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Z (_1)N—IZI;, (3)
ZePy v |det(I — Az)|

where Py is the power set of 1,2,..., N, and thus, there are
2" determinant terms in the summation [12]. The computa-
tional complexity of the Torontonian function is O(2V),
which is the same as the permanent function in standard
boson sampling with /V photons.
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Algorithm 3. Calculate Torontonian(A)

Require: Matrix A

Ensure: A is Hermitian positive definite
1: function TorontonianA

7 . result — 0

fOI'i|Z| =1— Ndo

e get_next_mask {&#

B |t|\/| anl p;l: = /jﬁz ( i LIF- get mask; and maskz End of the process or the thread
. : while maskz; # maskzFEnd do
)2) : Az — GEN_Az(masky)
: det «— GET_DETERMINANT(I — Az)
result «— result 4+ (—1)" 12 \/|ld_et_|
° /_-I-_\ZIK |— "'E:j-[}:lﬂli {l\, ;:'I: ,/ri- E‘l/\] : masky «— GET _NEXT_MASK(maskz)

10: end while
11: end for

12:  return result
13: end Function




Algorithm 1. 256-Bit Signed Multiplication Algorithm 2. 128-Bit Signed Multiplication

Requirfe: 256-bit signed number a and b Require:128-bits signed number a and b
1: function mul256a, b 1: function mull28a, b

a1 — VSHFF(0, a, 0x0e) > SHUFFLE(0, a, {2, 3, 0, 0}) . ¢« UMULQA(a, b)

b, «— VSHFF(0, b, 0x0e) > SHUFFLE(0, b, {2, 3, 0, 0}) . ay «— VSHFF(a,0,0x55) > SHUFFLE(0, a,
as — VSHFF(0, a, 0xff) > SHUFFLE(a, a, {3, 3, 3, 3}) . b « VSHFF(b,0,0x55) >SHUFFLE(Q, b,
b, — VSHFF(0, b, 0xff) > SHUFFLE(b, b, {3, 3, 3, 3}) . a, « VSELLT(b,,a,0)

a; <+ VSELLT(bs, a,0) : b, « VSELLT(as, b,0)

b, +— VSELLT(as, b,0) . ¢; «— UADDO_CARRY (ay, b,)

¢ — UMULQA(a, b) : ¢« SRLOW(c, SF)

c10 < UMULQA (a1, b) . ¢ < SLLOW(c;, 128 — SF)

cip <~ UMULQA(a, b1) : ¢+ USUBO_CARRY(c,c)
c11 < UMULQA(ay, by) . returnc

¢ < SRLOW(c, SF) 12: end Function
Cilo < SRLOW(CI(), SF — 128)
Co1 < SRLOW(C()l, SF — 128)
c11 < USUBO_CARRY (¢i1,a;)
C11 < USUBO_CARRY(CH, bx)
C11 < SLLOW(CH, 2056 — SF)
c «— UADDO_CARRY(c, c1p)
¢ — UADDO_CARRY (¢, cp1)
¢ — UADDO_CARRY(c, c11)
returnc

22: end Function

1,
1’ J

{
{

Scaling Factor (SF)

Fig. 4. Scaling factor implemented by shifting.
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vshff(l)(O a Oer) »Vshff(l)(O b OXOe)
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TABLE 2

Results of the Shortest-Path-Based Methods
N2 on 128-bit and 256-bit Kernels

» B constrain programminglyiE

Precision Instructions Naive-Clocks Opt-Clocks Opt-RegNums

128 bits 32 68 34 9
256 bits 62 130 64 14
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Fig. 15. Experimental results of 100 random real-world matrices with
n € [39,43|.




Sustained Performance
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Fig. 12. Strong scalability of (a) 128 bits; (b) 256 bits. Fig. 11. Peak and Sustained Performance of (a) 128-bit precision; (b)
256-bit precision.
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