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Snap-SAT Desigh Demo Session (DS2)

i
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The design was demonstrated last night on Demo Session 2. &
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Boolean SATisfiability Problem Applications

Anti-aircraft Vaccine Automatic test- Air-traffic control &
mission planning development pattern generation taxi scheduling

© 2023 IEEE
International Solid 29.2: Snap-SAT: A One-Shot Energy-Performance-Aware All-Digital Compute-in-Memory Solver for Large-Scale Hard Boolean Satisfiability Problems 50f62



Boolean Satisfiability Problem?
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Boolean SATisfiability (SAT) Problem

Boolean equation in conjunctive normal form

¥

F(x) = (xyg ORXx; OR x5) AND (x; OR X35 OR Xx,)

Note: OR = disjunction;
AND = conjunction;
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Boolean SATisfiability (SAT) Problem

Clause = disjunction between k literals
e.g. 3-SAT: 3 literals in every clause
4-SAT: 4 literals in every clause

A

F(x) = (x9 ORX; OR x5) AND (x; OR x5 OR x,)

| e

Boolean variables: (xq, x1, x5 ...) Literal = a variable/its negation
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Boolean SATisfiability (SAT) Problem

* Objective:
— Find values of n Boolean variables (x; € {0,1}") that satisfy
all clauses in a Boolean formula (F(x)).

Clause
A

F(x) = (xg ORx;{ OR x5) AND (x; ORXx53 ORX,) = TRUE
1

Boolean variables
(Xg, X1, X3 ...)
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Boolean SATisfiability (SAT) Problem

* Objective:
— Find values of n Boolean variables (x; € {0,1}") that satisfy
all clauses in a Boolean formula (F(x)).

F(x) = (xg ORx;{ OR x5) AND (x; ORXx53 ORX,) = TRUE
* *

XO=1 X3=O
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Motivation for SAT Solver Hardware Solution

» Number of variables 1

T=1.307/"

—
o
N
o

« # of operations T exponentially®

* |Intensive Data:

—
o
KN
o

@ Data movement t

Number of Operations f(n)

(9 Computational latency § 100

Computation energy cost 0 100 200
@ P 5 t Number of Variables (n)

T.D. Hansen, ‘1.1 computing's energy problem (and
what we can do about it).", ACM SIGACT Symposium
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Hardware Accelerator?

for Boolean Satisfiability Problems

© 2023 IEEE
International Solid-State Circuits Conference 29.2: Snap-SAT: A One-Shot Energy-Performance-Aware All-Digital Compute-in-Memory Solver for Large-Scale Hard Boolean Satisfiability Problems 12 of 62



Outline

H Motivation

® Prior boolean satisfiability problem (SAT) solvers
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Software SAT Solver: MiniSAT

 Features:

k-SAT problem
— Software algorithm [
<) Low implement cost CPU process
<) Scalable to any problem size I
Huge data
e Cons: movement
«= Process on CPU . ||
. M. Horowitz, ISSCC, 2014 MemOry
+s) Energy cost (1013 times 32b
. - dCCesSS
integer addition energy (45nm))
«») Huge data movement Solution
:A: Frequent memory aCCGSS N. Eén, Springer, pp. 502-518, 2003
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Analog SAT Solver — AC-SAT

 Features:
— Mix-signal design
— Based on the deterministic

continuous-time dynamical
system

<) Innovative design
» Cons:
< Flexibility
<) Scalability
<) Frequent SRAM access

© 2023 IEEE

K-SAT problem

Read variables (i.e., S,;)

Analog arithmetic circuit

SRAM Access

Digital verification circuit

SRAM write (i.e., Qg,,)

Solution

M. Chang, CICC,
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Compute-in-Memory (CIM) Motivations

 Variables are stored in memory
* SAT algorithms are CIM-friendly

— lterative computations
— 1-bit data flips of variables
— Local write back

This work analysis

—_—

o
o)
S
]

—

o
~
o
|

No. of Memory Access (32-bit)

* CIM design considerations 1020
— Reconfigurability
— Scalability 10 1 Hard 3-SAT Problem
— Flexibility 0 100 200
— Reliability Number of Variables (n)
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SAT
Accelerator

