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| ~ Outline
Logic synthesis flow

— Automatic process except for complication arithmetic circuits
— Two-level logic minimization
* Unate recursive paradigm by case splitting
— Multi-level logic optimization
* How to deal with don’t cares coming from the topology
— Synthesis from FSM
e Various sequential optimization techniques

Partial logic synthesis

— Engineering change order and logic debugging
Discussing hardware design flow

— Importance on logic synthesis
Application of partial logic synthesis to automatic
synthesis of parallel/distributed computing

— Solved by SAT solvers with implicit and exhaustive search
— Use human induction to generalized the solutions



Logic synthesis flow

FSM, Sequential HDL description

Combinatoinal + FF Logic expressions

Two-level minimization
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Division
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Word level:
z[33] = x[32] PLUS y[32]

Bit level:
z[1] = x[1] EOR y[1]

Multi-level minimization

Technolog

Yy mapping

Final opt

imization

ks well mostly

For multipliers, this
% does not work

Use only available gates/cells

Can be rule-based:
a+ab=>a+b



Logic synthesis flow

HDL description
l 2[33] = x[32] PLUS y[32]
Logic expressions

/\ 2[1] = x(1] EOR y{1
Two-level minimization |

_Alberto covers aII of thesel

)

Multi-level minimization

Technology mapping

Use only available gates/cells

A 4

Final optimization

Can be rule-based




Two level minimization

* Human can do with Karnaugh map up to 4 variables
* Espresso2 algorithm

— Based on iteration of redundancy removal, reduce, and expand

ed <o cd cd ed o cd cd ed <o cd cd

ab ab ab

ab @) ab () ab ()
oA ™ O ™ G
S San SO
abc +acd + bed +abc  abc +abcd +abcd +abc  abc +abd +abc
— How to implement these operations
* Unate functions are easy to analyze

e Based on unate recursive paradigm by case splitting

— Logic expressions with more than 1,000 variables can be
minimized




Multi level logic minimization

* Repetition of local transformations

— Global transformation is too computation intensive
* How to check if each transformation is valid

— Do not use don’t care: Not good in quality

— Use local don’t care: Good and efficient mostly
— Use global don’t care: Too much computation
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* Not work well for complicated arithmetic circuits

— Multipliers synthesized from truth tables can be over 100 times
larger than manual designs!




Apply logic minimization methods as

. much as possible
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Rule based optimization
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Example of optimization
Rules




Synthesis of combinational multipliers

* Area minimum implementation
— Array multipliers with ripple carry adders
— For 8bit by 8bit multipliers, 430 gates implementation
— Exists in design libraries

Logic expressions

e Synthesis from truth table

— 65,536 rows in truth table Two-level rr‘mrinimization
— Generated one has 40,000 gates! l
— No redundancy! Division

— No multi-level minimization works well

— Still a research topic! Multi-level minimization

— Cannot find good “intermediate logic” automatically
— Practically maybe OK (use the one in the library)
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Real synthesis

FSM, Sequential HDL description Word level:
z[33] = x[32] PLUS y[32]

Bit level:
z[1] = x[1] EOR y[1]

Combinatoinal + FF Logic expressions

Two-level minimization

l

Division

\

Multi-level minimization

Technology mapping

Use only available gates/cells

| Final optimization

HDL may change after this (ECO) Can be rule-based
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Partial logic synthesis (my research)

* Find out appropriate circuits for the missing portions

— Entire circuit must become logically equivalent to the

specification which is given separately

( . . . \
Missing portion can be

/ represented as Look
Up Table(LUT
Missing - \ p ( ) /

] > portion | ...... Missing 5
portion

Entire circuit - EQ

—> Target specification ﬁ
{Logical specification ]

Engineering Change Order: After implementation, specification changes
Logic debugging
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LUT (Look up Table)

* Any logic function with m-inputs
— MUX with m-control inputs
— 2Mvariables for truth table values

