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Learned Indexes

«/ Lower Memory
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Learned Indexes

«/ Lower Memory

Faster Access
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Learned Indexes Assumptions

Learned Index

position & error

Base data
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Learned Indexes Assumptions

Learned Index

position & error
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Base data

Assumes Sorted data underneath!
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Proposed Design

Learned Index

position & error

Predicted Ordered Position

. Compact
Mapping Structure < +
e SR -
VAR N o Efficient access

Base data

© Access(Mapping structure) << Access(Traditional index) 7
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Prior Work

Permutation

Sorted Data

Base Data 923 | | 430 98 265 | | 810 | | 578 68 345 | | 114 56

Offsets 0 1 2 3 4 5 6 7 8 9
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Permutation

Sorted Data 56

Base Data 923 | | 430 98 265 | | 810 | | 578 68 345 | | 114 56

Offsets 0 1 2 3 4 5 6 7 8 9
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Permutation 9

Sorted Data 56

Base Data 923 | | 430 98 265 | | 810 | | 578 68 345 | | 114 56
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Permutation | 9

Sorted Data 56 68

Base Data 923 430 98 265 810 578 68 345 114 56
Offsets 0 1 2 3 4 5 6 7 8 9
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Permutation | 9 6

Sorted Data 56 68

Base Data 923 | | 430 98 265 | | 810 | | 578 68 345 | | 114 56
Offsets 0 1 2 3 4 5 6 7 8 9
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Permutation 9 6 2 8 3 7 1 5 4 0
Sorted Data 56 68 98 114 | | 265 | | 345 | | 430 | | 578 | | 810 | | 923
Base Data 923 | | 430 98 265 | | 810 | | 578 68 345 | | 114 56
Offsets 0 1 2 3 4 5 6 7 8 9
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Mapping Structure \
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Permutation
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X

Permutation Vector size increases with size of data
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What do we Want?

Learned Index

position & error

Base data
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Constellation Maps as Mapping Structures

Learned Index 10000 -

position + error 7500 -

................... pred,cted()rderedpos,t,on £ 000
Mapping Structure 2500 -

LS S~ e’ \ d-=" 0.

0 2500 5000 7500 10000

Base data
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Constellation Maps as Mapping Structures

Key K, sorted position x=350, physical position y=7498

\
Learned Index 10000
(e
position + error S| 7500 - -
........................................................................................................................................ S -
Predicted Ordered Position 3| 20007
2}
Mapping Structure = | 2500
Sy 'J\\,‘:f,ff,: ~~~~~~~~~~~~~~~ > "i::::j 01° | o |
- 0 2500 5000 7500 10000

Sorted Order

Base data
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Constellation Maps as Mapping Structures

Learned Index

position & error

Base data

Physical Position

n
»

10000 -

8000 -
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2000

2000 4000 6000 8000 10000

Sorted Order
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Constellation Maps as Mapping Structures

Learned Index

position & error

Base data

Physical Position

n
»

10000 -

8000 -

6000 -

4000 -

2000

within := {y < delta distance from line}

0 2000 4000 6000 8000 10000

Sorted Order
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Constellation Maps as Mapping Structures

Learned Index

Predicted Ordered Position

position & error

Mapping Structure
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Base data

Physical Position

above := {y > delta higher than the line}

10000 -
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Constellation Maps as Mapping Structures

Learned Index

position & error

Base data

Physical Position

n

10000 -

8000 -
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2000 -

below :={y > delta lower than the line}
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Constellation Maps as Mapping Structures

After 20 iterations

Learned Index MO0,
. S 8000 -
position + error =
(7p]
.................................................................... A 8 6000 -
Predicted Ordered Position s
g 4000
Mapping Structure T
= 7 s 2000+
0.
0 2000 4000 6000 8000 10000
Sorted Order
Base data "
Q No line can cross any other line
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Constellation Maps as Mapping Structures

Learned Index

position & error

Base data

Physical Position

Store lines (m,c)
/

10000 1

8000 1

6000 -

4000+

20001

0 2000 4000 6000 8000 10000

Sorted Order
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Constellation Maps as Mapping Structures

