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Nikita Glukhov

Senior developer @Postgres Professional
PostgreSQL contributor

Major CORE contributions:
* Jsonb improvements
* SQL/JSON (Jsonpath)
* KNN SP-GiST
* Opclass parameters
Current development:
* SQL/JSON functions

* Jsonb performance \
Posy{gresPro




Postgres breathed a second life into relational databases

* Postgres innovation - the first relational database with NoSQL support
* NoSQL Postgres attracts the NoSQL users
* JSON became a part of SQL Standard 2016

Relative Growth

= Pg == MySQL == Oracle == MS SQL

JSONB

Pogégres Pro
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JSONB Popularity - CREATE TABLE qq (js JSONB)

State of PostgreSQL 2021 (Survey) Pgsql telegram (6170) — 26.02.2021

Top 3 features used to organize
and access data in production

apps * SELECT 8061/312083

JSON/JSONB, Event triggers, and Non-btree indexes ° SQL 4473/144789

are the top 3 features respondents use in their

production apps. ° JSON[B] 3116/88234

View full question

* TABLE 2997/129936
* JOIN 2345/108860
INDEX 1519/74327
BACKUP 1484/42618
VACUUM 1470/53919
REPLICA 707/31036

Pogzgres Pro


https://www.timescale.com/state-of-postgres-results/#experiences

Popular mistake: CREATE TABLE qq (jsonb)
(id, {...}::jsonb)W&({id,...}::jsonb)

SELECT expr FROM test_toast; SELECT expr FROM test_toast;

number of chunks number of chunks
1 1

master master

id
® pb->>id

jb->'a"->>0

I
I
I
I
I
I
I
I
!
I
I
I
I
I
I
|
|
I
I
I
[

I
L]

expression execution time, s
blocks read by expr

& e
| |
o foll 5P 0w % Top P aF B8 oh ol gyt 8 by
|

10K 100K 1K 2K 10K 100K
raw jsonb size, bytes raw jsonb size, bytes

Large jsonb is TOASTed ! Pogggres Pro



JSONB Projects: What we were working on

* SQL/JSON functions (SQL-2016)
* Generic JSON API (GSON). Jsonb as a SQL Standard JSON data type.

* Better jsonb indexing (Jsquery GIN opclasses)

* Parameters for jsonb operators (planner support functions for Jsonb)
* JSONB selective indexing (Jsonpath as parameter for jsonb opclasses)
* Jsonpath syntax extension

* Simple Dot-Notation Access to JSON Data

Pogzgres Pro



Current TOP-priority project

*JSONB - 1st-class citizen in Postgres

* Efficient storage,select, update, API
PogzgresPro



Top-priority: JSONB - 1st-class citizen in Postgres

* Popularity of JSONB — it’s mature data type, rich functionality

* Startups use Postgres and don’t care about compatibilty to Oracle/MS SQL
* Jsonpath is important and committed
* There is rich user APl to Jsonb, so SQL/JSON functions are not in top-priority list

* Not enough resources in community (developers, reviewers, committers)
* SQL/JSON — 4 years, 55 versions
* JSON/Table — 48 versions

* We concentrate on efficient storage, select, update ( OLTP+OLAP)
* Extendability of JSONB format
* Extendability of TOAST — data type aware TOAST, TOAST for non-atomic attributes

Pogzgres Pro



Motivational example (synthetic test)

* A table with 100 jsonbs of different sizes (130B-13MB, compressed to 130B-247KB):
CREATE TABLE test toast AS

SELECT
i id,
jsonb build object(
‘keyl', 1,

‘key2', (select jsonb agg(0) from
generate series(1l, pow(10, 1 + 5.0 * i / 100.0)::int)),-- 10-100k elems
‘key3', 1,
‘key4', (select jsonb agg(0) from
generate series(1l, pow(1l0, 0 + 5.0 * i / 100.0)::int)) -- 1-10k elems
) Jb
FROM generate series(1l, 100) 1i;

* Each jsonb looks like: keyl, loooong key2, key3, long key4.
* We measure execution time of operator ->(jsonb, text) for each row by
repeating it 1000 times in the query:

SELECT jb -> 'keyN', jb -> 'keyN', .. jb -> 'keyN' FROM test toast WHERE id = ?;

Pogzgres Pro



Motivational example (synthetic test)

Key access time for TOASTed jsonbs linearly increase with jsonb size,
regardless of key size and position.

SELECT jb->'keyN' FROM test_toast; SELECT jb->'keyN' FROM test_toast;

master master

Toasted Toasted

key
keyl

3
o

@ key2 (120B-12MB)
' Compressed }= | key3
Inline == E i . key4 (12B-1.2MB)

-> execution time, s
blocks read by ->

=
o

we
o

Inline :
Inline+

[ | iy .l.%rn" i 1l |
2L | oA AT RO IR b2y g
1 1

]
1K 2K 10K 100K 1K 2K 10K 100K M
raw jsonb size, bytes raw jsonb size, bytes

Large jsonb is TOASTed ! Pos greSPro




TOAST performance problems (synthetic test)

Key access time for TOASTed jsonbs linearly increase with jsonb size,
regardless of key size and position.

SELECT jb->'keyN' FROM test_toast; SELECT jb->'keyN' FROM test_toast;

master master

Toasted | Toasted

key
keyl

(5]
o

|| . @ key2 (120B-12MB)
Compressed |..:;

. key3
Inline

-> execution time, Js
blocks read by ->

key4 (12B-1.2MB)

[u=y
(=]

Inline+

i
’ S P—
2 T Vs o L AT

2K ) 10K 100 1K 2K 10K 100K
compressed jsonb size, bytes compressed jsonb size, bytes

Large jsonb is TOASTed !



