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FIG. 9
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1: procedure GENBINMASK(x, v, f, S)

2 n, < [n/M]

3 m < length(f)

4 for i <« O,m-1do

b for j < O,ny - 1do

6: for k < 1,s do

7 tmp < ot

8 for | <« 0, M-1do
9: if x0(1) =k & v¥7(1) == 1 then
10: tmp[1] < 1

11: b&{f’ijh— Enc,, (tmp)

12 return b
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1: procedure GENBINMASK(x, f, )

2 n, < [n/M]

3 m < length(f)

4 for i <« O,m-1do

b for j < O,ny - 1do

6: for k < 1,s do

7 tmp < ot

8 for | <« 0, M-14do
9: if x{)(1) =k then
10: tmp[1] < 1
11: B < Enc,, (tmp)

12 return b
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4:
5:
6
7
8
9

10:
11:
12:
13:
14:

15

procedure DISCRETEEQUALZERO(x, u, K)

d < [logy 1]
v < Mult,(x, 1/2%)

declare pows[K + 1] [> array of ciphertexts
pows[0] < Enc, ((1)")
pows[1] <y
for 1 < 2, K do
pows[i] < Mult.,(pows[[i/2]], pows[[i/2]])
s < Encpk((OM)T)
¢ < Ency (0D
for 1 < 0, K do
s < Add(s, mult.,(a;, powl[il))
¢ < Add(s, mult., (b, powl[il))
: Dsasinc(x/29), cacos(mx/2%)

16:

17:
18:
19:
20:
21:
22:
23:

s < Multey(s, ¢)
for 1 < 0, d do
¢ < Multg,(c, )
¢ <« Multy,(c, 2)
¢ < Sub(c, 1)
s < Multyy(s, ¢)
return s
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O 00 ~1 O O = W o =

: procedure GENBINMASK(X, V, f, 5)
n, < [n/M]
m < length(f)
for i <« O,m-1do
for j < O,ny - 1do
for k < 1,s; do
tmp < Sub(Xj(fi),k)
tmp < DiscreteEqualZero(tmp,s;, K)
if v-bit table exists, then

10: tmp < Mult,, (tmp, Vj(fi))
11: (fij)(_ tmp
12°  return b ’
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FIG. 13

13300

1
2
3
4:
H:
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7
8
9

10:
11:
12:

: procedure BINCOUNT(b, f, ¢©)

n, < [n/M]
m < length(f)
sum < Enc, ((09)")
for i < O,ny - 1 do
tmp < b{5Y]
for j <1, m-1do
tmp < Multey(tmp, B{H)
sum < Add(sum, tmp)
for i < 0, log2(M) - 1 do
sun < Add(sum, Roty (sum, 2)
return sum
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1800
|
1: procedure GENPOWERBINMASK(x, v, fo)
2 n, < [n/M]
3 for i1 <0, n,-14do
4 p— (OO
b for j <« 0, M-1do
6: if ¥% % M+ j) == 1 then
7 5(j) < Pow(2,A - GG * M+ j)-1) + &)
8 b < Encsk(ﬁ)
9 return p
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1
2
3
4
5
6
7
8

9:

10:
11:
12:
13:
14:

15:

16:
17:
18:

19:
20:

m, < [n/M]
Q <[/ I}

A/ 1(5)-|

for i <0, n,-1do

Oy
PSS T

for j <« 0, M-1do
if ¥{P(j) ==1for 1 =0, 1,...m - 1 then

for j «

(i)

G

1

return q(l)

r.

tmp < O

. procedure GENBIGBINMASK(x, v, (fj,...f

for ] < 0, m-1do
tmp < s * tmp + @IV(G) - 1)
q' < [tmp/Q] + 1

r' < tmphQ t+ 1
@) < 2
() < 2

1, Q do
< Enc k(_5

<—Enc (_3
(1) (1 _1 2

Q)

1), (S, 0 Sep))

D> 1if every valid bits are one,
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In parallel
2010 2020 2030 2040
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) ) ) )
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|
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(Block 4] (Block 5]  (Block 6]  (Block 7]




21/32

F1G. 21

2100
|
1: procedure MULTPERGPU(p, q, r, curr_gpu_idx, Ny)
2: | = current_gpu_idx
3:  while 1 < [n/M] do
4: a< 0
5: while a < Q do
6: for i < 1,c do .
7 o < Multeg(p, g*")
8: b<0
9: while b < Q do
10: for j < 1, ¢ do
11: tmp « Multevk(ql(a+i),r1(b+j))
12: if 1 ==current_gpu_idx then
13: resgﬁ:;én?gl))u_idx <tmp
14: else
15: resgﬁ;r;én?gl))u_idx (_Add(tmp’ reséﬁgén?zgu_idx)
16: b<b+tc
17: a<atc
180 1< 1+N,
19: return {resglilfjl.%nt_gpu_idx| i, 7=1,2,...Q}
20:
21: procedure LARGEBINCOUNTMULT(p, q, r, Ng)
22 mres < {}
231 for curr_gqu_idx < 0, N - 1 do > in parallel
24: mres < mres U MULTPERGPU(p, q, r, curr_gpu_idx, Ng)

