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1/ The state of things – time is intrinsic to data
2/ What is bitemporality
3/ SQL:2011 – “temporal tables”
4/ Challenges for users, developers & vendors
5/ How we can embrace bitemporality

Agenda
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The moving image 
of eternity.
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Reality is messy.

● Business domains are understood and encoded gradually, 
therefore good design happens through iteration

● Successful systems evolve to cope with inevitable and 
unpredictable delays, mistakes and changes

● Software must capture complex business processes with 
“adjustments”, “corrections”, “exceptions”

● “we want what’s recorded in the system to match the real 
world” – Kent Beck, 2023

● ...and so do industry auditors & regulators!



  6 https://tidyfirst.substack.com/p/eventual-business-consistency

https://tidyfirst.substack.com/p/eventual-business-consistency
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“if what’s in the system matches the real world as closely 
as possible, costs go down, customer satisfaction goes up, 

& we are able to scale further faster”



  8

But databases are (still) optimized for ‘now’.

● Transactional applications are routinely built on 
databases that were not designed for the modern 
era of ~infinite storage

● Applications are carefully designed to “remember” 
and “forget” information in various ways – 
remembering things is harder than it should be!

● Stale data has to be migrated to keep acceptable 
performance
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https://www.youtube.com/watch?v=JxMz-tyicgo


  10 Image credit: programiz.com



  11 Image credit: programiz.com



  12 Image credit: programiz.com
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Living without data version control?!
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How can we incorporate time & history 
into databases that operate with ‘now’?
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https://news.ycombinator.com/item?id=32156009
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https://news.ycombinator.com/item?id=954393
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https://richarddingwall.name/2009/11/20/the-trouble-with-soft-delete/
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https://medium.com/geekculture/soft-deletes-are-tedious-does-an-ideal-deletion-without-loss-even-exist-9cc5d78e9b10

https://medium.com/geekculture/soft-deletes-are-tedious-does-an-ideal-deletion-without-loss-even-exist-9cc5d78e9b10


  19

A history of price mutations...
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Storing mutation history in the database 
affords us:

● Stable basis

– Run reports consistently (e.g. calculate net 
margin as-of the start of the month)

– Auditable answers to customer queries

– Complex questions can be decomposed across 
multiple queries

– Change detection (answer 'what changed' 
questions for integrating with 'derived data' 
systems)
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Storing mutation history in the database 
affords us:

● Stable basis

– Run reports consistently (e.g. calculate net margin as-of the start 
of the month)

– Auditable answers to customer queries

– Complex questions can be decomposed across multiple queries

– Change detection (answer 'what changed' questions for 
integrating with 'derived data' systems)

● Developer safety

– Retrieving & restoring old versions is Ops-free

– Easier debugging (reproduce the conditions of a bug at the time it 
happened)
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Is mutation history enough to capture your 
application complexities? 

● Unlikely!

– Schema changes must (somehow) not affect 
historical versions

– Cannot import late-arriving, out-of-order data

– No affordance to ‘correct’ earlier versions

– Will your application ever need time travel?
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Who invariably needs history & time travel?
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Anyone who works with customers...

“I forgot to tell you that I moved last year.”

“You got last year’s address change wrong.”

“I’m going to move next year.”
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Anyone who works with employees...

“Carol’s salary needs to be increased by 10%, 
backdated to the last payroll period.”

“Bob worked 2 days last week and his time needs 
to be included in next month’s invoice.”

“Alice is going on holiday in 2 weeks’ time, 
who is available to cover her?”
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Anyone who works with calculations & reports...

“What was my customer’s credit rating last 
Monday as I knew it last Friday?”

“What did we think our customer’s credit rating 
was at the time Lehman defaulted when we told 
the SEC that all of our customers had high credit 
ratings?”

“What is the financial risk exposure of my 
portfolio based on current market data 
compared with yesterday?”
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Anyone who sells things...
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...and so on...
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How can we rigorously model historical 
versions of rows in the relational model?
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Bitemporality
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Released: 1st August 1999
Available freely online: https://www2.cs.arizona.edu/~rts/tdbbook.pdf

Scheme Evolution and the Relationship Algebra, May 1988
https://apps.dtic.mil/sti/tr/pdf/ADA201297.pdf

https://www2.cs.arizona.edu/~rts/tdbbook.pdf
https://apps.dtic.mil/sti/tr/pdf/ADA201297.pdf
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To maintain a ‘bitemporal’ version of a row:

● Always record two timestamps alongside your data

● One is the timeline of when things actually happened

● The other is the timeline of when information was 
inserted into the system

● “The purpose of the 2 dates is to make sure that our 
system is eventually consistent with reality”
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To maintain a ‘bitemporal’ version of a row:
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System Time

● Immutable!
● Auditable history of data as we knew it
● The system lifecycle of a record
● A stable basis for decision making
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Valid Time

● Mutable!
● Potentially meaningful to the application
● The domain lifecycle of a record
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Bitemporality

● Timestamps imply periods (e.g. from now until the 
end of time), modelled as intervals or start + end

● System time period = period during which a fact 
stored in the database is regarded as true (a fact 
is true until corrected)

● Valid time period = period during which a fact is 
true in the real world

● Bitemporal data simply combines both system and 
valid time dimensions
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https://bitemporal.net/generate-bitemporal-intervals/

2, 3 or 4 timestamps? (and no overlaps allowed!)

https://bitemporal.net/generate-bitemporal-intervals/
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SQL:2011 vs. Application Time Synonym System Time Synonym

Snodgrass Valid Transaction

Beck Effective Posting

Fowler Actual Record

Date/Darwen Stated Logged

Johnston Effective Assertion

Kafka Event Ingestion

Terminology
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Valid Time System Time