Motivational example (IMDB test)

* Real-world JSON data extracted from IMDB database (imdb-22-04-2018-json.dump.gz)

* Typical IMDB «name» document looks like:

{
"id": "Connors, Steve (V)",
"roles": |
{
"role": "actor",
"title": "Copperhead Creek (?7?7)"
}
{
"role": "actor",
"title": "Ride the Wanted Trail (?77?)"+
]}
"imdb id": 1234567
}

* There are many other infrequent fields, but only id, imdb id are mandatory,
and roles array is the biggest and most frequent (see next slide).

Pogggres Pro


http://www.sai.msu.su/~megera/postgres/files/imdb-22-04-2018-json.dump.gz

IMDB data set field statistics

size, B
10 100 1K 10K 100K 1M 10 100 1K 10K 100K 1M 10 100 1K 10K 100K 1M 10 100 1K 10K 100K 1M 10 100 1K

10K 100K 1M 10 100 1K 10K 100K 1M
jsonb compressed jsonb id

akal] roles[] height

trivia[] spouses[] articles[] salaries[]

=]

interviews|] pictorials[]

fraction, %

portrayals[] trademarks[] biographies[]

date_of death print_biographyf] biographical_movies]]

other_works]] cover_photos[] date_of birth

Pos}{gresPro



Motivational example (IMDB test)

SELECT jb -> 'key' FROM imdb.names; raw vs stored jsonb size

master

storage type
® inline

inline compr.

—
(=]

® toasted

stored size, bytes

[2]
=
s
E
=]
-
[=]
=
=
L& ]
D
-
03]
0

Compressed
Inline

1K 10K 100K 1K 2K 10K 100K
raw jsonb size, bytes raw jsonb size, bytes

Pos}{gresPro



Motivation

* Decompression is the biggest problem. Big overhead of decompression
of the whole jsonb limits the applicability of jsonb as document storage
with partial access.

* Need partial decompression

* Toast introduces additional overhead - read too many block
* Read only needed blocks — partial detoast

Pogzgres Pro



Jsonb deTOAST improvements

* Partial pglz decompression

* Sort jsonb object key by their length

* Partial deTOASTing using TOAST iterators
* Inline TOAST

* Shared TOAST

* Access
* Update
* In-place update

* Bonus slides: Appendable bytea

Pogzgres Pro



Jsonb partial decompression

* Partial decompression eliminates overhead of pglz decompression of the whole jsonb.

* Jsonb is decompressed step by step: header, KV entries array, key name and key value.
Only prefix of jsonb has to be decompressed to acccess a given key |

read $ header ->'k5' o
read $ header $->'k1", §->'k5

VLH|JBH g aue
VLH | JBH
binary search $.k1

binary search $.k1

K5 | V1 V2 V3 V4 | V5
e: BILe K5 | Vi
I{ entries

K3 | K4 | K& | V1 V2 V3 V4 | V5 G) alue
b N K1 | K2 K3 |K4|K5
I{ entries

full decompression partial decompression )
Posy{gresPro



Jsonb partial decompression results (synthetic)

Access to keyl (red) in the prefix of jsonb was significantly improved:
* For inline compressed jsonb access time becomes constant
* For jsonb > 1MB acceleration is of order(s) of magnitude.

SELECT jb->'keyN' FROM test_toast;

+part_decomp

key
keyl
@ key2 (120B-12MB)

key3

w
=5
E
E
k=]
=
(=]
=
=
o
@
=
@
A

key4 (12B-1.2MB)

10M ) < 2K 10K
raw jsonb size, bytes

Pogzgres Pro



Jsonb partial decompression results (IMDB)

* Access to the first key «id» and rare key «height» was significantly improved.

* Access time to big key «roles» and short «imdb _id» remains mostly unchanged

SELECT jb -> 'key' FROM imdb.names;

+part_decomp

o]
roles

height

w
=
e

E

=
=
o

=
3
[}
L
>
L
A
1

imdb_id

1M 100

raw jsonb size, bytes PO&Q res Pro




Sorting jsonb keys by length

In the original jsonb format object keys are sorted by (length,name), so the short keys with
longer or alphabetically greater names are placed at the end and cannot benefit from the

partial decompression. Sorting by length allows fast decompressions of the shortest keys
(metadata).

et B $->'k1", $->'k5'
read $ header $->'k1", $->'5 read $ header

‘ VLH | JBH
VLH | JBH

binary search $.k1 binary search $.k1

KVM

extract $.k1 value

JBH KVM

binary search $.k5 binary search $.k5

) Value
JBH g Yalue K2 | K3 I K5 KVM i entries b |1 I %

extract $.k5 value extract $.k5 value

VaIL‘Ie KW V4 VS
entries

original: keys names and values sorted by key names new: keys values sorted by their length Pos) gresPro



JSONB Binary Format (src/include/utils/jsonb.h)

jsonb datum jsonb datum

varlena header varlena header
j number of KV pairs or array elements container type | number of KV pairs or array elements
o |JsonbContainer header | 3 28 bits 1 | JsonbContainer header (3 bits) (28 bits)

key1 JEntry KV map: 1=>1, 2=>3, 3 =>2

keys sorted by

key2 JEntry key1 JEntry 2 = object
N length, name value type: value length or offset (28 bits) k rted b 4= arrjay
' key3 JEntry cls/ np, ’ Ieys ‘Sho ed oy key2 JEntry 5 = scalar
' % lengths interleaved with offsets englh, name

. vall JEntry N/T/F

every 32 JEntries key3 JEntry

value type: value length or offset (28 bits)

values sorted 2 JE
by key ksl values sorted var Jentry c;\{ls.lf ;‘é lengths interleaved with offsets
every 32 JEntries
by length val3 JEntry

