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Message Authentication Codes (MACs)



Frivate Communicaton

So faza. we have Consldered the problem  of mevate. communication, where Alice
wants to Send o Sewnet mtssaje to BRob , whlle mmerwg sure Eve  pho maz?ht
be amdAonfﬂj on theix COMmuniuation.

EnthPEfion helps with thi.

But om Eve whe ws Only Vu&bcmirg to a phrivate communiation, s Atll a

FJI&H‘.H “chL' b&hawd,j’ MMSM!d.

’ ﬂMc.cf: me at 4pm ! ‘2
>
T Bob

ALl



ﬁmlpm-;"nonf Communtication

In neality, odviasarles could be muth wWOKSE.

What EJI— the a_d.MSM\tj ctan Mot DnL:j cve.sd,wf on o Comwmunication channel,
but calse rtamgcf with ync.ssa\au. on this  communication channel,

Does e.ﬂuvfﬁ’.cm na:&ma.u.:j hz-LfD fmcvt'nt this ? NQ!

Spm |
’\ ﬂMc.c.f: me a,t,?ﬁ'n: a

AL:»LL Tmmljb"‘-' 50&'



Why doesn’t ome- tume Fa.al, ﬂmu;y,atlom moke the Mhdmlﬁinﬂ mesage t'a,miam~

f’”""’“]tz
X Bob hos me waﬁbo

tell wohethen Hus ua

Keyjcn KG};{OHSK

Eve cam Change the B 5
o , k -~ \ K the O‘r‘!ﬁf‘hal, messane
Czbfbhf.htbmt" C> CAm e N
) . ’ S 7 J ﬂ ok 3 {:amw/:mﬂd,
fo.A. fl‘ﬂ\lj n cjt L \ : N “
. . C=CO®MmM musaﬂc.
Chotce. Al Bob
C= mok l COK= mOw
Bob then encl ”‘f’ m

d.cuLJI)ttnj m e m’ * Note that Eve does

stfca.d, r.‘:-f Ehe Dﬁjiha,l, not even need to Know

Eve the Kc.ti oY musaﬁe m to

mcx.s:a.je m that Alice
Launch this cotteck.

intendecd ko Send.




Massaga th@ﬂrnd un_ the Non- Di’ériba,l, wWownld

In the /:h\!jsfw.L wonld , e wise si:gna_tmc,s on douments Lo ensune
wumnouthoatsed entities  cannot tampen with them , without furainj
the G:ijmre., whith us hord to de.

We need SOmcﬂnEnj Stmilar In the dZﬁEtai world.




Messaje Authenticotion (odes

¥ x %

*

>

ijf.ta,l Ahalnjuﬁ. of Physical Sﬂjnatuhu.

Alice (sf’jwm) 6E.j'ns o message m te produce o sﬁjna,tuhc .

Bob (vm?\-f—iw) con thf,:fj that o U Lndeed jemma,te,d, :r-ouh m.

wWe will assume Alcce onc Bob Shone oo Kelj that ws wuedd ]‘OY
Sizjﬂihj and Mﬁmﬁow.

Ad,u-msahﬂ does iot hove this Key.

It shouwld be UETTIPUSSEbLL ( o very houwd) fwu o a_,d,msou.g to
joaﬂe, o valud sf'.’jna,tm With uﬁ,ee.,:c,c,r o this K.:U on any othea

W%S&j&.



Messaj}e_ Authentication (odes ((MACS)

MAC Ke
P N/

collecl siﬁnmbmc oA taﬂ.

&beeave that ous

jocul, here Js nob to )
Q.
hide m. Foa new., we [ (m,s)

ane. jL&At fﬂmina on Al Bob
message Sfjn(m,x‘}-ao" Vm?,]ﬂ‘d (m,o,K) = 3:.5} ne

wm=m they will also hoawe to

iﬂt‘ajnitg é‘ X I the adveasary b e o]f change

We will Lates see how to Admsmg flaﬂd. o wnht&fondfﬂj o', such
Combine Enwyption anc MALs  to that Vaf]tj(m,r,n)-*ju. Thes

ENSUAE E’Htegmtt}j o:f n:mui.]rt'ad, mesga,ju,. Should be hoad ff— f:hay dor't haove K,



