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Ltol ue | Mgsa Ltol 1o | amsa
2008 oist ME i 1 i i
30CH~500Y Mg pa Encod 2 i 2

ncodin
60CH OIAH | molAl 2 - ~ol 3 2 2
0500 & 3 i 2 3 3
2008 018t = 2 1 3 2
60K Oj&k | ZEA 3 3 2 3
3008~500H HE 2 2 7 1 2
AOCH OIAMZHAl OF AL £—2(Bin count)
KHE A9 MEEZ HE—1.66(Bin average)
30~500HS NEBEZ 24M>1.83(Bin variance)
£ 9]
900
)
1: procedure GENBINMASK(x, v, f, §)
2 Ty, *'"[_ﬂ,‘i}iﬂ .
30 m o« length(f)
4: for i —0nm-1do
51 for | « 0,0y - 1 do
§: for k « l,s& do
7. tmp « {F
8: for 1< 0, M~1do
9: if 00 == & & 99 == 1 then
10: ' tmpli] « 1
11 B < Enc,, (tmp)
120 retwrn b
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1000
{
1: procedure GENBINMASK(x, f, §)
20 oy e/
3 m o« length(f)
43 for i < 0m~1do
51 for j = O,m, - 1 do
g for k « l,gidde
7 tup < O
8 for {0, 8~ 14do
: if 5901 == k then
10: bmpll] <« 1
11: bﬁf_ij*‘é— Enc,, (tup)
120 return b
& 11]
1100

1t procedure DISCRETERQUALZERO(x, g, X)

2t d < [logpy]
3ty e Multy(x, 1729

5 declare pows{K + 1] D> array of ciphertexts
60 pows[0} + Enc, (1D

70 pows{l] -y

8t for i « 2, Kdo

9 pows[i] < Mult.,(pows[[1/2]], pows{[i/21D)

10 g & Encpk((OM):}:}

11 ¢« Encpk((i?“)l)

120 for i« 0, Kdo

13: s « Add(s, muli,(a, powlil))
14: ¢« Add(s, multe(b;, powlil))
15: Dsavsine(x/20), cacos{ nx/2%)

16:

17: s « Multguls, ¢}
18 for i« 0, ddo

19: ¢ & Multeyyle, ¢)
2%: ¢ Mt le, 2)
21 ¢ < Suble, 1)

22 s « Multgy(s, ¢

230 return s
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£ 12]
1200
1! procedure GENBINMASK(X, V, , &)
2: Ty, *"fnﬂlﬁ
30 m o« length(f)
4. for 1~ 0m-14do
5: for j « O,n, - 1 do
6 for k < 1,5 do
7 tmp < Suﬁ(ﬁff”,k>
g tmp < DiscreteBqualZero(tmp,s;, K)
9: if v-bit table exists, then
10: tmp « Mult,,{(tap, V;HE)
i1: Hﬁg)e' Lmp
120 return b
(513
1300
1: procedure BINCOUNT(b, £, &)
20 n, <[]
31 m < length(f)
41 oum = Encbk((OM)T)
5 for i & U~ 1do
6 tmp < b
7 for j < 1, m~-1do
8: tap « Mult,,(imp, bij’f)
9: sus < Add(sum, tmp)
100 for 1 « 0, log2(D - 1 do
1 sum — Add(sum, Rot(sum, 2))