25.  return mres = {resf{i’j)lk =0, 1,..N-1,1i,j=1,2,...Q}
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|
1: procedure LARGEBINCOUNTDEC(mres)
2 arr < zeros((¢%, so)) > an (QF * sy)-size array filled with zeros
3 for 1 < 1, Q do
4: for j < 1, Q do
5. for k < 0, N; - 1do
6: res < Decy(resi)
7 for s < 0, M- 14do
8 tmp < res(s)
9: tmp < tmp/(2- A + §)
10: for 1 « 1, 54 do
11: cnt < tmph(1l << A)
12: arr[Q * (i-1) + (j-DI[1-1] += cnt
13: tmp < tmp/(1 << A)

141  return arr
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Algorithm 1 CoMP(x1, X2, iter)

Require: x:(k), x2(k) € [0,1] for every k € [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]).
procedure COMP(X, X2, iter)
X <4 X1 —Xo2,1+0
while ¢ < iter do
X f(x),i+1+1
return (x +1)/2

el A T
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FIG. 26
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Algorithm 7 Computing the mean of a column

<

f—
- O

procedure MEAN(X, V)

sum < Enc(0)

n < Enc(0)

for . =0to Ng —1 do
sum < Add(sum, Mult(x;, v;))
n < Add(n, v;)

for = 0 to logo, M — 1 do
sum < Add(sum, Rot(sum, 2*))
n < Add(n, Rot(n, 2°))

invn < INVNTHSQRT(n, Enc(1™), 1, 25)

mean < Mult(invn, sum)

: return mean
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Algorithm 8 Computing variance of a column

=

[ T =

b R S B L

procedure VAR(X, V)
sum < Enc(0)
n < Enc(0)
mean < mean(x,V)
for i =0to Np —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)
. return var
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Algorithm 9 Computing correlation of a column

=

T T

b e AR LB

procedure CORR(X,y, V)
sum < Enc(0)
meanl < mean(x,Vv), mean2 < mean(y,V)
varl < var(x,v),var2 < var(y, v)
invstdevl <« INVNTHSQRT(varl, Enc(1), 2, 21)
invstdev2 «— INVNTHSQRT(var2, Enc(1), 2, 21)
for:=0to Np—1 do
tmpl < Sub(x, meanl), tmp2 < Sub(y, mean2)
tmp < Mult(tmpl, tmp2)
sum < Add(sum, Mult(tmp, v))
for : =0 to log, M — 1 do
sum < Add(sum, Rot(sum, 2*))

?

. corr < Mult(sum, Mult(invstdevl, invstdev2))
: return corr
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Algorithm 10 Computing the maximum in a block

0: procedure APPROXMAXSLOT(x)

I: max < x

2: for : = log, M — 1 to O do

3:  y + Rot(max, 2

4:  z+ CoMpP(max,y)

5:  max + Mult(max, z)

6: max + Add(max, Rot(max, 2"))
7. return max
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Algorithm 11 Computing the maximum in a whole column of
multiple blocks

0: procedure APPROXMAX(X)

1: max < APPROXMAXSLOT(xo)

2: for:=1to Ng —1 do

3: y + APPROXMAXSLOT(X;)

4:  z <+ CoMP(max,y)

50w« Sub(1M, z)

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

8: return max
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FIG. 31

Algorithm 12 k-percentile function for ordinal variables
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26:

Mo 00 = By U R B2 ) e

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

. ¢1 < Enc(0M)

for : + 1,5y, do
Ctmp < b?f(?)
for y «— 1, Np —1 do
Add(Cemp, b, ctmp)
for 5 «+ 0,log2(M) — 1 do
Ctmp  Add(Ctmp, Rot(Ctmp,27))
m <+ 0
for j <—7—1,5¢ — 1 do
m(j) <1
c1 « Add(c1, Multeyr(Cemp, 11))
C2 véfo)
for 2+ 1, Np —1 do
Add(cz,vgﬁ’),cz)
for i + 0,log2(M) — 1 do
c2 < Add(cz, Rot(cz, 27))
cg + INVNTHSQRT(c2, Enc(1™), 1, 25)
c1 < Mult(cy, c2)
c1 < APPROXSIGN(Sub(c1, 1&5))
> operate f(x) = —0.5(x — 0.5)% + 1.125
c1 < Square_, . (Sub(c1,0.5))
c1 + Add(Mult(cy,—0.5),1.125)
> find { s.t. [-th to Sy,-th slots have 1 as value
for j < 0,log2(M) — 1 do
c1 + Add(c1,Rot(cq,27))
c1 <+ Negate(cy)
C1 < Add(cl,SfD + 1)
return c;
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( START )

Y

RECEIVE STATISTIC COMMAND  [~S3210
GENERATE"BIN MASK ~ 53220
OPERXTION ~ 53230

OU;;UT ~ 53240




