS termination model
before calling it supported.
	Document resource and data limits. Maximum body, decompressed body,
query resolution/rows/cardinality, concurrent reads, queue bytes, disk
retention, and response size must fail predictably rather than depend on
host memory.
	Exercise installation and clean removal. Phoenix/Stack configuration,
executable/extension discovery, writable paths, service startup order,
upgrades, rollback, and uninstall must work without hand-editing build
paths.

With those gates, a single-node, single-tenant, loopback-only experimental
preview is reasonable even if the API subset is intentionally narrow.
Default production replacement
Making the Rust data plane the default requires additional product decisions:
	migration/import from existing metrics, logs, and traces data stores;
	full required Prometheus/Victoria/Jaeger/OTLP compatibility or a versioned
compatibility statement accepted as the product contract;
	cluster ownership, routing, fencing, failover, replication, and backup
coordination administered by Phoenix;
	tenant isolation and quotas if one daemon/database serves more than one
application or organization;
	rolling upgrade and mixed-version behavior; and
	a common packaging/configuration story across all three signal processes.

The practical release sequence is therefore:
	ship reusable extension improvements;
	finish the traces POC and extract supported daemon crates;
	release an opt-in local single-node preview after the preview gates;
	add auth/token management and the remaining operational/product work; and
	change defaults only after migration and cluster behavior are proven.

Tomorrow's starting point
Begin with Session 0 only. Do not create timeless-traces-api until the rich
OTLP fixture, current durable baseline, and field-loss matrix are checked in.
The first implementation session after that is extension fidelity, not HTTP.
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    Rust traces storage fidelity contract

The release stores the rich span model exposed by TimelessTraces. This is a
contract for the fields the product persists, not a claim that every OTLP wire
field is retained.
Preserved exactly
	trace ID, span ID, and parent span ID (including root-vs-child identity);
	name, kind, start/end timestamps, duration, status, and status message;
	typed span attributes;
	events, event timestamps, and typed event attributes;
	typed resource attributes;
	instrumentation scope name and version; and
	service identity derived from resource/span attributes while retaining the
explicit service query column.

These fields are covered by the rich JSON/protobuf ingest, flush, optimize,
reopen, migration, and Jaeger contract tests. Conversion must copy them; it
must never replace an unavailable value with an empty string, zero, or empty
map.
Not part of the stored model
The current TimelessTraces schema does not retain OTLP links, tracestate,
trace flags, remote-parent state, schema URLs, or dropped-count metadata.
Those fields are not represented in query or migration results. The release
therefore documents them as unsupported storage features; their absence is not
reported as successful preservation and no values are synthesized during
conversion.
Adding any of these fields is a separate additive schema/API change requiring
new ingest, cold-reopen, query, Jaeger/OTLP, backup, migration, and rollback
regressions before it can be advertised.
Compatibility rule
Legacy rows are immutable conversion input. A conversion that cannot validate
the preserved fields fails closed and leaves the legacy store usable by the
previous release. Post-cutover semantic queries must match the supported field
inventory above exactly.
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    Block IDs Are Not Durable Across Restarts

Summary
Block IDs come from System.unique_integer([:positive, :monotonic]), which is
a per-VM counter that restarts near zero on every boot. Block filenames and
the blocks primary key are both derived from it, so each restart replays low
IDs and overwrites the previous run's blocks — on disk and in the index.
This affects raw, zstd, and openzl blocks identically. It is not a
compression-format problem.
Found while investigating the 2026-08-09 timelessmetrics.com incident.
Mechanism
lib/timeless_traces/writer.ex:43 and :83, outside the format case and so
common to every format:
block_id = System.unique_integer([:positive, :monotonic])
filename = "#{String.pad_leading(Integer.to_string(block_id), 12, "0")}.#{ext}"
file_path = Path.expand(Path.join([data_dir, "blocks", filename]))
System.unique_integer/1 is documented as unique within a running VM. It
carries no cross-restart guarantee. After a restart the sequence begins again
at small positive integers.
Two things then collide:
	The file. File.write(file_path, data) truncates and overwrites any
block file already carrying that name from an earlier run.
	The index row. lib/timeless_traces/index.ex:718 and :1050 use
INSERT OR REPLACE INTO blocks (block_id, ...), so the new row silently
replaces the old block's row. The previous file, if it survived under a
different name, is orphaned with nothing pointing at it.

Production Evidence
On tweb, /observability/spans:
	Measure	Count
	Files in blocks/	1,934
	Zero-byte files	1,748
	Non-zero .ozl files	21
	Rows in the blocks index	5

The index referenced blocks 660, 709, 710, 711, 712. Minutes later the same
running system held files 742, 767, 768, 769, 770 — with byte sizes matching
the index rows exactly (92011, 82790, 81050, 84070). The same spans, rewritten
under fresh IDs after a restart, orphaning the previous generation.
The container had restarted 26,769 times between 2026-07-02 and 2026-08-09
under a memory-pressure crash loop. That is the multiplier that turned this
defect into ~1,700 orphaned files.
Zero-Byte Files
Most plausible cause is a block file created and then lost before its contents
were durably written, repeated across thousands of OOM-killed restarts. This is
consistent with the evidence but has not been directly confirmed — no write
path was instrumented. Treat it as a hypothesis.
What is confirmed: those files are not referenced by the index, so they are
orphans, not live data at risk.
Impact
	Silent data loss. Blocks written before a restart can be destroyed by
blocks written after it, with no error surfaced.
	Unbounded orphan accumulation. Files that lose their index row are never
collected; blocks/ grew to 1,934 files backing 5 live rows.
	Misleading scale. blocks/ looks like ~40 MB of trace history. Live,
index-referenced data is ~410 KB across 5 blocks (9,501 spans). Any recovery
or migration effort sized against the directory is sized against orphans.

Fix Direction
The durable-identity options, cheapest first:
	Derive the ID from something durable — a persisted counter, the index's
own AUTOINCREMENT, or a monotonic clock component plus a random suffix.
Any of these removes the cross-restart collision.
	Refuse to overwrite. Writing a block whose target path already exists
should be an error, not a silent truncation. This turns a silent loss into a
loud one even if the ID scheme regresses later.
	Reconcile orphans on startup — report (do not auto-delete) block files
with no index row, so the condition is visible.

The libSQL engine removes this class of bug structurally: a single database has
no per-block file identity to collide. That makes the migration the real fix,
and items 1–2 above worth doing only to protect stores that have not migrated
yet.
Caveat
created_at on all five surviving rows decodes to 1970-01-01 00:00:01, which
suggests a separate unit mismatch between what is written and how it is read
(index.ex writes System.system_time(:second); the read path divides by
1e9). Not investigated further — noted so it is not mistaken for evidence about
block age.
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    Legacy Migration Reports Version Incompatibility as Data Corruption

Summary
When the legacy-to-libSQL migration meets a block it cannot decode, it reports
state: :corruption regardless of why. A block written by an older, no longer
readable compression library is indistinguishable in the output from a block
whose bytes are damaged.
In the 2026-08-09 timelessmetrics.com incident this sent the investigation
after disk corruption that did not exist. The real cause was an ex_openzl
format break (see
ex_openzl/docs/2026-08-09_openzl_0_2_0_frame_incompatibility.md).
The Failure Path
Writer.decompress_block(data, :openzl)          writer.ex:142
  rescue e -> Logger.warning(...)               writer.ex:149   <-- detail logged
             {:error, :corrupt_block}           writer.ex:150   <-- detail DISCARDED
    |
LegacyReader.decode_block/2                     legacy_reader.ex:395
    |
ReleaseStartup.validate_legacy_pages/4          release_startup.ex:513
  {:error, "legacy traces payload validation failed: :corrupt_block"}
    |
ReleaseStartup.classify_legacy_error/1          release_startup.ex:530
  String.contains?(reason, "unsupported") -> :incompatible_version
  otherwise                               -> :corruption
There are two independent defects here.
1. The reason is destroyed before it can be classified.
decompress_block/2 rescues the underlying error, logs it, and returns the
bare atom :corrupt_block. Everything OpenZL said about why — including
whether the frame was well-formed — is gone by the time classification runs.
This is the load-bearing defect. Editing classify_legacy_error/1 alone
changes nothing, because the string it inspects can never contain the decoder's
explanation.
2. Classification keys on a substring that never appears.
classify_legacy_error/1 returns :incompatible_version only when the reason
contains "unsupported". OpenZL's own wording for a version mismatch is
"Corruption detected", so even with the detail preserved, the current
heuristic would still answer :corruption.
Why This Matters Beyond Cosmetics
:corruption and :incompatible_version imply opposite operator responses.
Corruption means the bytes are lost and the operator should restore from
backup. Incompatible version means the bytes are intact and need a different
reader. Reporting the first when the second is true sends operators toward
destructive recovery for data that was never damaged.
Both states are dead ends in run_detected/3 (release_startup.ex:171), so
today the distinction changes no control flow. It is purely diagnostic — which
is precisely why it must be accurate.
The Discriminator
The obvious discriminators were tried first and both failed measurement:
	format_version is 24 for legacy 0.1.x frames and for frames written
by the current build. The field does not move across this break.
	"does frame_info/1 still parse it?" is not sufficient either. A frame
with 64 payload bytes overwritten, and a frame truncated to a third of its
length, both still introspect cleanly. Classifying on introspection alone
reported those as a version problem — which is worse than the bug being
fixed, because it tells an operator that genuinely lost data is fine.

