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How to Garble Arithmetic Circuits®

Benny Applebaum? Yuval Ishait Eyal Kushilevitz?

December 14, 2012

Abstract

Yao’s garbled circuit construction transforms a boolean circuit C': {0,1}"™ — {0, 1} into a
“garbled circuit” C along with n pairs of k-bit keys, one for each input bit, such that ¢ together
with the n keys corresponding to an input z reveal C'(x) and no additional information about
2. The garbled circuit construction is a central tool for constant-round secure computation and
has several other applications.

Motivated by these applications, we suggest an efficient arithmetic variant of Yao’s original
construction. Our construction transforms an arithmetic circuit C' : Z™ — Z™ over integers
from a bounded (but possibly exponenmal) range into a garbled circuit c along with n affine
functions L; : Z — Z* such that C' together with the n integer vectors L;(z;) reveal C(z 2) and
no additional information about . The security of our construction relies on the intractability
of the learning with errors (LWE) problem.



jEe 8 T FE
S B HINESS
Za Sﬁe'éj—jafe




ar/'e—é‘j—jm‘e
= §

hH

| B HIAE

R

JEE)

L,‘Li L| = lec;. ) LL’J .
J/ ___éle/ % l-ﬁﬁ'lﬁg’jhﬂ)
[0 / ,Th LB:
/L‘_O\ Lz, ' | / 4% Ls)
keJ\ o / % zii w{
| mue ——’_v L' l
J J ) %LB n(
0
ot
i :Vm[ot
L3
' }‘Vlj
CU\V'D

)
U-s). L-3
m

A (S



A R S AIESS garfe—éj-gafe

Lol
& Lu = me.
L.

¢(Lu‘

=L2.,J

-

Bell—"

S

V
L3

P

:Vm[ wati0n

Tl

Ll,a )X + L/.o

_—_Sﬁ'l

- HRE

Ly= Lz.j(x,j)

¥ ZEE:

(L,

A
“c

Lz_ 72% L3)
(SJMU-s), Ls)



RERBRBIOER goebygre 4 B
Keg . )1 _ (L, -1, % * Lo
j\ L,’o Lo S.Ll = me.
L—"—ll Lz | /Lz = LJ.,J
SN .
—_%/ Ls= Lz. 90(x9)
ﬁ L3 ¥ REM:
', T m[ . (L| L:. T:-UC L3)
Cawo[ Vlj Cvaluwation A (Sml(Ls), Ls)



A

RERBRBIOER goebygre 4 B
Key = L"Li = (11,0 ~L10)%* L0
\ A‘ B' AMB} Lu = me.
, Lz. = Lz.,
| A
SN .
—_R Ls= Lz. 90(x9)
As , Bg L3 ¥ L
I . (L| L:. 72% L3)
CWL[.'.U I_VD\[(AOThOVl

//\\,C( SimU-;), Ls)



L
RELIRER RIS  gufeby-gete

j\aA B B S.L|=/4‘>C+BI
(,+") AJ-) 2 L _ A j‘fB

|
QJ e | B .

% LB: Asj(:rj)-rgg
As, Bs

Conrk }'lj Evaluation (/L\' LL;WC -

[
P
o
N
S
N
o
\—~
‘\-
w



RIER IR IELE [AIK]

j\A B B &L‘zA,x-fB/
(,«") Aa.; 2 L ~ A j‘fB

|
QJ T | B A ¥ EHl:

’—’\% LB: Asj(xj)-rgs
A B

Cwuirlj L m[(wrf‘iOVl (,L\' Ll;—W‘ =)

[
P
o
N
S
N
o
\—~
‘\-
w



GNElEBCEINA

AB  A.Bs

|

A, B,
C&xv'uirlj




ANelEARNEINE
) = Le‘f‘ Al =/42— =A3
AJ,BI A,_,B; = |_et ES - B, “'Bz

|

As, Bs
Cwuivlj




GNElEBCEINA

> Lef A' ‘AzzAs
AJ,BI A Bs - et Bj - B, +Bx
J = EWF'IJ “on[:Jk
&)
A, Bs

Cwuirlj



Al A CEINIA
AB  A.Bs

|
&)