Compute- This Work:
in-Memory Snap-SAT
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Outline

B Proposed Snap-SAT Architecture
® Design highlights
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Snap-SAT Design Highlights: High Performance

Té? 80 Software SAT Solver (MiniSat)
qE) 60 B This Work
=
.S 40
5
g 20

0 L o—p——_0

0 100 200

Number of Variables

« Snap-SAT: All clauses are computed in one-shot
* Snap-SAT: Massive parallel in-memory computations
« Clauses/variables are stationary: no intra-memory or off-chip data movement
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Snap-SAT Design Highlights: Computation Accuracy

15| A Digital CIM: This work

% OCharge-based Analog CIM
v 0
§ O
I,'I_J 0.5 “Error Rate _Incorrect Solutions
% ~ Total Solutions

0 A 4

0 50 100

Temperature (°C)

* Accurate all-digital computations across temperature range
« Scalable to other CMOS technology nodes
* No data converter/charge share is needed for SAT computations
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Snap-SAT Design Highlights: Reconfigurability

---------------------------------------------
.
.
Y

Normal mode
storage

p
*
.0

SAT solver
computations

SRAM Array |

-% 6T 6T

9 6T 6T |~
Ie 6T 6T
2 6T 6T
SH 6T 6T
6T 6T

[ 11 [ 1T
Peripheral

.0
. u
*
* L]
*on

* Reuse existing SRAM array with minimal modifications for SAT computations

« Minimize area overhead of SAT specific in-memory computation circuits

« SRAM array can be used as regular memory in normal mode operations
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Snap-SAT Design Highlights: Scalability

Column = # of Clause (M)

Scalable w/ row size

— k parameter in k-SAT 0 SRAM Array

5 H_6T 6T

— Number of variables (n) Sl 6T 6T

. : e 6T 61

Scalable w/ column size = HeT 5T

— Number of clauses (M) S H et 6T

_ _ _ 6T 6T

* Flexible with control logic [ 11 [T

Peripheral

— SAT algorithms

Row = # of variable * 2 (2n)

Flexible for large-scale hard problems
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Outline

B Proposed Snap-SAT Architecture

® SAT problem mapping example
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SRAM Array Mapping

F(x) = (x, OR %; OR x<) AND (x; OR ¥; OR %)
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SRAM Array Mapping

F(x) = (x, OR %; OR x<) AND (x; OR %; OR %3)

Dual SRAM Bitcells with 3T NAND

6T Bitcell
Presence (P, ;)

3T NAND

6T Bitcell
Qata (Dm,i)
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SRAM Array Mapping

F(x) = (x, OR %; OR x<) AND (x; OR ¥; OR %)

Presence: Dual SRAM Bitcells with 3T NAND
Whether variable i (x;) or its negation |
(%:) is present in clause m or not 6T Bitcell

Presence (P, ;)

1, x; or X; in clause m

m,i

_0, no x; or x; in clause m

Each variable has different value of P
for each clause
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SRAM Array Mapping

F(x) = (x, OR %; OR x<) AND (x; OR %; OR %3)

Data: Dual SRAM Bitcells with 3T NAND

Variable i data in clause m

Case 1: Case 2:
x; in the clause m X; In the clause m

Xi D

m,i

0

0

1

1
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m,i

0

1

1

0

6T Bitcell
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SRAM Array Mapping T

(x1 OR x5 OR x3)
“..SRAM Column 1 "

x, is in the clause P,,=0

Do = xg

P1,1 =1 P =1

” D11 = X1 D,=x4

I;, ’ P1,2 =0
l‘ D1,2 =

\‘ Pig=1

: ——

P../D, ;: Clause 1; Variable 1 2= 7
| | 14~

D,4s=x4

Ps= 0

D1,5 = X5

NANDNAND|NAND|NANDINAND|NAND
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SRAM Array Mapping T

(x1 OR x5 OR xy)