What does separate the cases is the error class. OpenZL checksums the
compressed payload, so damage announces itself:
	Input	decoder error class	verdict
	Legacy 0.1.x block	streams to regenerate / Graph inconsistency	unreadable format
	Payload overwritten	Compressed checksum mismatch	corruption
	Truncated	Source size too small	corruption
	Not an OpenZL frame	frame_info itself fails	corruption

A topology error means the container parsed but the compression graph inside it
could not be interpreted — that is what an older OpenZL's output looks like to a
newer decoder.
The implementation is an allowlist: only positively recognised topology
signatures become :incompatible_format, and every other failure keeps the
historical :corrupt_block answer. A denylist would silently reclassify future
unknown decoder errors as "intact", which is the direction that gets data
thrown away.
Fix
	Preserve the decode failure reason instead of collapsing it to
:corrupt_block. decompress_block/2 returns {:error, :incompatible_format}
when frame_info/1 succeeds but decoding fails, and keeps
{:error, :corrupt_block} otherwise.
	Teach classify_legacy_error/1 to map that to :incompatible_version
explicitly, rather than sniffing for "unsupported".

The public {:error, :corrupt_block} contract is preserved for genuinely
damaged input, so existing callers (index.ex:997,
mix/tasks/compression_benchmark.ex:53, writer_test.exs:126,132) are
unaffected.
Deliberately Not Doing
Quarantining undecodable blocks and continuing the migration was considered and
rejected. Silently skipping blocks destroys the record of which data still sits
in a deprecated format — exactly the signal needed to retire a compression
format safely. The migration should stay all-or-nothing and the blocks should
be made readable instead.
Scope Note
On the production store this affects 5 blocks totalling ~410 KB
(9,501 spans), not the 40 MB the blocks/ directory suggests. See
2026-08-09_block_id_durability.md for why those two numbers disagree.


  

  
    
    libSQL engine port (2026-08-09) - timeless_traces v1.11.1
    
    

    


  
  

    libSQL engine port (2026-08-09)

Status: engine surface complete, opt-in. The traces instance of the
port pattern proven in timeless_metrics (shipped 6.3.0) and timeless_logs
(timeless_logs/notes/libsql_engine_port_plan_2026-08-09.md) — see that
plan for the full rationale: the embedded Elixir block engine is
deprecated; the in-process libSQL engine keeps the dashboard/canvas
latency budget and gives embedded and external (Rust
timeless-traces-api) modes ONE on-disk format, so hosts graduate by
switching owners, not migrating data.
What landed:
	TimelessTraces.LibsqlEngine (opt-in via
config :timeless_traces, engine: :libsql): writer over
<data_dir>/traces.db with the migration candidate's validated
rich-span-v1 batch encoder, capability preflight, flush/optimize
command channel, trap-exit + terminate flush, unmigrated-legacy-store
refusal.
	Query surface: facade filters with service/kind/status/trace_id/
start-range/duration-range pushed into the vtab scan and the SHARED
TimelessTraces.Filter applied as residual — parity by construction.
trace/1 accepts raw 16-byte and 32-hex ids. services/0,
operations/1 via DISTINCT; stats/0 from timeless_stats('traces');
backup/1 as a single VACUUM INTO snapshot.
	TimelessTraces.StorageEngine seam routes the facade, the OTel
exporter, and HTTP ingest; subscriber broadcast happens in the seam on
the libSQL path so subscribe/1 sees one stream on either engine.
	Default remains :elixir (unchanged); the flip ships as its own
release per policy.

Remaining (mirrors the logs plan): perf/soak gate, default-flip release,
legacy-engine retirement on the deprecation schedule. Rich-span-v2
fields (links, trace_state, flags, schema URLs, dropped counts) stay
explicitly out per 2026-08-02_trace_fidelity_contract.md.
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    Architecture

This document covers TimelessTraces' internal architecture: the supervision tree, data flow, storage format, and indexing strategy.
Supervision tree
TimelessTraces.Supervisor (:one_for_one)
├── Registry (TimelessTraces.Registry)     # Pub/sub for live tail
├── Index (GenServer)                       # ETS indexing + snapshot/disk log persistence
├── FlushSupervisor (Task.Supervisor)       # Async flush tasks
├── Buffer (GenServer)                      # Span accumulation
├── Compactor (GenServer)                   # Raw → compressed blocks
├── Retention (GenServer)                   # Age/size cleanup
└── HTTP (Bandit, optional)                 # OTLP ingest + Jaeger query
All components start automatically as an OTP application. The HTTP server is only started when http is configured.
Data flow
OTel SDK
    ↓
Exporter (reads spans from OTel ETS table)
    ↓
Buffer (accumulate, auto-flush every 1s or 1000 spans)
    ↓ broadcasts to subscribers
Writer (serialize as raw Erlang terms)
    ↓
Disk (blocks/) or Memory (ETS)
    ↓
Index (block metadata + inverted term index + trace index → ETS + disk log)
    ↓
Compactor (merge raw → compressed OpenZL/zstd every 30s or at threshold)
    ↓
Retention (delete old/oversized blocks every 5 min)
Exporter
The TimelessTraces.Exporter module implements the :otel_exporter_traces behaviour. When the OTel SDK calls export/3, the exporter:
	Reads span records from the SDK's ETS table
	Normalizes each span: converts trace/span IDs from integers to hex strings, extracts attributes, events, links, resource, and instrumentation scope
	Converts timestamps from native units to nanoseconds
	Ingests the normalized spans into the Buffer

This is a zero-copy path -- no HTTP, no protobuf serialization, no external collectors.
Buffer
The Buffer is a GenServer that accumulates spans in memory. It flushes when:
	The buffer reaches max_buffer_size (default 1000 spans)
	The flush_interval timer fires (default 1 second)
	TimelessTraces.flush() is called manually

Before each flush, the Buffer broadcasts all spans to registered subscribers (live tail). Flush operations are dispatched as async tasks via the FlushSupervisor with backpressure -- at most System.schedulers_online() flushes run concurrently.
Write path
Each flush writes a raw block -- a batch of spans serialized with :erlang.term_to_binary:
	Serialize: Spans are converted to Erlang binary format
	Write: The binary is written to a block file (blocks/000000000001.raw)
	Index: Block metadata, inverted terms, and trace index rows are sent to the Index

The Index processes block metadata with sub-millisecond ETS inserts, journaled to a disk log for durability.
Index
All index state lives in ETS tables — the authoritative source of truth at runtime:
ETS tables
	Table	Type	Purpose
	timeless_traces_blocks	ordered_set	Block metadata (block_id → file_path, byte_size, entry_count, ts_min, ts_max, format, created_at)
	timeless_traces_term_index	bag	Term → block_id mapping
	timeless_traces_trace_index	bag	packed trace_id → block_id mapping (with legacy text-row compatibility)
	timeless_traces_compression_stats	set	Compression statistics
	timeless_traces_block_data	set	In-memory block data (memory storage mode only)

All ETS tables are created with read_concurrency: true and write_concurrency: true.
Persistence
Index durability uses a snapshot + write-ahead log strategy:
	index.snapshot: Periodic full dump of all ETS tables (Erlang term_to_binary, compressed). Written every 1000 index operations or on graceful shutdown.
	index.log: Erlang :disk_log that journals every index mutation (block inserts, deletes, compactions). Replayed on startup after loading the snapshot.