Messaja Authentication (odes ( MACS)
thin&d b\lj three agonibhms :

chgcn —L K

Sij*nC K,m) D ao

UM.Lj—j(K,m,G') = yes /nNe

Conrnectness:  Aet Kc\rjgc.n-ilk, Ehen ¥ m

Pr [ Verify (&, Sign(kim), m) ] =)

not have the KcU K, Cannot

A PPT a.otvm.sahﬂ whe cloes
even Ej— L gees

Llﬂjofjeabilﬂa :
forﬂe a valkd M™MACL on

o MAC On Ssome mcsso.jc..

ny ThbSSﬂﬁﬂ af (s choice,




ot Kf{lﬂ:—f{g‘ be MLB"-’

*
Consmu,tcnq E)'nc time MACs.
let M= Zf , K=2Zpxzp ., S=2p. Recall (Zp, +modp, Xmodp) s o field.

EOJ.I,-—-. P-]i , P"’&’ F.h,ﬂmg,

KeU\t]cnI So.mfte K,(—LZF and K14-——ZP. Set K= (K),Ky)
Sfjn(m,K): Pense K= (K, K
o= (Ky.m+ Ky ) mod P

Veigy (m, @ K): Parsc K= (Koo Ks)
b = Z(l, l'j- (K,.m+ Ky mud,]) =q

0, otherwise

Does thu SCheme 5a.t'usf3 Conrectness & M‘hfﬂ"fﬂf-ﬂ*b L:'i“]?



X Comnetbness. we mneed ko Show that -‘n’“mE,ZP, Je‘Kerafoa,
Ph [\’mijj(m, Sign(m.K), k) =1] =L

?J\Pﬂk: Vw’h(m Slan(m,}c) K)
= \fwj-j (m, St 'ﬂ(‘m (KIKz)) (KnK;))

= \fuu,rj (m Ki-m+ K, mnd,P (K‘,K})

—
=

This holds w_ith P-Aoba,bfl:,t«j 1.




uﬂ-joaje,a.bftitdf We meed to Show that 351(5 0 MAC on SOme
mtsca,je, the cudvmsm.:j connot j‘n'rjc. cnothea MAC on Some

0 th e message o\f— & choice .

The aximsa;ﬁ j‘—fnst A LA T on o muso.jc m O:f s cholte.

where a = (K. m + Ky)mod p .

o win, £t mwt sSend o valkld ¢ on anothen mescage m'= m.
S o'= (K-m +Ky) mod p (“’f o' W8 valid)

2 Ky= (Kkm-a')mod p (we know that K,
S (K,-m-u‘)modf = (Kypm'-d) 'rhnd.,D

3 Ki(m-m) =(o-0") mod p

= CKI'YH "Ci_) mmd—F-

= K|= (U‘—G_f) mwod i
/:’ But since K; wok chosen ot wnwoandom,

(m-m")
Prlk,= (0-0") mod =1
[ | (wm-m') F] P




In other wonds, the P'robajc_ntblfzd that admsmﬁ con fﬁnoL m,m’

o

Such that K,= (0"‘0"2 mﬂd,f AL d .
(Yﬂ-—-m') P

1f P b very Lahja (eﬂ )  then thu Phobmbz&t\y b very small
(on ﬂcjli'{]ibte) onad we Con sa.fc.tj assume thot ne adv will be
able to  win e-scu,ft: with wejbfﬂfble P"'D*"”"Mt:l‘ \/
Should Hus be 'me" own
"ne PPT" 2

But what .j,j’- Pu&. nok Lw.,je, emgujh, P — TR messages come frnm o

S ol sPat,c.?



Constuucting One- teme MACs. 4or Small Message Sproces
J v J v

let M=Zp . Leb n=128. K= Zy"x2Z , §=2z
Keygen : ¥it[n], sample Kiet2 ana  KLeb-2Zp. et K=({Kfjf&[“],fff}{e&1)
Sfjn(m,K): ¥1€[n]: o= (Kj.m+ K3 ) mod P
Set o=(0,.--,06%)
Vmi‘.ﬂ (m, o, K): ¥ie[n]:
by = gl, I.Ij- (K,-m+ Ky mod p=c
0, othawise

Sﬁ,t" b:: b|?b:ﬂ-..ﬁbh
AND

Is tha Scherne uhjwbjm,btef Whajf



MACIng Mony Mtssaﬁa wstng the same Key.
J J J J

Can we use these Schemes 4o sfjw moie than one mescage
mﬁnj the Soame Kcy,f

Ne. If the advusarny sews two  SiGnatuses un thils
Construttion, they will be able retovtre the Key.