How do | know how far K is from xy? = error

Learned Index +00001
. S 8000 1
position & error =
(7p]
.................................................................... Y e eeeteeteateate et eateateaeenenensenneneaneaeeeeeaneanan 8 6000 -
Predicted Ordered Position 73
@ | 4000/
Mapping Structure T
< 7 s 2000+
0.
0 2000 4000 6000 8000 10000
Sorted Order
Base data "
O
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Constellation Maps as Mapping Structures

How do | know point is mapped by line xy? = mapping

How do | know how far K is from xy? = error

10000 1

80001

6000 -

4000+

Physical Position

20001

0 2000 4000 6000

’ Sorted Order

Constellation Maps!!!

8000 10000
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Constellation Maps in Action

6000 -

4000 -

0 2000 4000 6000 8000 10000

Sorted Order

RANSAC = 17 lines

Datasets were donated by an anonymous corporation

10000 -

Physical Position

8000 -

6000 -

4000 -

2000 1

0 2000 4000 6000 8000 10000
Sorted Order

LR = 29 lines
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Constellation Maps in Action

10000 -

8000 -

Physical Position

5000 1

1000 1

2000+

Physical Position
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2000 4000 6000 8000 10000
Sorted Order

RANSAC = 12 lines

Datasets were donated by an anonymous corporation

10000

8000 1

6000 -

4000+

2000 A
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2000 4000 RONN 8000 10000
Sorted Order
LR = 63 lines
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Physical Position (y)

Problems with Default Algorithm

200 1

150 1

504

Sorted Rank (x)
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Problems with Default Algorithm

250 -
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150+
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Physical Position (y)
%

un
[

_EEI T T T T T
0 50 100 150 200

_c% Sorted Rank (x)
0 © i . 31
DISC 2 random points selected to form a line




©
DiSC

BOSTON
UNIVERSITY

Problems with Default Algorithm

77 inliers f 200 points within £5

Error band (+5)

250 1

200 1

150 +

100 4

Physical Position (y)

Ln
=

_Eﬂ._

Inliers within error bounds

50 100 150 200
Sorted Rank (x)
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Problems with Default Algorithm

Attempt 1: 43 inliers

Attempt 2: B7 inliers

Attempt 3: 49 inliers

Attempt 4: 17 inliers
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Attempt 5: 61 inliers

Attempt 6: BS5 inliers

Attempt 7: 59 inliers

Attempt 8: 33 inliers

d

¥
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Multiple trials + Better Lines
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Building a Better Algorithm

200 -

150 -

100 -

Physical Position (perm[x])

50 -

3 0 25 50 75 100 125 150 175 200
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Physical Position (perm[x])

Sample x points

200 -

150 -

100 -

50 -

@ 16 sampled points 155mﬂ%’mz.
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Pair 1: (115,165} Pair 2: (95,78) Pair 3: (177,174 Pair 4: (30,174) Pair 5: {186,174)

slope=1.744 slope=1.317 slope=1.085 slope=1.111 slope=0.333

e <] L@@
o

Pair &: (170,182) Pair 7; (30,69) Pair &: (69,128) Pair 9: (63,45) Fair 10: {170,43)

slope=0.270 slope=0.798 slope=0.988 slope=0.80G slope=1.157

e .
o
-
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Physical Position (perm[x])

200 -

150 -

100 -

50 -

Sample eval points

e 60 eval points
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Find intercepts

slope=0.798, intercept=51.6

B  Within window (25 plts]
= Bast line

Find c for each eval point:
C=y—m.x

0 25 S0 75 100 125 150 175 200
Sorted Rank (x)

Aim: Find best slope
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Find intercepts fitting in window

Sort the intercepts and slide a window to find the intercept fitting max points

60 eval points projected, window width = max err — min_err = 10

Window width = 10
(253 points capturad)

window left = 46,86
imtercept = 46.6 = (-5} = 51.6

-75 —-50 -25 0 25 50 75 100
Projected intercept value: proj = perm[x] — slope . x
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Find best slope