"b" val2 JEniry

val3 JEntry

root
container "c" nested container container "p" nested container

JsonbContainer header JsonbContainer header

{ element1 JEntry

llaa“ : "fOO" 0
"b" : 123.45, element2 JEntry

element1 JEntry

element2 JEntry

nen "aa" : "foo",
"b" : 123.45 element3 JEntry

[

element3 JEntry

[
1.234,
true, 1.234
null,

true,
null,
l'rha:“

1.234

1
'
'
'
'
1
'
'
'
'
1
1
'
'
'
'
1
'
'
'
'
1
'
'
[

"bar™ [ 1.234, true, null, "bar" |

1.234, [ 1.234, true, null, "bar" ] element4 JEntry E "e" element4 JEntry

ORIGINAL: VALUES SORTED BY KEYS VALUES SORTED BY THEIR LENGTH

Pos}{gresPro



Sorting jsonb keys by length results (synthetic)

Access time to the all short keys and medium-length key4 (excluding long key?2,
placed now at the end of jsonb) was significantly speed up:

SELECT jb->'keyN' FROM test_toast;

+part_decomp +sorted_keys

key
keyl
@ key2 (120B-12MB)

key3

-> execution time, Ps

key4 (12B-1.2MB)

10M 1K 2K

raw jsonb size, bytes

Pogzgres Pro



Sorting jsonb keys by length results (IMDB)

* Access to the last short key «imdb_id» now also was speed up.

* There is a big difference in access time (~5x) between inline and TOASTed values.

SELECT jb -> 'key' FROM imdb.names;

+part_decomp

-> execution time, ps

1M 100
raw jsonb size, bytes




Partial deTOASTIng

* We used patch «de-TOAST'ing using a iterator» from the CommitFest. It was originally
developed by Binguo Bao at GSOC 2019.

* This patch gives ability to deTOAST and decompress chunk by chunk. So if we need
only the jsonb header and first keys from the first chunk, only that first chunk will be
read (actually, some index blocks also will be read).

* We modified patch adding ability do decompress only the needed prefix of TOAST
chunks.

Pogzgres Pro



Partial deTOASTing results (synthetic)

Partial deTOASTing speeds up only access to the short keys of long jsonbs, making
access time almost independent of jsonb size.

SELECT jb->'keyN' FROM test_toast;

+sorted_keys +part_detoast

key
keyl
@ key2 (120B-12MB)

key3

w
=1
)
E
=
=
5]
E=
—
[&]
@
=
@
A

key4 (12B-1.2MB)

10M )
raw jsonb size, bytes




Partial deTOASTing results (IMDB)

* Results are the same, but not so noticeable because the are not many big (> 100KB) jsonbs.

* A biggap in access time (~5x) between inline and TOASTed values is still there.

SELECT jb -> 'key' FROM imdb.names;

+sorted_keys +part_detoast

id
roles

height

-> execution time, ps

imdb_id

M
raw jsonb size, bytes




Partial deTOASTing results (IMDB)

* Effect of partial deTOASTing : Arrow operator (=) for short keys always read only 4 blocks (3
index and 1 heap).

+sorted_keys +part_detoast

blocks read by ->

I A R R U T T AL TR e

1M 100 1K 10K
raw jsonb size, bytes




Inline TOAST

* Store first TOAST chunk containing jsonb header and possibly some short keys inline in the
heap tuple.

* We added new typstorage «tapas», in-Memory Tuple
similar to cextendedb, it tries to fill ﬂ_
the tuple to 2KB (if other attrubutes G TOASTor (ypstorage - Hapach I
occupy less than 2KB) with the chunk —

from the begining of the compressed

data.

M m
- i

Heap rel TOAST rel

Heap Tuple TOAST Tuple 0 TOAST Tuple 1 TOAST Tuple 2
TOAST

Pogzgres Pro



Inline TOAST results (synthetic)

Partial inline TOAST completely removes gap in access time to short keys between
long and mid-size jsonbs.

SELECT jb->'keyN' FROM test_toast;

+part_detoast +inline_toast

key
keyl
@ key2 (120B-12MB)

key3

-> execution time, Ps

key4 (12B-1.2MB)

lag® ®
I*.

i
)
- Aerg? ,_‘.A--w :.
|

10M ) 1K 2K
raw jsonb size, bytes
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Inline TOAST results (IMDB)

* Results are the same as in synthetic test.

* There is some access time gap between compressed and non-compressed jsonbs.

SELECT jb -> 'key' FROM imdb.names;

+part_detoast +inline_toast

-> execution time, ps

100K 1M 100 4 100K

raw jsonb size, bytes

Pogzgres Pro



Inline TOAST results (IMDB)

* Effect of inline TOAST : Arrow operator (=) for short keys read no additional blocks.

+part_detoast +inline_toast

o]
roles
height

imdb_id

1M 100

raw jsonb size, bytes

Pogzgres Pro



JSONB partial update

TOAST was originally designed for atomic data types, it knows nothing
about internal structure of composite data types like jsonb, hstore, and
even ordinary arrays.

TOAST works only with binary BLOBs, it does not try to find differencies
between old and new values of updated attributes. So, when the
TOASTed attribute is being updated (does not matter at the beginning or
at the end and how much data is changed), its chunks are simply fully
copied. The consequences are:

* TOAST storage is duplicated

* WAL traffic is increased in comparison with updates of non-TOASTED
attributes, because the whole TOASTed values is logged

* Performance is too low
PogggresPro



JSONB partial update: The problem

Example: table with 10K jsonb objects with 1000 keys { "1": 1, "2": 2, ... }.

