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BBeaoeHue B xew-tadonuubl



Xew-tadbnuubl B ClickHouse

1. GROUP BY
2. JOIN
3. SELECT DISTINCT



XeLwl-Tabnumuya

OCHOBHbIE MeTOAbI

1. lookup O(1) average
2. insert O(1) average
3. erase O(1) average (He o4yeHb BaXeH Anga HalUMX CLEeHapUeB)



XeLwl-Tabnumuya

K1l
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[1n3zavH xew-radbnuubl



CocTtaBnawowme xew-rabnumubl

1. Xel-pyHKUNA

2. Cnocob pa3spelieHns Konmnmsnm
3. Pecauns

4. Cnocob pa3melleHns ss4eek B NaMATH



Bbibop xeLl-pyHKLNN

1. He ncnonb3oBarthb identity-pyHKUUIO ANSA LEenovYncneHHbIX TUMOoB

2. He ncnonb3oBathb XawW-pyHKUMK anga cTtpok (CityHash) ans
LenoYnCrieHHbIX TUMNOB

3. He ncnonb3oBath Kpuntorpadpuyieckne Xaw-gpyHKLUnUn, ecnm Bac He
aTakytoT. Hanpumep, Bbldncnenune SipHash ~980 MB/s. CityHash ~9 GB/s.

4. He ncnonb3oBatb yctapeslume xaw-gpyHkunn. FNV1a

https://github.com/rurban/smhasher



https://github.com/rurban/smhasher

Bbibop xell-pyHKLUNN

[To ymonyaHuto B ClickHouse nnoxue xaw-qQyHKLnUn

1. CRC32-C ansa ueno4yncneHHblx Tunos. OaHa MHCTPYKUKMA (Ha caMmoM gene
nBe) npoueccopa latency 3 TakTta

2. CneuynanbHaa xaWw-pyHKUMA ans ctpok. CtTaHOapTHO MOXHO UCMONb30BaTb
CityHash, xxHash, wyhash
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Pa3pelueHna Konnmsnm

.

|

hash(key) % array_size

EEOEEENE
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Pa3pelueHna Konnmsnm

1. Metoa uenoyek (Chaining)
2. OTkpbiTas agpecauus (Open Addressing)

3. Xopowune B Teopumn (Cuckoo hashing, Hopscotch hashing, 2-choice
hashing). ObblyHO NMDO TAXEnNo peanulyemble, NMOO MeaSiEHHbIE 3a CYET
OOMONMHUTENBbHbLIX deTvyeEN N3 NaMSATU
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MeToa uenoyek

l

hash(key) % array_size

el T
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MeToq ueno4yek

[lpumep: std::unordered map

1. CTabmnbHOCTb yKa3aTeneu Ha K4, 3Ha4YeHue
2. BO3MOXHOCTb XpaHUTb DornblUne 0ObEKTbI, HeENnepemMellaemMble 0OBbEKTHI
3. XopoLluo paboTaeT ¢ Nnoxoun xaw-gpyHKUmen, Bbicokmum load factor

4. O4yeHb CUNbHO TOPMO3UT. HarpyxaeTt annokaTtop (aae npocTo BbI30B
doyHKunn goporo ansa hot path)
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OTKpbIlTaga agpecauuns

K2

|

hash(key) % array_size

el [
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OTKpbiTada agpecauus

ITnHenHbIn npobsbl (Linear probing). lNpumep ClickHouse HashMap.

KBagpaTtuyiHble npobbl (Quadratic probing). INpumep: Google
DenseHashMap.