WINMER
slope=0.798
score=25
] Wy
'?.!-*' q:.*
25 1
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Candidate Slope Index
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Refine intercept of best slope

Small Eval (1024 pts) Big Eval (65536 pts)
intercept=51.58, covers 82/200 intercept=50.49, covers 86/200

200 200 1

150 1 150 1

permix]
[ )
perm[x]

100 - 100 1

20 501

0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
Sorted Rank (x) Sorted Rank (x)
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200 1

150 4

perm[x]

100 -

=20 1

Found first line!l

slope=0.798, intercept=50.5, covered=86/200

Mot covered (114)
Covered (86)

20

100
Sorted Rank (x)

150

200
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Incremental line cover

Proposal 1 Proposal 2 Proposal 3
slope=0.80, covers=86 slope=1.50, covers=66 slope=0.30, covers=40
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What about the uncovered points?
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Find Local Pattern

B free points
200 -
1501
=
E
o
(=
100 -
50 1
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0 25 a0 75 100 125 150 175 200
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Find Local Pattern

B free points @ Corridor: 2 pts
200 1
200 1
150 4
_ 1501 _
o =
' ‘£ 100+
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Physical position (perm[x])

30 4

25 1

20 4

15 1

10 1

Find Local Pattern

@ Mapped (by seeds)

@ Free (for splines) Run 2 Run 3

Sorted rank (x)
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Find Local Pattern

15.0 4
12.5 4 i
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Q.
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2:3 . slo=[.0.2, 1.5]
- Paink 2
0'0 slo=[-3.1, 1.9]
== slope_hl = 1.48
- = slope_lo = 0,68
-2.5 1 wes Chosen slope = 1.08
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Convergence of slope, intercept

Start +

Poant £ 4

Paint 3 4

Point 4 -

Foint & -

Point & -

Foint &

[-3.08, 1.94]

= Chosen = 1.08

[-0.93, 1.57]

[-0.18, 1.48]

10.28, 1.43)

[0.62, 1.48]

Final: [0.EE, 1.4E]

Anchor (any slape)

-4

v] 2
Feasible slope range
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Is this method always good?

©
DiSC 50




BOSTON
UNIVERSITY

Lines are not always beneficial!

Prefix Cut
9.0- 1
80 - :
I
8.8 - .
E |
- 60 = |
E =l B-E_ i
'y =
= w |
S E I Hegsli'; keep 1 lines
I .
2 401 W 8.4- | fabpe
£ - |
£ & I
w I
582 !
20 1 |
I
8.0 - :
o ne2 ine 3 ; : 3 ;
e e
==1.5 s=0.3 (all backup)
Proposal (by coverage) Number of Lines Kept (prefix)
bits = (n_lines . 64 bits per line) + (mapped x (lid_bits + err_bits)) + (backup x ceil_log2(N)) + (rank overhead)
O
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What does the entire system look like?
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CMap Storage Structure

m=0 m=1 m=2 m=3 m=4 m=5 m=6

LO|+3 LO|+1 L1]-2 LO|+5 L1|+1 L2|+0 L0|-2
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CMap Storage Structure

LO[+3

Mapped Array (map_pack_) - bit-packed [line_id | error]

LO[+1 L1]-2 LO|+5 L1]+1 L2 [+0

©
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BOSTON
CMap Storage Structure

Mapped Array (map_pack ) - bit-packed [line_id | error]
m=0 m=1 m=2 m=3 m=4 m=5 m=6

LO|+3 LO|+1 L1]-2 LO|+5 L1]+1 L2[+0 L0|-2

i re

LO 0.82 51.3
L1 1.47 -28.1
L2 0.31 182.0
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BOSTON
CMap Storage Structure

Mapped Array (map_pack ) - bit-packed [line_id | error]
m=0 m=1 m=2 m=3 m=4 m=5 m=6