A, B,
Cw'uirlj




GNElEBCEINA

AB  A.Bs

A, B,
Cw'uirlj

PU— |

FreeADD (similor o T



GNElEBCECRE

AB, A.Bs
|

A, B,
Cw'uirlj




GNElEBCECRE

16D 1BD
|
g

A B
Cw'[;[irlj




GNElEACEEE)

B 18D

Cw'uirlj

T |




GNElEACEEE)

B 18D

s
A B
Cw'uirlj

+

P




GNElEACEEE)
18D
¢

A B
Cw'uirlj

18D

-
_AtR, A“‘*R"R’B
/Ll Lz o Rj‘( Rl
Tt el
'—’\% ) (Ax-tR)[jﬂ’)
L/3 AIJ B (R
~ (A<t Ry ‘R,- )
t__.\/m[otorf‘iOVl




GNElEBCECRE

A-thA)  A-UR)
B - (R,RRB) B.(rR)

) s




GNElEACEEE)

A.‘ (A, Av) A):UR)
B = (R,RR°B) B, (r.R)

) s

=

A

Free MULT7



GNElEACEEE)

A.‘ (A, Av) A):UR)
B = (R,RR°B) B, (r.R)

) s

=

A

Free MULT7

NO! LaLe)(.'l:/m

g A—E



=

GNElRE A CEEE

A.‘ (A, Av) A):UR)
B = (R,RR°B) B, (r.R)

|
) s
/

Cw'uirlj

A

Free MULT7

T g

NO! LaLEL'I:/Q

/ /norn"

g A—E



LG

:E S >

JEe8

|

RECRE

@TE

Anm‘%er ZSSM@?

—on-out"




GNElEBCECRE

5
Short L

P S
Lovlﬁ fr.éd Lonj Laéel | o y Amu |

e

S | G L.




GNElEBCECRE

5
Short L

ex'/ens 0}’)

¢ j:_\_

[Tble |

LOVlﬂ Erlzf/( Lomj Lnéel LOJA

okl |

#

Short

e L

& RINTA T
Rif: Fo

% FCEERA]
(L) B AR P
B9 table K/









Avyithmetic mao( /7

SAOWij(A,B) ‘H(B)® D |
—I(A+B)@(C+D)

‘;“f& cxfensio) Ll :kH ()./4+B> @£1C+D)
L@%)Tﬁt’t’ _‘, ‘H(BA*B>@(BC+D)4
/Un l(e C [ | | }
5 Y D) Table size = OL P-2)
&w%fj




Avithmetic mod FRR R

SAOWij(A,B) ‘H(B)® D |
—I(A+B)@(C+D)

‘;“f& cxfensio) Ll :kH ()./4+B> @£1C+D)
L@%)Tﬁt’t’ _‘, ‘H(BA*B>@(BC+D)4
/Un l(e C [ | | }
5 Y D) Table size = OL P-2)
&w%fj




Avithmetic. mod FRR R

short /<ej (A,B)

BRI

|

/Unj ij ( CD)

-

&wwfj

H(B)o D |
(AR o(CrD)

H (2A+B) © (2 +D)

L H(AB) O
H3A+B)®(3¢+D)|

H(B)o D |
H(A+B) o (C+D)

H(Bde D |

H(A+B) & (C+D)

HA+B)®{3C*D)|
Mo ‘a-

[H(B)o D ]
H(ABo(crD)
H(2A+B) & (2¢+D)

H(BY® D |
H(A+B)® (C+D)

H (2A+B) ® (2C +D)

H (2A+B) © (2 +D)

Lmod Ps

(U N I

| H(AB) (D)
H(BA*B)i(fC*D>_

Table size = oL p-2)




Ayithmetic. moad FRR R

stlon“ /“fj (A,B)

e e
l_ﬂfﬁﬁ AVgaN

|

/wj key (C.D)

-

s blir

H(B)® D |
H(A+B) & (C+D)

H (;_A +B) @ (2¢+D)

- H{2A2)D 220,
H3A+B)®(3¢+D)|

H(BY)® D |
H(A+B) & (C +D)

H(B)® D |

HGA+B)®{3CD)|
, m?o( Pa-

H(A+B) & (C+D)

H(B)® D ]
H(A+B) & (C+D)
H(2A+B) & (2C +D)