On startup: load snapshot → replay log entries newer than the snapshot → index is fully reconstructed in ETS. No external database required.
Inverted term index
When a block is indexed, terms are extracted from each span and stored in the block_terms table. Terms include:
	service:<name> -- the service.name attribute or resource
	kind:<kind> -- span kind (server, client, etc.)
	status:<status> -- span status (ok, error, unset)
	name:<span_name> -- the span operation name

Queries use these terms to identify which blocks contain relevant spans, avoiding full scans.
Trace index
The trace index maps each trace ID to the blocks that contain its spans. This enables fast trace lookup -- TimelessTraces.trace(trace_id) reads only the blocks that contain spans for that trace.
For 32-character hex trace IDs, TimelessTraces stores a packed 16-byte binary form in trace_index instead of the original text. Query lookup accepts the normal hex string and transparently probes both the packed form and legacy text rows, so existing datasets continue to work during migration.
Read path
A query follows this path:
	Term lookup: Use the ETS term index to find block IDs matching the query filters
	Time range: Further narrow blocks by timestamp range using the block metadata
	Parallel read: Read and decompress matching blocks in parallel (System.schedulers_online() concurrency)
	Filter: Apply in-memory filters to individual spans within each block
	Sort & paginate: Sort by start_time (ascending or descending), apply offset and limit

Compaction
The Compactor GenServer periodically checks for raw blocks and compresses them:
	Threshold trigger: Raw entries >= compaction_threshold (default 500)
	Age trigger: Any raw block older than compaction_max_raw_age (default 60 seconds)
	Periodic check: Every compaction_interval ms (default 30,000)

The compaction process:
	Read all raw block entries from disk
	Merge entries into a single batch
	Compress with the configured format (OpenZL columnar or zstd)
	Write a new compressed block file
	Update the index: delete old block metadata, add new
	Delete old raw block files
	Update compression statistics

Merge compaction
After initial compaction produces many small compressed blocks (e.g. one per flush cycle), the Compactor runs a second pass that merges them into fewer, larger blocks. Larger blocks compress better (bigger dictionary window) and reduce per-block I/O overhead during reads.
	Scan for compressed blocks with entry_count < merge_compaction_target_size
	If enough small blocks exist (>= merge_compaction_min_blocks), group into batches by ts_min
	For each batch: decompress all blocks, merge entries sorted by start_time, recompress
	Update the index: remove old block metadata, add new merged block
	Delete old compressed block files

The merge pass runs automatically after every compaction timer tick and can also be triggered manually via TimelessTraces.merge_now().
	Configuration	Default	Description
	merge_compaction_target_size	2000	Target entries per merged block
	merge_compaction_min_blocks	4	Minimum small blocks before merge triggers

Retention
The Retention GenServer enforces two independent policies every retention_check_interval ms:
	Age-based: Delete blocks with ts_max older than retention_max_age seconds ago
	Size-based: Delete oldest blocks until total storage is under retention_max_size bytes

Disk layout
data_dir/
├── index.snapshot    # Periodic ETS table dump (compressed ETF)
├── index.log         # Write-ahead log (Erlang disk_log)
└── blocks/
    ├── 000000000001.raw   # Raw block (temporary)
    ├── 000000000002.raw   # Raw block (temporary)
    ├── 000000000003.ozl   # OpenZL compressed block
    ├── 000000000004.ozl   # OpenZL compressed block
    └── ...
Block filenames are 12-digit zero-padded block IDs with format-specific extensions (.raw, .zst, .ozl).
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    Configuration Reference

All configuration is set under the :timeless_traces application key in config.exs or at runtime via Application.put_env/3.
Options
	Option	Type	Default	Description
	data_dir	string	"priv/span_stream"	Root directory for blocks and index
	storage	atom	:disk	Storage backend (:disk or :memory)
	flush_interval	integer (ms)	1_000	Buffer auto-flush interval
	max_buffer_size	integer	1_000	Max spans before forced flush
	query_timeout	integer (ms)	30_000	Query timeout
	libsql_reader_pool_size	positive integer	4	Concurrent read connections for the libSQL engine
	sqlite_cache_size	integer (pages/KiB)	-128_000	SQLite writer page-cache setting
	sqlite_reader_cache_size	integer (pages/KiB)	-8_000	SQLite per-reader page-cache setting
	sqlite_mmap_size	integer (bytes)	2_147_483_648 (0 in CI)	SQLite memory-map target
	sqlite_wal_autocheckpoint	integer (pages)	1_000	WAL auto-checkpoint threshold (~16 MiB at the default page size)
	compaction_threshold	integer	500	Min raw entries to trigger compaction
	compaction_interval	integer (ms)	30_000	Compaction check interval
	compaction_max_raw_age	integer (s)	60	Force compact raw blocks older than this
	compaction_format	atom	:openzl	Compression format (:openzl or :zstd)
	merge_compaction_target_size	integer	2_000	Target entries per merged compressed block
	merge_compaction_min_blocks	integer	4	Min small compressed blocks before merge triggers
	compression_level	integer	6	Compression level (1-22)
	index_publish_interval	integer (ms)	2_000	Index batch write interval
	retention_max_age	integer (s) or nil	604_800 (7 days)	Max span age (nil = keep forever)
	retention_max_size	integer (bytes) or nil	nil	Max storage size (nil = unlimited)
	retention_check_interval	integer (ms)	120_000 (2 min)	Retention check interval
	http	boolean or keyword	false	Enable HTTP API

HTTP options
When http is a keyword list:
	Option	Type	Default	Description
	port	integer	10428	HTTP listen port
	bearer_token	string or nil	nil	Bearer token for authentication

Full example
# config/config.exs
config :timeless_traces,
  # Storage
  storage: :disk,
  data_dir: "priv/span_stream",

  # Buffer
  flush_interval: 1_000,
  max_buffer_size: 1_000,

  # Compaction
  compaction_threshold: 500,
  compaction_interval: 30_000,
  compaction_max_raw_age: 60,
  compaction_format: :openzl,
  compression_level: 6,
  merge_compaction_target_size: 2_000,
  merge_compaction_min_blocks: 4,

  # Indexing
  index_publish_interval: 2_000,

  # Query
  query_timeout: 30_000,

  # Retention
  retention_max_age: 7 * 86_400,
  retention_max_size: nil,
  retention_check_interval: 120_000,

  # HTTP API
  http: [port: 10428, bearer_token: "my-secret-token"]

# OTel exporter
config :opentelemetry,
  traces_exporter: {TimelessTraces.Exporter, []}
OpenTelemetry exporter configuration
Wire TimelessTraces as the OTel traces exporter:
config :opentelemetry,
  traces_exporter: {TimelessTraces.Exporter, []}
The exporter reads spans directly from the OTel SDK's ETS table -- no HTTP or protobuf involved. This is significantly lower overhead than sending spans to an external collector.
Storage backends
Disk (default)
Blocks are stored as files in data_dir/blocks/ and the index is persisted as data_dir/index.snapshot + data_dir/index.log:
config :timeless_traces, storage: :disk
Memory
Blocks are stored in ETS tables only. No files are written to disk. Data does not survive restarts. Useful for testing:
config :timeless_traces, storage: :memory
Tuning guidance
Buffer size and flush interval
The defaults (1000 spans / 1 second) balance latency and throughput. For high-volume services:
	Increase max_buffer_size to 5000-10000 for higher throughput
	Increase flush_interval to 5000ms to reduce disk I/O
	Decrease both for lower query latency (spans become queryable after flush)

Compression
The default format is :openzl (columnar compression), which achieves ~10x compression on span data with faster query-time decompression than zstd.
	Format	Compression ratio	Best for
	:openzl	~10.0x	General use (default), fastest queries
	:zstd	~6.8x	Simpler, fast compression

The compression_level setting applies to both formats (1-22, higher = smaller but slower).
Retention
Age-based retention is enabled by default. Size-based retention is opt-in; set either policy to nil to disable it:
config :timeless_traces,
  retention_max_age: nil,    # No age limit
  retention_max_size: nil    # No size limit
Merge compaction
After initial compaction, many small compressed blocks accumulate (one per flush cycle). Merge compaction consolidates them into larger blocks for better compression and fewer blocks to scan during queries.
	High volume: the defaults (target 2000 entries, min 4 blocks) work well
	Low volume: lower merge_compaction_min_blocks to 2 so merges happen with fewer blocks
	Large queries: increase merge_compaction_target_size to 5000+ to produce fewer, larger blocks

Merge compaction can also be triggered manually via TimelessTraces.merge_now().
Index publish interval
The index journals mutations to a disk log every 2 seconds by default. Lower values mean faster persistence but increase disk I/O. For most workloads the default is fine.
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    Getting Started

This guide walks you through installing TimelessTraces, wiring it into the OpenTelemetry SDK, and running your first trace query.
Installation
Add the dependency to your mix.exs:
def deps do
  [
    {:timeless_traces, "~> 0.5"},
    {:opentelemetry_api, "~> 1.4"},
    {:opentelemetry, "~> 1.5"}
  ]
end
Then fetch dependencies:
mix deps.get