“..SRAM Column 1 "
P1,0 = O
Dio=

—_ . P..=1
x5 is in the clause 5o
1,1~ *1

pl P1’3= 1 P1,2=O

I,j — Dy, =
{  Di3=X3 P, .= 1
R Dis=%;3
\ S

: 1,4

P, s/D, 5: Clause 1; Variable 3 D, =T
Pis=0

D1,5 = X5

NANDNAND|NAND|NANDINAND|NAND
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SRAM Array Mapping T

(x1 OR x5 OR x3)

“..SRAM Column 1 "
P1,0 = O
Dio=

P1’1 - 1
D,1=x
P1,2 = O
D,,=

: . . P, 5=1
variable 5 is absent in C, T

P15=() Pig=1
: Di,=%,
D, ;= Don't Care, by default, P..=0

it is set to itself (x:) D, .= x.

NANDNAND|NAND|NANDINAND|NAND

© 2023 IEEE
International Solid-State Circuits Conference 29.2: Snap-SAT: A One-Shot Energy-Performance-Aware All-Digital Compute-in-Memory Solver for Large-Scale Hard Boolean Satisfiability Problems 30 of 62



SRAM Array Mapping T

(x; OR x5 OR xy)

""""""""""""""""""";»J
“.SRAM Column 1~
gy Pio=0 % !
'+ CL<1>: Clause 1 computation result ! Dig=xy |2 ||
l . - | P.,=1 |
' — 1: Clause is unsatisfied (C=False) - ~rran kAl
- . o : 1,1 = X1 Z | !
. — 0: Clause is satisfied (C,=True) i P,=0 |2]1
: . e ! = < | 1 OR operation
e Clause 1 is satisfied when - D= Z || P
| B | P,=1 |2 along Compute
. x; =1 | D,=% |=|! Line(CL)
 —orx3=0 P,=1 |21
! —orx, =0 i Di4s=% Z |
R EL L L LT TP ; Ps=0 |21
Dis=%s5 <Z( v
CL<1>
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Outline

B Proposed Snap-SAT Architecture

® Overall architecture
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Snap-SAT Overall Architecture

Clause 0O Clause 1 Clause M-2 Clause M-1
BL_PC I S
CL_PC charge (PQ)
« Each column represents i R ey i ey | [ s
Poo |2 6T [S[X cr<o> 11 6T |2 Pw1o (S
- Dy, |2 6T |ZHwizis 1 6T |2HH Dy |2
a clause 5 00 [ A0
i I [ I [ 1 WL<3> I [ I [ 1
5% 6T 12l 6T [o[T ce=i>=J| 6T |S[f] 6T |8
2o 6T |2 6T |2 w11 6T |2 6T |2
<§E (@) . : T T T T H H H HANN 1
2 3 1S Al A A oo
S O in 9 P A | B
=S i T P A | L
552 A L1 | L1 | @ |
o = a) a| fWL<2n-2> =) &)
T > Po.n-1 Z 6T A K | 6T Z P10 Z
7?2 A Z =2 I z z
g0 Dont |5 6T |S5[|WL<2n-1>]] 6T |5 Dutn | &
ST [ 1 [ 1 [ 1 [ 1
S § SAE ead Drive
= | [ ] | [ ] | [ ] | [ ]
8 WSEL rite Drive
[ [ 1 [ [ 1 [ [ 1 [ [ 1
FLIP L®cal Updat
<0> <1> CL<M-2> CL<M-1>
Counter_EN
<«——~—4 Total No. of unsatisfied clauses (UnSAT) Parallel Counter

© 2023 IEEE
International Solid-State Circuits Conference 29.2: Snap-SAT: A One-Shot Energy-Performance-Aware All-Digital Compute-in-Memory Solver for Large-Scale Hard Boolean Satisfiability Problems 33 0f62