CREATE TABLE t AS
SELECT i AS id, (SELECT jsonb object agg(j, j) FROM generate series(l, 1000) j) js

FROM generate series(1l, 10000) i;

SELECT oid::regclass AS heap rel,
pg size pretty(pg relation size(oid)) AS heap rel size,
reltoastrelid::regclass AS toast rel,
pg size pretty(pg relation size(reltoastrelid)) AS toast rel size
FROM pg class WHERE relname = 't';

heap rel | heap_rel size | toast rel | toast _rel size
---------- R e T e

t | 512 kB | pg_toast.pg toast 27227 | 78 MB
Each 19 KB jsonb is compressed into 6 KB and stored in 4 TOAST chunks.

SELECT pg column size(js) compressed size, pg column size(js::text::jsonb) orig size from t limit 1;
compressed size | original size

6043 | 18904

SELECT chunk id, count(chunk seq) FROM pg toast.pg toast 47235 GROUP BY chunk id LIMIT 1;

chunk id | count
__________ F-------

57241 | 4 Pogggres Pro



JSONB partial update: The problem

First, let's try to update of non-TOASTED int column id:

SELECT pg current wal lsn(); --> 0/157717F0
UPDATE t SET id = id + 1; -- 42 ms

SELECT pg current wal lsn(); --> 0/158E5B48

SELECT pg size pretty(pg wal 1lsn diff('0/158E5B48','0/157717F0"')) AS wal size;
wal_size

1489 kB (150 bytes per row)

SELECT oid::regclass AS heap rel,
pg size pretty(pg relation size(oid)) AS heap rel size,
reltoastrelid: :regclass AS toast rel,
pg size pretty(pg relation size(reltoastrelid)) AS toast rel size
FROM pg class
WHERE relname = 't';

heap rel | heap rel size | toast rel | toast rel size
---------- I e e ti I
t | 1024 kB | pg toast.pg toast 47235 | 78 MB

(was 512 kB) (not changed)

Pogggres Pro



JSONB partial update: The problem

Next, let's try to update of TOASTED jsonb column js:

SELECT pg current wal lsn(); --> 0/158E5B48
UPDATE t SET js = js — '1l'; -- 12316 ms (was 42 ms, ~300x slower)

SELECT pg current wal lsn(); --> 0/1DB10000O

SELECT pg size pretty(pg wal lsn diff('0/1DB10000O', '0/158E5B48')) AS wal size;
wal_size

130 MB (13 KB per row; was 1.5 MB, ~87x more)

SELECT oid::regclass AS heap rel,
pg size pretty(pg relation size(oid)) AS heap rel size,
reltoastrelid: :regclass AS toast rel,
pg size pretty(pg relation size(reltoastrelid)) AS toast rel size
FROM pg class
WHERE relname = 't';

heap rel | heap rel size | toast rel | toast rel size
---------- I e e ti I
t | 1528 kB | pg toast.pg toast 47235 | 156 MB

(was 1024 kB) (was 78 MB, 2x more)

Pogggres Pro



Partial update using Shared TOAST

The previous optimizations are great for SELECT, but don’t help with UPDATE, since TOAST
consider jsonb as an atomic binary blob — change part, copy the whole.

Idea: Keep INLINE short fields (uncompressed) and TOAST pointers to long fields to let update
short fields without modification of TOAST chunks, which will be shared between versions.

Currently, this works only for root objects fields, so the longest fields of jsonb object are

TOASTed until the whole tuple fits into the page (typically, remaining size of jsonb becomes <
~2000 bytes).

But this technique can also be applied to array elements or element ranges. We plan to try to
implement it later, it needs more invasive jsonb APl changes.

Currently, jsonb hook is hardcoded into TOAST pass #1, but in the future it will become custom
datatype TOASTer using pg type.typtoast.

Pogzgres Pro



Shared TOAST — jsonb format extensions

* Added special “TOASTed
container” JEntry type.
JsonbContainer header is
left inline, but the body is
replaced with a pointer.

* Added “TOASTed object”
JsonbContainer type to
mark object with TOAST
pointers.

* TOASTed subcontainers
are stored as plain jsonb

datums (varlena header
added).

keys sorted by
length, name

]
. values sorted

root
container

jsonb datum

varlena header

Al
A
A}
Al
A}

JsonbContainer header 3

keyl JEntry
key2 JEntry
key3 JEntry
vall JEntry

val2 JEntry

T
L
!
L

N~ S
* ’
]
I

val3 JEntry

[=]

123.45

JsonbContainer header

TOAST pointer

e

container type | number of KV pairs or array elements
(3 bits) (28 bits)

1 = so, object, values sorted by length
2 = 0, object

4 = a, array
5 =5, scalar

\“ en | value type: value length or offset (28 bits)
~\\ Ofﬁ cltc/sin/ lengths interleaved with offsets
. N/T/F every 32 JEntries

TOASTED nested container [ 1.234, true, null, "bar"

S element3 JEntry

element4 JEntry

1.234 "

Pogggres Pro



Shared TOAST — tuple structure

In-Memory Tuple

* In this example two

largest fields of jsonb are Jeonb TOASTer |
TOASTed separately

two TOAST P ointers p:}llmeis PQ'Z compression DQ'Z compressmn

* Operators like -> can

simply return TOAST TOAST rel
pointer as external

datum, accessing oy the i o= ]
pumer 1 pointer 2

inline part of jsonb

Pogzgres Pro



Shared TOAST — update

+ When the short inline

field is updated, only the |{cH s e g 1 ) S HHIEE

"fo0" TOAST TOAST
pointer 1 | pointer 2

new version of inline data

is created.
* When some part of the

. . HeapTupIe
long field is updated, the ET ooy roblace S0
whole container is copied [a] b [ c
pIed, l
updated and then
TOASTed back with new

oid (in the future oids can

be shared).

jsonb

- Unchanged Tonsred  (I§ {Eom=
fields are always shared. ‘

TOAST Tuple 4 TOAST Tuple 5

Pogzgres Pro



Shared TOAST — access results (synthetic)

Gap in access time to short keys has completely removed. Mid-size fields are stored
compressed inline inside the jsonb. Long fields are compressed and TOASTed.