* Por Py s P, rEPresent values —
of truth tables Po—

* By changing those values, any P1

logic function with m-input can .
be represented : IMUX ——out

If iy iy iom.q1=00..0then out=p, AND
If iyi; iomq=10..0 then out = p, AND PDam-2

pZm-l /
If iy i; iomq=11..1then out=p,m4 [ ‘
° Only one of Por P1) ++) pzm_l IS |0|1 Im-l

connhected to out
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Problem formulation

e Partial synthesis problems can be formulated as:

“Under appropriate programs for LUTs (existentially
quantified), circuit behaves correctly for all possible
. input values (universally quantified)” )

m SxvY.[(X,Y) = SPEC(Y)

X : configurations of LUTs, Y : inputs value of the circuit
f :output value of target circuit, SPEC : output value of specification

Missing
Y——) pc:rtilon ...... Missing > f(XJ Y)

portion

Entire circuit - EQ

. Target specification - L SPEC(Y)_




A buggy design for a 1-bit full adder

Ty ST
* Specification C_<|:’ nl
n3

3

 An example buggy design

d
b—— nl

* Buggy design with LUT <] ‘

_)Tz n3

H
|
i 8]
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Specification in SOP

Miter generation

3X0, X1, X2, X3. VA, B, C.

15

Ta rget in netlist with LUT Spec(A, B, C) = Circuit(X0, X1, X2, X3, A, B, C)

If out is always O (UNSAT), the target is a correct one

If SAT, there is a counter example generated by SAT solver
Truth table for LUT

abc sco
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010 1

et 100 1
Specification 111 10

-11 0
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Step 1 N

* In the beginning, we do not know how to program LUT

* Just need a counter example, and so solve the following SAT prob.
3X0, X1, X2, X3.3A, B, C. Spec(4A, B, C) = Circuit(X0, X1,X2,X3,A,B, C)
Instead of
3X0, X1, X2,X3.VA, B, C. Spec(A, B, C) = Circuit(X0,X1,X2,X3,A,B, C)

 Then get a counter example: (A,B,C)=(0,1,1)

abc sco
q— 001 10
010 10
| T 100 10
b Specification 171 16
c— -11 01 i
1-1 01
11- 01

E_._ LUT . ]r\));\ Dﬁgtﬂ?




— X3 must be

Step 2
e Get the function for LUT (X1,X2,X3,X4) under which
out is 0 when (A,B,C)=(0,1,1)

0

* SAT solver returns a solution example

— (X0,X1,X2,X3)=(1,0,0,0)

abc sco
30 | 001 10 0
1 010 10
b IS 100 10
Specification 111 10
L ~11 01 1
1-1 01
11- 01
0 X3
d ' \
Sr— P I I
1 LUT
C
[ O
0
N O >

out
X3=0

17



Step 3

* Program the LUT with (X1,X2,X3,X4)=(1,0,0,0)
* Create a miter and check the equivalence
— If UNSAT, current (X1,X2,X3,X4) is a correct function for LUT

* Unfortunately SAT, and returns a counter example
— (A,B,C)=(0,0,1)

abc sco
30 001 10 1
0 010 10
b—— YR 100 10
Specification 111 10
L ~11 01 0
1-1 01
11- 01
° e ]
ad= 9
bQ-O— 0 0 7
C1 [ 1000

s
1notO

0 \
) )O—/D
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Step 4
 When the inputs (A,B,C)=(0,1,1) and (A,B,C)=(0,0,1), out
must be 0
— X1 must be 1 and X3 must be O
* If SAT returns a solution: (X0,X1,X2,X3)=(0,1,1,0), finish
— If SAT returns other solutions, just continue the steps

abc sco
30 001 10 1
0 010 10
~ TS 100 10
b Specification 171 10
L ~11 01 0
1-1 01
11- 01
e D]
ad= 9
ple—— X1 X1 /
C1 LUT Dut
[ 0 \ X1=0
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How large circuits can be processed?

