*' i‘x 'd ”l"@

) GitHub oD 1A 9 & £

{}"'3 FUDAN UNIVERSITY

<

g 7~ Design, Automation and Test in Europe Conference |

» The European Event for Electronic System Design & Test

DATE

https://github.com/panhomyoung/phyLS

7

NINGBO UNIVERSITY

‘,()f

Semi-Tensor Product of Matrices and Its Application in Logic Synthesis

Hongyang Panl, Fan Yang?!, Zhufei Chu?
1 State Key Lab of Integrated Circuits and Systems, Fudan University, 2 Ningbo University

STP-based Exact Synthesis
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. . . > SAT-based exact synthesis essentially solves the two tasks e — PE2y
Conventional logic synthesis flow g g bl TR pevel!

) r o " 1. Find logic network topology (DAG) Leveld B Level 3

@ Elaboration Pre-mapping Technology Gate-level 2. Assign Boolean operators to vertices rep e = e
- . ’ . . - ’ . . | Levell B Level 1
& Binding | Optimization ] e Netlist > STP-based exact synthesis is a proposal to mitigate or avoid the task 1 Boolean fence Partial DAG
| I_x:_*_________________::LE';:;'-_:"---q-------_________'_"_L::_-_= 1. providing additional constraints _
S-}'ﬂthﬂﬂiﬂ 'E“ E.il].E Pﬂpﬂr .‘lr _ ,I..Eﬁn PHPE]‘ "1.-"[ . nﬂrrEyzﬁ LevelZ @ Node need to assign Boolean operator
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Smmulation for SAT-sweeping

Paper 111 — JCST Exact synthesis based on semi-

tensor product circwi solver

Partial-full DAG

A semi-tensor product based all 10 11 11 11 107 1000
splutions Boolean satisfiability solver Paper IV - DATE? 23 XXXKX M, = 01 00 00 DD] ‘ 00 _ : 0010
Power-reducing(Mg )= 00 Variable swapping(M,,)= 0100
_1o011 _r1000
: . W-_MM]MI-[M”] or 01 0001
1000 1111
S - P d (] f M (] 11107, _[0111 XXXX Mg =
= - _[10001111
emi-Tensor Product of Matrices w000 = [1110] = [0111 ona1 ooool ¥ 000X, <[ 1000 1111
| | | o | XXX = [1ﬂun xxxx xxxx 1111
» Glven two matrices A € (m,n) and B € (p, q), matrix multiplication require n = p. In general, AB + BA. 0111 xxxx xxXX 0000 YXXX = \1{} 110011
» The semi-tensor product (STP) of real matrices was proposed by Cheng!!l, which is a generalization of XXXX L, &M, =|+ 0 00 1111] ‘ 01001100
ordinary matrix multiplication and has quasi-commutativity under certain conditions. * 0111 0000 1000 1111 1000 1111
» We extend the STP of real matrices to logic representation, and then some new logic engine under vector xxxx = [1011] 3 = [1000] . XXXX I, @Mp = 01 11 uuun] "' 2OMw=[0111 0000
operator are proposed by using STP-based logical reasoning. 01001 " 10111. 10xxxx00 11xxxx1l 1000 1111
. . . . xxxx = [0111] o =[0111 XXXX = [ﬂlxxxxii nux:cxxnn] XXX =10111 0000
Given two matrices A € (m,n) and B € (p,q), the STP of A and B Is defined as [1000] "* " l1000