SELECT expr FROM test toast;

+inline_toast +shared toast

key
$.key1
@ 5.key2 (160B-16MB)
$.key3

$.key4 (16B-1.6MB)

expression execution time, ps

10M 1K 2K
raw jsonb size, bytes

Pogzgres Pro



Shared TOAST — access results (IMDB)

* Results are the same as in synthetic test.

* Access to all short keys has improved.

SELECT jb -> 'key' FROM imdb.names;

+inline_toast +shared_toast

id
roles

height

-> execution time, ps

imdb_id

im 100

raw jsonb size, bytes

Pogzgres Pro



$.key4 (16B-1.6MB)

@ S.key2 (160B-16MB)

tic)

+shared toast
1RK10K 100K 1M 10M

synthe

+inline_toast
1BK10K 100K 1M 10M

>
)
Z
)
N
Q
O
Q
L

+part_detoast
1BK10K 100K 1M 10M

ys
raw jsonb size, bytes

+sorted ke

SELECT expr FROM test toast;

1RK10K 100K 1M 10M

step results

+part_decomp
1RK10K 100K 1M 10M

by

Step

1EK10K 100K 1M 10M

srl ‘awn uonnoaxa uoissaldxa




Step-by-step results (access key, IMDB)

SELECT jb -> 'key' FROM imdb.names;

+part_decomp +soried_keys +part_detoast +inline_toast +shared_toast

=
]

0
a
]
E
A
=
<]
=
=]
3]
Q
>
)
A

10K 100K 1M 10K 100K 1M 100 1K 10K 100K 1M 100 1K 10K 100K 1M 100 1K 10K 100K 1M 100 1K 10K 100K 1M

1K
raw jsonb size, bytes
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Popular mistake: CREATE TABLE qq (jsonb)
(id, {...}::jsonb)M&({id,...}::jsonb)

SELECT expr FROM test_toast;

number of chunks
10 100

=
(]

w
=
©
E
=
=
s}
=
=
[&]
©
>
()
c
8
w
w
©
e
o
=
©

=

T

! L] L] 1 L s &
“'..'.'.‘...nl“unil"“n,l 5" e et O..l.'.‘.*‘ﬂ'.‘u‘-u. oa” '.’..."""-ﬂ,' » sgtte
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Large jsonb is TOASTed ! Pogggres Pro



Shared TOAST — update results (synthetic)

Update time of short keys does not depend on total jsonb size
Update time of TOASTed fields depends only on their own size

UPDATE test_toast SET jb = jsonb_set(jb, {keyN,0}, ?);

master shared toast

key
keyl
@ key2 (120B-12MB)
key3

key4 (12B-1.2MB)

query execution time, ms

10M ] 1K 2K 10K
raw jsonb size, bytes




Shared TOAST — update results (synthetic)

* WAL traffic due to update of short and mid-size keys has greatly decreased

UPDATE test_toast SET jb = jsonb_set(jb, {keyN,0}, ?);

master shared toast

key
keyl
@ key2 (120B-12MB)

key3

w
@
s
B
k=]
2
o
@
[
@
o
-
=

key4 (12B-1.2MB)

100K 100
compressed jsonb size, hytes




Shared TOAST — in-place updates

Heap Tuple 1

* Copying of shared TOASTSs can
be avoided when the size and
type of updated part is not
changed — there is no need to
rewrite JEntries, only the value
needs to be replaced _

id

* jsonb_set() checks this special
case accessing only the
minimal header part needed
for fetching offset, length and .
type of the old value

* If the length is not changed,
created “diff” TOAST pointer
with offset and new value

id

id a ] b | ¢ |

TOAST
pointer 1

TOAST
pointer 2

||
< 7

Heap Tuple 2

G

Ews
offset

jsonb

[ a | b |
TOAST TOAST
pointer 1 pointer 2
-~ L 7
Heap Tuple 3

jsonb

a ] b | c
o] TOAST TOAST "X
pointer 1 pointer 2 Joffset

Ay l l rd

Heap Tuple 4

jsonb

TOAST
pointer 1

el

“bar"

$c_ (x=
0| ToasTTwlez | [ ToasTTupes |

copy $.c, replace $.c.x

“baz"

TOAST Tuple 5

chunk 1

Pogzgres Pro



Shared TOAST — in-place update results (synthetic)

Update time of array elements depends on their position:
* first elements updated very fast (like inline fields)
* last elements updated slower (need to read the whole JEntry arra

UPDATE test_toast SET jb = jsonb_set(jb, {keyN,...}, ?);

shared toast shared toast update

100.0
key
$.key1
B $.key2[0] (160B-16MB)
A $key2[-1] (160B-16MB)

$.key3

query execution time, ms

$.key4[0] (16B-1.6B)

$.key4[-1] (16B-1.6MB)

10K 100K 1M 10M 1K2K 10K 100K 1M 10M (2K 10K 100K 1M
raw jsonb size, bytes
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Shared TOAST — in-place update results (synthetic)

Number of blocks read depends on element position:
* first elements do not require reading of additional blocks
* |ast elements require reading the whole JEntry array (4B * array size