LO|+3 LO|+1 L1]-2 LO|+5 L1]+1 L2[+0 L0|-2

Lines Table (lines_[lid])

it re

LO 0.82 51.3
L1 1.47 -28.1
L2 0.31 182.0
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CMap Storage Structure

Mapped Array (map_pack_) - bit-packed [line_id | error]

m=0 m=1 m=2 m=3

LO|+3 LO|+1 L1]-2 LO|+5

Lines Table (lines_[lid])

L ae e

LO 0.82 51.3
L1 1.47 -28.1
L2 0.31 182.0

m=4 m=5 m=6
L1|+1 L2]|+0 LO|-2
Decode:

pos = round(slope.x+intercept) + error
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BOSTON
CMap Storage Structure

Mapped Array (map_pack_) - bit-packed [line_id | error]

m=0 m=1 m=2 m=3 m=4 m=5 m=6
LO[+3 LO[+1 L1]-2 LO[|+5 L1]+1 L2|+0 LO|-2
b=0 b=1 b=2
Lines Table (lines_[lid]) 42091 18874 99312

LO 0.82 51.3 pos = round(sxx+c) + err
L1 1.47 -28.1
L2 0.31 182.0

©
DISC




CMap Storage Structure

Mapped Array (map_pack_) - bit-packed [line_id | error]
m=0 m=1 m=2 m=3 m=4 m=5 m=6

L0|+3 L0|+1 L1|-2 LO|+5 L1]+1 L2[+0 L0|-2

Lines Table (lines_[lid])
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LO 0.82 51.3 pos = round(sxx+c) + err
L1 1.47 -28.1
L2 0.31 182.0

Backup Array (bak_pack_) - raw positions
b=0 b=1 b=2

42091 18874 99312

No line decode needed
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CMap Storage Structure

r=0 r=1

r=2 r=3

m=0 m=1 m=2 m=3

LO|+3 LO|+1 L1]-2 LO|+5

Lines Table (lines_[lid])

i Lae

LO 0.82 51.3
L1 1.47 -28.1
L2 0.31 182.0

Mapped Array (map_pack_) - bit-packed [line_id | error]

r=7 r=8 r=9
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m=4 m=5 m=6
L1]+1 L2 |+0 L0|-2
Decode:

pos = round(sxx+c) + err

Backup Array (bak_pack_) - raw positions
b=0 b=1 b=2

42091 18874 99312

No line decode needed
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CMap Storage Structure

Bitvector (1 bit/entry, SDSL rank support)

r=0 r=1 r=2 r=3 r=4 r=5 r=6 r=7 r=8
0 0 1 0 1 0 0 1
Mapped Array (map_pack_) - bit-packed [line_id | error]
m=0 m=1 m=2 m=3 m=4 m=5 m=6
L0|+3 L0|+1 L1|-2 LO|+5 L1]+1 L2[+0 L0|-2

Lines Table (lines_[lid])

i Lae

Decode:
LO 0.82 >13 pos = round(sxx+c) + err
L1 1.47 -28.1
L2 0.31 182.0
data_[pos]
ko k1 k2 k3 ka kS k7 k8 k9

S
DiSC

0 = mapped - lines + error

1 = backup - raw position

BOSTON
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b=0 b=1

42091 18874

No line decode needed.
Direct physical position.

Backup Array (bak_pack_) - raw positions

b=2

99312

k10 k11 k12 k13 k14



Single Query: Binary Search Path

Binary search over a 7-entry window (query key = 412)

Step 1: mid=3 — key=350 < 412 -+ go right

498 571

Step 2: mid=5 - key=498 > 412 - go left
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l . BOSTON
Single Query: Binary Search Path

Step 1: mid=3 -+ key=350 < 412 -+ go right

498 571
=55 pas=T3 pos=60
| |
[a, 71
Step 2: mid=5 - key=498 > 412 - go left
105 203 287 350 412 498 571

v5=a7 pos=17 pos=68 pers=55 pas=31 pos=73 s =6D

©
DISC




©
DISC

BOSTON

Single Query: Binary Search Path

Binary search over a 7-entry window (query key = 412)