Experiment
* Replaced 10, 20, 50 and 100 original 2-input gates

picked up randomly with
* Used the original circuits as specification

* Target circuit
— |ISCAS 85/89 benchmark

— SAT solver : Pico SAT
/ Replace the original |2-input \
gates with LUTs LUT
A—
) ) ) ——ourT
) —
\0 /

L




Experimental results (1)

 Number of iterations is surprisingly small

 Number of iterations increases more rapidly with the increase
of number of LUTs than size of circuits

Average iterations to solve by our proposed method
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Experimental results (2)

For circuits with 2,000 gates and 100 LUTs it took several minutes to
finish

Average time to solve by our proposed method

<B-LUT 10
==LUT 20

50

Average time (sec)

LUT 50

=*¢=LUT 100

500

1000 1500 2000
Number of original gate

2500

3000
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Hardware design flow

Like program
(software)

£

C based design

\ 4

7

\

High level synthesis

[ Clock by clock l

behavior

y

T

Register Transfer Level
(RTL) design

A 4

7

\

Logic synthesis

[ Net list

\ 4

L

Logic circuit

A 4

Placement and routing

2

J

Full details of
design

v

N

Mask pattern
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Hardware design flow

Like program
(software)
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C based design
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\
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behavior
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(RTL) design
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Logic synthesis

[ Net list
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L

Logic circuit
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design

N

Mask pattern
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Automated since 1990’s
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Remaining problem

(software)

Like program
C based design

High level synthesis

Automated since 2000’s

behavior

[ Net list

[ Clock by clock

This is only for a single chip design

How to design a system consisting
multiple chips is still an open question!

y

Placement and routing

2

J

e A SN N

[ Full details of

design Mask pattern

Automated since 1980’s
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Automatic partitioning in gate level
practically no way to work!

Ex: Given 2 million gate circuit should be partitioned into two

FPGA chips

— Each FPGA has 1 million gate capacity

— Partitioning itself is straightforward

But, how many signals will cross the chip boundary?

~—

CireGjt having
2\mlde g3 il

How to partition?

—)

FPGA
1 M gates capacity

FPGA
1 M gates capacity

Do need partitioning in algorithm level, not gate level!

28
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Multi-chip synthesis example:
Welght sum = Matrlx vgctor product

_ J
etizy = C E Wil Large number of Cfalcu.latlon
and data communication

/ stlm\ wil wi2 wi3 wil4 winy [Is \
Istim w21l w22 w23 w24 w2N IZ
Igtim _| w31 w32 w33 w34 w3N | | I3

w4l w42 w43 wé4 w4N 4
stlm . S
\ / \wm wN2 wN3 wN4 WNN/ \ﬁv/
stlm S

M Assume dense matrlx
(in general can be very sparse, not discussed here)

* Need good algorithm/template for efficient
computation

— Especially for multiple chips/blocks architecture



Extension to multiple chips

* Weighted sum is memory and

30

computation resource Ehip/BIoEkT Chip/ || chip/
consuming Chip/Block2 blockd | [ block2
Y 1 1 5 v \ 4
Communlcatlon latency can [ chip/Block3 chip/ || chip/
easily become bottleneck  [chip/siocka blockd || block3
* Easily implementable network
topology for multiple chips
Chip/ A Chip/
— Common Bus blockl block2 |~
* One pair of communication f f
. p 4/
— Ring : ; h 7
. . Chi Chi
* Only with neighbors but all blo:,)m T bIocFI)<3 n
pairs at the same time

— Mesh (2D, 3D, 4D, 5D, 6Dtorus)

e

)/

Will show that ring is sufficient for maximum speed up




Is1

Method 1

Istim4

31

Send all vector
elements to
every node
initially

The
communication
may become
overhead of
calculation
Need lots of
storage



* Broadcast one of the vector elements to in every cycle

Method 2

32

* More efficient than method 1, if multiplication and communication
can be executed simultaneously