UPDATE test_toast SET jb = jsonb_set(jb, {keyN,...}, ?);

shared toast shared toast update

key

$.key1
B $.key2[0] (160B-16MB)
A $key2[-1] (160B-16MB)

$.key3

blocks read by query

$.key4[0] (16B-1.6B)

$.key4[-1] (16B-1.6MB)

e L L L

1K2K 10K 100K M 10M 1K2K 10K 100K 1M 1K2K 10K 100K 1M 10M
raw jsonb size, bytes
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Shared TOAST — in-place update results (synthetic)

WAL size of in-place updates is almost independent on element position

Only inline data with TOAST pointer diff are logged

UPDATE test_toast SET jb = jsonb_set(jb, {keyN,...}, ?);

shared toast shared toast update

key

$.key1
B $.key2[0] (160B-16MB)
A $key2[-1] (160B-16MB)

$.key3

WAL generated, bytes

$.key4[0] (16B-1.6B)

$.key4[-1] (16B-1.6MB)

1K2K 10K 100K M 10M (2K 10K 100K M 10M (2K 10K 100K 1M 10M
raw jsonb size, bytes
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Conclusions

A sequence of rather simple and straightforward algorithms and storage
optimizations based on GSON API, without any major changes to the JSONB API,
have lead to significant performance improvements (10X speedup for SELECT and
much cheaper UPDATEs):

* Popular jsonb workload (short metadata and large data) has greatly improved.

Accumulation of diffs for incremental updates and storing them inline looks
promising for updates of TOASTed containers.

Github: https://github.com/postgrespro/postgres/tree/jsonb _shared_toast

Slides of this talk (PDF)

The same optimizations can be applied to any data types with random access to parts of
data (arrays, hstore, movie, pdf ...). See example for appendable bytea in ADDENDUM.

* Jsonb is ubiquitous and is continuously developing
* JSON[B] Roadmap V2, Postgres Professional Webinar, Sep 17, 2020

* JSON[B] Roadmap V3, Postgres Build 2020, Dec 8, 2020
PogggresPro


https://github.com/postgrespro/postgres/tree/jsonb_shared_toast
http://www.sai.msu.su/~megera/postgres/talks/jsonb-pgvision-2021.pdf
http://www.sai.msu.su/~megera/postgres/talks/json-webinar-2020.pdf
http://www.sai.msu.su/~megera/postgres/talks/json-build-2020.pdf

TODO

* We need to support uniform access to nested objects and array elements and their
updates, probably, use versioned tree-like structures on TOAST chunks. Currently,
with simple linear chain of TOAST chunks:

* Access time for nested elements depends on their depth in case of nested
TOASTIing, because one have to read from TOAST the whole chain of container
headers

* In-place updates of elements of long arrays depends on their position, so the
update of the last elements is slower than update of the first elements.

* Think about of versioned tree-like structures on TOAST chunks. Simple linear TOAST
chains are not sufficient for this.

* Optimization of incremental updates (x=1, y=2, x=0...)

* Non-in-inplaced updates, as well as insertion and removal of elements/fields without
total copying are not yet optimized.

* More benchmarks
Contact obartunov@postgrespro.ru, n.gluhov@postgrespro.ru for collaboration. PO&QFGSPTO



Non-scientific comparison PG vs Mongo

* Seqgscan, PG - in-memory, Mongo (4.4.4): 16Gb (in-memory), 4GB (1/2)

SELECT count(*) FROM imdb.names WHERE jb ->> 'id' = 'Cabiria”;

w
E
[
=
=
(&)
@
=
(3

Po&gres Pro






Unpredictable performance of jsonb

CREATE TABLE test (jb jsonb);
ALTER TABLE test ALTER COLUMN jb SET STORAGE EXTERNAL;
| INSERT INTO test
) SELECT
Small update cause 10 times slowdown | e abiock
'id', i,
'foo’, (select jsonb_agg(0) from generate_series(1, 1960/12)) -- [0,0,0, ...]
=# EXPLAIN(ANALYZE, BUFFERS) SELECT jb->'id' FROM test; ,:)Rj(b)M
QUERY PLAN generate_series(1, 10000) i;

Seq Scan on test (cost=0.00..2625.00 rows=10000 width=32) (actual time=0.014..6.128 rows=10000 loops=1)
Buffers: shared hit=2500

Planning:
Buffers: shared hit=5

Planning Time: 0.087 ms

Execution Time: 6.583 ms

(6 rows)

=# UPDATE test SET jb = jb || '{"bar": "baz"};
=# VACUUM FULL test; -- remove old versions

=# EXPLAIN (ANALYZE, BUFFERS) SELECT jb->'id' FROM test;
QUERY PLAN

Seq Scan on test (cost=0.00..2675.40 rows=10192 width=32) (actual time=0.067..65.511 rows=10000 loops=1)
Buffers: shared hit=30064

Planning Time: 0.044 ms
Execution Time: 66.889 ms Row gets TOASTed ! See ADDENDUM for details

4 .
(4 rows) Pogzgres Pro



The Curse of TOAST

* Original JSONBs stored inline in heap tuples (2500 pages with 4 tuples per page):

CREATE EXTENSION pageinspect;

SELECT 1p len FROM heap page items(get raw page('test', 0));
lp len

2022
2022
2022
2022
(4 rows)

* JSONBs after update became larger than 2K and postgres replaced them by pointer
to special TOAST relation (see TOAST explained in ADDENDUM), so the tuple length

is greatly decreased (64 pages with 157 tuples per page):

SELECT 1p len FROM heap page items(get raw page('test', 0));
lp len

42
(156 rows)

Pogggres Pro



The Curse of TOAST

* JSONB data has moved into TOAST relation:

SELECT reltoastrelid::regclass toast rel FROM pg class
WHERE oid = 'test'::regclass;
toast rel

pg toast.pg toast 16460
(1 row)

* Each JSONB is splitted into two TOAST chunks, that implicitly joined by index to
attribute, when its value is fetched. Chunks belonging to the one attribute has the

same chunk id, which stored in TOAST pointer:

SELECT chunk id, chunk seq, length(chunk data) FROM pg toast.pg toast 16460;
chunk id | chunk seq | length

__________ L
16466 | 0| 1996
16466 | 1 | 10
16467 | 0| 199
16467 | 1 | 10

(20000 rows)

Pogggres Pro



The Curse of TOAST

* Access to TOASTed JSONB requires reading at least 3 additional buffers:
* 2 TOAST index buffers (B-tree height is 2)
* 1 TOAST heap buffer

* 2 chunks read from the same page, if JSONB size > Page size (8Kb), then
more TOAST heap buffers

EXPLAIN (ANALYZE, BUFFERS, COSTS OFF, TIMING OFF)
SELECT jb->'id' FROM test;

QUERY PLAN /N1 XA\ S I/, 1ydble TOAST

Seq Scan on test (actual rows=100 loops=1) 64 buffers + 3 buffers*10000

Buffers: shared hit=30064
Buffers: shared hit=301
Planning Time: 0.186 ms
Execution Time: 56 ms
(6 rows)

Pogggres Pro



TOAST Explained

The Oversized-Attribute Storage Technique

* TOASTed (large field) values are compressed, then splitted into the fixed-size TOAST chunks
(19968 for 8KB page)

 TOAST chunks (along with Doy T
generated Oid chunk id and n_
sequnce number chunk_seq) PG TOASTer (typstorage = "extended")
stored in special TOAST polz compression
relation / ~

II."'IIIII."'III compressed js
pg. toast..pg_toast XX, created

for each table containing
TOASTable attributes

* Attribute in the original heap Heaprel || TOASTrel |

tuple is replaced with TOAST
Poirter (18 bytes) containing |t I R Hﬂ H B - [
chunk id, toast relid, i

raw size, compressed size

https://www.postgresql.org/docs/current/storage-toast.html Pogggres Pro



TOAST access

* TOAST pointers does not refer to heap tuples with chunks directly. Instead they
contains Oid chunk_id, so one need to descent by index (chunk id, chunk_seq).

Heap Page

Heap relation A OVE r h e a d tO re a d O n Iy a feW

Hoap Tuple i PN bytes from the first chunk is
3 /(:n c u;1 r_Ei!? cn uix_sen\""\_..... 1A I
]| (SRR 3,4 or even 5 additional index

blocks.
ir : ™

P ) '\"‘
/... B-Tree inner levels ... ™

.':.‘?.?T..'.!?.‘.1??.‘..!?.?9.?.? ..... e,

CIE S
trO

Heap Page 1

TOAST Tuple 0

Hn

Pogzgres Pro



TOAST passes

* Tuple is TOASTed if its size is more than 2KB (1/4 of page size).
* There are 4 TOAST passes.

* At the each pass considered only attributes of the specific storage type
(extended/external or main) starting from the largest one.

* Plain attributes are not TOASTed and not compressed at all.

* The process can stop at every step, if the resulting tuple size becomes
less than 2KB.

* If the attributes were copied from the other table, they can already be
compressed or TOASTed.

* TOASTed attributes are replaced with TOAST pointers.

Pogzgres Pro



TOAST pass #1

* Only "extended" and "external" attributes are considered, "extended"
attributes are compressed. If their size is more than 2KB, they are TOASTed.

Pogzgres Pro



TOAST pass #2

* Only "extended" and "external" attributes (that were not TOASTed in the
previous pass) are considered.

* Each attribute is TOASTed, until the resulting tuple size < 2KB.

Pogzgres Pro



TOAST pass #3

* Only "main" attributes are considered.
* Each attribute is compresed, until the resulting tuple size < 2KB.

pglz compression

pglz compression

[ p o GRS = |

Pogzgres Pro



TOAST pass #4

* Only "main" attributes are considered.
* Each attribute is TOASTed, until the resulting tuple size < 2KB.

o o el o

| p | o D

Pogzgres Pro



Appendable bytea: Motivational example

* A table with 100 MB bytea (uncompressed):

CREATE TABLE test (data bytea);
ALTER TABLE test ALTER COLUMN data SET STORAGE EXTERNAL;
INSERT INTO test SELECT repeat('a', 100000000)::bytea data;

* Append 1 byte to bytea:

EXPLAIN (ANALYZE, BUFFERS, COSTS OFF)
UPDATE test SET data = data || 'x'::bytea;

Update on test (actual time=1359.229..1359.232 rows=0 loops=1)
Buffers: shared hit=238260 read=12663 dirtied=25189 written=33840
-> Seq Scan on test (actual time=155.499..166.509 rows=1 loops=1)

Buffers: shared hit=12665

Planning Time: 0.127 ms

Execution Time: 1382.959 ms

>1 second to append 1 byte !!!
Table size doubled to 200 MB, 100 MB of WAL generated.

* Thanks to Alexander ? who raised the problem of (non-effective) streaming into

bytea at PGConf.Online ! \
Posy{gresPro



Motivational example (explanation)

* Current TOAST is d B0 =
not sufficient for - |
partial updates |

append|1.5 KB
* All data is
deTOASTed before BT __
in-memory appond ta last huk
. o o add 1 new chunk
modification

* Updated data is
TOASTed back after
modification with Heap Tuple 2

TOAST Tuple 4 TOAST Tuple 5 TOAST Tuple 6 TOAST Tuple 7

. TOAST pointer : !
n eW TOAST O I id oid = 2 , | oid chunk 0 oid | chunk 1 oid| , chunk 2 oid | 5 | chunk3 | :
size =7 KB I 2 (2 KB) 2 (2 KB) 2 (2KB) 2 (1KB) !