1. XopoLluasa K3Ll-noKanbHOCTb.

2. Hy>XXHO akkypaTHO BblOMpaTh X3L-PyHKLUMIO.
3. Henb3a xpaHuTb bonbline oobekTbl. Cepmnanmnayem B apeHy N XxpaHuUm
yKasartenu Ha HUX.
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Pecauns

1. I'lo cteneHam ABouKKU. bbICTpoe aeneHmne No Moaysno
size t place = hash & (size - 1)

2. Ha pa3mep npocToro 4yncna onmskoro K cteneHn asonkn. MeaneHHoe
nenexHne paxe c constant switch, libdivide Ho ecTb elle fastrange

17



Bbibop load factor

0.5 xopoLumn BapmaHT ans NMHenHbIX Npob ¢ warom 1
ClickHouse HashMap, Google DenseHashMap ncnonb3yet 0.5
Absell HashMap ncnonbayet 0.875
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Cnocob pa3melleHna B NaMATH

K3

\ 4
hash(key) % array_size




Cnocob pa3melleHna B NaMATH

[TpocuTb KnNneHTa BbiOpaTh KIMHYKX AN NYCTOro 3Ha4YeHUsa U yaaneHHoro

K3

|

hash(key) % array_size

Null | Null K1 Tomb!| Null | Null | Null | Null
Key | Key stone| Key | Key | Key | Key
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Cnocob pa3melleHna B NaMATH

OToenbHO obpabaTtbiBaTh MNycTOoe 3HAYEHUE U HE XPaHUTb €0 B X3LL-
Tabnuue.

K3

|

hash(key) % array_size

Null | Null K1 Tomb!| Null | Null | Null | Null
Key | Key stone| Key | Key | Key | Key

21



Cnocob pa3melleHna B NaMATH

CxkaToe XpaHeHust MeTagaTbl U JaHHbIX.

K3

!

(hash(key) >> 7) % array_size

K1 K3

M etad ata metadatametadatal
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beHYMapKu



beHumMap

emilib1:HashMap std::unordered_map
tsl::robin_map : google::dense_hash_map
e B QHash
spp::sparse_hash_map B tsl::sparse_map
phmap::flat_hash_map i .1 1M tsl::hopscotch _map

absl::flat_hash_map tsl:: rObin_map

boost::unordered_map

robin_hood::
unordered_node_map

phmap::node_hash_map

tsl::sparse_map

eastl::hash_map

libstdc++-v3

absl::node_hash_map

boost::multi_index::
hashed_unique

ska::bytell_hash_map
dense_hash_map<int, int[16]>
flat_hash_map<int, int[16]>
google flatl6 hash_map<int, int[16]>
- Pytell_hash_map<int, int[16]>

ska::flat_hash_map

tsl::hopscotch_map

folly::F14ValueMap

Nanoseconds for one unsuccessful lookup

phmap::
parallel_flat_hash_map

std::unordered_map
r ’ 4 ‘
folly::F14NodeMap NN N VAT v T VT VV
0

phmap:: 4 40 400 4000 40000
parallel_node_hash_map

Number of elements in the container




Kak He Hago genaTtb 6eH4YMapKu

1. TecTnpoBaTb Xew-Tabnuubl Ha CriyYamHbIX LLENOYUCIIEHHbIX 3HAYEHUSIX

2. TecTnpoBaTtb XewWw-tabnuubl 6e3 yyeta MmakcumansHoro load factor, memory
consumption

3. TecTnpoBaTtb U He rnokasbiBaTb Ko beH4YMapKa
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Kak Hago genatb beH4YMapKiu

Ha peanbHbIX cueHapuax U Ha peanbHbiX gaHHbIX. B ClickHouse peanbHbIn

cLeHapuu - arperaunga aaHHbIX.
[laTaceT gaHHbIX AHOoekc.MeTpuku.

wget https://datasets.clickhouse.tech/hits/partitions/hits_ 100m_obfuscated v1.tar.xz
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beHuMapKu

WatchlD noytun Bce 3HavyeHnsa yHukanbHble. Pa3mep xew-tabnuubl 20714865
anemeHToB. 910 ~600 MB, He Bna3uT B LL-kawum.