H(B)e D |
H(A+B) & (C+D)

H (;_A +B> @ (2¢+D)

H (;_A +B) @ (2¢+D)

| Wlod_ Ps

(G S W)

f@i@ab}_
Table size = O(pA+pAt ""‘Pk)‘)




AYH'I'WWEHC, VVWJ TrP' <

short /<ej (A,B)

R T
Lﬁjﬁﬁ AVgaN

|

/Unj ij ( CD)

-

awké@

ZA

H(B)o D |
(AR o(CrD)

H (2A+B) © (2 +D)

L H(AB) O
H3A+B)®(3¢+D)|

H(B)o D |
H(A+B) o (C+D)

H(Bde D |

H(AB)®(:c+D)_
| H(AB)® (D)

H(A+B) & (C+D)

[H(B)o D ]
H(ABo(crD)
H (2A+B) & (2¢+D)

HA+B)®{3C*D)|
Mo ‘a-

H(BY® D |
H(A+B)® (C+D)

H (2A+B) ® (2C +D)

| H(AB) (D)
H(BA*B)i(fC*D>_

H (2A+B) © (2 +D)

Lmod Ps

(U N I

5

/gj.‘a

Table size = O(Z?i)‘)
_ 0(

)

A




[BMR 6]

Garbling Gadgets for Boolean and Arithmetic Circuits

Marshall Ball!, Tal Malkin' and Mike Rosulek?

short /ag (A,B)
R

exiensior)

Avithmetic VVIOO( TFP ~

-

/Unj ij ( CD)
awké@

H(B)o D |
H(AB® o (C*D)

H(B)o D |

ZA

H (2A+B) & (2¢+D)

| H(AB)O(¢D)
HGA+B)®(3¢+D)|

H(A+B) p (C+D)

H(Bde D |

THABB(CD)

| H(2A5)0(2C7%)
H(zA+B)® BC+D)_
Mo ‘a-

H(A+B) & (£ +D)

[H(B)o D ]
H(AB) o (C*D)
H (2A+B) ® (2¢+D)

[H(B>e D 1
H(A+B) 6 (C+D)

H (2A+B)® (2¢+D)

| H(AB) (D)
H(M*B)i(%@)_

H (2A+B) & (2¢+D)

[Lmod Ps

Table size = O(ZFQ‘)

-—
-—

E?.

Tt

0(

A

)




Next | dea.
HOMOMWPAJC Enctjpﬁaﬂ

short /ag (A,B)

_:\_I_/fé%{ler_n‘sjon Tmé/@c
BT

|

/Unj ij ( CD)
awké@




short /<ej (A,B)

e
IR T

Tuble | =

|

/Unj ij ( CD)
&wwfj

Next |dea.
Ho:’nomﬂq;hc Enctjpﬁm

Em,A(C)
FVIC, (D)




short /<ej (A,B)

e
IR T

Tuble | =

|

/Unj ij ( CD)
&wwfj




Next |dea.

Homomarphic E”Cf_‘j o
Stl()rf /<€j (AB)
n C
_::IZQ exiension Tuble | = E CA( )
Lﬁ\%“*ﬁﬁ, r | ch (D)
) —EWCAMB(CI +D)

/Unj l(fj(CD)

&arwfj :Pai//(ier'l Table size = v, (LH)\)



[BLLL23] AL e

New Ways to Garble Arithmetic Circuits

Marshall Ball! Hanjun Li? Huijia Lin? Tianren Liu? H om Omm'PAIZ EnC':jP'h o”
short /ag (A B)

Em,A (C)

152 extension Tmé
l_%}%“*ﬁﬁ, _%C, ‘ FVIC (D)
(Cx*D)

) By,
/Unj l(fj ( CD)
:Pai//(ier'i Tl size = = () (LH)\)
&wwﬁ



(BLLL 23] Negt |don.

New Ways to Garble Arithmetic Circuits

Marshall Ball! Hanjun Li? Huijia Lin? Tianren Liu? H om Omm'PAIZ EnC':jP'h o”
short /ag (A B)

L}ﬁg‘?ﬁ"fﬁ%’@, RN %
Fn /CJC*D)
| Ce, 7 (

/Unj ij ( CD)

&ﬂfw:lﬂ



(BLLL 23] Negt |don.