7 Lets ascume they <ec (m, o) & (Mm,,063).

Whent 6‘,=(K,.m,+K,_)7nudP % 0, = (K,«th—r Ky) mud,f.

The adv coamn aom’:)ui'e, K,:Co“l—ﬁ‘;)'mndp and then r_/om’:)mbc

My Ky= (07 = Ki-m,)modp.

Once (+ Yetowas (K.,K,_), [t com wue  this Key to fn'f‘ﬂc. sfjna_imc,a

on any masso:ju nf Iy cholce.




MACIng Mony Mtssaﬂu wstng the same Key.

J J U J
(Mamy time)
*TMessaﬁe Authentitoation Cocles that allow the Key to be weused
fcm sa_je,bj Sfjniwj many 'me,ssajes CUe. d_tfﬂne,d/ enc,a,c,tby oL
Oﬂe,—b?,me, MACs , e;)cu})b that nrnow we saﬂ that cven bf- the
Mvms'aw:j gees MACS on mamy Vh&SSaj&S o]L s oho:f{,c) -&hc,j
SHIL comnnot forje, o vodid MAC on fomnme mew mc.&.{'&j;:..




>

CoﬂsMc,tiow Df Mwnj-bt,me, MAC Scheme

Let {f"i be o famftg o:f PRFs.
Keﬂﬂaﬂi So:mPLe o. PRF Ke,-j K.
Sfjn(m,K) : 0_-'—05,,;_(??1)
Vuiﬁ (v, K) : b = fl‘*ﬂf f=fuﬁm)
0, othewise
Connectmess : Sﬁa%htfoawm
btwfu«a&mbfu‘lu;{: An a,d,ve.nsm\y who can bhaceak J.thwgaabflita of this scheme

Should be able ko dz&b:njufah between the owtputs of thi PRF

and the Du,t?m,t's of . Aandom fuﬂcﬁon. But we Knew that Mo PPT

ad,vtrsa.«ﬂ can cdo that- Hence thS scherme Ui Mﬂfﬂ"’f‘jﬁ&bt&.



Messa,je, Authentication (odes ( MACS)

MACS only thP with 'mesgaﬁc,- MAC Key
Integailiy . they cow't  hide tne s

message e e

E-Ylvxfjf:h;ﬂﬂ OT‘lLﬂ hides f:h‘e '\ ol frrre R 0

message, doesn't help with At Bob

message thtfjﬂzlﬂ‘ Sfjn(m,i(')-*ﬂ" Verify (m,o,K) = ye|ne

®

Q.. Can we Some how combine

e-.chijcf.on end. MACs to get

both Pnivmﬁ and. Jdnm t&j.h.ttj 2 Admsmy




Authenticated Encryption



Authenticoated Enmjlprion
An C.T'It)lﬁ}?fz,oﬂ stheme that con both hide the megsage and Cammot be

tompesed wWith. Secre + Inteqnl
P ST Inbegady

£ Mﬂfofj&ab!:alg

Not Suﬁfcimt'

— Recall that we (ome up with the dtfﬁnitﬁoﬂ o]¢ C.PA-&em{'ﬁj to r:mtj

account foJ;. odvensonies  who camn only ﬁmdhnf‘
— New we axre ctea,bfmj with .SCUthﬂh. olL\VrUrs cuLes wWho  cam moaLf—H/mmL
the {/L'thtcxu.

- Such  odversoal es m{jht be oble p wviolate P.nivacﬁ of CPA - Secune cnuy’)ﬁon

g;a‘/ Pad'd’:vﬁ oncacle olttoks




I:f on ad,mso.}‘g SLs oble  to ‘moctifﬂ the oﬂicTbcxbs anc Leean
whethen the wneauvesr (Bob) waos able to d,cthﬁft the mod,&f:fect
oEtht’am oy not , thc.j vnay be able to hecown the DTEJEMaL
mtssaje,-—ﬂu& A the matn Ldea behind Pad,ciimj oracle ottocke

The're-jwue C.PA—'scmfhj As Mok suﬁfoﬂent fo*r \c]umawtufnj Sethe iy
qﬂa thLthemtf,Lated, Lmujf)ﬁon,

we mneed (o -St'?'D’Y‘IjU\- v oton oj— szmﬂc\cj — CCA —samﬁ'tﬂ
(thosen d/!ahe.htmct: autt cuek)

Authenta ) Secre + Integqnl
coted . j’“j 7 %\h\ltf'j

Exn M’jf) ton CCA- samf% m-n\forjmbﬁl:ﬂj



Chosen - CE!:»hcrt'c,xt - Attock (cca- Semttﬂl

Recoll that un CPA-SE.ELM.E% ( Ehe .simlaw., dtj—in?ﬁon u]ﬁ inaw thot we
dis custed for fmwj’;b%oh schemes), we said that any PPT ol asary
who §ecs manv tno\jrt‘c.d, mmsaﬂu, con sl not d,l:bt;,n&u;.sh between

t,hUaiju'am uf L—:un m&ssaju DJL ity cholte.

