
Optimizing

Postgres I/O

Performance and Costs

@LukasFittl



“Migrating to Aurora: easy except the bill"

Why does I/O matter?

https://gridium.com/migrating-to-aurora-easy-except-the-bill/
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What We’ll Talk About Today



I/Os,

Small and Large



Latency Numbers Every Programmer Should Know

https://colin-scott.github.io/personal_website/research/interactive_latency.html


Write I/O

Change that needs to be written to disk

Client

Data Directory 
Disk

WAL

Disk?

🔧 Change buffer sizes, flush intervals, reduce index writes, etc.
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Read I/O

Provide a certain query result to the client

🔧  Improve parallelism, improve indexes, improve caching

Client Data Directory 
Disk?



Read I/O
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I/Os Can Contain

More Than 1

Postgres Page

1 Postgres Page

= 2 Disk Pages (usually)



$X (PIOPS) 1/4 of $X (PIOPS)



To create more efficient I/O, we 
want to get more work done 
with a single I/O operation



The best I/O operation is

the one that didn’t happen.


(e.g. because we avoided table bloat, thus not 
even having a particular data page)



The Role of

Shared Buffers

and the WAL



Client Data Directory 
DiskOS Page Cache*

Postgres

Buffer Cache

The Two Caches That Matter

* except on Aurora



Postgres Shared Buffers

Pinned Buffer

Actively being read/used by a backend

Unpinned Buffer

Unused buffer, may contain cached data

Dirty Buffer

Previously written to, not yet persisted to disk

8kB Page

e.g. 128kB shared_buffers



Postgres Shared Buffers

Pinned BufferUnpinned Buffer

What?

Reference count (pin count) is increased to avoid contents being replaced by others,

additional buffer locks may be taken (e.g. to replace content),

buffer is used (read and/or written to) and pin count decreased once work is done.


Who can do it?

1. Individual backends trying to read data / use cache data

2. Background processes (for similar reasons)

Unpinned BufferPinned Buffer



shared_buffers are not (just) a cache,

they are essential for writes.

1. Remember changed page in shared_buffers

3. Persist to WAL

2. Remember changed rows (or full page) in wal_buffers

4. Persist to Data Directory



shared_buffers are not (just) a cache,

they are essential for writes.

1. Remember changed page in shared_buffers

3. Persist to WAL

2. Remember changed rows (or full page) in wal_buffers

4. Persist to Data Directory



Postgres Shared Buffers

Dirty BufferPinned Buffer

What?

Backend (or other processes) changed the data in the buffer (= “dirtied” it)

and that data now needs to be persisted to disk.


Who can do it?

1. Individual backends trying to write data

2. VACUUM cleaning up a table



Postgres Shared Buffers

Unpinned BufferDirty Buffer

What?

Write data from memory to OS page cache, and potentially

flush OS page cache to disk.


Who can do it?

1. Background writer (bgwriter)

2. Checkpointer

3. Individual backend that needs an unpinned buffer 🚨



Background Writer



Background Writer

Tune to run more often for busy workloads

=> reduce bgwriter_delay


If background worker doesn’t do its job in time,

Individual queries might write dirty buffers before they can read.

(pg_stat_statements.shared_blks_written)


But: If it runs too often, you’ll create additional I/O.

(a dirty page can be “re-used” for a write within the same checkpoint)



Persisting Changes to the WAL
1. Remember changed page in shared_buffers

3. Persist to WAL

2. Remember changed rows (or full page) in wal_buffers

4. Persist to Data Directory



wal_buffers

INSERT INSERT

wal_buffers (e.g. 16 MB)

WAL file (e.g. 64 MB)

COMMIT




• Default is automatically set to 
max(shared_buffers / 32, wal_segment_size)


• If you have very big transactions (or are 
using synchronous_commit = off), 
increasing wal_buffers to a multiple of 
wal_segment_size can be helpful

wal_buffers = -1



wal_buffers = -1



synchronous_commit = off

(sometimes)



INSERT INSERT

wal_buffers (e.g. 16 MB)

WAL file (e.g. 64 MB)

COMMIT


synchronous_commit = on



synchronous_commit = off

INSERT INSERT

WAL file

WAL Writer
COMMIT
 COMMIT


INSERT INSERT



synchronous_commit = off

! You may loose data not yet persisted to WAL in a crash.


The database will be consistent 
(just missing that most recent data),

no risk of corruption.



“This parameter can be changed at any time; the 
behavior for any one transaction is determined by 

the setting in effect when it commits.


It is therefore possible, and useful, to have some 
transactions commit synchronously and others 

asynchronously.”



synchronous_commit = [ SET per transaction]

INSERT INSERT

WAL file

COMMIT

sync…_commit=on

COMMIT

sync…_commit=off

COMMIT

sync…_commit=off

INSERT INSERT INSERT

$important



• Consider lowering wal_writer_delay 
(to write WAL more frequently, avoiding 
flushes during individual commits) 

• Increase wal_buffers to a multiple of 
wal_segment_size

If you make heavy use of

synchronous_commit = off …



• Default of 16 MB is too small (too much 
churn with new files)


• Consider at least 64 MB

• If going for a much larger value, ensure 

min_wal_size is sufficient 
(to keep old files around, avoiding 
expensive initialization of new files)

wal_segment_size & min_wal_size



A Tale of

Checkpoints

And Full Page Writes



Why do we have checkpoints?