New Ways to Garble Arithmetic Circuits

Marshall Ball! Hanjun Li? Huijia Lin? Tianren Liu? H om Omm'PAIZ EnC':jP'h o”
short /ag (A B)

e (C) i
“ Boundde n‘f?jer
g R

L}ﬁg‘?ﬁ"fﬁ%’@, RN %
Fn /CJC*D)
| Ce, 7 (

/Unj ij ( CD)

&ﬂfw:lﬂ



R@CO(P Pa%‘er Frimes P, F/;Zf)“' ? 7’:22”
let N= P4

DCR assumFﬁon: 3k A ﬁk ( /+/V)m

Pashler Grenptio Enc, () = g~ (1)



l

(
DCR assumPﬁon: F”’"“ P P=2ptl, g ’Z”ZZ*’

le N=P'¢

zfor o /<, 3k wad lec f]k (/-f/l/)mmoo( /\/l

|

)
oides B




(
DCR assumFﬁon: Fn‘mes P p=2ptl, g cl’zzzu
let N=pP'¢

K )—/L/ k m 2
‘ zfor o /<, 3 wad /\/ chj (/-f/V) modd IV //

‘Paiﬂier ‘E“CUF'/""’"’:

“ = 59 "3 N
ENCi, (msg )25 () = et




[DCR assumption:  primes P, p2ptl. g 4'=2f4!
P let N=pP'e

k >k
‘ zfor o /<, 3 wad /\/ chj (/-f/l/) ;4400(/\/ //

%iﬂier ’E“Cf_’j P—/—,'M: -
_ VR x*B >3
Ency g (C+D)=3 el




(
DCR assumFﬁon: Fn‘mes P p=2ptl, g cl’zzzu
let N=pP'¢

K )_/L/ k m 2
‘ zfor o /<, 3 wad /\/ chj (/-f/l/) modd IV //

%iﬂier ’E“ctjp‘/‘fo"‘ _

. (xt]
x18 [/f/l/_)cz 1‘Dymol/\/l

CEEE——

Ency B (Cx*D) =4
N

—

AB — ﬁ%’g(g Z"+5
s&méd lwij [MLJ.




[
DCR assumption: ~ primes p. p=2ptl. g 4'=2p4
smcll-keg V>t e N=P¢
k 2 k m 2
or voundon ol /\/ A (/‘f/V) mod IV
| %ke[‘%z") 3 . N |
Assume  9¢ > ¢3°
%iﬂier ’Encwtp-/-ion‘ Bowuo(eg Zi‘f‘j ev

L R x‘*B (= tD /\/l
":V\CA::*B (CJC*D) :3 [If/’/_) mod.

$ A+b) \\
AQ[D,P,) » - =
Ax*B = = %%(2 CI*D mod IV = Cx+D

*F ——

Sétorf lméd lwij [r/téej.




/\/exl' l aéﬂ: EH‘ Deam?asi-h’aﬂ

short arithmetic /“fj (A,B)
[abed Ax+B

"—IZE exiensi Tmuc
Lﬁ:ﬁ%ﬁ‘ﬁ?ﬁ%’ T‘ ,

l

/Unj ayithmetic /<e (C.D)
la Cx: “’D




/\/exl' l aéﬂ: EH‘ Deam?asi-h’aﬂ

short arithmetic /“fj (A,B)
[abed Ax+B
Joon Kegs  ABAB, A, E.,
—— ?{/ er_l‘s_mﬂ/ )-1;]% , -ga ’aépjsJAaxa‘*Eo A»"'*B' - A2 By,
L@’fﬁ ALK ]

l

/Unj ayithmetic /<e (C.D)
la Cx: “’D



/\/exl' l aéﬂ: EH‘ Deam?asi-h’aﬂ
| Telke |

SL\OY‘f' ayiThmeﬁc /ﬂfj (A,B) «\Erithmetic—to—boolean
[abed AX+B \

Eo/&w Kf\’js Ao Es A' B. A5,, EL—;