Snap-SAT Overall Architecture

« Each column represents

a clause

« Each data row represents
a variable
— X; Or 3?1

— Depends on SAT problem

© 2023 IEEE
International Solid-State Circuits Conference

Control Logic: Snap-SAT/SRAM Controller,

Wordline Driver, Address Decoder

»BL_PC

»lcL_PC Precharge (PC)
] ] ] ] ] ] ] ] ] ] | |

. WL<0>

" P 6T |2 "cpeo- |1 6T |2 P, o)
Doo [Z 6T [(Z Variable 0 6T |2 D10 | 2 I

> _WL<3>

| 6T |2 6T |2 CP<1> 6T |2 6T |2

:[ 6T z: 6T z? Variable 1 Z 6T |2

& Al ! o : Lo - A
R A A -
im o) | oo oo im Vi
I - | L1 | [ 1 |m O |

> |:>0,n1 o _V_V_l-_<_2r_1_2_2_ Putna | S

29.2: Snap-SAT: A One-Shot Energy-Performance-Aware All-Digital Compute-in-Memory Solver for Large-Scale Hard Boolean Satisfiability Problems

»|SAE Read Driver
| [ ] | [ ] | [ ] | [ ]
»| WSEL Write Driver
[ [ 1 [ [ 1 [ [ 1 [ [ 1
» FLIP Local Update
CL<0>¢ CL<1>y CL<M-2>4 CL<M-1>4
Counter_EN
<« Total No. of unsatisfied clauses (UnSAT) Parallel Counter
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Snap-SAT Overall Architecture

© 2023 IEEE
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Column = # of Clause (M)

vV V

Column = # of clauses (M)

\ 4

Row = 2*variables (2n)

vyyYy Y

Up to 128 variables

— Prototype size restriction

y Vv

Up to 1024 clauses

\ 4

Wordline Driver, Address Decoder

— Prototype size restriction

Control Logic: Snap-SAT/SRAM Controller,

v

With 131Kb SRAM

\ 4

<
<«

>
8L_PC Prech PC
CL_PC recharge (PC)
| 1 I 1 I 1 I 1
| __WL<0> ___ A
Poo % 6T %---9.859:.-- 6T % Pyt o 2
Doo |2 o |2 wixi=™ 01 |2 Dwo | 2] | =
I [ | I I '___yy_L_<_3_>____ I [ | I [ 1 &
6T |2 6T |[Z[wizzz"1 6T |[Z 6T |Z[ |8
1 1 1 T T T LAY T r ——
Sab i1 T Ed s
LR S A A IR Te
1= mi 1 1 1 1 1 1 1 2 1 AN
R [ - | 1 1 1@® 1],
P ) 6T |2|-\WL2n2> 1 T |2 P, o=
M g _CPenl> 24 il Y e
zZ >4 I zZ Z| 1
Don1 |6 6T |&[ WL<2n-1> 6T |[& Dy-t.n-1 | 0 v
| | | | | | | | | | | |
SAE Read Driver
I [ | I [ | I [ | I [ |
WSEL Write Driver
| [ | | [ | | [ | | [ |
FLIP Local Update
CL<0>¢ CL<1>y CL<M-2>4 CL<M-1>y
Counter_EN
Total No. of unsatisfied clauses (UnSAT) Parallel Counter
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Snap-SAT Overall Architecture

it‘ig Precharge (PC)
* Column = # of clauses (M) T T T T . T T T T T
Poo [SF] 6T |9 crip™] 6T oI Puso|8
. L D z 6T |Z i3z 6T |=Z D z
—_ D% 0,0 WL<T> M-1,0
 Row = 2*variables (2”) %L T ] i N S T ]
SSJ| 6T [of] 6T |srrcinz] 6T o] 6T |
. O e |
» Up to 128 variables S g (PANE AN A g ey -1 1y N
X 2 IS Al P {1 M
R IS B R
. . . © 1= 1 1 I I 1 ] i i o o i
— Prototype size restriction <2 I I | 1 @@ |
§_§ I:>O,n1 % 6T %—'%IBZ%D%ZE“ 6T g Pu-1,n-1 g
e 2 ] E— z z
* Up to 1024 clauses s's Doy |5 6T | W] 6T |5 Dwins |5
ST [ 1 [ 1 [ 1 [ 1
. . . — O :
— Prototype size restriction I N [ e e I s S S S
8 WSEL Write Driver
. | [ 1 | [ 1 | [ 1 | [ 1
e With 131Kb SRAM FLIP Local Update
CL<0>¢ CL<1>y ‘e CL<M-2>4 CL<M-1>y
Counter_EN = lel C
Total No. of urgatisfied clauses (UnSAT) arallel Counter
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Outline

