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program = e program
e u= nannot? constant number
| [e™] annot? constant tensor or constant list
| = annot? variable
| letwardecsine variable binding
|  input annot input(shape is known)
| <filename> (tensorname) annot stored tensor weight(shape is known)
| (e
| tope™ tensor operation
annot = shape-annot
|  cipher-annot
|  shape-annot cipher-annot
shape-annot = :[n™] tensor shape, comma separated natural numbers
cipher-annot := :cipher to be encrypted
vardecs = X = e single declaration
| =z = e, vardecs multiple declaration
top u= +|-|x* : Tensor x Tensor — Tensor
|  tmul : Tensor x Tensor — Tensor
| reshape : Tensor x Shape — Tensor
| transpose : Tensor x Axis x Azis — Tensor
| expand : Tensor x Shape — Tensor
| concat : Tensor x Azis x Tensor — Tensor
| max : Tensor — Num
| maxr : Tensor x Azis — Tensor
| argmaxr : Tensor x Axis — Tensor
|  sumr : Tensor x Azis — Tensor
|  convol : Tensor x Tensor x Nat x Nat — Tensor
| maxpool : Tensor x Shape — Tensor
| avgpool : Tensor x Shape — Tensor
| padding : Tensor x Nat x Nat — Tensor
| relu : Tensor — Tensor
| sigmoid : Tensor — Tensor
| tanh : Tensor — Tensor
| inverse : Tensor — Tensor
| sqrt : Tensor — Tensor



program
€

hos ::

mathop ::

— ctrt (m)
— ctzt (m)

u= e program
= n constant nat
| r constant real
| complez e e constant complex
| message e+ constant message (complex vector)
| <filename> (vectorname)
| =z
| letz=eine plaintext variable binding
| letz:cipher =eine ciphertext variable binding
| hos e+
= arithop
| cryptop
| auzop
| mathop
= aSign cctrt (1) — ctxt(m)
| aEgzero :etrt (1) — ctzt(m)
| aCompare setrt (1) X ctwt(1”)
| aEq s ctat (1) X ctat(17)
| asigmoid :ctzt (1) x nat — ctrt(m)
| aReLU tetet (1) — etat (m)
| asqgrt setzt (1) X nat — ctzt(m)
| aInverse s ctot (1) X real X nat — ctzt (m)
arithop = negate cetrt (1) — ctzt(l)
| add|sub cetzt (1) X ctat (1) — ctzt(1l)
| addr|subr :ctzt(l) x real— ctzt(1)
| addc | subc :ctzt(l) x complex — ctzt (1)
| addm| subm :ectzt(l) X message — ctzt (1)
| addp | subp :ctzt(l) x plain(l) — ctzt(1l)
| addi | subi :ctrt(l) x ipher(l) — ipher(1l)
| addj|subj :ctrt(l) x jpher(1l) = jpher(1l)
| prod cctrt (1) x ctzt (1) — ipher(1)
| prodr :ctzt (1) X real — jpher (1)
| prode s ctet (1) x complex — jpher (1)
| prodm s ctzt (1) x message — jpher(1)
| prodp setzt (1) x plain (1) — jpher (1)
cryptop = encrypt : message — ctrt (L)
decrypt : ctzt (1) — message
encode : message x nat(1) — plain (1)
decode : plain (1) — message

linearize
rescale
relevel
bootstrap
rotater
rotatel

conjugate

: ipher (1) — jpher(1l)

: jpher (1) — ctzt(1-1)
cetrt (1) X nat(c) — ctrt(l-c)
s ctrt (4) X nat(c) — ctzt (L-k)
ctwt (1) x nat — ctat (1)
sctrt (1) X nat — ctzt (1)
cctzt (1) — ctat (1)
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Algorithm 1 CORRECT_BASE 2JA} F &
goal = input() HhL
bases = select_base(n) 2”+1 74 A= A5 2E
while ¢ <n do o 53t A7 A Y71

> E__LL [‘4—0]—/\] o

=

o

1o
E'_

if not CORRECT_BASE(bases]i], n) then
bases.pop(i)
1=1—1
end if
1=1+1
end while

function CORRECT_BASE(base, n)
correct = 0

base_cnt = 0

r |
g
_O,l',
rlr
it
4>

for i in range(n, 3, -1) do
if base[i] then
base_cnt = base_cnt + 1
for j in range(1, i//2+1) do
if base[j] and base[i-j] then
correct = correct + 1
break
end if
end for
end if
end for
if correct = base_cnt then

return True
else

return False
end if

end function

1 [ 1] =1L —
12 1= T &2



Algorithm 2 REDUCE_ORDER ¢+ I E

function REDUCE_ORDER(goal, base) > Z A H
for i in range(n - 2, 0, -1) do
if base[i] then
partl, part2 = calcul(goal, i) > FH=2] RE
for j in range(n) do
x = (database[GOAL] == partl]j]
and database[BASE]| == base]i])
y = (database[GOAL] == part2][j]
and database[BASE] == baseli])
mul_cnt = x[MUL_CNT]+y[MUL_CNT]
end for
break
end if
end for
new_cnt = REDUCE_ORDER(goal, new_base)
return min(mul_cnt_list)
end function

> 2

13
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4.1 WHuta 27

(%]
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i
|
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Q
o,

H7d HEYA RdoA AAZ 2p5 2rol= ookl

SigmoidWide, SquareRoot(mini)gF<+g &+

AukaE FAET olHrk 23 o £ 2450 g0 mE AP
ReLUx 119 4.13}F Zo] 82 tpgfA] o2 HAL| T, Sigmoid= 1H 4.29F 2

o] 72} thabAlo 2 WAL T, SigmoidWides 13 4.37F Zo] 93} thapAlo 2

EdAH}. SquareRoot= AARZE 247} ofF A4t loopE A7 = mini

vHo 2 Agakelr.