Step 1: mid=3 -+ key=350 < 412 -+ go right

105 203 287 412 498 571
pos=47 nos=17 pos=E3 pos=55 pas=31 pos=T3 pos=6D

Step 2: mid=5 - key=498 > 412 - go left

105 203 287 350 412 498 571

vo5=47 pos=17 pos=68 pos=55 pas=31 pos=73 pos=60

Step 3: mid=4 = key=412 = 412

105 203 287 350 498 571
pos=42 pos=17 pos=E4 pos=55 pas=31 pos=T71 pos=H0
I
[4, 5]
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Single Query: Restricted Search

Restricted-window decode (R=2, query key = 412)

Phase 1: Decode narrow band [2..6], prefetch data[]

pred = rank 14

105 203 287 350 412 498 571 ‘
1 | 1 1
5= nnGm1 nos|AE posj55 nosj3 posp73 posj&0
L L L W L
L J
narrow band [est-R, est+R+1) = [2, 7)
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Single Query: Restricted Search

Restricted-window decode (R=2, query key = 412)

Phase 1: Decode narrow band [2..6], prefetch data[]

pred = rank 14

105 203 287 350 412 498 571
1 1 1 1 1

pos=a7 pos=17 posjAg posj5S posj31 posj73 pos|&0
L L w W W

narrow band [est-R, est+R+1) = [2, 7)

Phase 2: Scan — index 2: 287 < 412, continue

105 203 287 350 412 498 571

pos=47 pos=17 pos=08 ps=55 prig=31 HE=T3 45 =i

BOSTON
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BOSTON

Single Query: Restricted Search

Restricted-window decode (R=2, query key = 412)

Phase 1: Decode narrow band [2..6], prefetch data[]

105 203 287 350 412 498 571 ‘
1 1 1 1 1
pos=42 pos=17 pos|-A8 pos|55 posj31 posk73 pos|&0
L L w W W
L J
narrow band [est-R, est+R+1) = [2, 7)

©
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Phase 2: Scan —

105 203

nios=47 pios=17

Phase 3: Scan —

105 203

poa=d4.2 pos=17

index 2: 287 < 412, continue

287 350 412 498 571

pos=08 ps=55 prig=31 HE=T3 45 =i

index 3: 350 = 412, continue

287 350 412 498 571

pos=H08 pos=53 pos=31 pas=73 pas=60
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Single Query: Restricted Search

Restricted-window decode (R=2, query key = 412)

Phase 1: Decode narrow band [2..6], prefetch data[]

pred = rank 14

rank 1t rank 11 rank 12 rank 13 rank 14 3 1% rank 1
105 203 287 350 412 498 571 ‘
1 | 1 1 1
nos=43 ans=17 .1r.-'.|- HE .m-'.|-"|": .'m-'.I-T. .'m<|-7=. p.v.I- &0
L W L W w

narrow band [est-R, est+R+1) = [2, 7)

Phase 2: Scan — index 2: 287 < 412, continue

105 203 287 350 412 498 571

pos=A4F pos=17 pos=H8 pos=55 pis=31 pus=T3 pas=f0

Phase 3: Scan — index 3: 350 < 412, continue

105 203 287 350 412 498 571

pos=42 pos=17 pos=H08 pos=55 pos=31 pos=73 pos==60

Phase 4: Scan — index 4: 412 = 412, found!

105 203 287 350 498 571
@)

_— nos=3a2 pos=17 pos=H8 pos=55 pos=31 pos=73 pos==&0
DiSC
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Single Query: Decode

CMap decode: rank + unpack + FMA per step

rank(3) = 1 backup before + mapped index = 3—-1 = 2

0 1 2 3 1 5 &

Bitvector
{0=mapped 0 1 0 ‘ 0 0 1 1]
lmbackup)

/ rank guery

P:,ﬁ.ﬁd lidlerr  lidlerr | lidlerr | lidjerr  lidjerr
(6-20 bpa)
unpack lid
= lin d]
(64 éiit'!féacm ‘ sloped, ic0 ‘ slopel, icl ‘ ‘ slope2, ic2