In Cca- senily . we 3£vc. the advusany additional pow er .

It tan mow not onl:(j sec Lhu\ﬁrbui m&ssaﬁu but- alsd the c.n*rre_;/mn—
din\g d,emt[fat'e,d, m%&c}ﬂo&. They Con stell ot d&ﬁ,n\r]u&h between

Lhu‘fﬂ’ualﬂf Fwo maswju DJL ‘th Cholce.
they obwnuslﬂ doﬂt' 3&1‘: d’e“ﬁfﬁ'om of
these challe na e .:,lehertf. xta -

LES Like the a,d,mswug hos o dauﬂftmm oracle fw the othea

Lﬂ};hwa‘,—cmts




Chosen - (ephertext - Attack (CcA- Sewumnity)

The advasooy cam wue this d,e.c;\ﬁrtio'n oracle to detnypt oy
fnobjnomto,t Numbea Of cfPhe,hbe,xta of wts  chotce, e.'xc.cf)t the C,ha.LLemje
cf/mmm,t ptself.

CCA Semft\uj Jmm?;tive,lﬁ c,a,Ft»_u\.ea non—maue_abir}tﬁj Le., u’ff the
&d,vm.sw»{j bries o mod;.fy o 3we.71 u/;hmtcxt‘ the wesult L
efthen am wnvalld u{ahmtaxb or ome that d.CCh\lijt-S to a
PLa,mtcx.t hawnj no welotiomn to the onjmoi one.



Does tnis u&eaufstf,ca,tty model any seol-wonld attack? Do weal-world
CLOLV LS AL es Areally howe  Such otcut”)timﬁ orocle?

D&Pemdiﬂj on the appfimﬁom, they mignt.

. |On even bﬁf t—hcg don’t, the.H mfght be able to"in]ime.mc” what j&t%

d,cu»t,”:l:td, ona -Efruj to Lleoan Fmt}’,aj_ iﬂj—nfma,t:,o*n frcmn that -

example 1 52 chddiﬂj orocle attacKs
|

e,xwm{pt,c.l: Country A uﬂwtaufm o onversSation  between om ememy
country B and thelr  camed fornv-. Comnﬂuﬂ A Tnndf.]ﬁft.&
the cwwﬁfbe.d, massaﬁe and trics to  decuce the orijihal.
messa.je,. boased om the,& hehovioY.

CCA—stmEuj Us the strohje,st c(,c]ffm',tlom to ensunrct Pnfva.cgufh

oll Such Stenaalos.



\©

Authenticated Enovuyption
A

Dedinition 1 An outhentucoted emu{j)oﬁ,oﬂ Scheme Mmust be
v

CCA -sewne ond mm](mjaaiote_. ’ diﬁ;‘ll"—-d’ SEWELQJ%; to
ACS.

Comstrautton : CPA Sewure anuﬂftlon + C(MA- Secune MAC

Authentocated Eﬂ(ﬁﬁP&Oﬂ
( CCA — Seuhe ¥ L.Lmq]lurje,a,bte,)

How Showld we combine CPA -SetuAe omw.jFﬂOh & CMA- Secure MACs

p)

-



Atte,mrpt' 1:

Enoypt —and - MAC

JI

Let (Ke,n:lac,nl, Enc , De.c) be & CPA-Sewune Enuyf:&".nn Stheme.

Let ( Keygen,, Sijn.. Verify) be a mmﬂy-ﬁme MAC S cheme

KCHE}"”:_"’ K

Keygeng— Ky
Kn Kl{f’ 3 \.\KH Ky

""'/ (¢, \Hﬂ
\ 2 (8

C= Enc (K, m) m= Dec (K, €)
o = Sl.j‘rl (KL: m) b= VtﬁiﬁCK-;_gm,ﬁ_)

Jff« b=1, ateept m, else abort.

