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Outline

e ReRAM device

e Motivation

e Proposed verification flow
e Results

e Conclusion



Universitat .
erman
Bremen .m eeeeeeeeeeeeee
for Artificial
Intelligence

Memory Wall Problem

Processor-memory speed gap

Major performance bottleneck
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Possible Solution

e Reduce the data transfer

(In-Memory
Computing)
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e Resistive Random Access Memory
e Low resistance state - logic 1
e High resistance state - logic O

T p p P q|r nm Pp q|r Iy
Top Electrode 0 0100 00111
0 1(0 0 0 1(1 0
Metal Oxide r 1 0olo 1 1 0ol1 1
Bottom Electrode 9 1 110 0 1 1|11 1

[q
f(p,q,7v) =pq +pr+qr
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Logic Synthesis
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Example

e Majority function f(a,b,c) = ab + bc + ac
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Majority Inverter Graph (MIG) ReRAM Crossbar
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Micro-operation File Format

Input-output of crossbar Resulting representation
EE!I!!II- inputabc
0x0 a 0 ? a .output carry sum
e R 00¥al¥h2¥c
Ox2 EREN 1 True O False 1 False 2 False
2 1x0 0O 1 ? 0
1x1 0 1 ? 0 1 0x1 O True
1x2 0O 1 ? 0 1 False 2 0x2
3 1x0 1 b 0 b 1 1x0 2 0x0
4 1x2 c 0 0 «c 1 False 1 Ox1
5 1x2 a b c ml 10x2 1 0x0
6 1x1 b 0 0 b 1 1x2 1 0x2
7 1x1 a c b m2 ¥sum 1x1
8 1x1 c mlm2 m3 ¥carry 1x2
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Research Question

sum nputabc
.output carry sum
Functionally | 00 ¥a 1 ¥b 2 ¥c
Equwalent’7 1 True O False 1 False 2 False
10x1 0 True
@ 1 False 2 0x2
1 1x0 2 0x0
1 False 1 Ox1
1 0x2 1 0x0
11x2 1 0x2
¥sum 1x1

¥carry 1x2

carry

Original function

Synthesized netlist
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e Manual inspection

— impossible for large and complex
circuits

e Simulation-based

— limited for a subset of input
combinations

e Equivalence checking (necessary)

— Can handle complex in-memory
designs
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Equivalence Check

Clause generation is too
complex

SAT clauses SAT clauses

sat: non-equivalent
unsat: equivalent
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Proposed Approach

ReRAM An intermediate
Sequence Graph data structure
SAT clauses SAT clauses

sat: non-equivalent
unsat: equivalent
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ReSG

e ReRAM sequence graph
e Directed acyclic graph
e Four types of nodes

o
o mEE TG
li:)anl)rUntary Constant input f(p,q,r) = pg + pr + gr

Functional
node
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Example

O00¥al¥b2¥c
1 True O False 1 False 2 F.
1 0x1 0 True

1 False 2 0x2
1 1x0 2 0Ox0
1 False 1 Ox1
1 0x2 1 0x0
11x2 1 0x2

¥sum 1x1
¥carry 1x2
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Miter or gtes
1
i § MIG 2::?f6 <"1 .
0 Al_/ o gati ’%/ sat (non-equivalent)
SUmR|| -u-nea{-(eq-u-wa-l-eﬂ-té—
ReSG |carryR I,
error e ‘
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Results

e [SCAS-85 and IWLS benchmarks
e MIG representations

— Generation of SAT clauses

— CNF: f(a,b,c) =(a+b)(@+¢)(b+¢)
e Micro-operations file format

- ReSG formulation

— SAT clause generation

- CNF: f(p,qr) =@ +q@@+7)(q+T7)
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Equivalent cases
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® #MIG nodes #ReSG nodes m #CIl.MIG #Cl.ReSG
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Equivalent cases

= #MIG nodes 24
~#ReSGnodes| 2347 | 388 | 124 | 356 | 1159
»#CILMIG 1989
#ClReSG 1100 | 3499

® #MIG nodes #ReSG nodes m #C|.MIG #Cl.ReSG
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SAT Solver Time

Equivalent cases

63
50 41
p) 3' 295 6 12
0 —_— —_ N e T—

rd32 t481 rd53 rd73

®tl (ms) t2 (ms) ®SAT time (ms)
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SAT Solver Time

Equivalent cases
Large SAT

solving time

22270.67

15600.67

Small time

3 9201 6 1810.64 6 179.54 25 95 13 75

c432 c1908 c499 c6288 c3540
®tl (ms) t2 (ms) m®mSAT time (s)
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Non-equivalence

Non-equivalent case:
Large SAT

solving time

22273.67

15600.33

Small time
3 9 2.33 6 1810.33 6 2110.67 25110 13 73

c432 c1908 c499 c6288 c3540
®tl (ms) t2 (ms) mSAT time (s)
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Conclusion

e Automatic verification flow

e Equivalence checking between MIG and
micro-operations file format

e ReRAM sequence graph
e Future work

— Equivalence checking for MAGIC
based design
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