"_159 exiension Tmuc , ,agw(s A,x,+E, A,x,+B' “.Ab—lxbjB""
BT

l

/Unj ayithmetic /<e (C.D)
la Cx: “’D



/\/exl' l aéﬂ: EH‘ Deam?asi-h’aﬂ
| Telke |

SL\OY‘f' ayiThmeﬁc /ﬂfj (A,B) «\Erithmetic—to—boolean
[abed AX+B \

—’——E Eo/ewv KP S Ao E, A. B. A5,, EL—;
'_‘_'/‘é%{/ eV_l‘SjOYJ/ ,-TM%C , ’&éPLJAaIa"‘Eo Ax+B - A.x7B,
By )

l

/Uﬂj ovithmetic ke ((.D) /Lb
la Cx: “’D

| Tete |

oolean—to—arithmetic




/\/exf l aéﬂ: EH‘ Deam?asi-h’aﬂ
| Telke |

SL\OY‘f' ayiTAmeh‘(, /ﬂfj (A,B) «\Erithmetic—to—boolean
[abed AX+B \

Eo/&w ngs Ao Es A' B. A5,, EL—;

"_159 exiension Tmuc, ,agw(s A,x,+E, A,x,+B' Ab.."JB‘H
,_EE"%“TTLK’ T /
| Tk |

oolean—to—arithmetic

/Uﬂj ovithmetic ke ((.D) ‘/Lb
la Cx: “’D

ICan garble mixed circuits !



EaSJ Direction
_‘gao/ew. qus Ao E, A. B. As,, EL-;

/ ’aépjs Aaxa'*Ea A,xn‘g, "'As.."a.i'Eu
| Tetke |

E)oolean—to—arithmetic ‘

/

ovithmetic key (C.D
10« Cx “’D




-gao/eaw K(US Ao Es Al B. U As,, EL,,

/ [obels Aax#Ea Ax+B - A.x7B,
| Telle |= | H( B OR

— | Teide / H(B) DR,
boolean—to—-arithmetic ‘

/ H(AB)O(CR) [H(AB)o[2C+R)| .
V

ovithmetic key (C.D
la Cx “’D



Bo/eaw Kt:js Ao Es Al B. U As,‘ EL,,

[obels AaXa“’Eo Ax+B - A.x7B,
/ | \
| Tebde |- H( B.) OR}

)Eoolean—to—arithmeti’cT H(E) &’Q'
H(AJPQ@(Q/*R) H(AﬁBJ@YZCﬂQI) o

/ v

ovithmetic key ( C.D) Cx,#Ro  2C,*R,
Ia Cx "’D



BD/&M qus Ao Es Al B, U As,‘ EL,,

[obels AaXa"’Eo Ax+B - A.x7B,
\ \
| Tebde |- H( B.) OR}

Ltmolean—to—arithmeti'cT H(E) &’Q'
H(Ao*PQ@(9/+E‘») H(A.@Q@quze,)

/ v

a\riTAme-h‘c l(e (C,D) Cx,*Ro  2C(x,*R,

10« Cx *D ~N—

Sum = C(;Z;DC,,)-r ‘ZE,
= (= +D



de Divec:ﬁow-

OYiThmeh‘(, /(31 (C D )
[aled -Cx+D

[ Tebke |

Erithmetic—to—boolean \

|

B Kigs ABAB AL B
IG\SPL Aaxa“’Eo AP‘:*E, mAs..xb-;'Bu




aYlThme'h(, /(e (C. ))
IP\QE/(. Cx-l-D éZ
<&/ 1

[ Tebke |

Erithmetic—to—boolean \

|

B Kigs ABAB AL B
IG\SP\IS Aaxa"’Eo Ap’f:"'g, mAs..xb-;'Bu




C -+ D ao( 2
orithmetic /(31 (C,D) k = "
IP\QE/(, Cx-l-D éZZB = C,mﬂ o pad2 * DMJZ

XéZZb — CM:JZ. oy + Drm’z
| Tetke |

Erithmetic—to—boolean \

|

B Kigs ABAB AL B
IG\SPL Aaxa“’Eo AP‘:*E, mAs..xb-;'Bu




orithmetic /(e (C.D) Coct D red 2
/mée/( Cx+DéZ = (s et * ¢ Dot
XéZb — CM:JZ. oy + Drm’z