Is this a 39::01, strateqy fon d,cs:?jninj an  authentecoted emaﬂ}:tlmn

Sctheme? Nef



Wh”?

o doesrn’'t even t;uj to hide the mc.SSa.je..

It's Possibte that the MAC Schewme weveals Ehe messaﬁa (n the cleanr.



Attempt 2.

MAC - then - E’nmgfﬁ'

Let (Ke,n:lac,nl, Enc , De.c) be & CPA-Sewune Enuyf:&".nn Stheme.

Let ( Keygen,, Sijn.. Verify) be a mmﬂy-ﬁme MAC S cheme

KCHE}"”:_"’ K
K&yg eng — Ky

Kn Kl{f’ \.\KH Ky
'g/ N ﬂ
c
g = Sfjn (K,_,m) mllec = Dec (K, C)
C = EY‘ICCKI;W”T) b= VMiﬁCK-L,m,‘&_)

Jff« b=1, ateept m, else abort.

Is this a 39::01, strateqy fon d,cs:?jninj an  authentecoted emaﬂ}:tlmn

schc.'me? NE*_!



Why?
vJ

c L D‘Hbj e CPA- Seuune C.T\tﬁ'b\lj})bt,tlﬂ D]f mlle. It may be susm!)tlblt
to chosw-cf,}ahmb&xt ott cLeKs |
€Ea. There one two - sources of dCUﬂFbLOH jalbu,ae hee :

1. citsaj- may be on Ju-]twmcct d}ahmtcxb

2. 0 ™oy not be voaliel MAC jm— m.
Constder  On a.d,wsw\@ who COn ol&tlhjuish between these two eswor
messages  cam Leunch o F&ddlﬂj ovade skyle altteek.
Such abtotK waos Succoss\fuuj Corntecd out on E‘,Dﬂ]tfjuh&,ﬁf}ﬂ&

of IPSec that wwed MAC- f:hcw—tmmfﬂat.



Ati‘cm?t 3.

Enuypt - then—MAC
SN

Let (Ke,n:lac,nl, Enc , De.c) be & CPA-Sewune Enuyf:&".nn Stheme.

Let ( Keygen,, Sijn.. Verify) be a mmﬂy-ﬁme MAC S cheme

KCHE}"”:_"’ K
K&yg eng — Ky

Kn Kl{f’ \.\KH Ky
e N ﬂ
(C:‘T)
C= EHCCKHT'H) m = Dec (K, )
o= Sign (Ku, ) b= Verify(Kqy € ,07)

Jff« b=1, ateept m, else abort.

Is this a 39::01, strateqy fon d,cs:?jninj an  authentecoted emaﬂ}:tlmn

Stheme ? Ves |



Cryptographic Hash Functions



Hash Functions
Functions that take iﬂputs of aa,bit'w.aﬁ !.e.'hath and, ODTHPMSS themn JUnto
Shoat, ffmd, ie‘njbh anubs‘
H : fo.i}I—) fo,f}n

axbfﬁlmﬂ Ll‘i”ﬂﬁﬁh
Taroditional wise of' hesh funottnns was un data Stuctures to
enable jastu., beekuf time  wwhen éforﬁnj o set of elements.

TJo ietyievt on element » JLF

Su..j-fftcs to compute H(x) amecl })mbe

or
that saew un the hash table to LookK

H H ash fo.h. x. Thi & more e,ﬁi'dsnt Ehom

Table Loukinj u,P % A the D'rfsfnal, List.




Collistons tnh Hash Funcons.

A haosh fLLﬂc,t?,DYl namau.y haox *LOLLf,&fOﬂs*J wheae & Coliston b a_,f:af,ﬁ. OJ"-

dlstnct  elements % oand 1, such that  H(w = H(X).
Agood. hash jluﬂwiorl 51‘3ch4 jcw wUlsCons, beccuwse when a
coliston happens , two  elements end  up un the Soame row [n the

hosh toble |, AN oﬂ,ea.sf.rﬁ the Loonufa tome.




Collision - Reststont Hash Funcbons

Collistom -nesistant hash f.mc,tf,ons (CRHF) are %Pm\ajm}mﬁc Versions oj—
hash funciions , where the \cjocu, JA Mot U"mb to minimize +he
Nnyumbes o]C colstons, but Lt sheuld alse be ufmjea,sibtc Jlmf any
Pﬂubabflls'tit Polﬁﬂomﬁal,-ﬁmc Q,ijuﬁthm tof'noL o olLston tm H.