Pogzgres Pro



Appendable bytea: Solution

* Special datum

Heap Tuple 1
fo rm at: TOAST ’ TOAST Tuple 1 TOAST Tuple 2 TOAST Tuple 3
Ui Sl : i chunk oi : chunk i chunk

pointer + nline data | I e g L[ ew | [F[[ e
* Inline data serves as apperji[l-s KB |

a buffer for TOASTing

Heap Tuple 2
¢ Ope ratOr | | does nOt TE:;:ESI [;ori(rger inline chunk
H inline = 1.5 KB
deTOAST data, it

appends inline data
producing datum in
the new format

Pogzgres Pro



Appendable bytea: Solution

* When size of inline

i i TOAST Tuple 1 TOAST Tuple 2 E TOAST Tunle 3
data exceeds 2 KB, ' ' : . :

. " :
Tgiesl liJ’OI?BtEr inline chunk 1| oid n oid X oid chunk 2
TOASTer recognizes HE @K 1 L 15K8)

changes in old and |
new datums and
TOASTSs only the new AR

TOAST pointer : rel ‘ \‘\‘ new version of
size = 9 KB LIS EALE ~. chunk 2

append 2KB
PP 2 KB bound

inline data with the
same TOAST oid

* Last not filled chunk &
can be rewritten with
creation of new tuple ﬂ nine=1k8 | @Ko {Ea
version

inline = 3.5 KB (3.5 K8)

TOAST

* First unmodified
chunks (0,1) are

<hared. Benefit: 5 (3+2) chunks vs 12 (master, 3+4+5)

Pogzgres Pro



Results — motivational example

* Append 1 byte to bytea:

EXPLAIN (ANALYZE, BUFFERS, COSTS OFF)
UPDATE test SET data = data || 'x'::bytea;

« Update on test (actual time=0.060..0.061 rows=0 loops=1)
Buffers: shared hit=2 (was 12665)
-> Seq Scan on test (actual time=0.017..0.020 rows=1 loops=1)
Buffers: shared hit=1
Planning Time: 0.727 ms
Execution Time: 0.496 ms (was 1382 ms)

2750x speed up!

* Table size remains 100 MB
* Only 143 bytes of WAL generated (was 100 MB)

* No unnecessary buffer reads and writes

Pogggres Pro



exec time, ms

Appendable bytea: append to bytea (time)

UPDATE test SET data = data || repeat('a’, append_size)::bytea;

master append_toast

et % St e W g @ Pas o WEE Sa 8 g, o¥ o By o a1 &
som ot %0 foft o0 o "4 e, ® PP e T e T W, J , .® s " ’ - = me sine oSa 50 o ot ® w0 _Q
I e o0 g, a ol s W8 o o7 e 00 Bheipg, '9"’.—_\‘_1__‘1"53"_0_ Waam e g negs * Ol 0 S0 0 o . ofe By
n_ ¥ ; . ] a

L

>
ad

append size, bytes
® 10

@

100K 1M 10
data size (old size), bytes

OC  OLD + NEW OC  APPEND SIZE \
Posy{gresPro



Appendable bytea: append to bytea (WAL)

UPDATE test SET data = data || repeat('a’, append_size)::bytea;

master append_toast

o spa® g p; ., * o R e Ty 2
] (] P Lt LA pe . Sy o T b " . o Spaty LB g 0o e @
L pP T apa g ™ P e ™ seen N80 088 a8 Ban OF © VTR b amet, e M

P " _a @ o Bobe® & WO g ¢
R L LT RS, das!\i’cﬁ_vo%n:\oa Bpte e e ot gating ¥ o ®00y

append size, bytes
: : 2 ® 10

- oo g L% T os a0 s onem % las ne®ie B
L N L W P T o PR L L W WE T LN

i ':‘:":'n"-'ﬂ:-_:'-'ﬂ-'""t-l:-'.:'-@‘p'.\-i'lu-"".-_:‘.'.a‘:'“'-.

@

WAL size, bytes

100K 1M
data size (old size), bytes

OC OLD+NEW OC  INLINED ©£B-+ NEW .
Posy{gresPro




Appendable bytea: stream

Stream organized as follows:
* 1 row (id, bytea) grows from O up to 1Mb

UPDATE test SET data = data || repeat('a’, append_size)::bytea WHERE id = 0; COMMIT;

* append_size = 10b, 100b,...,100Kb
* pg_stat_statements: time, blocks r/rw, wal

Pogggres Pro



Appendable bytea: stream (time)

UPDATE test SET data = data || repeat('a’, append_size)::bytea;

number of chunks
100 1

append_toast

append size, bytes
® 10

&

exec time, ms

100K M 10
data size (old size), bytes




Appendable bytea: stream (WAL)

UPDATE test SET data = data || repeat(‘'a’, append_size)::bytea,;

number of chunks
1

append_toast

append size, bytes
® 10
® 100

1K

WAL size, bytes

" P T | , = AP T A O Ry T
R SRR T H B A R You 5, ¥

1M 10
data size (old size), bytes




Appendable bytea: stream (througput MB/s)

UPDATE test SET data = data || repeat('a’, append_size)::bytea,;

append_toast

100 MB/s

10 MB/s

append size, bytes
100 KB/s e 10
@ 100

1K
10 KB/s

append speed, MB/s

100 B/s

1MB 0B
data size, bytes
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