S A
EI’I metic—to-boolean \ H ( C., ot*D,m@) & (/l,, o« +[3, )
l ’f"" X €§ 0, l}

B Kigs ABAB AL B
IG\SP\IS Aaxa"’Eo Ap’f:"'g, mAs..xb-;'Bu



C ¢ D Wlao( 2
orithmetic Lfﬁ (C,D) k =
[abed Cx-l-D éZZE = C,mdz X ol * Dmlz
XéZZb — CM:JZ. oy + Drm’z

Tebke
Erithmetic—to—booleelaZ—T , T H ( C.ottD) & (/lo o E,,)

l Lor t€50.1] \

gﬂo/om KP S A, E, A. B, As-‘ EL—; s
e’o\éolsJAax,-*E, Ax+B - Ax:B., A X Bo




C ¢ D Wlao( 2
orithmetic /(31 (C,D) k =
[abed Cx-l-_D éZZE = C,mdz X ol * Dmlz
XéZZb — CM:JZ. oy + Drm’z

Tebke
Erithmetic—to—booleelaz—T , fH(sz o+ D) @ (/lo S, Ca+R)

l Lor t€50.1] \

-gﬂo/an KP S Ao E, A. B, A!H EL—; s
e’o\éolsJAax,-*E, Ax+B - Ax:B., A X Bo




orithmetic /‘fﬁ (C.D) 1
[abed Cx-l-_D éZZE = C,mdz X ol * Dmlz

XéZZb — CM:JZ. oy + Drm’z

Tebke
Erithmetic—to—booleelaz—T , fH(sz o+ D) @ (/lo S, Ca+R)

l Lor t€50.1] \

-gﬂo/an KP S Ao E, Aa B. A..H EL—; .y Cxa ) R
e’aéel.sdAaxa“'Ea A,x,+E' ~'°A5’|xb.;rBH A X Ba R




C ¢ D Wlao( 2
orithmetic Lfﬁ (C,D) k =
[abed Cx-l-D éZZE = C,mdz X ol * Dmlz
XéZZb — CM:JZ. oy + Drm’z

Tebke
Erithmetic—to—booleelaZ—T , fH(sz o+ D) @ (/lo S, Ca+R)

l Lor t€50.1] \

Bo/eom KP S Ao Ea A. B. As.‘ EL—; y Cxa ) R
’aéof.sdAax,-*E, A,x,+E' "'As..’fb.:'BH Aai Ba ;
(Cx +D) - (Cx.-, *R)




C ¢ D Wlao( 2
orithmetic Lcij (C,D) k =
[abed Cx-l-D éZZE = C,mdz X ol * Drm(lz
xéZZb — CM:JZ. oy + Drm’z

Tebke
Erithmetic—to—booleelaz—T l TH(CMOHDMQ & (/lo S, Ca+R)

l Lor t€50.1] \

Eo/eom KP S Ao Ea A. B. As.‘ EL—; y Cxa ) R
’aéofsJAax,-*E, A,x,+E' "'As..’fb.:'BH Aai Ba ;
(Cx +D) - (Cx.-, *R)

= Ce-x) ¥ (D-R)




orithmetic Lﬁ’ (C,D) Cx+D md 2
[abed Cx-l-D éZZE = C,mdz X ol * Drm(lz
xéZZb — CM:JZ. oy + Drm’z

S A 1
EI’I metic—to-boolean \ H(Cmoﬁbm) & (/l,,o( 5, C«+R)

l for x €30, 1] \

Bo/ew KP S A° E’ A' B. Asq E—l
J ; Aaxo* B, . Cxo ! R

lobels AoxtBo AxiB, A B,
((Cx tD) - (Cx.-, *R»/A

- Crems +ORY;




Telle
Erithmetic—to—booleLﬁT , -Ewlj 7;% £2p

Zzs 0(6"2)




Telde
Erithmetic—to—boole!cﬁ\ , -Rylj 7;% £2p

/\o{;ﬁmmﬁm‘ms
adt) L Olkiktopd)




Telde
Erlthmetlc —to-— booIeLn ‘ , -Ewlj 7;% <20
(whoa p=b)

) L Olkikinpops)= 0(2)




Telle
Erithmetic—to—booleclsﬁ\ , -Ewlj 7;% c20

(wlwn [> = L)

) L Olkikinpops)= 0(2)