B Proposed Snap-SAT Architecture

® Circuit diagram
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Baseline SRAM Array Circuit

VDD VDD
sy 37

© 2023 IEEE

Control Logic: Snap-SAT/SRAM Controller,

Wordline Driver, Address Decoder

»BL PC
- Precharge (PC)
WL<0> I I
I30,0
WL<T> Do.o 6T
WL<3> I I SRAM
I:)0,1 )
D Bitcell
WL<4> 0,1
1 1
1A 1
SE-Y
im Vi
in o
WL<2n-2> > | |
PO,n 1
WL<2n-1> " D1
SAE Read Driver
[ [
WSEL > Write Driver
| |

International Solid-State Circuits Conference

29.2: Snap-SAT: A One-Shot Energy-Performance-Aware All-Digital Compute-in-Memory Solver for Large-Scale Hard Boolean Satisfiability Problems

P WL<0>

%ﬁﬁ
P°’°L|[|_r|]

o

0,0

WL<1>

T

IPEN
mHtLrg

BLB<0>

BL<0>

SAE

Read Driver

WSEL

Write Driver

* Reuse existing 6T
SRAM array

» Baseline SRAM circuit
— Precharge
— 6T bitcell
— R/W driver
— SRAM control logic

e Can be used as normal
memory storage
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Snap-SAT Circuit — 3T NAND Gate

1— 3-Transistor (3T)

WL<0> i NAND Gate

WL<1> " Doy Jlﬁﬁlﬁhl
PT,(HELFJJ%

CP<0>

WL<0> :
CP<0> | Poo

NAND

Il
I_|_l

Computation enable signal

l WL<11 -, All CPs are enabled
ﬂfﬁh

ity b,

* Added 1.5 transistors per 6T bitcell

—
1

simultaneously

BLB<0>
_|_BL<0>

CL<0>

« One-shot clause computation

Control Logic: Snap-SAT/SRAM Controller,
Wordline Driver, Address Decoder

« Connect storage node to NAND gate inputs

« Clauses & variables are fully stationary
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Snap-SAT Operation — Step 1: Precharge

Precharge
fit—':,g Precharge (PC) BL_PC, ,JVDD g Vo 0 9
_ CL_PC, 45 CL_PC —L CL_PC turns ON

WL<0>

CP<n-1:0>
|

P—w%ﬁpmo 7\
CP<0> ]

wies | %Ompgf_e All CLs are
;ﬁﬁhl Hne (€ precharged to Vp

Wordline Driver, Address Decoder

— —iL | A
5L Hp,, L : Counter EN
—BLB<0> BL<0> o

# of unSAT

Control Logic: Snap-SAT/SRAM Controller,
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Snap-SAT Operation — Step 2: Compute

0 Precharge

»BL_PC VDD
oo pc Precharge (PC) BL_PC,., J {'r VDD
= CL PCC_ ™ CL_PC
> 4{ _ I
- WL<0> 5 @ start Computation
s . A-f 'jhl CP<n-1:0>
5 ke in) )
O 3 Poo A Pos *Other CLs = Vp,
< a _-I_ CP<0> 1J|— \ Lo
5 8 WL<11 ) CL | CL<0>=Vg (satisfied)
=S
< ©
< *
cg - _,Lﬁﬁh 1 Counter EN assume other
g 2 =— o s clauses are
29 " N NOT satisfied
Sy —BLB<0> BL<0>
% E # of unSAT
£ =
O
© « All CPs are enabled simultaneously
 All clauses are computed in parallel
 OR operation along CL
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Snap-SAT Operation — Step 3: Counter

Control Logic: Snap-SAT/SRAM Controller,
Wordline Driver, Address Decoder

BL—qu>c JI:|'VDD :”:T
[>o

vDD

L

WL<0>

—1BLB<0> BL<0>

cP<0> n
-
WL<1>
Lol
5 |
Do, [lT'] Do, v
(&)

Counter EN

V4

# of UnSAT
© 2023 IEEE
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Parallel Counter

Latch

Counter_EN ==pp

—

CL<0>]