* |f the topology is NOT bus, communications may need relaying

Is1

Is2

Is3

Is4




Is1

Is2

Is3

I1s4

Ring connection is easy to scale up
Communication is not between
adjacent nodes and needs relaying

w42 f wl3’2 I w22 |

|

|

|

|

|

|

|

| | f ]
| |

| ! ! ' {

| ': l: > !

| :| I + |:

: w43 1 w33 :| w23 l|

| f |

|

|

|

|

|

|

|

|

|

|

|

Istim4 Istim3 Istim2

Istim1




Method 3

Communicate partial products among nodes by cycle
No communication overhead!

|sd Is1

Istim4 Istim3 Istim?2 Istiml

34



Is1

Method 4

Communicate vector elements among nodes by cycle

No communication overhead!
Is2 Is3 Is4

Istim4

35



Automatic synthesis of parallel/distributed ™
computing with partial logic synthesis

e Automatic synthesis of parallel/distributed computing
can be formulated as partial logic synthesis problem

— Solved by SAT solvers with implicit and exhaustive search
— Work only for small instances of the problems

* Use human induction to generalized the solutions

— Generalized solution can be formally verified

]
- - Specification » = | Specification

B : Missing portion and synthesis target I : Chip/Core




Can we automatically transform the computations? 37
Template based synthesis

4X4 weighted sum Template for one input stream and
one output stream from library
Istim1 wil wi2 wi3 wi4\ /1 ) -
Ieim2 | _ (w21 w22 w23 w24 | [ L2 Chip/ | | Chip/
I3 |~ \ w31 w32 w33 w34 | | I3 blockl block2
Ls¢im4 wil w42 w43 wi4 I4 k

Automatic identification of portions to be transformed Y
/ Chip/ | | Chip/
o D 4 blockd | | block3
4_/"4 A == .
= N7 N After automatic

> vk i vt i apval Has ST refinement

| |: | Is Is2 I3 Is4

| X X X reooo R S e B

[\ wa2 i\ w32 12 | ) i % |

N1 Ne é( mcEACl ajhw :

N P P D 1 &AL R&ml N DNal
43 | N33 13 I © n - !

: @ : @ H i I ”m W«\;‘e :

| ) 4 =

| _a | _a _a H () 4 °1 i Q!-b () |

| 44 :I 34 wld b | = D :: © |

| I ¥ | |

| w :: w 4 L 4 H °1 :I ° :l ° :: e :

L Py Py PP RO N B O RO
Isti Isti Isti Istim1 Istim?2 Istim3 Istim4
m4 m3 ml
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Use of template to generate regular

structures and less communications
* Problem: Decompose an algorithm into a set of

blocks which communicate less

* With templates, structural constraints can be added

Varl Var2 === Varn VaJrl Va[’z \ Va|rn
e > > wuwm —

Q. Wang, Y. Kimura , M. Fujita, “Template based synthesis for high performance computing,” 2017 25th
IFIP/IEEE International Conference on Very Large Scale Integration (VLSI-SoC), UAE, Oct 2017 to appear.



Synthesis example

Iotin 1 wll wil2 I;1 .

(Isu.mz) = ( ) '(152) with | 5
stim w2l w22 s 2 cores connected
2 X 2 Matrix Vector Product mutually

: doesn’t
affect output

5.67 sec on
average

Istiml Istim?2 Istiml Istim?2
Result (A) Result (B)

* Correct dataflow was derived with 1 bit variables
* May get different types of solution as shown before

39
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Learning additional constraints for
larger problems

Lieim3 ] | w31 w32 w33
Istim4

w4l w4 g .
4 X 4 Matrix Vector Product 4 cores connected by ring

Cannot solve

‘Make Small Instance
Istim]-) . wll wil2 (151) .
(Isa-mz a (W21 wzz) 1,2) With m
2 cores connected
mutually