Configuration
Set a data directory and wire up the OTel exporter:
# config/config.exs
config :timeless_traces,
  data_dir: "priv/span_stream"

config :opentelemetry,
  traces_exporter: {TimelessTraces.Exporter, []}
That's it. TimelessTraces starts automatically as an OTP application. The exporter receives spans directly from the OpenTelemetry Erlang SDK -- no HTTP, no protobuf, no external collectors.
Creating spans
Use the standard OpenTelemetry API. Spans are automatically exported to TimelessTraces:
require OpenTelemetry.Tracer, as: Tracer

Tracer.with_span "my_operation" do
  # Your code here
  Tracer.set_attribute("user.id", "abc123")
  :ok
end
For Phoenix applications, add opentelemetry_phoenix and opentelemetry_ecto for automatic instrumentation:
def deps do
  [
    {:opentelemetry_phoenix, "~> 1.2"},
    {:opentelemetry_ecto, "~> 1.2"}
  ]
end
# In your application.ex start/2
OpentelemetryPhoenix.setup()
OpentelemetryEcto.setup([:my_app, :repo])
Querying spans
Once spans are flowing, query them:
# Find recent error spans
{:ok, result} = TimelessTraces.query(status: :error)
result.entries  # => [%TimelessTraces.Span{}, ...]
result.total    # => 42

# Find slow spans (> 100ms)
TimelessTraces.query(min_duration: 100_000_000)

# Find spans from a specific service
TimelessTraces.query(service: "my_app", kind: :server)
Trace lookup
Retrieve all spans in a single trace:
{:ok, spans} = TimelessTraces.trace("abc123def456...")
# Returns all spans sorted by start time
Listing services and operations
{:ok, services} = TimelessTraces.services()
# => {:ok, ["my_app", "api_gateway", "auth_service"]}

{:ok, ops} = TimelessTraces.operations("my_app")
# => {:ok, ["GET /users", "DB query", "cache_lookup"]}
Statistics
Check storage status:
{:ok, stats} = TimelessTraces.stats()
stats.total_blocks   #=> 42
stats.total_entries   #=> 50_000
stats.disk_size       #=> 24_000_000
Enabling the HTTP API
Optionally enable the HTTP interface for Jaeger-compatible queries and OTLP ingest:
config :timeless_traces, http: true                          # port 10428, no auth
config :timeless_traces, http: [port: 10500, bearer_token: "secret"]
See the HTTP API guide for endpoint details.
Next steps
	Configuration Reference -- all options with defaults
	Architecture -- how the pipeline works
	Querying -- full filter reference and optimization tips
	HTTP API -- OTLP ingest and Jaeger-compatible query endpoints
	Storage & Compression -- block formats and compaction
	Operations -- backup, retention, and troubleshooting
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    HTTP API

TimelessTraces includes an optional HTTP interface with OTLP JSON ingest and Jaeger-compatible query endpoints. Enable it in your config:
# Port 10428, no auth
config :timeless_traces, http: true

# Custom port with auth
config :timeless_traces, http: [port: 10428, bearer_token: "my-secret-token"]
Or add directly to a supervision tree:
children = [
  {TimelessTraces.HTTP, port: 10428, bearer_token: "secret"}
]
Endpoints summary
	Method	Path	Description
	POST	/insert/opentelemetry/v1/traces	OTLP JSON trace ingest
	GET	/select/jaeger/api/services	List service names
	GET	/select/jaeger/api/services/:service/operations	Operations for a service
	GET	/select/jaeger/api/traces	Search traces
	GET	/select/jaeger/api/traces/:trace_id	Get full trace
	GET	/health	Health check (no auth required)
	GET	/api/v1/flush	Force buffer flush
	POST	/api/v1/backup	Online backup

Health check
Always accessible without authentication. Suitable for load balancer health checks.
curl http://localhost:10428/health

Response:
{
  "status": "ok",
  "blocks": 42,
  "spans": 50000,
  "disk_size": 24000000
}
Ingest
POST /insert/opentelemetry/v1/traces
Accepts OTLP JSON format (the standard OpenTelemetry JSON export format). Maximum body size is 10 MB.
curl -X POST http://localhost:10428/insert/opentelemetry/v1/traces \
  -H 'Content-Type: application/json' \
  -d '{
    "resourceSpans": [{
      "resource": {
        "attributes": [
          {"key": "service.name", "value": {"stringValue": "my-service"}}
        ]
      },
      "scopeSpans": [{
        "scope": {"name": "my-library", "version": "1.0.0"},
        "spans": [{
          "traceId": "abc123def456789012345678abcdef01",
          "spanId": "1234567890abcdef",
          "name": "GET /users",
          "kind": 2,
          "startTimeUnixNano": "1705312200000000000",
          "endTimeUnixNano": "1705312200050000000",
          "status": {"code": 1},
          "attributes": [
            {"key": "http.method", "value": {"stringValue": "GET"}},
            {"key": "http.status_code", "value": {"intValue": 200}}
          ]
        }]
      }]
    }]
  }'

Span kind values:
	Value	Kind
	1 or "SPAN_KIND_INTERNAL"	internal
	2 or "SPAN_KIND_SERVER"	server
	3 or "SPAN_KIND_CLIENT"	client
	4 or "SPAN_KIND_PRODUCER"	producer
	5 or "SPAN_KIND_CONSUMER"	consumer

Status code values:
	Value	Status
	0 or "STATUS_CODE_UNSET"	unset
	1 or "STATUS_CODE_OK"	ok
	2 or "STATUS_CODE_ERROR"	error

Attribute value types:
Attributes use the OTLP key/value format. Supported value types: stringValue, intValue, doubleValue, boolValue.
Timestamps:
startTimeUnixNano and endTimeUnixNano are nanosecond unix timestamps, passed as strings or integers.
Response:
	200 with {"partialSuccess":{}} on success
	400 on invalid JSON or missing resourceSpans
	413 if body exceeds 10 MB

Query (Jaeger-compatible)
The query endpoints use Jaeger-compatible URL paths and response formats. This means you can point Jaeger UI directly at TimelessTraces.
GET /select/jaeger/api/services
List all distinct service names.
curl http://localhost:10428/select/jaeger/api/services

Response:
{
  "data": ["my-service", "api-gateway", "auth-service"]
}
GET /select/jaeger/api/services/:service/operations
List operations for a specific service.
curl http://localhost:10428/select/jaeger/api/services/my-service/operations

Response:
{
  "data": ["GET /users", "POST /orders", "DB query"]
}
GET /select/jaeger/api/traces
Search traces with filters.
curl 'http://localhost:10428/select/jaeger/api/traces?service=my-service&operation=GET+/users&limit=20'

Query parameters:
	Parameter	Type	Description
	service	string	Filter by service name
	operation	string	Filter by operation (span name)
	start	integer	Lower time bound (microseconds)
	end	integer	Upper time bound (microseconds)
	limit	integer	Max traces to return
	minDuration	string	Min duration (e.g. "100ms", "2s", "500us")
	maxDuration	string	Max duration (e.g. "1s")

Duration format:
	Suffix	Unit
	ms	milliseconds
	us	microseconds
	s	seconds
	(none)	nanoseconds

Response:
Returns traces in Jaeger JSON format:
{
  "data": [
    {
      "traceID": "abc123...",
      "spans": [
        {
          "traceID": "abc123...",
          "spanID": "1234567890abcdef",
          "operationName": "GET /users",
          "references": [],
          "startTime": 1705312200000,
          "duration": 50000,
          "tags": [
            {"key": "span.kind", "type": "string", "value": "server"},
            {"key": "otel.status_code", "type": "string", "value": "OK"}
          ],
          "logs": [],
          "processID": "p1"
        }
      ],
      "processes": {
        "p1": {"serviceName": "my-service", "tags": []}
      }
    }
  ]
}
Note: startTime and duration are in microseconds (Jaeger convention).
GET /select/jaeger/api/traces/:trace_id
Get all spans for a specific trace.
curl http://localhost:10428/select/jaeger/api/traces/abc123def456789012345678abcdef01

Response format is the same as the search endpoint, with a single trace in the data array.
Flush
GET /api/v1/flush
Force flush the buffer, writing any pending spans to storage immediately.
curl http://localhost:10428/api/v1/flush

Response:
{"status": "ok"}
Backup
POST /api/v1/backup
Create a consistent online backup.
# Backup to a specific directory
curl -X POST http://localhost:10428/api/v1/backup \
  -H 'Content-Type: application/json' \
  -d '{"path": "/tmp/span_backup"}'

# Backup to default location (data_dir/backups/timestamp)
curl -X POST http://localhost:10428/api/v1/backup

Response:
{
  "status": "ok",
  "path": "/tmp/span_backup",
  "files": ["index.snapshot", "blocks"],
  "total_bytes": 24000000
}
Authentication
When bearer_token is configured, all endpoints except /health require authentication:
# Via Authorization header
curl -H "Authorization: Bearer my-secret-token" \
  'http://localhost:10428/select/jaeger/api/services'

