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Once Upon a Time…
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…They Didn’t Live Happily Ever After
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DBOS Time Travel
Demo!
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Time Travel Is Useful

● Periodic reporting

● Auditing

● Debugging

● Regulatory Compliance (GDPR, CCPA, …)

● Recovery
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Many Existing Implementations
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Many Existing Implementations
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Why New Implementation?

App DB

App Tables App History 
Tables

Inserts
Deletes
Updates
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Why New Implementation?

● Store all past versions in the same app database
○ Performance impact
○ Hard to maintain

App DB

App Tables App History 
Tables

Inserts
Deletes
Updates
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DBOS Time Travel

● Export history data to a separate provenance DB

● Track changes per transaction

● Main idea: Logical replication + multi-versioning

App DB

App Tables App History 
Tables

WAL
Inserts
Deletes
Updates

Provenance DB
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Benefits

● No impact on the app DB

● Safe schema migration

● Work with off-the-shelf/managed Postgres servers

● Bonus: Enable transaction debugging

App DB

App Tables App History 
Tables

WAL
Inserts
Deletes
Updates

Provenance DB
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Main Components

● Multi-versioned WAL exporter

● Time travel proxy

● Time travel debugging
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Multi-Versioned WAL Exporter
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Main Idea

● Multi-versioned tables
○ Capture all versions of each data record
○ Capture the begin and end timestamp of each version

App History 
Tables

Provenance DB

Multi-Versioned
History TablesMulti-Versioned

History Tables
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Main Idea

● Multi-versioned tables
○ Capture all versions of each data record
○ Capture the begin and end timestamp of each version

● Write-Ahead Log (WAL) transformer

App History 
Tables

Provenance DB

Multi-Versioned
History TablesMulti-Versioned

History Tables

WAL
Inserts
Deletes
Updates

WAL 
Transformer
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Multi-Versioned History Tables

● Use transaction ID as the logical timestamp

● Extend each table with two columns
○ begin_xid: added the record
○ end_xid: deleted or updated the record with a new version

● Each version is visible between begin_xid and end_xid
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Example

product inventory

Premium Quality Widget 98

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

App Table: Current data

Provenance Table: History data
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Example

product inventory

Premium Quality Widget 98

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

App Table: Current data

Provenance Table: History data

How?
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Example

product inventory

Premium Quality Widget 98

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

App Table: Current data

Provenance Table: History data

WAL to the rescue!
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Write-Ahead Log (WAL)

● WAL describes data changes

● Logical decoding (e.g., wal2json) converts WAL to a readable format

● Example:
{

"xid": "24818",
"kind": "insert",
"schema": "public",
"table": "products",
"columnnames": ["product", "inventory"],
"columntypes": ["text", "integer"],
"columnvalues": ["Premium Quality Widget", 100]

}
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WAL Transformer

● Think of an ETL pipeline

● Enhance WAL with version info and update provenance tables
○ Records are append-only
○ Only metadata can be modified

App History 
Tables

Provenance DB

Multi-Versioned
History TablesMulti-Versioned

History Tables

WAL
Inserts
Deletes
Updates

WAL 
Transformer
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WAL Transformer: Insert

● For an insert, append the new record to the table
○ begin_xid set to the transaction ID
○ end_xid to infinity (latest version)

● Example: add a new product

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 ∞
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WAL Transformer: Delete

● For a delete, find the latest record (end_xid=∞)
○ Update end_xid to the transaction ID

● Example: delete a product

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 ∞
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WAL Transformer: Update

● For an update, first perform a delete and then insert a new version

● Example: update a product’s inventory

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 ∞

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 ∞
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Garbage Collection

● Bound the size of the provenance DB

● Retention policy

● Periodically remove old versions based on end_xid
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Garbage Collection

● Periodically remove old versions based on end_xid

● Example:

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

24818 … 24824 … 24826

Garbage Collected
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Time Travel Proxy
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Main Idea