Parallel Counter

0 Precharge

CL_PC

9 tart Computation
CP<n-1:0>
) *Other CLs = Vpp
N

CL<0>

CL

Counter_EN

Total clauses = M,
If only 1 clause is
satisfied, unSAT = M-1

#ofunsaT M w1
9 Enable counter

« Counter sums up all the CL results

« Counter output = # of unsatisfied clauses
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Snap-SAT Operation — Step 4: Local Update

VDD VDD
2t‘§% e =IE Sense Amp Enable (SAE) J
READ
- WL<0> Write Select (WSEL) —
2 & _.L_I“[ ]hl [I‘
i e H:E—| FLIP WRITE
=0 CP<0> i Local Update Q
&b 8 Wi<t> | ]
25 . . .
=32 ;ﬁﬁhl Hardware friendly SAT algorithms
o5 - . .
gz oo b o *|8|  — Variable flip
8o %Y —BLB<0> BL<0>|| © .
95 B SAE ! — Solution search
52 SAE Read Driver _|| Read Dri"el‘r ||'
5 [wee e WSEL/ e O « Write-after-Read operation
I I i ' . . . .
FLP_ ™ Local Update T samueaae] © Flip @ variable = flip the entire row
CL<0>|
parallel Counter  Repeat the whole process
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Outline

B Silicon Prototype Measurements
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SAT Algorithm: WalkSAT Algorithm (WS)

SRAM Array Data

P/ P|P]|P
P plP
Q 1]1]0
P/ PIP|P
1111110
PIP|P|P
10101
XY XY

X \ Not satisfied t

1. Randomly pick an

SRAM Array Data

Flip

)<

*Break = # of Satisfied = Not satisfied

\ 4

3. Calculate the “*break”

\ 4

4. Repeat the process for
each variable in C,

A\ 4

PP Pﬂ_‘P\
S L
(10 0 1
P P PP
1 1 10
P{P{ PP
1 Break 2 |
X X

X X

,| 2. Flip the variable in

unsatisfied clause (C,)

© 2023 IEEE
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5.a. With
probability p,
flip random
variable in C,

the clause C,

29.2: Snap-SAT: A One-Shot Energy-Performance

5.b. With
probability 1-p,
flip the bestt
variable in C,

T Best variable = break

minimum clauses
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Clause-to-Variable Ratio (CTV)

of Clauses
CTV =

of Variables

A. Montanari, JSTAT, 2008
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Clause-to-Variable Ratio (CTV)

CTV=0.2
Number of clauses = 1
Number of variables = 5

F(x) = (x9g ORx; OR x5)

A. Montanari, JSTAT, 2008
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Clause-to-Variable Ratio (CTV)

CTV

= 200

Number of variables = 5
Number of clauses = 1000

F(x) = (xyg ORXx; OR x5)

AN
AN
AN
AN

EEEEEEEEE

D (3; O
AN

D (%, O

R %5 O
R %5 O
R %5 O

R X4)
R Xs5)
R X4)

R %5 O]

ompute-in-Memory Solver for Large-Scale Hard Boolean Satisfiability Problems

R x3)

D ... to clause 1000
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Clause-to-Variable Ratio (CTV)

Hard Problem (Long average solution time)

Satisfiable with 5 \;4 3 5 U.nsatisfiablle.with
3-SAT high probabilty 2 3 3 ® 67 high probability
) ' ' i . . . »CTV

Hard Problem Regime
3-SAT 4-SAT 5-SAT
CTV 4.3 9.9 21.1

A. Montanari, JSTAT, 2008
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Snap-SAT Computation Evolution

CPU (Xeon W-2195 @4.2GHz)

I 1o | = Snap-SAT (this work) @80MHz 105X

:g § Speedup
©C = \ \
28 , -,
=50 \ \
=~ |CTv=43 | |
o < (Hard 3-SAT) 5

2 = 4 | Algorithm: WS i i
g ~ 20 Variables i ,'
Z 0 Measured @ 1V Vpp '

10n 100n 1p 10y 100 1m
Time (s)

* 10.5X speedup compared to Xeon W-2195 CPU
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Solution Time Definition