WAL

Changes

Data Directory

Changes



WAL

Changes

Data Directory

Changes

⚡CRASHCRASH



WAL

Changes

Data Directory

Changes

35AEC7/C936000

What is the state of

the data directory?!


(How far did it get synchronized?)



WAL

Changes

Data Directory

Changes

CHECKPOINT CHECKPOINT



WAL

Changes

Data Directory

Changes

CHECKPOINT 35AEC7/C936000



WAL

Changes

Data Directory

Changes

CHECKPOINT 35AEC7/C936000

Data Directory as of last CHECKPOINT +

 WAL records after the CHECKPOINT

= Recover to right before the crash



Timed vs WAL-based Checkpoints



CHECKPOINT CHECKPOINT

Timed Checkpoint

checkpoint_timeout = 300s

5 minutes



CHECKPOINT

WAL-based 
Checkpoint

CHECKPOINT

max_wal_size = 1GB

Similar amount of I/O,

but in shorter time frame

=> I/O spike / bottleneck







Full Page Writes



Full Page Images (FPIs) are big

(a full 8kb page copied into the WAL)



WAL

Changes

Data Directory

Changes

35AEC7/C936000CHECKPOINT



WAL

Changes

Data Directory

Changes

35AEC7/C936000CHECKPOINT



WAL

Changes

Data Directory

Changes

35AEC7/C936000CHECKPOINT

Full Page Images (FPI)

fix up potentially


“Torn Pages”

During a Crash



CHECKPOINT CHECKPOINT

FPIs decreasing over time



CHECKPOINT CHECKPOINT

After a CHECKPOINT,

the first write to a page

will be a full page write

FPIs decreasing over time



• Compresses FPIs in WAL with lz4 compression

• Reduces impact of having lots of full page 

writes after a checkpoint

• Before PG15 only pglz format was supported 

(high CPU overhead)

wal_compression = lz4 (with PG15+)



Amazon Aurora Is 
Different

(But Not Always Better)



Amazon Aurora Is Different

Aurora Log Write

Disk 
Copy 1

Disk 
Copy 2

Disk 
Copy 3

Disk 
Copy 4

Disk 
Copy 5

Disk 
Copy 6

1. Remember changed page in shared_buffers

2. Write out changed rows to WAL

3. Refresh Replicas

     (their shared_buffers)



No Full Page Writes


“No Checkpoints”

(Heavily Modified Checkpointer

+ Background Writer)

Amazon Aurora Is Different



Both Read and Write IOPS are charged extra


Read I/Os are always charged per 8kB disk page


Read I/Os will be slower (sometimes)


Write I/Os are always charged per 4kB log record


Write I/O with synchronous_commit=on will be slower

Aurora Is Not Always Better



“An unoptimized SQL query can incur higher I/Os as 
compared to an optimized query, because it needs to 
scan a lot of pages to get to the final query result.


Typically, this is the most common cause for higher 
Aurora I/Os.”


Amazon Aurora I/O Cost Optimization Methodology

https://www.youtube.com/watch?v=dpLRAlEX7Lo


Breaking Down Your

Query Workload

Into I/Os



















In this case the root cause of increased I/O was a

mis-estimate by the planner,


causing a Hash Join to be preferred over a Nested Loop

(the latter would have allowed an index to be used)


The rest of this story is for another day..



But, what if …


this was on

Amazon Aurora?





18.6 GB = 2380 Pages of 8kb size


4.55 queries / minute


~ 200,000 queries / month


~ 500,000,000 page reads / month



~ 500,000,000 page reads / month

~ $100/month just for this one slow read query…

(if we were running this database on Aurora)



Indexes and

Write Amplification



Bad Index Structure =

Lots Of Unnecessary Index Pages (and I/O!)









6,000 Write IOPS peak  =>  ~1,000 Write IOPS peak



Unused (non-UNIQUE) Indexes =

Added write I/O without any benefit





VACUUM Tuning and 
Table Bloat



VACUUM can

directly cause I/O spikes



If a table hasn’t been vacuumed in a while, 
autovacuum may schedule many


aggressive anti-wraparound VACUUMs



Make sure that large tables

get processed by autovacuum consistently


(e.g. by lowering the autovacuum_scale_factor)


Append only tables before PG13 may need manual VACUUM

(PG13+ has autovacuum_vacuum_insert_scale_factor)



On tables with a steady workload,

table bloat happens because


space was not reclaimed by VACUUM in time.



Root causes of autovacuum not doing its job


1. autovacuum can be too busy 
(increase autovacuum_max_workers) 


2. autovacuum can be too slow

(reduce autovacuum_vacuum_cost_delay)


3. autovacuum can be prevented from doing its work

(avoid long running transactions)



If table bloat happens:


Use pg_repack (aka VACUUM FULL without downtime)



Reduce Bloat, Tune Autovacuum => Save Money

“Migrating to Aurora: easy except the bill"

https://gridium.com/migrating-to-aurora-easy-except-the-bill/


thanks!
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