ClickHouse HashMap /.3606 CeK.
Google DenseMap 10.089 cek.
Abseil HashMap 9.011 cek.

std::unordered_map 44,758 cek.
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beHuMapKu

perf stat -e cache-misses:u ./integer hash tables and hashes

ClickHouse HashMap

Google DenseMap

Abseil HashMap

std::unordered_map

329,664,616

383,350,820

415,869,669

1,939,811,017
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beHuMapKu

Latency Comparison Numbers

L1 cache reference 0.5 ns
Branch mispredict 5 ns
L2 cache reference 7 ns 14x L1 cache
Mutex lock/unlock 25 ns

Main memory reference 100 ns 20x L2 cache, 200x L1 cache
Compress 1K bytes with Zippy 3,000 ns 3 us

Send 1K bytes over 1 Gbps network 10,000 ns 10 us

Read 4K randomly from SSDx 150,000 ns 150 us ~1GB/sec SSD
Read 1 MB sequentially from memory 250,000 ns 250 us

Round trip within same datacenter 500,000 ns 500 us

http://norvig.com/21-days.html#answers



http://norvig.com/21-days.html

beHuMapKu

RegionID vyacTto noBTopstowmeca saHadeHuda. Paamep xaw tabnuubl 9040

anemMmeHToB. Bnasnt B LL kawwn.

ClickHouse HashMap

Google DenseMap

Abseil HashMap

std::unordered_map

0.201 cek.

0.261 cek.

0.307 cek.

0.466 cek.
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C++ ou3aunH xew-tadonuvubil



C++ omsanH xaw-tabnuubl

1. Hash
2. Allocator
3. Cell

4. Grower (MHTEpdENUC AnNa pecansa)
5. HashTable
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C++ gnsanH xaw-tadnuubl

Hash
Takoun xe kak std::hash.

template <typename T>
struct Hash

{

size t operator() (T key) const

{

return DefaultHash<T>(key);
}

i
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C++ gnsanH xaw-tadnuubl

Hash
Takoun xe kak std::hash.

template <typename T>
struct Hash

{

size t operator() (T key) const

{

return DefaultHash<T>(key);
}

i
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C++ gnsanH xaw-tadnuubl

Allocator
Mcnonb3yeT mmap, mremap Anga 60onbLUInX KYyCKOB MaMATH.

class Allocator

{

void * alloc(size t size, size t alignment);
void free(void * buf, size t size);

void * realloc(void * buf, size t old size, size t new _size);

i

ECcTb annokaTtop, n3HadanbHO BblAENALWMN MNaMATb Ha CTEKE:

AllocatorWithStackMemory<HashTableAllocator, initial bytes>
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C++ gnsanH xaw-tadnuubl

Cell

template <typename Key, typename Mapped, typename HashTableState>
struct HashTableCell

{

void setHash(size t hash value);

size t getHash(const Hash & hash) const;

bool isZero(const State & state);

volid setZero();

s
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C++ gnsanH xaw-tadnuubl

Grower

struct HashTableGrower
k size t place(size t x) const;
size t next(size t pos) const;
bool willNextElementOverflow() const;

void increaseSize();

i
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C++ gnsanH xaw-tadnuubl

HashTable

template
<

typename Key,
typename Cell,
typename Hash,
typename Grower,
typename Allocator

>
class HashTable :
protected Hash,
protected Allocator,
protected Cell: :State;
protected ZeroValueStorage<Cell::need zero value storage, Cell>
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C++ gnsanH xaw-tadnuubl

ZeroValueStorage

template <bool need zero value storage, typename Cell>
struct ZeroValueStorage;

template <typename Cell>
struct ZeroValueStorage<true, Cell>

{
i

template <typename Cell>
struct ZeroValueStorage<false, Cell>

{
b
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C++ omsanH xaw-tabnuubl

Bo3MOXHOCTb nepenaBaTb KacToMHbIN Grower.