*Depends on algorithm

Load benchmark ; :
Snap-SAT Start lterative Solution
. problem to SRAM array — . . >
(This Work) . computation search found
(Scanchain) : :
. Solution o
| Time |
1 1
Benchmark loading and ' —
. 9 Start Software Solution
CPU/ARM parameters/variable > . ~ . >
computation computation found
setup
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Snap-SAT Computation Flow Demonstration

1. Load benchmark

problem to SRAM array Computation period

3. Output‘ solution

1
Solution ']
— —p ’

o SHan Ouﬂ Time )

Problem is satisfied =

= Satisfied

_+ Counter Result EH 3 aaaa 1‘K

1
|
1
|
1
1
!
I
| 0
1
1
1
L ] :
= Flip !
;
1
= Latch Counter N N ‘:
i
g Scan Clack |
1
1
26,68 ms 26.69 ms 26.70 ms 26.71 ms 26.72 ms 215?3 ms 26.74 ms 26.75 ms 26.76 ms 26,77 ms 26.78ms bl
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Solution Time Comparison

1000 SAT problems 100m o @e20ne
_ _ =ARM @2.8GHz
* 1000 iterations/problem ‘o B Snap-SAT (this work) @80I\/I°Hz
Z 10m
1oL - N = = e
ISO-voltage comparisons: Vpyp=1 o 5 14Xl
*High performance processor: li Tm 25Xl
o)
» CPU Xeon W-2195 = 3B¥X =
. o 100 ‘ Measured
* Energy-efficient processor: oz Algorithm: WS:
« ARM on LG-G710U device 10p 20 Jorlabes,

3-SAT 4-SAT 5-SAT
(Snapdragon 845) (CTV=4.3) (CTV=10) (CTV=21.2)
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Solution Time Comparison

100m

=
3

3

100

Solution Time (s)

10

1.5 2.5 3.5 4.5

(Easy) (Hard)

A CPU: WalkSAT (WS)
O CPU: MiniSAT
B Snap-SAT (this work):Wi

o
X X 7.5x£

151X
u Measured;

v 3-SAT;
| 60 Variables:

CTV

Solution Time (s)

100m

o
3

3

-
o
(=]

=

10

1.5 2.5 3.5 4.5

(Easy) (Hard)

AARM: WS
OARM: MiniSAT
B Snap-SAT (this work):WS

o o A
a A 12X1
48X B
v
181X B Measured;
M 3-SAT:
. 60 Variables;

CTV

* MiniSAT. commonly used high-speed software algorithm
* MiniSAT: not hardware friendly / compute-in-memory friendly

« 7.5X (12X) speedup over CPU (ARM) at iso-Vy while running 52X (35X) slower
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Energy Comparison

Hard 3-SAT Easy 3-SAT Problem Hard 3-SAT
Problem CTV=4.3 1 CTV=1 Problem CTV=4.3
100m A A |
= 10m | = % & | AARM: WS
— 4 — !
S Im| acpuiws  7X10°X S | 4 -
> =CPU: MiniSAT >, 1004 ! 1.3x10°X =ARM: MiniSAT
S 4 Op | ®Snap-SAT o E
= (this work):WS - 2 1 : n | B Snap-SAT
w s B w 6.5X | u (this work):WS
100n 10n | 61SSCC'22
1n CPU Xeon W-2195 @ 4.2GHz 100p o i ARM Processor @ 2.8GHz | T1exSpin [4]
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Number of Variables Number of Variables

* Energy = Power * Solution Time
« CPU/ARM Power = Power (Running SAT) — Power (IDLE Condition)
« Single-core CPU operations for all algorithms

International Solid-State Circuits Conference 29.2: Snap-SAT: A One-Shot Energy-Performance-Aware All-Digital Compute-in-Memory Solver for Large-Scale Hard Boolean Satisfiability Problems 55 0f 62



Chip Micrograph

* 65nm native CMOS process
* Memory capacity: 131Kb e et bt B e e ek ettt et B B

i bttt ot ettt et ettt ket B

‘R

— Limited by test-chip size BRI BV e R S e

th 'h

and fabrication cost

WV Fryv

3

Digital Ctrl. -

h & 4
£/ 41 4k 1) 1)

. SRAM Macro + Peripheral
‘Scénc.:haih +‘Paralle'l Counter l

mmmwﬂmmmnmmmﬁwnhmmwmgmgmwm'Hmmﬂmm
[}

[ ) C)UtShjEEthEECﬂ1“): Eg rod DD DN ALY YN

— Scan out computation details (clauses, counter results, etc.)