120 return sum
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1510

1520

®Hadamard mult

(row-wise mult)
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1800
{
1: procedure GENPOWERBINMASK(x, v, fo)
2 0y, *“E‘Q/MA]
3 for i = 0, oy~ 1do
4 p o (N7
5: forj@(?\,iﬁmldo
6: if 7Gx M+ §) == 1 then
7 5(j) < Pow(2, 4 - (*\f"’fx sf+ -1+ 6)
8 p; < Ency (B}
g return p
(5 19]
'i§?§
1: procedure GENBIGRINMASK(x, v, (f;,...f51),,(8,.. .8p1))
22 Iy, (""fﬁl/M} o
3 Qe /I ()]
47 for i =0, g - 1do
5: m%, mg - (M
s e
7: for j &0, ¥~-14do
8 if?(im(j) == 1 for 1 =0, 1,...m - 1 then
g: P if every valid bits are one,
ik tmp <«
ik for 1 < 0, m-14do
12 tap < g * tmp + &G - D
13: « {tmp/Q| + 1
142 r'oe tophd 1
15¢ &)« 2
16: 0y« 2
17: for j — 1, § do
18: a? = Enc k(?‘%
19: r{) e Bncy, (rﬁ}
200 retwrn g, fP (=1, 2.0

g
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o2
In parallel
2010 ZQ;?;O . ZQSG 2Q4O
- S S T
¥ H

GUG  OPU 1 @2 U3

11

Block 01 [Block 1] Block 2] {Block 3

Block 4] [Block 5] (Block 6] [Black 7]

(= 21
2‘;:30
1 procedure MULTPERGPU(p, q, r, curr_gpu_ids, N
2 { = current_gpu_idx
30 while 1 < [n/M] do
4: a <
51 while 3 < § do
G: for i « 1,¢cdo

7 o™ Multeadp, o)

8. b e 0

R wvhile b< @ do

i0: for j < 1, ¢cdo

1 tmp ¢ Multevk(q;(m),rl(bﬁ))

12: if | ==current_gpu_idx then

13: T esf[:;s:'én?jg{:»\udx “tmp

14: else '

15 1'€5£§:§én?§§u_idx b”Add(tmpy ¥ esﬁﬁ:riéﬂ}!ﬁgu_idx)
i6: b« b+c

17: a<« atg

180 e 1+

190 return {res{li), — o ll, 371, 2,...Q)

20:

21: procedure LARGEBINCOUNTMULT(p, q, r, K

22:  mres « {}

230 for curr_gqu_idx < 0, Ny~ 1 do P in parallel
24: wres < mres J MULTPERGPU(p, q, r, curr_gpu idx, NgJ

257 return mres = {res;(f”’l)lk =0, L,...N-1, 0, 1 =1, 2,...Q}

I (FE H91X) ISA/KR
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(£ 22]
2200
1: procedure LARGEBINCOWNIDEC(mres)
2 arr < zeros{{&, so)) > an (@ * sg)-size array filled with zeros
3 for i « 1, &do
4: for j — 1, Qdo
i for k « 0, Ny~ 1 do
6: e « Decylresh i)
7 for s <0, M~-1do
8 tmp < redls)
g tmp < tmp/(2- A + §)
10: for 1+ 1, gy do
it cut « tmp%(l << A)
12: arelQ * (-1 + (i~1)1[1-1] += cat
13: tmp « tmp/{l << A)

14 return arr

HHEX (72 H1E) ISAKR
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[5=25]
25300

Algorithm 1 COMP(x1, X2, tter)

(
Require: x,(k), x2(k) € [0, 1] for cvery & € [0, M — 1]
Ensure: y where y (k) is an approximation of 1 if x1 (k) > x2(k),
0 if x1(k) < x2(k), and 1/2 otherwise (k € [0, M — 1)).
0: procedure COMP(x; . X2, iter)
D X ¢—x1 —%x2,2+ 0
2: while i < iter do
3ox <+ f(x), 141
4 return (x+1)/2

[5=26]
26800

Algorithm 7 Computing the mean of a column

0: procedure MEAN(X, V)

[: sum < Enc(0)

2: n + Enc(0)

3:fori=0to Ng—1do

4+ sum < Add(sum, Mult(x;, v;))

5. n <+ Add(n,v;)

6: for : = 0 to log, M — 1 do

7:  sum « Add(sum, Rot(sum, 2"))

8: n + Add(n.Rot(n, 2"))

9: invn < INVNTHSQRT(n, Enc(1™), 1, 25)

