NoSQL | Neural Networks | Image AI | LLMs | Data Science



Logistics:
Class forum (Ed): this weekend

Labs start next week
Three times a week. (schedule on class website).
Labs are for systems projects only. Research projects will have ditf sessions.
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Logistics:
Class forum (Ed): this weekend

Labs start next week
Three times a week. (schedule on class website).
Labs are for systems projects only. Research projects will have ditf sessions.

Systems projects can start as of next week
Step 1: Go to labs to start to understand what is needed and how to start.
TFs will also release two Intro sections next week
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Logistics on NN Systems Project

Second MLsys systems project ready.

Optimize data movement for neural network training
One vision and one LLM model.

Implementing M2 paper.

Available on the class website.

M-TWO: 3x Faster Multi-model Training with Orchestration
and Memory Optimization
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“Can | propose an idea for a research
project?”

Absolutely. If it fits the following questions:

Making SQL,NoSQL, LLMs, Image Al:
faster, understanding design space, adding design automation
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What do we want to achieve: what if design example
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Data \/\,
Calculatcr

Cost in Amazon What it | add bloom
Cloud? ﬂ\ters to my B tree’7
Which vvork\oad What If add feature X that
preaks my System’? - brings 60% more writes”
Should | buy new What if | need to reduce
hardware X7 memory by 50%"7

what-if design-




Three steps required

2 il 9

DESIGN SPACE COST SYNTHESIS WHAIT-IF
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AY;



Today:
Bullding a design space In detall: Data structures

Next level of technical detail in KV-stores: merging/levels
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insert (key-value)

_MEMORY

|
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insert (key-value)

f_

|

F
|
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insert (key-value)

|

|

~
|
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Level 2
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Level 2
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insert (key-value)

| buffer |~

|

f_

Level 2

Level 3
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insert (key-value)

| buffer j=-.

|

f_

Level 2

Level 3
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insert (key-value)

| buffer j=-.

f_

DISK

|

Level 2

SSTables

Level 3




[1,0,0,1,1,1] [min-max]
hash fun. /page

| buffer |

bloom fence monnn? ) MORY

filters pointers S <

Level 2

Level 3
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[1,0,0,1,1,1]

103 B0 8

hash fun.

bloom
filters

[Min-max]
/page

fence
pointers
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get (key)

| buffer }

o
\

Level 2

Level 3

_MEMORY

|

DISK

SSTables




[1,0,0,1,1,1] [min-maX]
hash fun. /page

| buffer |

bloom fence N MEMORY
filters pointers - )
. r—— DISK

|

pages

Level 2

SSTables

Level 3 | ‘
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[1,0,0,1,1,1] [min'maX]
hash fun. /page

| buffer |

bloom fence monnn? ] MORY

filters pointers . —————/—/— R

pages

Level 2

SSTables

Level 3 | ‘
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[1,0,0,1,1,1] [min-max]
hash fun. /page

bloom fence

_MEMORY
DISK

|

filters pointers _ . — —

pages

SSTables

Level 3
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[1,0,0,1,1,1]
hash fun.

bloom
filters
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[1,0,0,1,1,11  [min-max]
hash fun. /page

bloom fence
filters pointers o

|

f_

Level 3
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[1,0,0,1,1,1] [min-max]
hash fun. /page

| buffer |

bloom fence monnn? ) MORY

filters pointers S <

Level 2

Level 3
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[1,0,0,1,1,1] [min-max]
hash fun. /page

| buffer |

bloom fence monnn? ) MORY

filters pointers S <

Level 2

Level 3
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bloom fence
filters pointers

DASIab
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| buffer |

Level 2

Level 3

H e
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MEMORY
DISK
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AMPLIFICATION?
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LSM-trees
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Size ratlo ~'
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No key retention @SIGMOD18
utilization
507 No value retention

sorted

bloom
I_'lFISIab filters off
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Data layout primitives

UNSORTED DATAPAGE SORTED DATAPAGE COMPRESSED DATAPAGE LINKED LIST
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Are keys retained? (yes, no, function) Columnar | : :

Row-wise ! Row-Groups

Are values retained?

|
|
B W o (<K (KT o | None
|
|

Utilization? (e.g., >50%)

Key and value layout



N
7,

Are keys retained? (yes, no, function) Columnar Row-Groups
Are values retained? or [KIN BN o [« BN (<] I o None
Utilization? (e.g., >50%) \ } ),

Row-wise

/7

Key and value layout




Are keys retained? (yes, no, function) Columnar

K

Are values retained? or I I o (<] 1 (<] B o None
J |

/.