# Via query parameter
curl 'http://localhost:10428/select/jaeger/api/services?token=my-secret-token'

Unauthenticated requests receive:
	401 Unauthorized if no token is provided
	403 Forbidden if the token is incorrect

Token comparison uses Plug.Crypto.secure_compare to prevent timing attacks.
Jaeger UI integration
Point Jaeger UI at TimelessTraces by setting the query service URL:
# Run Jaeger UI with TimelessTraces as the backend
docker run -d \
  -e QUERY_BASE_PATH=/ \
  -e GRPC_STORAGE_SERVER=host.docker.internal:10428 \
  -p 16686:16686 \
  jaegertracing/jaeger-query:latest

Or configure Jaeger UI's JSON API endpoint to point at http://localhost:10428/select/jaeger.
OTLP collector integration
Any OTLP-compatible collector or agent can forward traces to the HTTP ingest endpoint:
OpenTelemetry Collector
exporters:
  otlphttp:
    endpoint: http://localhost:10428/insert/opentelemetry
    tls:
      insecure: true

service:
  pipelines:
    traces:
      exporters: [otlphttp]
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    Operations

This guide covers monitoring, backup, retention, and troubleshooting for TimelessTraces.
Statistics
Get aggregate storage statistics without reading any blocks:
{:ok, stats} = TimelessTraces.stats()
Returns a %TimelessTraces.Stats{} struct:
	Field	Description
	total_blocks	Number of stored blocks (raw + compressed)
	total_entries	Total spans across all blocks
	total_bytes	Total block storage size
	disk_size	On-disk storage size
	index_size	Index snapshot + log file size
	oldest_timestamp	Timestamp of oldest span (nanoseconds)
	newest_timestamp	Timestamp of newest span (nanoseconds)
	raw_blocks	Number of uncompressed raw blocks
	raw_bytes	Size of raw blocks
	raw_entries	Entries in raw blocks
	zstd_blocks	Number of zstd-compressed blocks
	zstd_bytes	Size of zstd blocks
	zstd_entries	Entries in zstd blocks
	openzl_blocks	Number of OpenZL-compressed blocks
	openzl_bytes	Size of OpenZL blocks
	openzl_entries	Entries in OpenZL blocks
	compression_raw_bytes_in	Total raw bytes processed by compactor
	compression_compressed_bytes_out	Total compressed bytes produced
	compaction_count	Number of compaction runs

HTTP API
curl http://localhost:10428/health

Returns status, blocks, spans, and disk_size.
Flushing
Force flush the buffer to write pending spans to storage immediately:
TimelessTraces.flush()
curl http://localhost:10428/api/v1/flush

Use before backups or graceful shutdowns.
Backup
Create a consistent online backup without stopping the application.
Elixir API
{:ok, result} = TimelessTraces.backup("/tmp/span_backup")
# => {:ok, %{path: "/tmp/span_backup", files: ["index.snapshot", "blocks"], total_bytes: 24000000}}
HTTP API
curl -X POST http://localhost:10428/api/v1/backup \
  -H 'Content-Type: application/json' \
  -d '{"path": "/tmp/span_backup"}'

Backup procedure
	The buffer is flushed (all pending spans written to storage)
	ETS index is written as a snapshot file (atomic rename)
	Block files are copied in parallel to the target directory
	Returns the backup path, file list, and total bytes

Restore procedure
	Stop the TimelessTraces application
	Replace the data directory contents with the backup files
	Start the application -- it will load from the restored data

Retention
Retention runs automatically to prevent unbounded disk growth. Two independent policies are enforced:
Age-based retention
Delete blocks with ts_max older than the cutoff:
config :timeless_traces,
  retention_max_age: 7 * 86_400  # 7 days (default)
Size-based retention
Delete oldest blocks until total size is under the limit:
config :timeless_traces,
  retention_max_size: 512 * 1024 * 1024  # opt-in 512 MB limit
Disable retention
config :timeless_traces,
  retention_max_age: nil,    # No age limit
  retention_max_size: nil    # No size limit
Manual trigger
TimelessTraces.Retention.run_now()
Check interval
config :timeless_traces,
  retention_check_interval: 120_000  # 2 minutes (default)
Telemetry events
TimelessTraces emits telemetry events for monitoring:
	Event	Measurements	Metadata
	[:timeless_traces, :flush, :stop]	duration, entry_count, byte_size	block_id
	[:timeless_traces, :query, :stop]	duration, total, blocks_read	filters
	[:timeless_traces, :retention, :stop]	duration, blocks_deleted	
	[:timeless_traces, :compaction, :stop]	duration, raw_blocks, entry_count, byte_size	
	[:timeless_traces, :merge_compaction, :stop]	duration, batches_merged, blocks_consumed	
	[:timeless_traces, :block, :error]		file_path, reason

See the Telemetry guide for handler examples.
Key metrics to monitor
	Metric	Source	Alert threshold
	Flush duration	[:flush, :stop] duration	Sustained > 100ms
	Flush entry count	[:flush, :stop] entry_count	Sustained at max_buffer_size
	Query latency	[:query, :stop] duration	> 5s for typical queries
	Blocks read per query	[:query, :stop] blocks_read	Growing linearly
	Block read errors	[:block, :error]	Any occurrence
	Retention blocks deleted	[:retention, :stop] blocks_deleted	0 when disk is growing

Troubleshooting
High memory usage
	Check raw_blocks in stats -- many uncompacted raw blocks use more memory
	Trigger compaction: TimelessTraces.Compactor.compact_now()
	Reduce max_buffer_size to flush smaller batches
	Check for slow subscribers blocking the buffer

Disk space growing
	Verify retention is configured: check retention_max_age and retention_max_size
	Trigger retention manually: TimelessTraces.Retention.run_now()
	Check stats for total_bytes trends
	Reduce retention age or size limits

Slow queries
	Use :service, :kind, and :status filters to leverage the term index
	Avoid full scans (no filters) on large datasets
	Reduce the time range with :since and :until
	Check raw_blocks count -- many small raw blocks are slower to query than fewer compressed blocks
	Trigger merge compaction to consolidate small compressed blocks: TimelessTraces.merge_now()

Spans not appearing in queries
	Flush the buffer: TimelessTraces.flush()
	Check that the OTel exporter is configured: verify traces_exporter: {TimelessTraces.Exporter, []} in config
	Verify the data_dir exists and is writable
	Check for block read errors in telemetry events
	Check the index_publish_interval -- spans become queryable after the index batches them (default 2s)

Compaction not running
	Check raw_blocks and raw_entries in stats
	Verify compaction_threshold isn't set too high for your span volume
	Trigger manually: TimelessTraces.Compactor.compact_now()
	Check that compaction_max_raw_age is reasonable (default: 60 seconds)

OTel exporter not working
	Verify the dependency: {:opentelemetry, "~> 1.5"} must be in your mix.exs
	Check the config: config :opentelemetry, traces_exporter: {TimelessTraces.Exporter, []}
	Ensure spans are being created: use OpenTelemetry.Tracer.with_span/2 in your code
	Check that TimelessTraces.Application has started (it must start before spans are exported)
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    Querying

This guide covers the Elixir query API, all available filters, trace lookup, and query optimization.
Basic queries
# All spans (default limit 100, newest first)
{:ok, result} = TimelessTraces.query()

# Error spans
{:ok, result} = TimelessTraces.query(status: :error)

# Server spans from a specific service
{:ok, result} = TimelessTraces.query(kind: :server, service: "api-gateway")

# Slow spans (> 100ms)
{:ok, result} = TimelessTraces.query(min_duration: 100_000_000)
Result struct
Queries return a TimelessTraces.Result struct:
%TimelessTraces.Result{
  entries: [%TimelessTraces.Span{}, ...],
  total: 42,      # total matching spans (before pagination)
  limit: 100,     # max entries returned
  offset: 0       # entries skipped
}
Span struct
Each span in entries is a TimelessTraces.Span:
	Field	Type	Description
	trace_id	string	32-character hex trace ID
	span_id	string	16-character hex span ID
	parent_span_id	string or nil	Parent span ID (nil for root spans)
	name	string	Operation name (e.g. "GET /users")
	kind	atom	:internal, :server, :client, :producer, :consumer
	start_time	integer	Start time in nanoseconds
	end_time	integer	End time in nanoseconds
	duration_ns	integer	Duration in nanoseconds
	status	atom	:ok, :error, :unset
	status_message	string or nil	Error description
	attributes	map	Span attributes (string keys)
	events	list	Span events
	resource	map	OTel resource attributes (string keys)
	instrumentation_scope	map or nil	%{name: "...", version: "..."}