~RL=>

( F'k""ﬁ‘k'“b) Lﬁk'ﬁk‘”Fft 0/( Ls A)



Telde
Erlthmetlc —to-— booIeLn ‘ , -Ewlj 7;% <20
(whoa p=b)

) L Olkikinpops)= 0(2)




t
‘
S;
Ze
(W/'lp

(sz’tzl’)
L
k
O(
k
(kbyp
) =
/ 0(
b).
Q)

%f» I\/
maltiole
Z Pl#:zd-d»q‘r7
; 0
(b
2ot




Telde
Erlthmetlc —to— booIeLnal , -Ry:j 7;% c20
(wlnpn Fﬁ[o)

) L Olkikinpops)= 0(2)

W7
§a2” Z 0(6‘ 2)

multiple-and-shift trick
2 V”L = m ke s V o< x<p

m 2 ymod] F/(H
[_’_’ ’—[f k+ke J

P"




Telle
Erithmetic—to—booleclsﬁ\ , -Ewlj 7;% c20

(wlwn [> = L)

art) L Olktkigpops)= OLE2)




S o>
EeE—

% /REB R \/g BRERAMNEEK

O(L-2)

PEBODEN BN

L—

A



ieA— TMCEERE JHSHM

wnmmme /S mmnatn

0(/92'9\) Cost
0(5!58‘ ,\)

Koataby > Soo

O( b-dmb-)

DFT b>19.00

A B
Asswfﬁ\»
RO

Moo
some [“'f nunlv



ieA— TMCEERE JHSHM

wnmmme /S mmnatn

0(1920\) Cost
O(BLSS‘ ,\)

Kavotsby, b > Soo 0 ( L.,,.)\)
O( b-dmb-)

DFT b>19.00

A B
Assuwfﬁ\»
RO

DCR

Moo
some [ar:‘e nu»lv

Lowolﬂt( i“"'e‘je’



a8 — TMVEEE A TR M

R /R BB \/g E&}R/tblﬁ'f—t;& F

0(192 >\> 0( (oz./\)

0(2‘38‘ J\) ["jb
k“ﬁsul’ﬂ b?S” O(L“")\)
Aoe b <)) )
0§FTL b;jlo.oaa) 0 ( (L‘*)\)l)

d %

Asswrh\»
RO

DCR

DR
LWE

Mollo
some [Ol:lf ﬂunlv

Lowo’éx i“"'e‘je’
Some [%:je ﬂW\L"’



a8 — TMVEEE A TR M

YRR \/g BRERAMNEEK
OS" A“ur-rh\” M"‘L/"

0 (l:‘ >\> O(Ji ‘ /\) RO some [Ol:lf ﬂunlv
0( él ‘58 l’j L

AR L,, e { O(b+x) DR buwelod icteger
0§Ffb ;[? w,o‘o:\) K @ ( (L-h)\)l) DCR Same lﬁj‘ o

LWE



e — TEGE A TR M
T /REB I \/g' B R AELE
- Cost
0(5* %) (= - )
Olélsg log b
Kovortsubo, B?S‘” 9 {O(L-l—.)\)
Aosbe ) DL
0§FTL L'»;j :o,ooa\ ) . Y ( (L'M)l)
blxlb A
vll/vef Yy
o)

d %

A“\wrh‘” A/fa/.r[a

RO some [Ol:lf ﬂunlv
DCR Lowoléx i“""e‘je’
DC R Some [aje i b
LWE

RO Sl kge 'l""‘l‘”
DLR a@ Io‘»je ﬂw»)e»



BE— MR

SW:Sipvrl)

5 % \/g iR B1UENE

XL RF/RE
2 Cost
[5& O(E ’)
O( 575 ») e
Kortula, b 502 0 { 0(L+A)
Sab) R 1
0§FTL L«.;jlo.ooa) . 0 ( (L‘P)\))
blxb A
V{/VQZ’ 0l 19323 b
] o)

2k
A“\wrh‘” A/fa/.r[a
RO some [arf Pitndor
DR bowebel integer
DC R Some [ﬁ:je nw\L»
LWE
we lone nlor
RO 3 Mﬁ]ﬁ,,. b
DIR

an Iaje et
QW)X@C f"‘"f""%‘m