Row-wise i Row-Groups

Utilization? (e.g., >50%) L E\ \

Key and value layout

Intra node access (direct | head_link | tail_link | link_function(func))



(7 3\
Are keys retained? (yes, no, function) Columnar | Row-wise | Row-Groups

K

Are values retained?
Utilization? (e.g., >50%)

|

| |

| | |
‘K W o (< <R o | Nons

| | |

| | |

| |

) J

Q [ /. 9
\

Key and value layout

Intra node access (direct | head_link | tail_link | link_function(func)) Immediate: Both

Sub block links (next | previous | both | none)

Sub block skip links (perfect | randomized(prob: double) | function(func) | none) Logical Block




Are keys retained? (yes, no, function) Columnar

K

Row-wise : Row-Groups

Are values retained? r (<0 o (<] <] O o None

Utilization? (e.g., >50%) E i \ /A

Key and value layout

Intra node access (direct | head_link | tail_link | link_function(func))

Sub block links (next | previous | both | none)

Sub block skip links (perfect | randomized(prob: double) | function(func) | none)

Zone Maps (min | max | both | exact | off) Consolidate Scatter
7 N 7 )
Bloom filters (off | on(num_hashes: int, num_bits: int))

Filters layout (consolidate | scatter)
Links layout (consolidate | scatter) AAA

e e e . e e




\
Are keys retained? (yeS, NO, fUﬂCtiOn) Columnar Row-wise i Row-Groups i
| K l | |
Are values retained? r (<N B B or (<] KA (<] B or None
Utilization? (e.g., >50%) L ! | \ | /A E J,
S—— ' /

Key and value layout

Intra node access (direct | head_link | tail_link | link_function(func))

Sub block links (next | previous | both | none)

Sub block skip links (perfect | randomized(prob: double) | function(func) | none)

Inline Pointed
Zone Maps (min | max | both | exact | off) - N ~ N
Bloom filters (off | on(num_hashes: int, num_bits: int))

Logical Block Logical Block
Filters layout (consolidate | scatter)

Links layout (consolidate | scatter)

Physical location (inline | pointed | double- pointed)
Physical layout (BFS | scatter)




No KV retention
No filters
Scattﬁ,:ﬁg ' LI C fW‘append ) Sub-blocks homogeneous: true
ol L |2 13 Sub-block physical layout: scatter:

Sub-block consolidation: false

[ | Sub-block instantiation: lazy

UNORDERED Variable

fanout

ARRAY =
“H -l

Head

no order Addressing :
(fw-append) .

Sub-block
location: inline

[256] UNORDERED
LIST OF <« B B

ARRAYS [ o order ]
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No KV retention | | >

Recursion: log(n)
7

Consolidated
Filters
(Fences only)

Sub-blocks homogeneous: true

UNORDER
ARRAY

A

[T
W,

Sub-block physical layout: scatter

Sub-block consolidation: false

Balanced Sub-block instantiation: lazy

<« B |
Fixed

fanout

no order 5,
(fW-append) Direct eeeeeeeeeee

Addressing

Sub-block ,
location: - -
pointed

[256]