4.2 A9 d3

E 4.19] 7|& HAYIR A2E I 29 Alg 25 WA AASH= baseline
o Anet AuelEe AL uel ARE Mwstat. A4 o Z2ad 5
S mE IRl B4 B157F AAsTh 58] 93 Al SigmoidWide
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4149 At

baseline with algorithm H|-& 7+ A

linearize3l4= A 8]-& | linearize3l4  AA| H]-S (%)
ReLU ) 3011 4 2526 16.1%

Sigmoid 4 2421 4 2421 0%
SigmoidWide 6 3403 4 2437 28.4%
Sqrt(mini) 4 2410 3 2069 14.1%
poly10.1 6 3391 5 2938 13.3%
poly10.2 6 3405 5 2983 12.4%
polyl1.1 7 3754 5 3022 19.5%
poly11.2 7 3816 5 3041 20.3%

7 5 A4 gaste] 30% o] A M-S HoFgl 5 H 2 Ak

1 ] L] &1



RelLU
o Input
m x: ciphertext
o Constraint
" HSZH
m —1<x<1
o Pseudo code

res « 1.7345 * 10 4 5.0000 * 10 " * x + 1.9049 * x°
+1.0784 * 10 " * ¥’ — 51817 *x*
— 26412 * 10 " *x° + 6.8598 * x°

+1.6165* 10 “*x — 31178 *x°
return res

77 4.1 ReLU @419] 2AbehaA]

=~

Sigmoid
o Input
m x: ciphertext
o Constraint
n L.Lg =
m —8<x
o Pseudo code

res « 5.0000 * 10" + 2.2055 * 10 " * x

+ 7.5968 * 10 " * x° — 8.5555 * 10 ° * x°
— 40454 * 10 P x* + 1.7437 * 1071+ ¥°

+ 47743 % 10 % x° — 1.2479 * 107° * &
return res

1% 4.2 Sigmoid HAAES] TLATTHEA]

=~
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SigmoidWide
o Input
m x: ciphertext
m d: domain extension Hl %
o Constraint
m Bootstrappable
m Bootstrap 51J|& 2 S4 &
m - 145%2.45° < x <145 *
o Pseudo code

sl
NI e

d

2
45

X
Y= Tas
doi=1,d
4 1
Y<¥ =97 e
end do
ye<14.5*y

res « 5.0000 * 10 + 1.9390 * 10 * y
— 4.8130* 10 "%y’ + 5.9920 * 10" *y

—3.2320% 10 %y + 6.1950 * 10 °*y
return res

5

9

1% 4.3 SigmoidWide @A4Fe] ZATHEA]
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= &l 4~ (Default 3)
m n :g & €= 2= (Default 8)
o Return
m 1ifx > 0, -1 otherwise
o Constraint
m Bootstrappable
m 2 %<y <1
o Pseudo code

res « x
doi=1n
g
res « g(res)
end do
doi=1n f
res « f(res)
end do
return res

where

35 35 3 21 5 5 7
fO) =3¢ — 4% + 36X — 3%,

_ 4580 16577 3 , 25614 5 12860 7
9(x) =352 1024 X 1 1022 1024
o Error
s 54 (nf, n?)Oﬂ [t Sign&| error
n, / n, 6 7 8

1 9.3247e-01 7.0385e-01 8.0706e-02
2 8.5297e-01 4.0607e-01 1.6823e-04
3 6.8524e-01 7.0226e-02 3.5527e-15

7% 5.1 Sign AA4ke] ZAICFEHA]
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Abstract

Optimizing Algorithm of Polynomial
Evaluation for CKKS Homomorphic
Compiler

Kyuyeon Park

School of Computer Science Engineering
Collage of Engineering

The Graduate School

Seoul National University

This paper introduces a polynomial optimization algorithm which would be
on a homomorphic compiler and checks the optimization performance through
experiments. We devise an optimization algorithm that minimizes the num-
ber of multiplications of polynomials, focusing on the number of multiplication
operations which is very expensive in the approximate polynomial of mathe-
matical functions frequently used in the creation of deep neural network mod-
els. This algorithm is a dynamic programming-based method that calculates
the result of a large polynomial through the calculation result of a polynomial
with smaller order, and has the advantage of increasing utilization by searching
and storing all cases without duplicating the number of multiplications already
calculated. This algorithm improves performance by reducing the number of
multiplications up to 33% in a suitable order polynomial compared to the ex-

isting method. However, the number of operations increases exponentially as
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the order increases.
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