Istim1 wll wi12 wil3 g
Isem2 | _ [ w21 w22 w23 w24 | [Shad

2 X 2 Matrix Vector Product .
Add Constraints on

Easy to solve MUXs and LUTs
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Analysis of solution obtained (1)

Istiml Istim?2

A solution obtained

:(Wll wl?2
w2l w22

)- (ﬁ;) with

ke

Template

-

Synthesis

All inputs

m-th core
Values
in the
B BLCH Tl other
A 4 A 4 \ 4
- cores

All outputs



Analysis of solution obtained (2)

(Istl:ml) _ (w11 w12) . (ﬁj) with | =

w2l w22

m-th core

Template|  —p

Ism, wim, ..., WNm

These cannot
select the same

reg | reg | reg InpUt
Istiml Istim2 ' |x(‘)'@‘,:1.;'2 | b Values in
. . v y the oth
A solution obtained | Add ' o b | coen
Constraints
v Yy /

1.Inputs and output of each core are restricted \ I

2.Each primary input can be selected by only one —mee
register

3.Functions of all LUTs are fixed to x0 @ x1 - x2



Synthesis with Additional Constraints

<Istim1) _ (Wll wl?2

B W N -

R
U)NNNN
3 3 3 3

sti wll
sti _ [ w21
sti w31l

ti w41

wil2
w22
w32
w42

w13
w23
w33
w43

)-(:2) with

ke

5.67secC

wl4
w24
w34
w44

1
12

| I3
14

) with

Additional
Constraints

B

=

Infeasible igiiina)

Constraints

0.16sec

53.1sec

43
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Further Example

Synthesis for
Istim1 w(1,1) .. w(1,32) I1

Ipir 32 w(321) .. w3232/ \1.32/ with
32 X 32 Matrix Vector Product

Infeasible
As explained before ’Make Small Instance ‘

2 X 2 Matrix Vector Product

Wlt h m 8 X 8 Matrix Vector Product

‘ 4 X 4 Matrix Vector Product
4 X 4 Matrix Vector Product » . »
with | 5
with

with




Application : Deep learning
* Each layer is processed one by one with M cores

connected through one way ring communication

i 9 O D
Connections are sparse \\4\\ (N " ‘ =7
and not like to perform @%\\\(/é @%\\\\ /é @&;\\\\/é @%\\\\/é
multiplication by 0 @“\\\’Ql'/fg\ \\’l('//}@‘\\'z@/}@ \\V{z'//,/

DY "“"3'\'0‘\\‘»e’%@&e’&i@.&\‘w* 9%

X 00
@ OO K N REXK PN S BN S

N\NKEILT N\ SUEXELT TN\ ANEIELT S\ NIELT
FAL RN\ S22 R FAL RN 227 KA SY
should be %/,‘«\\R&W«\\R\\w%/,‘«\\}&%«\\k\\
| d 'A\\‘ 0 "\\‘ @ "\\‘ 0. "\\‘
accelerate ///www‘\
by M times ’
—__ J
Core Core
2 1
: ! = | Specification Target: Matrix-
cordl  [core vector products

I : Chip/Core 3 M (Lots of MAC)




Sparse matrix is also OK to be

compiled

x6 | qump

y1 wll w12 w13 w14 w15 wl6 w17 0 x1
y2 w2l 0 0 w24 O 0 0 W28\ (xZ
y3 0 w32 0 0 w35 w36 w37 w38 x3
ya&l_1 0 0 w43 w44 0 0 0 w48 | [ x4
y5 | |w51 0 0 w54 w55 w56 w57 0 x5
y6 w6l w62 0 w64 0 w66 w67 0
y7 \o w72 0 w74 w75 0 0 w78 / \x7
y8 0 w82 w83 0 w85 w86 w87 0 x8
e 8%8-27=37
on top of
e 37/4=9.25 => 10 cycles
Core Core
 Our method generate a 1 4
scheduling with 10 cycles l T
w9
?‘ ‘ Core Core
O XN | s
30 O SHAYC

(a) Full connection

o A ) A
2 ON0® ‘:&‘.'f'. Scheduling is very complicated

and hard to understand at all !