B+ Iree
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Categories

Primitives and Instances

Unless otherwise specijiea, we use a

reduced default values domain of Hash Table
100 values for integers, 10 values for B+TTEE/ CS B+TFEE/ FAST
doubles, and 1 value for functions. LPL
Primitive Domain size| H LL (UDP | B+ | CSB+ [FAST | ODP
1|Key retention. No: node contains no real key data, e.g., intermediate nodes of
b+trees and linked lists. Yes: contains complete key data, e.g., nodes of b-trees, yes | no | function(func) 3
and arrays. Function: contains only a subset of the key, i.e., as in tries. no | no [ yes | no no no | yes
2 [Value retention. No: node contains no real value data, e.g., intermediate nodes
- of b+trees, and linked lists. Yes: contains complete value data, e.g., nodes of b- yes | no | function(func) 3
2 trees, and arrays. Function: contains only a subset of the values. no [ no | yes | no no no | yes
© . . .
N | 3|Key order. Determines the order of keys in a node or the order of fences if real |
c . none | sorted | k-ary (k: int) 12
© keys are not retained. none [none|none [sorted|sorted|4-ary [sorted
h . . .
© [ 4|Key-value layout. Determines the physical layout of key-value pairs. row-wise | columnar | col-row- | _ _
() o o) o)
= Rules: requires key retention != no or value retention != no. groups(size: int) © ©
< | 5|Intra-node access. Determines how sub-blocks (one or more keys of this node) - - - - - -
. oy . . . . direct | head_link | tail_link | 9 = O O O O 9
can be addressed and retrieved within a node, e.g., with direct links, a link only link_function(func) 4 & O o o d d -
. ~ = Q = = = = =
to the first or last block, etc. © © © © © ©
6 | Utilization. Utilization constraints in regards to capacity. For example, >= 50% = (X%) | function(func) | none 3 >= >= >=
denotes that utilization has to be greater than or equal to half the capacity. (we currently only consider X=50) none [none|none | 50% | 50% | 50% | none
7 |Bloom filters. A node's sub-block can be filtered using bloom filters. Bloom off | on(num_hashes: int, =
fil h b f hash f : d b £ bi num_ bits: int) o
" ilters get as parameters the number of hash functions and number of bits. up t0 10 num _hashes considered) | —|| off | off | off | off off | off | off
L &
¥ | 8(Zone map filters. A node's sub-block can be filitered using zone maps, e.g., the
= . P _ . 5 P 5 y min | max | both | exact | off 5 . . .
b can filter based on mix/max keys in each sub-block. off | off | off | min | min | min | off
S | 9]|Filters memory layout. Filters are stored contiguously in a single area of the = s s
Z .
node or scattered across the sub-blocks. consolidate | scatter 2 = = =
Rules: requires bloom filter != off or zone map filters != off. 7 7 7
10| Fanout/Radix. Fanout of current node in terms of sub-blocks. This can either be [fixed(value:int) | function(func) o | B| © S S ) ©
limited (i ... h b f sub-blocks) fixed b mited | terminal(cap: int) 8 + ﬂ N N = ﬂ
unlimited (i.e., no restriction on the number of sub-blocks), fixed to a number, (up to 10 different capacities andup |22 | 5 | E = = = = =
decided by a function or the node is terminal and thus has a fixed capacity. to 10 fixed fanout values are 0 = - X X X -
considered) 4= -] B - = - 3
111 | I e s s o= 2m A% i ® i C 3t L il cvmn m m smmm ALl A LAy s e L L . d N o~ 2l A —




o | . = y o | '.""""""' '.'"’ S e ) U U @
S or balanced (i.e., all sub-blocks have the same size), unrestricted or functional. stricted | function(func) 13 %2 o c - c
= (up to 10 different fixed capacity v 8 @© @© ©
o. Rules: requires key partitioning != none. values are considered) S s S S S
13 |Immediate node links. Whether and how sub-blocks are connected. next | previous | both | none | 4 |[none |next |none | none | none [none | none
14 [Skip node links. Each sub-block can be connected to another sub-block (not only
h . ith skio-links. Th b foct g i>ed perfect | randomized(prob: 13
the next or previous) with skip-links. They can be perfect, randomized or double) | function(func) | none none |none|none | none | hone |none | hone
custom.
15 [Area-links. Each sub-tree can be connected with another sub-tree at the leaf forward | backward | both |
, , _ 4 | none |none|forw. [ none | none |none | none
level throu area links. Examples include the linked leaves of a B+Tree. none
16 | Sub-block physical location. This represents the physical location of - - - -
the sub-blocks. Pointed: in heap, Inline: block physically contained in parent. inline | pointed | double- X % g *GEJ % %
Double-pointed: in heap but with pointers back to the parent. pointed 'S c 'S 'S 'S
o o o o
Rules: requires fanout/radix !=terminal.
17 | Sub-block physical layout. This represents the physical layout of sub-blocks. _
. . _ _ BFS | BFS layer(level-grouping: — — - )
Scatter: random placement in memory. BFS: laid out in a breadth-first layout. nt) | scatter : e 2 S % J;
BFS layer list: hierarchical level nesting of BFS layouts. (up to 3 different values for layer- S S S o LL
5 - - - grouping are considered) n n n @
o Rules: requires fanout/radix !=terminal.
L (18 |Sub-blocks homogeneous. Set to true if all sub-blocks are of the same type. v v o v v
(/)] c : : : boolean 2 - - - > >
D @ Rules: requires fanout/radix !=terminal. b e b b b
© . . : : : :
gl | '= (19 |Sub-block consolidation. Single children are merged with their parents. ) ) w ) )
O : : : boolean 2 L L L 2 2
@) Rules: requires fanout/radix !=terminal. & & & & &
O) 20 |Sub-block instantiation. If it is set to eager, all sub-blocks are initialized,
((b) : e 1 : > > > > >
it otherwise they are initialized only when data are available (lazy). lazy | eager 2 N N N N N
(4v) Rules: requires fanout/radix !=terminal.
0 21 |Sub-block links layout. If there exist links, are they all stored in a single array T
(consolidate) or spread at a per partition level (scatter). consolidate | scatter 2 =
. . . . . . O
Rules: requires immediate node links != none or skip links != none. *
= 22 |Recursion allowed. If set to yes, sub-blocks will be subsequently inserted into a — — —
I node of the same type until a maximum depth (expressed as a function) is Jes(func) | no ] Q0 Q0 Q0
g reached. Then the terminal node type of this data structure will be used. ‘T.nj ‘Tc.n: ‘Tc.n:
e Rules: requires fanout/radix != terminal. no | no = > >