Filters
	Filter	Type	Description
	:name	string	Case-insensitive substring match on span name
	:service	string	Exact match on service.name in attributes or resource
	:kind	atom	:internal, :server, :client, :producer, :consumer
	:status	atom	:ok, :error, :unset
	:min_duration	integer	Minimum duration in nanoseconds
	:max_duration	integer	Maximum duration in nanoseconds
	:since	DateTime or integer	Start time lower bound (DateTime or unix nanoseconds)
	:until	DateTime or integer	Start time upper bound (DateTime or unix nanoseconds)
	:trace_id	string	Exact match on trace ID
	:attributes	map	All key/value pairs must match (keys and values compared as strings)
	:limit	integer	Max results (default 100)
	:offset	integer	Skip N results (default 0)
	:order	atom	:desc (newest first, default) or :asc (oldest first)
	:count_total	boolean	Return an exact total (default true); use false for the fastest bounded page

Examples
Time range queries
# Spans from the last hour
one_hour_ago = DateTime.add(DateTime.utc_now(), -3600)
TimelessTraces.query(since: one_hour_ago)

# Spans in a specific window
TimelessTraces.query(
  since: ~U[2024-01-15 10:00:00Z],
  until: ~U[2024-01-15 11:00:00Z]
)

# Using nanosecond timestamps directly
TimelessTraces.query(since: 1705312200_000_000_000)
Duration queries
# Slow spans (> 500ms)
TimelessTraces.query(min_duration: 500_000_000)

# Spans in a duration range (100ms - 1s)
TimelessTraces.query(min_duration: 100_000_000, max_duration: 1_000_000_000)
Attribute queries
# Match specific attributes
TimelessTraces.query(attributes: %{"http.method" => "POST", "http.status_code" => "500"})
Pagination
# Page 1 without an all-results count
{:ok, page1} = TimelessTraces.query(status: :error, limit: 50, count_total: false)

# Page 2
{:ok, page2} =
  TimelessTraces.query(status: :error, limit: 50, offset: 50, count_total: false)
Combined filters
TimelessTraces.query(
  service: "api-gateway",
  kind: :server,
  status: :error,
  min_duration: 100_000_000,
  since: DateTime.add(DateTime.utc_now(), -86400),
  limit: 20,
  order: :asc
)
Trace lookup
Retrieve all spans in a trace, sorted by start time:
{:ok, spans} = TimelessTraces.trace("abc123def456789012345678abcdef01")
This uses the trace index for fast lookup -- only blocks known to contain spans for that trace are read.
On disk, trace_index stores packed binary trace IDs for 32-character hex values to reduce index size. Lookups remain backward-compatible with older text rows during migration.
Service and operation discovery
# List all services
{:ok, services} = TimelessTraces.services()
# => {:ok, ["my_app", "api_gateway", "auth_service"]}

# List operations for a service
{:ok, ops} = TimelessTraces.operations("my_app")
# => {:ok, ["GET /users", "POST /orders", "DB query"]}
Query optimization
Use indexed filters
The following filters leverage the inverted term index, narrowing the set of blocks to read:
	:service -- matches service.name:<name> terms
	:kind -- matches kind:<kind> terms
	:status -- matches status:<status> terms
	:trace_id -- uses the trace index directly

Time range filters (:since, :until) narrow blocks by timestamp metadata.
Avoid full scans
Queries with no filters and an exact total scan all matching blocks. Use count_total: false when only a bounded page and has_more are needed.
Duration and attribute filters
:min_duration and :max_duration use per-block bounds before their exact in-memory check. Attribute filters use the block index for host, host.name, service.name, http.method, http.status_code, http.route, db.system, rpc.system, and messaging.system; arbitrary keys remain exact in-memory filters. Case-insensitive :name substring search also remains an in-memory filter so it cannot incorrectly treat a substring as an exact indexed name.
Performance benchmarks
Query latency on 500K spans, 500 blocks (avg over 3 runs):
	Query	zstd	OpenZL	Speedup
	All spans (limit 100)	945ms	442ms	2.1x
	status=error	289ms	148ms	2.0x
	service filter	318ms	243ms	1.3x
	kind=server	275ms	225ms	1.2x
	Trace lookup	5.5ms	5.7ms	1.0x

OpenZL columnar format is faster at query time because columns can be selectively decompressed.
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    Live Tail (Subscriptions)

TimelessTraces supports real-time span subscriptions. Subscriber processes receive spans as they arrive, before they're written to storage.
Subscribing
TimelessTraces.subscribe()
The calling process will receive messages of the form:
{:timeless_traces, :span, %TimelessTraces.Span{}}
Filtered subscriptions
Filter by span name, kind, status, or service:
# Only receive error spans
TimelessTraces.subscribe(status: :error)

# Only receive server spans
TimelessTraces.subscribe(kind: :server)

# Only receive spans from a specific service
TimelessTraces.subscribe(service: "api-gateway")

# Combined filters
TimelessTraces.subscribe(status: :error, service: "api-gateway")
Receiving spans
TimelessTraces.subscribe(status: :error)

receive do
  {:timeless_traces, :span, %TimelessTraces.Span{} = span} ->
    IO.puts("[#{span.status}] #{span.name} (#{span.duration_ns / 1_000_000}ms)")
end
In a GenServer
defmodule MyApp.TraceWatcher do
  use GenServer

  def start_link(_opts) do
    GenServer.start_link(__MODULE__, :ok, name: __MODULE__)
  end

  @impl true
  def init(:ok) do
    TimelessTraces.subscribe(status: :error)
    {:ok, %{}}
  end

  @impl true
  def handle_info({:timeless_traces, :span, span}, state) do
    # React to error spans: send alert, increment counter, etc.
    IO.puts("ERROR: #{span.name} from #{Map.get(span.attributes, "service.name")}")
    {:noreply, state}
  end
end
In a LiveView
defmodule MyAppWeb.TraceLive do
  use Phoenix.LiveView

  def mount(_params, _session, socket) do
    if connected?(socket) do
      TimelessTraces.subscribe(status: :error)
    end

    {:ok, assign(socket, spans: [])}
  end

  def handle_info({:timeless_traces, :span, span}, socket) do
    spans = [span | socket.assigns.spans] |> Enum.take(100)
    {:noreply, assign(socket, spans: spans)}
  end
end
Unsubscribing
TimelessTraces.unsubscribe()
Subscriptions are automatically cleaned up when the subscriber process exits.
How it works
Subscriptions use an Elixir Registry with :duplicate keys. When the Buffer receives new spans, it broadcasts to all registered subscribers before flushing. This means subscribers see spans immediately, even before they're written to storage.
Filter matching happens at broadcast time -- subscribers only receive spans that match their filter criteria.
Performance considerations
	Subscription delivery is synchronous with the Buffer's ingest path. A slow subscriber can affect ingest throughput.
	For high-volume span streams, filter at the subscription level (:status, :kind, :service, :name) rather than in the subscriber's handle_info.
	If you need to do expensive work in response to spans, send yourself a message and process it asynchronously.



  

  
    
    Telemetry - timeless_traces v1.11.1
    
    

    


  
  

    Telemetry

TimelessTraces emits telemetry events for monitoring and observability.
Events
Flush
Emitted when the buffer flushes spans to a block.
Event: [:timeless_traces, :flush, :stop]
	Measurement	Type	Description
	duration	integer (native time)	Time taken to write the block
	entry_count	integer	Number of spans in the block
	byte_size	integer	Size of the written block in bytes

	Metadata	Type	Description
	block_id	integer	ID of the written block

Query
Emitted when a query completes.
Event: [:timeless_traces, :query, :stop]
	Measurement	Type	Description
	duration	integer (native time)	Total query execution time
	total	integer	Total matching spans (before pagination)
	blocks_read	integer	Number of blocks decompressed

	Metadata	Type	Description
	filters	keyword	The query filters used

Retention
Emitted when a retention run completes.
Event: [:timeless_traces, :retention, :stop]
	Measurement	Type	Description
	duration	integer (native time)	Time taken for retention enforcement
	blocks_deleted	integer	Number of blocks removed

Block error
Emitted when a block fails to read or decompress.
Event: [:timeless_traces, :block, :error]
	Metadata	Type	Description
	file_path	string	Path to the block file
	reason	term	Error reason

Attaching handlers
Basic logging
:telemetry.attach_many(
  "timeless-traces-logger",
  [
    [:timeless_traces, :flush, :stop],
    [:timeless_traces, :query, :stop],
    [:timeless_traces, :retention, :stop],
    [:timeless_traces, :block, :error]
  ],
  fn event, measurements, metadata, _config ->
    require Logger
    Logger.info("#{inspect(event)}: #{inspect(measurements)} #{inspect(metadata)}")
  end,
  nil
)
With telemetry_metrics
defmodule MyApp.Telemetry do
  use Supervisor
  import Telemetry.Metrics

  def start_link(arg) do
    Supervisor.start_link(__MODULE__, arg, name: __MODULE__)
  end

  def init(_arg) do
    children = [
      {Telemetry.Metrics.ConsoleReporter, metrics: metrics()}
    ]