* Inside the chip:

PR Py P Py R P PG P R R A g ey ey

)
El
) |
) |
) |
® |
) |
3\
) |
) |
“ﬂ:
) |
) |

L I
d 4 4 4

— Entire SAT computation flow

— Other efficient algorithms
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Comparison with Prior Works

This work ISSCC’22 CICC’22 Nature’15
Snap-SAT Flex-Spin [4] [5] [6]
CMOS Technology 65nm CMOS 65nm CMOS | 65nm CMOS | 180nm CMOS
Silicon Prototype Yes Yes Yes Yes
.. .. Digital &
Compute Type Digital Digital Analog Analog
: : Column-wise In- Dedlcat_ed Continuous- Oscillator
Computation Mechanism . Processing ) .
memory OR Operation Time Dynamic Pulse
Element
In-Memory Computation Yes Yes No No
Frequent SRAM Access Not Required Not Required Required Required
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Comparison with Prior Works

This work ISSCC’22 CiCC’22 Nature’15
Snap-SAT Flex-Spin [4] [5] [6]
Hardness of Problem Tested Hard (CTV=4.3) Easy Hard Hard
: . 128 50 (Test)
Maximum Number of Variables (“Scalable ! row size) 8 50 200 (2)
: 1024 218 (Test)
Maximum Number of Clauses (“Scalable w/ column size) 8 212 1260 (2)
Accuracy 100% - 93.5% -
Average _ 0.71ms ) 0.9ms 7.5ms
Solution | C'V- 43 (Hard) (Variables=60) (Variables=10) | (Variables=50)
Time _ 0.41us 5us 0.15us
(3-SAT) CTV=1 (Easy) (Variables=8) (Variables=8) | (Variables=10) ]
'Energy (nJ)| CTV=4.3 (Hard) 1098 - 321600 -
(Vop=1V) CTV=1 (Easy) 0.63 4.1 33.6 -

'Energy = Measured Average Solution Time * Measured Average Computation Power; 2Reported without source of data (simulation or measurement)

3Reported peak power = 27mW (1.1V)\; Energy number is scaled to 1V.

© 2023 IEEE

International Solid-State Circuits Conference

4Row/Column size is limited by the prototype cost
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Silicon Prototype Summary

Design Details
Technology 65nm CMOS
Supply Voltage 0.7V~1.2V
Memory Capacity 131Kb
Chip Area 0.93mm?
Frequency 80MHz
k-SAT Problem Parameters
k parameter (k-SAT) 2~128
Maximum Variable Size (n) 128 (Scalable w/ row size)
Maximum Clause Size (M) 1024 (Scalable w/ column size)

Measurement Results
Algorithm: WalkSAT; k-SAT = 3-SAT;
60 Variables; CTV = 4.3 (Hard Problem)

'Solution Time 713 us
2Energy @QVpp=1V 1098 nJ
3Solvability 72%
4Accuracy 100% (All-digital design)

'End to end process time from start to solution found including scanchain in/out duration

2Energy = Measured Average Solution Time * Measured Average Computation Power

3Number of SAT problem that can be solved in a given time

4Correctness of the solved SAT problem
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Outline

B Snap-SAT Summary
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Summary

Accurate all-digital in-memory computation
Single-cycle massive parallel computations
Scalable to large and hard SAT problems

7.5X (12X) solution time speed up over CPU (ARM)
7*10%X (1.3*10%) energy reduction over CPU (ARM)

Demonstrated on different hard k-SAT problems with different
variable sizes, clause sizes, and CTV ratios

A promising, fast, reliable, reconfigurable, and scalable compute-
iIn-memory design for solving SAT problems
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