10132, 2-node
10748, 3-node
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structures elements based on atomic number,
electron configuration, and recurring chemical properties

PERIODIC TABLE OF ELEMENTS
explains and predicts missing elements
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... JEFIOUIC table of data structures

classes . - - " ,
of primitives B-trees Tries LSM-Trees | Differential | Membership| Zone maps Bitmaps Hashing Base Data
| & Variants | & Variants | & Variants | Files | Tests & Variants & Variants & Columns
Logarithmic DONE DONE DONE * * f
Design RUM
Fractiona' DONE DONE *? ?
Cascading RUM
Log- DONE DONE f **
Structured RUM
Buffering DONE tt ,\t
Differential DONE f **
Updates RUM
Sparse DONE DONE DONE “ f
Indexing RUM
Adaptivity DONE
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... JEFIOUIC table of data structures

classes . - - " ,
of primitives B-trees Tries LSM-Trees | Differential | Membership| Zone maps Bitmaps Hashing Base Data
| & Variants | & Variants | & Variants | Files | Tests & Variants & Variants & Columns
Logarithmic DONE DONE DONE * * f
Design RUM
Fractiona' DONE DONE *? ?
Cascading AU
Log- DONE DONE f **
Structured RUM
Buffering DONE ig 3‘
Differential DONE f **
Updates RUM
Sparse DONE DONE DONE “ f
Indexing RUM
Adaptivity DONE
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... PEFIOUIC table of data structures

classes v - 2
of primitives B-trees Tries LSM-Trees leferentlal Membershlp Zone maps Bitmaps Hashing Base Data
| & Variants | & Variants | & Variants | Files | Tests | & Variants | & Variants | | & Columns A
Partitioning DONE DONE DONE DONE DONE it '\t

MmN

A

0
PEDY PAPER MACHINE

Differential f **
Updates RUM
Sparse vt
Indexing RUM

Adaptivity DONE
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....... PEFIOUIC table of data structures

classes
of primitives

Partitioning

Differential
Updates

Sparse
Indexing

Adaptivity

'l= 4Slab

@ Harvard SEAS

MmN

A

LT

et

PAPER MACHINE

B-trees Tries LSM-Trees leferentlal Membershlp Zone maps Bitmaps Hashing Base Data
| & Variants | & Variants | & Variants | Files Tests | & Variants | & Variants | | & Columns
DONE BIOL\|= DONE DONE BIOL\|=

it

RUM

RUM

v#

RUM



Invalid Access Validity Check Change Notification Remote Update
Prevention Initiation Hints Action

None

L Caching Two-Phase
— Locking [K90, C91, WR91]
On Initial Access

(Synchronous)
: During Transaction “The taxonomy is used to shed light
N both on the nature of the design space
Text and on the performance tradeoffs

‘ After Commit

| No-Wait Locking [WR91]

exist in the design space.”

None . . \
implied by many of the choices that
Detection
On Initial Access (T T T T
oased (Asynchronous) K During Transaction
rotocols \ ’( invalidation
After Commit Propagation
~ No-Wait Locking
w/Notification
[WRO1]
 Dynarmic |
None -
Deferred Until /
Commit o ——— L
During Transaction | Invalidation
***** __Category with no S - Cache Locks
Category ' = published Algorithms [WNIO ]
After Commit
A95 — [Adya et al. 1995] Propagation
K90 - [Kim et al. 1990]
C91 - [Carey et al. 1991] Dynamic
WR91 - [Wang and Rowe 1991] | :
. . : Adapt
WN90 — [Wilkinson and Neimat 1990] op?i%'i‘;ﬁc[ AI5]

{ OF COMPLEX ALGORITHMS

al cache consistency maintenance
MLRe Framklin



“The taxonomy is used to shed light
both on the nature of the design space

and on the performance tradeoffs
implied by many of the choices that
ex:st In the design space.”