History of things being modelled History of changes to the database

Underpinning user-facing features Auditing and compliance

Modify the past, present and future Immutable, append-only

Maintained by your app Maintained by Triggers/ORM/DB

Implications
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10.2 Modifications

Available freely online: https://www2.cs.arizona.edu/~rts/tdbbook.pdf

https://www2.cs.arizona.edu/~rts/tdbbook.pdf
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10.3 Queries

Available freely online: https://www2.cs.arizona.edu/~rts/tdbbook.pdf

https://www2.cs.arizona.edu/~rts/tdbbook.pdf
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Summary: storing bitemporal data 101

● 2, 3 or 4 timestamps
● “No overlaps allowed” primary key constraint
● Performance, complexity and functionality 

considerations
● 4 timestamps is best (e.g. SQL:2011), complexity of 

updates/maintenance is harder, but read 
performance is good

● 2 timestamps requires lots of `MAX` and 
`<` ...whereas non-overlapping rectangles are easy 
to query



  69

Technical challenges with the ad hoc approach:

● Do I need to store deltas?

● How to handle duplicate Primary Key values?

● How can I control the query performance?

● What does this mean for triggers?

● Code & query complexity!

● ...
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Key tradeoff dimensions:

● Write latency & read latency
● Cost of storage and indexing
● What granularity of history is required, e.g.

– Need profitability only as of end of month, only need to what it was daily
– Do you need a complete audit trail of changes

● Duration of history (retention periods and policies)
● Easy of query development
● Ability to support new queries quickly or effectively
● Over-engineering or under-engineering can be expensive (cost 

and business opportunities)
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SQL:2011

● A culmination of decades-long academic & industry reflection

● Extends the ISO standard with temporal operators

● Demanded by industry

● Partially implemented by a few DBMS vendors

● Still demanded by industry
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https://dbs.uni-leipzig.de/file/Temporal%20features%20in%20SQL2011.pdf
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Bitemporal Tables



  74

Automatic, Auditable, Mutable History of Data
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Expressive Querying

What was the department where the employee 22217 
worked as of December 1, 2010, recorded in the 

database as of July 1, 2011?
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Period Predicates

Express conditions involving periods...
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SELECT customer_number
FROM Prop_Owner
WHERE property_number = 7797 AND
  VT_Begin <= DATE 1998-01-13 AND
  DATE 1998-01-13 < VT_End AND
  TT_Start <= DATE 1998-01-18 AND
  DATE 1998-01-18 < TT_Stop

SELECT customer_number
FROM Prop_Owner FOR SYSTEM_TIME AS OF
   DATE '1999-01-18'
WHERE property_number = 7797 AND
   VT_period CONTAINS DATE '1999-01-13';

Give the owner of the flat at Skovvej 30 in Aalborg on January 13
as stored in the Prop_Owner table on January 18.



  78

https://www.youtube.com/watch?v=R7kQO5Z2JKk https://www.stacresearch.com/btd

https://www.youtube.com/watch?v=R7kQO5Z2JKk
https://www.stacresearch.com/btd
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SQL:2011 has yet to become commonplace - why?

● For database vendors:

– Complex to retrofit

– Architecture mismatch

● For developers:

– Lack of awareness & foresight

– Complex performance
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https://illuminatedcomputing.com/posts/2017/12/temporal-databases-bibliography/

https://illuminatedcomputing.com/posts/2017/12/temporal-databases-bibliography/
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https://illuminatedcomputing.com/posts/2019/08/sql2011-survey/

https://illuminatedcomputing.com/posts/2019/08/sql2011-survey/
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https://mariadb.org/wp-content/uploads/2020/09/Temporal-Tables_serverfest2020.pdf
https://www.youtube.com/watch?v=uBoUlTsU1Tk

https://mariadb.org/wp-content/uploads/2020/09/Temporal-Tables_serverfest2020.pdf
https://www.youtube.com/watch?v=uBoUlTsU1Tk
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https://www.marklogic.com/wp-content/uploads/
2015/07/MarkLogic-White-Paper-Better-With-Bi
temporal.pdf

https://www.marklogic.com/wp-content/uploads/2015/07/MarkLogic-White-Paper-Better-With-Bitemporal.pdf
https://www.marklogic.com/wp-content/uploads/2015/07/MarkLogic-White-Paper-Better-With-Bitemporal.pdf
https://www.marklogic.com/wp-content/uploads/2015/07/MarkLogic-White-Paper-Better-With-Bitemporal.pdf
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http://rts.cs.arizona.edu/pubs/Teradatacasestudy.pdf

http://rts.cs.arizona.edu/pubs/Teradatacasestudy.pdf
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Postgres...?

● Library of bitemporal functions using GiST indexes:

– https://github.com/hettie-d/pg_bitemporal/

● system_time only extensions:

– https://github.com/nearform/temporal_tables

– https://github.com/arkhipov/temporal_tables

https://github.com/hettie-d/pg_bitemporal/
https://github.com/nearform/temporal_tables
https://github.com/arkhipov/temporal_tables
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https://bitemporal.net/generate-bitemporal-intervals/

“How can I generate diagrams like this quickly?”

https://bitemporal.net/generate-bitemporal-intervals/
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https://bitemporal-visualizer.github.io/

https://bitemporal-visualizer.github.io/
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Thank you      
Any questions?

jdt@juxt.pro
@refset

jms@juxt.pro
@jarohen

We hope you have enjoyed this presentation!
To learn more, see https://xtdb.com/v2 to discover JUXT’s open source bitemporal database.
XTDB makes the SQL:2011 bitemporal table experience easy.

https://xtdb.com/v2
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