Note thoat CRHFs one St Lom’)mess?oﬂ j’b{.ﬂ(.i:t}ﬂs, so collestoms exist,

but wcjust wenmt  Swch  Collistons to e hoad to :fl';nd,.

We f:w:fca,uﬁ consiader Kcye,d, CRHFs.
HZC%) = H(K,%)
Unllke cUl Othea P.nfmfbim we howve caacssect So fﬂu‘u, here we donm't coare
about hfdﬁhﬂ the Ketf'
It Should be hond to f«fnd o coulfsfon in H-, for A omdomly

chosten K, evem 35%7\ K.




Hash Funchons : Th;orj vs Puactice

Theoatbcol Congtuctions Prouticol  (Lonstauctions
{Hkské{r}ur}h 23 2HAD, SHALRG, 5%’ M/]'36-" MEE et
broKen
twﬁw.ug Keyeel fumctions * Unkeyed , 0 5?,71.31,& functf.om; ok
there ux a scmity };.cma'me,bm n. a,fa,milﬂ of ﬁ,md;i'ons

Sr_mitﬁ Pnnw,ci urnmder well- stuclied |% Ne scmitg Pmmc,tm Kneb
Com’:mtaﬁnﬂal hoaolness MSLmef{om KX UsSe untel SoYneoné FﬂdA Qa.
collLsion.




Excample & Collisions (n MDS
1

139KB

N MD5 y

128 bits

5c827c0eba9cfaabd7clad89bea77c60

S MD5 -

128 bits

5c827c0eba9cfaab47cl1ad489bea77c60



nggmﬁc Altorks _on Hosh Funchons
x| Aet HZ{DHS*‘—} -?Dll"]“ (we drop the Key heat, and assume Lt s f,m})tfdt).

Tralvial Alock j'—w-., jfndlﬂj collisions . Evaluate H on 2+l dlbnet Jﬁﬂpu,,ts.
By Pfjeonhol,e. Padﬂci,[:tt , two of the owl:}:uts must be equed . Tha  outtodk
takes O(") tme. Com we co beHer?
E:ﬁthdaﬁ Attadk - T thoe one g students un dass oamd ot,sswmtvg eath
At dent's bfnttha.ﬂ Lb O AOMdom 5;«:413-[3651 Whot uxs the waa.bilita
of Colliston? 9=366 = probet

9= 23 = P'mb:lh_

4=30 = wa’ Q4-4 /.
In 3&71&{11,, bfhthd,aﬁ oma,lﬂsfa shows that fmr Yir--+2 Yo, Chosen
../[A_’hffOY‘ng from [N, the wamb[bﬂtj oj' olLslon U aﬂawx Ys
Whemn £1,R; JN.



In ouA settiﬂj, this means that when the hash fuﬂwion DLL\‘:FM

0

£ O lemgth n ([ Le, the sovge b of SLZL N=2" Lf we evoluate onm

) Lemgth n ( e of ) A

g=~

From Com wete Cf—f—ftﬁtﬂb\(j PMSPCLEEVL, j—or . hQgh i{—L»::H Cth‘H Eo

Aestat  CoLlLstom ~Jﬂt’ﬂd2~nj DHLOUKs  Ehat vuum un tome T, #he

ou.i—}m,t Lem\cith Oj' the hosh fundio“n must be ot least anjT bits
o . Zl-ﬂﬁT ~ 2

Cie., J—.,&.ﬂjc A of Stze 2 = T%).

For T= 2'“, we need owtpwt Lﬁﬂjt‘h of hash fbtﬂd;,Oﬂ to be

at least 256 bits.

> disbnck .Jimfau,ts, we Wil $€e G CLolllston wlth waa,bfli,bﬁ Y -



_Domain Extension,

Hash fum,tiohs one ofl:ch construected. by j—irst d,esfjnﬂnj o. CRHF that
hendles j’fmd.-tt’,ﬂjth Jﬂpm , and then msinj domoin extension ¢o

handle ahbitro.aa - L&ﬂjbh .ﬁnf:mts.

Dormain extension
O thonsform
h > H
h— H
fﬂjlﬁﬂ fO]fjh
fou'&*

MeaKle - Dam\ﬂ&md tmansform Uh 0N emm})Lc. oj dovnoin exkemsion.

fory™
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