AXB = (AQI;,) - (BRI;,,) STP-based exact synthesis (matrix factorization)
Kronecker product Identity matrix  t = least common multiple of nand p
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101000 10
1000 1101 10007 {0101 0001 101000 10 1. SAT-sweeping (Paper || — DATE’23)
A= B = ABe (2,4))AxB=ABQI,) = =
10111 [0010 ( (2,4)) (B&12) 01111 {0000 10 00 01011101 _ _ _ _
000001 00. Equivalence class manager 1. Simulation patterns are derived from SAT-guided
A— [10 00 B = [ 101 Ax B = 10100010 - miint_ainsce;?didatee?juivalence initial pattern genera’[ion.
—_ —_ - - substitute when prove .
01 11 0010 01011101 ﬂﬂ- - refine when disproved 2. Sort the list of gates to be processed by SAT-
_ 1 0 0 H sweeping in inverse topological order.
> ForaBoolean variable, we can denote 7" = _o] and F= [1] glee SAT-sweeping manager 3. Process the gates that have been sorted. The current
> For a Binary Boolean operator, the operation can be represented by a structural matrix 1 0 0 | define resemtoes of SAT solver and simulator gate is referred to as [candidate], as it is a candidate
- iterate over nodes in a topological order i I I
» For example, the conjunction A (AND) is represented as M, = M, = [1000 ] e gate for deletion and replacement with a topological
_ _ 0111l _ _ _ 1 1 preceding gate.
« The first row is actually the truth table (TT) of the operator, the second row is the inversion of the first row — 4. Translated into SAT solving problem.
1000 1110 STP-based Circuit simulator SAT solver _ . . ,
M,.=M, = [ ] (AND) My,=M, = [ ] (OR) - roverse simulaton & it algoritm — - (disprove candidae equivalence unDET: the candidate 1s marked as don’t touch,
10110111 o 1009001 _  Coprove e s - which provides maximum runtime speedup.
M; =M, = [0100] (Implication) M, = Mo, = 01101 (Equivalence) il il UNSAT: substitute the nodes.
o Transitive fanin manager SAT: we obtain the CE from the solver, propagate
> From logic expression to STP computation =0 0loa® D - maxioum mumber of nodes in the TEL to be comparcd the CE through the STP-based simulator, and then
1 B . . :
1. Boolean variables a and b, logic expression f = a + b "= loh | 3 H refine the equivalence classes accordingly.
2. The corresponding STP formis f = a + b = Mab = [(1)3(1)(1)] ab " =1y o o L 2. Logic rewriting (Paper V — TCAD)
- - = [ °- | ’ | .
3. If oisabinary operator, then P o Q = M,PQ ) 0 1 i 1. Potential network replacements for each k-LUT are computed
4. M, isa structural matrix of o (R-ary), then M, € (2 x 27)) . (1)] . tﬂf: 1] ‘. 1] Boolean network ! @E | online using STP-based exact synthesis.
_ _ _ S ) 2. We also compute the cost of every nodes by reading a
10 1000 1. LUT mapping (Section ILE) target implementation technology.
Power-reducing: M= 00 Variable swapping: M,,= 0010 Matrix swapping: - — , , —— 3. Replacements that reduce the overall network size are stored
00 0100 — —) L —D Lo — in a conflict graph.
01 0001 Synthesized Boolean functions ! (#, ..., #)
A% = MgA AB=M,BA AM=(I,®M) A 2. DAG Topology family & CEGAR (Section IV.A)
(B ) CEGAR Possibl
T oreTogtny L A maximal set of
Person A said that person B is a liar, person B said person C is a liar, and person C said that both persons A ¢ . . flict
Possible optimum | pu oo N replacements can
Boolean chain @o e@ A be selected from
1. Define Boolean variables: A Canonical Form Candidates ST the conflict graph,
A: person A is honest which can
—A: person A is a liar L(A,B,C) = [0 0 0 ‘0 ‘O ‘1 0 0] ABC 4. STP based circuit AIISAT solver (Section IV.C) o
B / C similarly 1 1 11110 1 1 A maximize the
2. Operations We have only one satisfying solutions where L is true if 0°@ AlISAT solver 1 =1 (#, .. #)? aC.h I_evgd gain and
The logic expression of the statement is 0 1 0 m'_mmlze the CO_St .
— — —_ X1 Xp Xp—1 Xi x
(A < —|B) AN (B « —|C) N\ (C < AN —|B) A= [1] , b= [O] ’ ¢= [1] ( - ) l SAT Of Imple_rnentatlon’ ’ (b) Initial network (cl) Remove the nodes, ob-
. 5 Solution S Technology mapping | — — w and applied to tained count = 2 and
. : e timum Boolean chain Candidates ] cost =
3. Matrix Form base‘zslgft‘icoi’fvvv;"““g p ) i rewrite the Boolean =
MAM_.AM..BM.BM..CM..CM.M..AM..B So the final solution is that A and C are liars. § , (") @ network.
cLe nil e neer ¢ nton Targetimplementation | [ < . (v)
technology ) 0 @ (v)
| | * - -
S n t h e S I S E n I n e S ( Most cost-effective ) S <
Implementation 6. Replacement & strash

— 3K
» Matrices are seen as primitives in the logic network POl = MnMeMn/Ve 13Mn/bcd iy e 34 mi N FY (@) Insert seplacement candi- (¢) Add the nodes, oblained
pOl — MTlMCMnMC ZMnMc34MnMcMnM634‘5 Optlm126d Boolean network ! i;jg - date count = 2 and cost = 6
poO pol - — N - PEIOVVIN
9[0011] 1-%011 9[0011] 110011 g[oj()l] 1-[10011]
g e 7y 3. Logic rewriting (Paper VI — DATE’25)
0010 0010 [ ] [2(1)(1)(1)]
1101 [1101]
. o Algorithm 1: Area-driven LUT mapping algorithm.
(o] [2099] a Input: Input network A, LUT input size k, number of cut choices n
. 5 A 4 . ) A A 4 : Output: LUT network L
A A - _ foreach v € A in topological order do
2 SAT solver S|mU|at0r Jrr o fotn & cut_enu(k,--- ,k+ n);

best_subLUT,, <— exact(fi, -, fk+tn)s

; 10
! - 3-LUT: 0x8f 3-LUT: 0xd5 | 8
S SN
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pol = MqM,234Mg13

poZ = M;,Mg345M,234

poO—MMMMlSMMZMM34
pol = M,M_-M,M.2M,M_.34M, MM, M.345
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2
3
4
5 foreach v € A in reverse topological order do
6
7
8
9

end

best_LUT < compare_area(best_subLUT);
L, < LUT_map(best_LUT, A,);
visited(best_LUT);

end

a b ¢ d e

» ELMap consists of two main components: area-driven LUT mapping (ALM), exact synthesis
of k-LUT network (ELN).
(1) ALM generates multiple decomposed subcircuits and optimizes the area of the LUT
netlist by dynamically selecting the optimal sub-LUT.
2@ ELN uses exact k-LUT synthesis to store multiple optimal sub-LUT netlists for each node.
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