(b) Partial connection

46
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Overview of Additional Constraints

] =MUX

Partitioned Inputs Partitioned Inputs

As explained before,

1. Partition Inputs/outputs

2. Each input can be used only
once

MUXs cannot select
the same input.

| reg | reg | reg | reg | | | reg | reg | reg | reg | |

v v v

. . v \ 4 \ 4
3. Fix LUT function func func
! Fix Select Signals v

In addition to these,

4. Fix some select signals of
MUXs

5. Impose symmetry among cores
and some cycles

|reg | reg | reg | reg | |
ey

\4 \4 \4

[ func |

v
\ /
v

Partitioned Outputs Partitioned Outputs

Dataflow for 32 X 32 Matrix Vector
Product was synthesized in 460sec




Application example:

15t layer of CNN for image classification
* Implement the 1% layer of the CNN
— Typically used in image recognition/classification

— Realize on mesh-architecture “optimally”

Implement this part on mesh-architectures
only with 4 neighbor communication

AT T T T T -\-\._‘H_,.-' ______ "'\-_lll,.-"_ _____________ '“-_'F ___________ 'lf ___________
i W Y Lo U I |
: b %IJ:. na— |
'C oA | _— LN 1|z 24 1 |

|
rd l: K L e N I alzlolal)l

[ al2f1]-3 |
[ H:IN: | 411111-1 | 1 an G aal 20
[ I . I 2 I 2o/l 0

| z dq 2

| | VDD ER S 3 % AEE
I | % | 3 ||411133 |I
! - » Q=R EI ':u111 : ': al3]a
' B L MEEIDEE :"an:;nz‘ = A
i il % | l 13

(I I T I I i 4
i‘n_ A |~% N L ‘;,l“ 1[1]a ‘_Jla )

49
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N2 parallel computation on NxN mesh

NxN images on NxN mesh architecture (N?> MAC units)

Window size: WxW (N2 such widows)

In total N? -W?2 MAC operations
Theoretical optimum= N? W? / N2 =W? cycles for all
Typical numbers: N=128, W=4, and so all computations should
finish in W2=16 cycles
Inpuit Convolutional  Pooling  Fully Comnected Output
La Layer Layer Layer
W Fﬁ ] |

—

W

=



The key

 Change the order of computation in convolution
— Original:

(1,1)=>(1,2) >(1,3) >(1,4) >(2,1) =(2,2) >(2,3) >(2,4)->(3,1) =>(3,2)
-(3,3) >(3,4) >(4,1) >(4,2) >(4,3) >(4,4)

1,332 =i, 4

24

34—

R, 4

23,4

VNN

T2 173 "4,4

— Proposed, for example:

(1,1)->(1,2) ->(1,3) >(1,4) >(2,4) >(3,4) =>(4,4) >(4,3)~>(4,2) >(4,1)
—>(3,1) =>(3,2) =(3,3) >(2,3) >(2,2) >(2,1)

133243 #,4

2,43 ) 4

This is a ring sk | ba

communication ,/TI B —
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Convolutional NN on mesh

architecture
Realizing theoretical optimum on mesh-architectures

Mesh has N*M MAC units connected only to 4 neighbors
There are around N*M windows

With window size W, takes W? cycles for all computations
Joint work with Dr. Alan Mishchenko of UCB

We have no plan to apply for patent regarding to this

algorithm! M
| |

11 Typical numbers:
1] N=M=128, W=4
T°171 N=M=1024, W=10

ral




DFG for automatic synthesis

4,4

4,3

4,2

4,1




Communication algorithm (1)

 N=4 (stepl)

e All communications are in the same direction

w2lls1

wl4is4

FPGA1 |

1| FPGA2

FPGA4 |-

| FPGA3

w32[s2

w431s3

wll wl2 w13
w2D w22 w23 w24
w31l w32 w33 w34

w4l w42 w4

54



Communication algorithm (2)