● Transform normal PostgreSQL queries to time traveled queries

● Read the visible version at any given point in time
○ Only see the committed versions
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Visibility Rule

● A version is visible at a given timestamp T if:
○ The begin_xid is a transaction committed before T
○ And the end_xid is not committed before T
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Visibility Rule

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

24818 … 24824 … 24826

Committed Not committed

SELECT product, inventory FROM products;
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Visibility Rule

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

24818 … 24824 … 24826

Committed Not committed

SELECT product, inventory FROM products;
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Visibility Rule

24818 … 24824 … 24826

Committed Not committed

SELECT product, inventory FROM products;

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞
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Visibility Rule

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

24818 … 24824 … 24826

Committed Not committed

SELECT product, inventory FROM products;
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Visibility Rule

24818 … 24824 … 24826

Committed

SELECT product, inventory FROM products;

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞
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Visibility Rule

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

24818 … 24824 … 24826

Committed

SELECT product, inventory FROM products;
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Which Transactions Have Committed?

● Use the PostgreSQL’s snapshot info: pg_current_snapshot()
○ xmin: transaction IDs < xmin are committed
○ xmax: transation IDs >= xmax are not finished
○ xip_list: between xmin and xmax but not committed
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Query Transformation

● Append two predicates to a query:

● First, select versions added by committed transactions

● Second, select versions not deleted by committed transactions

(begin_xid < xmax AND NOT begin_xid = ANY(xip_list))

AND (end_xid >= xmax OR end_xid = ANY(xip_list))
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Example

SELECT product, inventory FROM products

WHERE (begin_xid < 24825) AND (end_xid >= 24825)

24818 … 24824 … 24826

Committed Not committed

SELECT product, inventory FROM products;
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Example

product inventory begin_xid end_xid

Premium Quality Widget 100 24818 24824

Premium Quality Widget 99 24824 24826

Premium Quality Widget 98 24826 ∞

24818 … 24824 … 24826

Committed Not committed

SELECT product, inventory FROM products;
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Implementation

● Implement a Postgres proxy, using libpg_query to parse and 
transform queries
○ Postgres wire-compatible
○ Kudos to my amazing teammate Harry Pierson (@DevHawk)

● DBOS keeps track of the timestamp to snapshot mapping
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Time Travel Debugging
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Replay Statements As Of a Past Transaction 

BEGIN

UPDATE products SET inventory = 50 WHERE product LIKE ‘Premium%’
RETURNING product, inventory;

UPDATE products SET inventory = 100 WHERE product = ‘Premium Widget’ 
RETURNING product, inventory;

COMMIT
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Challenges

● Can’t modify history data

● Require read-your-own-writes within a transaction

● WAL doesn’t track SQL statements
○ Each statement may change multiple records
○ Each record may be changed multiple times
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Main Idea

● Proxy transforms insert/delete/update to select queries

● Keep track of which statement within the transaction made what
changes
○ begin_seq: The statement ID that added the record
○ end_seq: The statement ID that deleted the record

● Use PG triggers to record how many records are changed per 
statement
○ Emit WAL messages
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Try DBOS Time Travel

● Tutorial: https://docs.dbos.dev/cloud-tutorials/interactive-timetravel

● Case Study: https://www.dbos.dev/blog/database-time-travel

https://docs.dbos.dev/cloud-tutorials/interactive-timetravel
https://www.dbos.dev/blog/database-time-travel
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Summary

● Export history data to a separate provenance DB

● Leverage logical replication + multi-versioning
○ No impact on the app DB
○ Work with off-the-shelf/managed Postgres servers
○ Bonus: Enable transaction debugging

App DB

App Tables App History 
Tables

WAL
Inserts
Deletes
Updates

Provenance DB
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Chat with Us! 

Qian Li
Co-founder

Peter Kraft
Co-founder

● Export history data to a separate provenance DB

● Leverage logical replication + multi-versioning
○ No impact on the app DB
○ Work with off-the-shelf/managed Postgres servers
○ Bonus: Enable transaction debugging