1. Nepenaem Grower ¢ douKCcMpoBaHHbIM pa3Mepom, be3 pecamnsa u
pa3peLleHns Lienovek Konnusmm nonyvyaem Lookup-tabnuuy

2. [Nlepepaem Grower ¢ warom paspeLueHus Konnmsmm He 1
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C++ gnsanH xaw-tadnuubl

BO3MOXHOCTb XPaHUTb COCTOAHUNE B AYEUKE.
CoxpaHaTb xew. cnonb3yeTcs Anga CTPOKOBbIX X3L-Tabnuu,.

struct HashMapCellWithSavedHash : public HashMapCell
{

size t saved hash;

void setHash(size t hash_value) { saved hash = hash value; }

size_t getHash(const Hash &) const { return saved_hash; }

i
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C++ gnsanH xaw-tadnuubl

bbicTpooyunlaemas xelw-tabnuua

struct FixedClearableHashMapCell

{
struct ClearableHashSetState

UInt32 version = 1;
s
using State = ClearableHashSetState;

UInt32 version = 1;

bool isZero(const State & st) const { return version != st.version; }

void setZero() { version = 0; }
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C++ gnsanH xaw-tadnuubl

L RUCache

struct LRUHashMapCell
{

static bool constexpr need to notify cell during move = true;

static void move(LRUHashMapCell * old loc, LRUHashMapCell * new loc);
LRUHashMapCell * next = nullptr;

LRUHashMapCell * prev = nullptr;




C++ gnsanH xaw-tadnuubl

LRUCache. Ncnonbayem boost::intrusive::list.

using LRUList = boost::intrusive::list
<

Cell,
boost: :intrusive::value traits<LRUHashMapCellIntrusiveValueTraits>,
boost: :intrusive::constant time size<false>

>.

b

LRUList Llru list;

https://www.boost.org/doc/libs/1_76_0/doc/html/intrusive.html
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https://www.boost.org/doc/libs/1_76_0/doc/html/intrusive.html

Cneunanmn3anpoBaHHble X3L-Tabnuubl

SmallTable

CocTouT N3 MmaccmBa Ha HEKOTOpPOe HeEDOMbLLOE KONMMYECTBO AS1IEMEHTOB.
[lomelwtaetcsa B L1-kaLw.

template <typename Key, typename Cell, size t capacity>
class SmallTable : protected Cell: :State

{

size t m size = 0:

Cell buf[capacity];
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Cneunann3npoBaHHble XaLU-Tabnuubl

StringHashTable

CoctounT 13 4 xaw-tadnuu;

1. OAnsa cTtpok pazamepom 0-8 banTt

2. [1nsa cTpok pa3mepom 9-16 bant

3. [lna cTtpok pa3amepom 17-24 banta

4. [1nsa cTpok pa3amepom bonblue 24 6ant

https://www.researchgate.net/publication/339879042_SAHA_A_String_Adaptive_Hash_Table

_for_Analytical_Databases
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https://www.researchgate.net/publication/339879042_SAHA_A_String_Adaptive_Hash_Table_for_Analytical_Databases

Cneunanmn3anpoBaHHble X3L-Tabnuubl

TwolLevelHashTable
CocTounT 13 256 xaw-tabnuu,.

Ha BCcTaBKe Krnko4ya Mbl BbIYUCIISIEM UHOEKC X3LW-Tabnuubl B KOTOPYLO byaem
BCTaBNATb KIHOM.

size t getBucketFromHash(size t hash value)

{
3

return (hash value >> (32 - BITS FOR BUCKET)) & MAX BUCKET:
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3akno4yeHue

Mbl Hanncann ppenmMmBOopPK O X3Lw-Tabnuy, Noa CBOW cLeHapun arperaymm
OAHHbIX.

nttps://github.com/ClickHouse/ClickHouse/blob/master/src/Common/HashTable/HashTable.h
nttps://github.com/ClickHouse/ClickHouse/blob/master/src/Common/examples/integer_hash_tables_be

nchmark.cpp

48


https://github.com/ClickHouse/ClickHouse/blob/master/src/Common/HashTable/HashTable.h
https://github.com/ClickHouse/ClickHouse/blob/master/src/Common/examples/integer_hash_tables_benchmark.cpp
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