After Commit
A95 — [Adya et al. 1995] Propagation
K90 — [Kim et al. 1990]
C91 - [Carey et al. 1991] Dynamic

WR91 - [Wang an d R owe 1991]
WN90 — [Wilkinson and Neimat 1990] o[ A5

TAXONOMY OF COMPLEX ALGORITHMS
transactional cache consistency maintenance
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Understanding the KV design space
In more detail: size ratio and merging

[1,0,0,1,1,1] [Min-max]
hash fun. /page

| buffer }

bloom fence monnn? MORY

filters pointers S <

Level 2

Level 3
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merging

writes reads
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when we do more

merging

writes reads
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when we do more

merging

writes ’r
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merging

Tiering Leveling
write-optimizeo read-optimized

£ .
ol

cassandra

DFISIab
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Tiering Leveling

write-optimized read-optimizead
/- \ /- \
| I | I
\ / \ /
' A s
II | [
/ \
\ . 7 N

WDASIab
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Tiering Leveling

write-optimized read-optimizead
/- \ /- \
| | gather | |
\ l\ | |
/g L \ — . ’ -
I / \
\ - 7 N
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Tiering Leveling
write-optimized read-optimizead

| | gather | |

DFISIab

@ Harvard SEAS



Tiering Leveling

write-optimized read-optimizead
/- \ /- \
| | gather | |
\ / \ /
' A s
II | [
/ \
\ - 7 N
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Tiering Leveling

write-optimized read-optimizead

/- \ r \

| | gather | - merge

\ / \

’ RN s~
I | [
I / \

\ - 7 N
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Tiering Leveling
write-optimized read-optimized

—_—_—_—_—_—_—_—_N

\________________
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Tiering Leveling

write-optimized read-optimizead
/- \ /- \
| | gather | . merge
\ / \ /
l/ RN s~
| [
3 | \ flush |
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Tiering Leveling

write-optimized read-optimizead
/- \ /- \
| | gather | . merge
\ / \ /
' A s
I | [
I\ /I \\
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Tiering Leveling
write-optimized read-optimized

.
1]

000 G

_ D G G G

log(N) <
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Tiering Leveling
write-optimized read-optimized

.
1]

000 G

_ D G G G

logr(N) <

size ratio
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Tiering Leveling
write-optimized read-optimized

logr(N) <

size ratio

W UHSlab
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Tiering Leveling
write-optimized read-optimized

—< Sizeratio R
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Tiering Leveling
write-optimized read-optimized

7r
7 r Un

e

size ratio R ¥
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Tiering Leveling

write-optimized read-optimized
/
sy ® oo,
000 Sve G
D G (D G

—< Sizeratio R
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Tiering Leveling
write-optimized read-optimizead

O( N) runs per level 1 run per level

size ratio R A

%
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Tiering Leveling

write-optimized read-optimizead
O( N) runs per level 1 run per level
log

size ratio R A

%
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Tiering Leveling

write-optimized read-optimizead
O( N) runs per level 1 run per level
o sorted
g array

size ratio R A

%
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Tiering

Leveling

sorted
array

.,%
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Tiering

size ratio R Leveling

sorted
array

q
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Tiering
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size ratio R
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Leveling

sorted
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Tiering
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size ratio R
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Leveling
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cassandra
528 RocksDB
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what happens
as we collect
- p— more data?
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what happens
as we collect
more data?
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DDDDDDDD what happens
“““““““ i as we collect
U more data?
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. Readings for this week (and systems project)
&

Monkey: Optimal Navigable Key-Value Store. Niv Dayan, Manos
Athanassoulis, Stratos Idreos. In Proceedings of the ACM SIGMOD
International Conference on Management of Data, 2017

Dostoevsky: Better Space-Time Trade-Offs for LSM-Tree Based Key-Value Stores via

Adaptive Removal of Superfluous Merging. Niv Dayan, Stratos Idreos. In Proceedings of
the ACM SIGMOD International Conference on Management of Data, 2018

The Log-Structured Merge-Bush & the Wacky Continuum. Niv Dayan, Stratos Idreos. In
Proceedings of the ACM SIGMOD International Conference on Management of Data, 2019
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NoSQL | Neural Networks | Image AI | LLMs | Data Science