    Supervisor.init(children, strategy: :one_for_one)
  end

  defp metrics do
    [
      summary("timeless_traces.flush.stop.duration",
        unit: {:native, :millisecond}),
      summary("timeless_traces.query.stop.duration",
        unit: {:native, :millisecond}),
      counter("timeless_traces.flush.stop.entry_count"),
      counter("timeless_traces.block.error")
    ]
  end
end
With TimelessMetrics
If you're also running TimelessMetrics, you can write telemetry events as metrics:
:telemetry.attach(
  "timeless-traces-to-metrics",
  [:timeless_traces, :flush, :stop],
  fn _event, %{entry_count: count, byte_size: bytes}, _metadata, _config ->
    TimelessMetrics.write(:metrics, "timeless_traces_flush_spans", %{}, count / 1)
    TimelessMetrics.write(:metrics, "timeless_traces_flush_bytes", %{}, bytes / 1)
  end,
  nil
)
With TimelessLogs
If you're also running TimelessLogs, telemetry events are automatically captured via Logger calls.
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Embedded OpenTelemetry span storage and compression for Elixir applications.
TimelessTraces receives spans from the OpenTelemetry Erlang SDK, compresses them
into compressed blocks, and indexes them in ETS for fast querying.
Setup
# config/config.exs
config :timeless_traces,
  data_dir: "priv/span_stream"

# Enable the OTel exporter
config :opentelemetry,
  traces_exporter: {TimelessTraces.Exporter, []}
Querying
# Find error spans
TimelessTraces.query(status: :error)

# Find spans by service and kind
TimelessTraces.query(service: "my_app", kind: :server)

# Find slow spans (> 100ms)
TimelessTraces.query(min_duration: 100_000_000)
Trace Lookup
# Get all spans in a trace
TimelessTraces.trace("abc123def456...")

      


      
        Summary


  
    Functions
  


    
      
        backup(target_dir)

      


        Create a consistent online backup of the span store.



    


    
      
        flush()

      


        Flush the buffer, writing any pending spans to storage immediately.



    


    
      
        merge_now()

      


        Merge multiple small compressed blocks into fewer, larger blocks.



    


    
      
        operations(service)

      


        List all distinct operation (span) names for a given service.



    


    
      
        query(filters \\ [])

      


        Query stored spans. Returns a TimelessTraces.Result struct.



    


    
      
        services()

      


        List all distinct service names found in stored spans.



    


    
      
        stats()

      


        Return aggregate statistics about stored span data.



    


    
      
        subscribe(opts \\ [])

      


        Subscribe the calling process to receive new spans as they arrive.



    


    
      
        trace(trace_id)

      


        Retrieve all spans for a given trace ID, sorted by start time.



    


    
      
        unsubscribe()

      


        Unsubscribe the calling process from span notifications.



    





      


      
        Functions


        


  
    
      
    
    
      backup(target_dir)



        
          
        

    

  


  

      

          @spec backup(String.t()) :: {:ok, map()} | {:error, term()}


      


Create a consistent online backup of the span store.
Flushes all in-flight data, writes an ETS index snapshot,
and copies block files to the target directory.
Parameters
	target_dir - Directory to write backup files into (will be created)

Returns
{:ok, %{path: target_dir, files: [filenames], total_bytes: integer()}}
Examples
TimelessTraces.backup("/tmp/span_backup_2024")

  



  
    
      
    
    
      flush()



        
          
        

    

  


  

      

          @spec flush() :: :ok


      


Flush the buffer, writing any pending spans to storage immediately.

  



  
    
      
    
    
      merge_now()



        
          
        

    

  


  

      

          @spec merge_now() :: :ok | :noop


      


Merge multiple small compressed blocks into fewer, larger blocks.
Returns :ok if blocks were merged, :noop if no merge was needed.

  



  
    
      
    
    
      operations(service)



        
          
        

    

  


  

      

          @spec operations(String.t()) :: {:ok, [String.t()]}


      


List all distinct operation (span) names for a given service.
Examples
{:ok, ops} = TimelessTraces.operations("my_app")
#=> {:ok, ["GET /users", "DB query", "cache_lookup"]}

  



    

  
    
      
    
    
      query(filters \\ [])



        
          
        

    

  


  

      

          @spec query(keyword()) :: {:ok, TimelessTraces.Result.t()} | {:error, term()}


      


Query stored spans. Returns a TimelessTraces.Result struct.
Filters
	:name - Substring match on span name
	:service - Match service.name attribute or resource
	:kind - Span kind atom (:internal, :server, :client, :producer, :consumer)
	:status - Status atom (:ok, :error, :unset)
	:min_duration - Minimum duration in nanoseconds
	:max_duration - Maximum duration in nanoseconds
	:since - Start time lower bound (DateTime or unix nanos)
	:until - Start time upper bound (DateTime or unix nanos)
	:trace_id - Filter to specific trace ID
	:attributes - Map of attribute key/value pairs to match

Pagination & Ordering
	:limit - Max entries to return (default 100)
	:offset - Number of entries to skip (default 0)
	:order - :desc (newest first, default) or :asc (oldest first)


  



  
    
      
    
    
      services()



        
          
        

    

  


  

      

          @spec services() :: {:ok, [String.t()]}


      


List all distinct service names found in stored spans.
Examples
{:ok, services} = TimelessTraces.services()
#=> {:ok, ["my_app", "api_gateway", "auth_service"]}

  



  
    
      
    
    
      stats()



        
          
        

    

  


  

      

          @spec stats() :: {:ok, TimelessTraces.Stats.t()}


      


Return aggregate statistics about stored span data.
Examples
{:ok, stats} = TimelessTraces.stats()
stats.total_blocks   #=> 42
stats.total_entries   #=> 50000

  



    

  
    
      
    
    
      subscribe(opts \\ [])



        
          
        

    

  


  

      

          @spec subscribe(keyword()) :: {:ok, pid()}


      


Subscribe the calling process to receive new spans as they arrive.
The subscriber receives messages of the form:
{:timeless_traces, :span, %TimelessTraces.Span{}}.
Options
	:name - Only receive spans with this name
	:kind - Only receive spans of this kind
	:status - Only receive spans with this status
	:service - Only receive spans from this service


  



  
    
      
    
    
      trace(trace_id)



        
          
        

    

  


  

      

          @spec trace(String.t()) :: {:ok, [TimelessTraces.Span.t()]}


      


Retrieve all spans for a given trace ID, sorted by start time.
Examples
{:ok, spans} = TimelessTraces.trace("abc123...")

  



  
    
      
    
    
      unsubscribe()



        
          
        

    

  


  

      

          @spec unsubscribe() :: :ok


      


Unsubscribe the calling process from span notifications.
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TimelessTraces.DB 
    



      
SQLite connection manager with a single writer and pooled readers.
Uses WAL mode for concurrent reads during writes. The writer is serialized
through a GenServer to respect SQLite's single-writer constraint.

      


      
        Summary


  
    Functions
  


    
      
        backup(db, target_path)

      


        Create a consistent backup of this database using VACUUM INTO.



    


    
      
        child_spec(init_arg)

      


        Returns a specification to start this module under a supervisor.



    


    
      
        db_path(db)

      


        Get the database path.



    


    
      
        execute_batch(conn, sql, params_list)

      


        Prepare once, execute many times with different params. Use inside write_transaction.



    


    
      
        read(db, sql, params \\ [])

      


        Execute a read query using a reader connection from the pool.



    


    
      
        start_link(opts)

      


    


    
      
        write(db, sql, params \\ [])

      


        Execute a write query (INSERT, UPDATE, DELETE) through the serialized writer.



    


    
      
        write_transaction(db, fun)

      


        Execute multiple write queries in a single transaction.
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      backup(db, target_path)



        
          
        

    

  


  

Create a consistent backup of this database using VACUUM INTO.

  



  
    
      
    
    
      child_spec(init_arg)



        
          
        

    

  


  

Returns a specification to start this module under a supervisor.
See Supervisor.

  



  
    
      
    
    
      db_path(db)



        
          
        

    

  


  

Get the database path.

  



  
    
      
    
    
      execute_batch(conn, sql, params_list)



        
          
        

    

  


  

Prepare once, execute many times with different params. Use inside write_transaction.

  



    

  
    
      
    
    
      read(db, sql, params \\ [])



        
          
        

    

  


  

Execute a read query using a reader connection from the pool.