FMA: slopaxx + ic + arr
= pos=55 - data[55]

Data
array

data[55]

rank + bit-packed load + line access + FMA + data access
= 3-4 dependent cache accesses per step
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Single Query: LSI Access Path

LS| decode: one bit-packed load per step

0 1 p 3 4 5 6
Permutation a2 17 88 55 31 73 60

array

Get|mild)

-+ pos=55

-+ datal[55]

L
Data =
array key=350
datal55)

1 bit-packed load + 1 data access per step
= 2 dependent cache accesses

BOSTON
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Single Query: Access Path

Learned Index

position + error a Model Predict
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" BOSTON
Single Query: Access Path

Learned Index

position + error o Model Predict

Predicted Ordered Position lo=pred-15, hi=pred+16
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Single Query: Access Path

a rank_window(lo) - base_rank + 32-bit window

° Model Predict

lo=pred-15, hi=pred+16

Pest
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Single Query: Access Path

0 Model Predict

lo=pred-15, hi=pred+16

e rank_window(lo) - base_rank + 32-bit window

0

0

1
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@ Backup (bit=1)

bak_pack_ - raw pos

42091

©
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0 0 1 0
Mest
@ Mapped (bit=0)
map_pack_ read:
LO|+3 L1]-2 LO|+5
J unpack
lines_[lid]: pos =round(slope x rank + intercept) + error
LO 0.82 513

J FMA + SSE round




0 Model Predict

lo=pred-15, hi=pred+16

Single Query: Access Path

9

0 rank_window(lo) - base_rank + 32-bit window

0

0

1
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@Backup (bit=1)

bak_pack_ - raw pos

42091

prefetch( data_[pos] )

©
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0 0 1 0
Mest
@ Mapped (bit=0)
map_pack_ read:
LO|+3 L1]-2 LO|+5
J unpack
lines_[lid]: pos =round(slope x rank + intercept) + error
LO 0.82 51.3

4 FMA + SSE round

prefetch( data_[pos] )




0 Model Predict

lo=pred-15, hi=pred+16

9

Single Query: Access Path

0 rank_window(lo) - base_rank + 32-bit window

0 0 1 0 0 0 0 1 0 0

@ Backup (bit=1)

bak_pack_ - raw pos

42091

prefetch( data_[pos] )
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map_pack_ read:

pos =round(slope x rank + intercept) + error

LO|+3 L1]-2 LO|+5
J unpack
lines_[lid]:
LO 0.82 513

0 Scan: compare data_[pos] vs key

== key - return pos
> key - decode left, scan
< key - decode right, scan

4 FMA + SSE round

prefetch( data_[pos] )

O
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Does this Work?
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Evaluation Data Set
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All Methods Combined

452

5004

400 A

Latency (ns)
LaJ
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200 1

100 1

4ED

G
Dataset

457

B Festricted MLP
Il Full MLP

Bl ESearch MLP

Bl Batched BSearch
= Lsl




Batched Queries

LSl (z30nsp - LSl [151ns] L5 {263ns]

= Single [404n5] === Single {273n5) =eee o Single (416n5)
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. L 236
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BOSTON
Space Savings

3.4x 1.3x 1.4x

28.4
. CMap 28.4 28.0
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Bits per Element (BPE)
E tn

Dataset
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Median Latency (ns)

400 -

350 1

300 -

250 4

200 1

[

Ln
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i

100 -

50 +

Space-Time Tradeoff

Restr, MLP

O

Batch-B4

Restr. MLP

fa

[

Résir, MLP

Batch-16

Batch-16

LSl

L5l

5 10

15
Bits per Element (BPE)

20

25

CMap Single {Tilled)
CMap Batch [(hollow)
L5l

- Same dataset
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Questions

This Photo by Unknown Author is licensed under CC BY
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https://ccmit.mit.edu/problem-solving/
https://creativecommons.org/licenses/by/3.0/
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