10: mean + Mult(invn, sum)
I'l: return mean
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27800

Algorithm 8 Computing variance of a column

ja»]

l

—

12

R N A S

J:
11:

: procedure VAR(x, V)

sum < Enc(0)
n + Enc(0)
mean < mean(x,Vv)
fori=0to Ng —1 do
tmp < Sub(x, mean)
tmp + Mult(tmp, tmp)
sum < Add(sum, Mult(tmp.v))
n <+ Add(n, v;)
for : = 0 to log, M — 1 do
sum < Add(sum, Rot(sum,2"))
n < Add(n, Rot(n, 2"))
invn < INVNTHSQRT(n, Enc(1™), 1,25)

. var < Mult(invn,sum)
13:

return wvar

[5=28]

28300

Algorithm 9 Computing correlation of a column

0:

6:

~J

procedure CORR(X,y.V)

I: sum < Enc(0)

2: meanl « mean(x,Vv), mean2 < mean(y,v)
3:
3
S

varl < var(x.v),var2 < var(y.v)

. invstdevl < INVNTHSQRT(varl, Enc(1),2,21)
. invstdev2 <« INVNTHSQRT(var2, Enc(1),2,21)

for: — 0to Ng —1 do
tmpl < Sub(x.meanl), tmp2 < Sub(y, mean?2)
tmp < Mult(tmpl,tmp2)
sum ¢« Add(sum, Mult(tmp.v))

: for : = 0 to log, AT — 1 do

sum + Add(sum. Rot(sum, 2%))

. corr « Mult(sum, Mult(invstdevl.invstdev2))
: return corr
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[5=29]
29{)0

Algorithm 10 Computing the maximum in a block

0: procedure APPROXMAXSLOT(X)

I: max < x

2: for 1 = log, Al — 1 to 0 do

3:  y + Rot(max,?2")

4. 7z« COMP(max.y)

5 max + Mult(max, z)

6:  max + Add(max, Rot(max,2'))
7: return max

[5=30]
SOSOO

Algorithm 11 Computing the maximum in a whole column of
multiple blocks

0: procedure APPROXMAX(X)

I: max < APPROXMAXSLOT(xo)

2. fori—1to Ng—1do

3: y + APPROXMAXSLOT(x;)

4.z« CoMP(max,y)

50w« Sub(1M, 2)

6: max < Mult(max,z), y « Mult(y,w)
7. max + Add(max,y)

8: return max
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[5=31]

Algorithm 12 k-percentile function for ordinal variables

—
o’

o b
- O

NI

§

o o o N
=

(8]

N

procedure PERCENTILE(B, v\/0), S, k)

. ¢1 + Enc(0™M)

for i — 1.5y, do

Ctmp + bi{)’
for ) < 1,Np — 1 do

Add(cemp. b, cemp)
for j « 0.log2(M) — 1 do

Cemp — Add(Ctmp, Rot(Ctmp,2’))
m « oM
for y < ¢—1,5, —1do

m(j) « 1
c1 <—(fA(§d(c1, Multeok (Cemp, 170))

0

cfori<— 1,Np —1 do

Add(cz. v cq)

: for i « 0,log2(M) — 1 do
16:
17:
18:
19:

c2 + Add(cz,Rot(ca,27))
¢z — INVNTHSQRT(c2, Enc(1™M), 1, 25)
c1 + Mult(cq, c2)
c1 + APPROXSIGN(Sub(cq, ﬁg)

)
> operate f(x) = —0.5(x —0.5)" + 1.125

: ¢1 <+ Square, . (Sub(c1,0.5))
. ¢1 + Add(Mult(cy,—0.5),1.125)

> find { s.t. [-th to S, -th slots have 1 as value

: for j « 0.log2(M)—1 do

c1 + Add(ci,Rot(c1.27))

: ¢1 < Negate(cy)

ci1 < Add(cy.Sp, + 1)
return ci
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