  



  
    
      
    
    
      start_link(opts)



        
          
        

    

  


  


  



    

  
    
      
    
    
      write(db, sql, params \\ [])



        
          
        

    

  


  

Execute a write query (INSERT, UPDATE, DELETE) through the serialized writer.

  



  
    
      
    
    
      write_transaction(db, fun)



        
          
        

    

  


  

Execute multiple write queries in a single transaction.
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TimelessTraces.Exporter 
    



      
OpenTelemetry traces exporter that stores spans in TimelessTraces.
Configuration
config :opentelemetry,
  traces_exporter: {TimelessTraces.Exporter, []}
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Optional HTTP interface compatible with VictoriaTraces (OTLP ingest) and Jaeger (query).
Usage
Add to your config:
config :timeless_traces, http: true                          # port 10428, no auth
config :timeless_traces, http: [port: 10500, bearer_token: "secret"]
Or add to your supervision tree directly:
children = [
  {TimelessTraces.HTTP, port: 10428}
]
Endpoints
Ingest
	POST /insert/opentelemetry/v1/traces - OTLP JSON trace ingest

Query (Jaeger-compatible)
	GET /select/jaeger/api/services - List service names
	GET /select/jaeger/api/services/:service/operations - Operations for a service
	GET /select/jaeger/api/traces/:trace_id - Get full trace
	GET /select/jaeger/api/traces - Search traces

Operational
	GET /health - Health check
	POST /api/v1/backup - Online backup
	GET /api/v1/flush - Force buffer flush
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        child_spec(opts)

      


    


    
      
        dispatch(arg1, arg2, req)

      


    


    
      
        handle(req)
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      dispatch(arg1, arg2, req)
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TimelessTraces.LibsqlEngine 
    



      
In-process storage engine over the timeless-libsql timeless_traces
virtual table — the traces instance of the port pattern proven in
timeless_logs (timeless_logs/notes/libsql_engine_port_plan_2026-08-09.md).
Opt-in via config :timeless_traces, engine: :libsql. The writer owns
<data_dir>/traces.db: ingest encodes the migration candidate's
validated rich-span-v1 batches and control commands ride the vtab's
command channel — the same public surface the external Rust owner
uses, so embedded and external share one on-disk format.

      


      
        Summary


  
    Functions
  


    
      
        backup(target_dir)

      


        Single-snapshot backup: flush, then VACUUM INTO <target>/traces.db.



    


    
      
        child_spec(init_arg)

      


        Returns a specification to start this module under a supervisor.



    


    
      
        flush()

      


        Persist buffered spans into blocks now.



    


    
      
        ingest(spans)

      


        Ingest spans (maps or %TimelessTraces.Span{}).



    


    
      
        operations(service)

      


        Distinct operation names for a service.



    


    
      
        optimize()

      


        Run a bounded background optimize pass.



    


    
      
        query(filters)

      


        Query spans with the facade's filter vocabulary.



    


    
      
        services()

      


        Distinct service names.



    


    
      
        start_link(opts)

      


    


    
      
        stats()

      


        Aggregate statistics from timeless_stats('traces').



    


    
      
        trace(trace_id)

      


        All spans of one trace, ascending by start time.
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      backup(target_dir)



        
          
        

    

  


  

Single-snapshot backup: flush, then VACUUM INTO <target>/traces.db.

  



  
    
      
    
    
      child_spec(init_arg)



        
          
        

    

  


  

Returns a specification to start this module under a supervisor.
See Supervisor.
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Persist buffered spans into blocks now.

  



  
    
      
    
    
      ingest(spans)



        
          
        

    

  


  

Ingest spans (maps or %TimelessTraces.Span{}).

  



  
    
      
    
    
      operations(service)



        
          
        

    

  


  

Distinct operation names for a service.

  



  
    
      
    
    
      optimize()



        
          
        

    

  


  

Run a bounded background optimize pass.

  



  
    
      
    
    
      query(filters)



        
          
        

    

  


  

Query spans with the facade's filter vocabulary.

  



  
    
      
    
    
      services()



        
          
        

    

  


  

Distinct service names.

  



  
    
      
    
    
      start_link(opts)



        
          
        

    

  


  


  



  
    
      
    
    
      stats()



        
          
        

    

  


  

Aggregate statistics from timeless_stats('traces').

  



  
    
      
    
    
      trace(trace_id)



        
          
        

    

  


  

All spans of one trace, ascending by start time.
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Query result with pagination metadata.
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      t()



        
          
        

    

  


  

      

          @type t() :: %TimelessTraces.Result{
  entries: [TimelessTraces.Span.t()],
  has_more: boolean(),
  limit: pos_integer(),
  offset: non_neg_integer(),
  total: non_neg_integer()
}
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A single OpenTelemetry span.
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        encode_span_id(id)

      


    


    
      
        encode_trace_id(id)

      


    


    
      
        from_map(span)

      


    


    
      
        normalize_attributes(attrs)

      


    


    
      
        normalize_kind(kind)

      


    


    
      
        normalize_status(arg1)
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      t()



        
          
        

    

  


  

      

          @type t() :: %TimelessTraces.Span{
  attributes: map(),
  duration_ns: integer(),
  end_time: integer(),
  events: list(),
  instrumentation_scope: map() | nil,
  kind: :internal | :server | :client | :producer | :consumer,
  name: String.t(),
  parent_span_id: String.t() | nil,
  resource: map(),
  span_id: String.t(),
  start_time: integer(),
  status: :ok | :error | :unset,
  status_message: String.t() | nil,
  trace_id: String.t()
}
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      encode_span_id(id)



        
          
        

    

  


  

      

          @spec encode_span_id(non_neg_integer()) :: String.t()


      



  



  
    
      
    
    
      encode_trace_id(id)



        
          
        

    

  


  

      

          @spec encode_trace_id(non_neg_integer()) :: String.t()
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          @spec from_map(map()) :: t()


      



  



  
    
      
    
    
      normalize_attributes(attrs)



        
          
        

    

  


  

      

          @spec normalize_attributes(term()) :: map()
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          @spec normalize_kind(atom() | String.t()) :: atom()
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          @spec normalize_status(atom() | String.t()) :: atom()
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Aggregate statistics about stored span data.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %TimelessTraces.Stats{
  compaction_count: non_neg_integer(),
  compressed_blocks: non_neg_integer(),
  compressed_bytes: non_neg_integer(),
  compression_compressed_bytes_out: non_neg_integer(),
  compression_raw_bytes_in: non_neg_integer(),
  disk_size: non_neg_integer(),
  index_size: non_neg_integer(),
  newest_timestamp: integer() | nil,
  oldest_timestamp: integer() | nil,
  openzl_blocks: non_neg_integer(),
  openzl_bytes: non_neg_integer(),
  openzl_entries: non_neg_integer(),
  raw_blocks: non_neg_integer(),
  raw_bytes: non_neg_integer(),
  raw_entries: non_neg_integer(),
  storage_mode: :libsql | :disk | :memory | nil,
  total_blocks: non_neg_integer(),
  total_bytes: non_neg_integer(),
  total_entries: non_neg_integer(),
  zstd_blocks: non_neg_integer(),
  zstd_bytes: non_neg_integer(),
  zstd_entries: non_neg_integer()
}
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Telemetry events emitted by TimelessTraces.
Events
	[:timeless_traces, :flush, :stop] - A buffer flush completed.
	Measurements: %{duration: native_time, entry_count: integer, byte_size: integer}
	Metadata: %{block_id: integer}


	[:timeless_traces, :query, :stop] - A query completed.
	Measurements: %{duration: native_time, total: integer, blocks_read: integer}
	Metadata: %{filters: keyword}


	[:timeless_traces, :retention, :stop] - A retention cleanup completed.
	Measurements: %{duration: native_time, blocks_deleted: integer}
	Metadata: %{}


	[:timeless_traces, :flush, :error] - A buffer flush failed or crashed.
	Measurements: %{entry_count: integer}
	Metadata: %{reason: term}


	[:timeless_traces, :block, :error] - A block read failed (corrupt or missing).
	Measurements: %{}
	Metadata: %{file_path: string, reason: atom}
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mix timeless_traces.compression_benchmark 
    



      
Benchmark zstd vs openzl columnar compression for span blocks
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mix timeless_traces.http_benchmark 
    



      
Benchmark HTTP ingest and query throughput via Rocket
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mix timeless_traces.index_benchmark 
    



      
Benchmark pure ETS index operations in isolation (no disk I/O)
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mix timeless_traces.ingest_benchmark 
    



      
Benchmark ingestion throughput through the full pipeline
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mix timeless_traces.search_benchmark 
    



      
Benchmark query throughput across different filter patterns
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