 N=4 (step2)

e All communications are in the same direction

w32[s2
—
FPGA1 |« » FPGA2 wll w12 w13
T 7 w2D w22 w23 w24
w21ls1 | | wa3ls3| 31 w32 w33 w34
wdl w42 wa4
FPGA4 | » FPGA3
—

wl4ls4



Communication algorithm (3)

 N=4 (step3)

e All communications are in the same direction

w31lls1 +
w32[s2

w42ls?2 +
w431s3

FPGAL | | FPGA2

1\

) 4

1L

) 4

FPGA4 |- | FPGA3

w24ls4d +
w21ls1

wl3Is3 +
wl4ls4

wll wl2 wi3d wl4

w21l w22 w23 w29
w3D w32 w33 w34

w4l w4 wi3  wid
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Communication algorithm (4)

 N=4 (step4)

e All communications are in the same direction

w42ls2 +
w43]s3
—
FPGAL |+ » FPGA2 wil wi2 Wwi3 wid
W311S1+ 1 4 4 W13153+ W21 W22 W23 @
w32Is2 ! ! 1asa  \w3D w32 w33 w34
w4l w42 w43 wi4
FPGA4 | » FPGA3
—>
w241s4 +

w2lls1
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Communication algorithm (5)

N=4 (step5)

e All communications are in the same direction

wélls1
+ w42ls2 +

w431s3

FPGA1 |

wl2ls2 +
wl13Is3 +

|

ﬂ\

" FPGA2

v141s4

FPGA4 |-

ﬂk

) 4

w34[s4

+ w31ls1 +

w32[s2

" FPGA3

w23Is3

_|_

w24[s4 +
w21ls1

wll Wi wi3 wil4
w2l w22 w23 w24
w31l w32 w33 w3d
w4D w42 w43 wi4b
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Communication algorithm (6)

 N=4 (step6b)

e All communications are in the same direction

wl2ls2 +
wl3[s3 +
wl4ls4
—
wallsl FPGAL ¢ *[NRPGAZ wil Wi wi3 wil4
+ wA2[s2 + 3 5 231s3 w2l w22 w23 w24
wA3[s3 { | +w24ls4 + | w31l w32 w33 w3db
w21lls1 w4D w42 w43 wié4
FPGA4 |+ | FPGA3
—>
w34ls4
+ w31ls1 +

w321s2
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Communication algorithm (7)

 N=4 (step7)

e All communications are in the same direction

wlllsl w22I1s?2

+ wl2ls2 + + w23Is3

w1l3[s3 + + w241s4 +

wi4lsa | FPOALT | FPGAZ L 21151 wi2 wl3 wi4
5 3 w2l w22 w23 w24
| | w31l w32 W33 w34
w4l w42 w43
FPGA4 |t | FPGA3

w44][s4 w33[s3

+ w41ls1 + w34Is4

+ w42ls2 + + w31ls1 +

w431s3 w32Ils2



vyl wll w12 wil3 wl4 x1

y2 | _ (w21 w2z w23 wa4| [x2] [%5 2
y3 |7\ w31 w32 w33 w34 | | x3 | |Fafdl| 55k
y4 w4l w42 w43 wi4 x4 wal w42

* Can be solved in less than a_ u

one second

* Even with a single FPGA
chip implementation, clock
speed increases by 90% or
more!

— Cycle time after P&R

* Original DFG: 2.98ns
(335.1MHz)

e Synthesized DFG: 1.62ns
(616.1MHz)

Template examgle
!
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Proposed processing flow

C base design

Optimized C design

Constraints in
communication

A 4

7

\

Formulation by QBF ]
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QBF problem instances |

7

Automatic
abstraction

\

A

SAT/SMT solver

[ Generate designs from |

solutions

1
A 4

PR——

Abstracted QBF

Optimized RTL design

A




