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Aiaxeipion KAsidiwyv

Opiopoc: EykaBidpuon kAeidiol (key establishment) eivai n
diadikacia kKatd Thv oTroid €va HUOTIKO KAg1di diapoipdleTal o€
OU0 N TTEPICCOTEPOUC XPNOTEG.

Opiopoc: Aiaxeipian kAeidio0 (key management) eival To oUvoAo
TWV pgnxaviopwy mov uttooTthpilouv Thv eykardataon, didTApnhon
A avTikatdoTdon Twv KAEIOIWY.

/ 2uppwvia kAeidioU (key agreement)
EvkaBidpuon kAc1dioU

MeTagopd kAe1diou (key transport)




Ld10TNnTEC

Entity authentication (mioTomoinon ovroTnTag): éva péAog
emipePaiwvel Ty TAUTOTNTA €VOC OEUTEPOU TTOU
OUUHETEXEI OTO TPWTOKOAAO

Key authentication (mioTomoinon kAeidioU): PePpariwveTtar 6T
Kavévag dAAOC EKTOC TWV TIIOTOTIOINHEVWY HEAWYV OeV
uTtopEi va €xel Tpoapaon oTo HUOTIKG KAEIDi

Key confirmation (emipepaiwan kA€1diov): éva péAog
emipePpaivel 0TI €va 0eUTEPO KATEXEI TO HUOTIKO KAEIDi

Explicit key authentication (caghg mioTomoinan kAg1dio0):
av 1oxUouv pali key authentication+key confirmation



L010TNnTEC

Opiopoc: BEva KpuTToypa@iko oUoTnpa Ttapéxel TEAEIA HUOTIKOTNTA
Tpog Ta eumpo¢ (perfect forward secrecy), 6Tav n avakdaAuyn
EVOG HakpoTp6Oeopou HUaTIKoU KAgId10U (long-term secret
key) dev ouvemdyeTal Tnv amokdAuyn Twv KAgI8ILWV cuvodou
(session keys).

Opiopoc:Eva kpuntToypa@iko oUoTnUa TTapéEXEl TEAEIA HUOTIKOTNTA
mpog Ta miow (perfect backward secrecy), 6Tav n avakdAuyn
evog KAe1d10U auvddou (session key) dev ouvemdyeTal Thv
amokdAuyn Twv HakpoTpOOeoUwy HUOTIKWY KAEIdIWY (long-
term secret keys).




MeTapopd KAEIOI0U HE TEXVIKEC
A K.

ATIAR AUon: ‘Eva péhog A eTIAEyel €va CUHPETPIKO
KA€10i, TO KpUTITOYPAPEI HE TO ONHOGIO KAEIDI TOU
pHéAouc B kai Tou To oTéAvEL.

To mpwToKoAAO Ttapéxel povo TTioTomoinon kAsidiov
améd Th pepid Tou A. Aev TapéXEl via Kavéva HEAOC
TTioTomoinon ovréTnTac kai Emipepaiwon kAg1dioU.

Ma va ikavotoin©oUv 0Aec auTég o1 1010TNTEC UTTOPOUV
va XpNhoipoToinBoUv YnYiakEC UTToypawéC R eTITTAEOV
avtaAAayéc pnvupdTwy (T.X. To TPWTOKOAAO TWV
Needham-Schroeder)



TTowTtokoAAo Twv Needham-
Schroeder

Protocol Neadham-Schroader public-key protocol

SUMMARY: A and B exchange 3 messages.
RESULT: entity authentication. kev authentication, and kev transport {all mutual).
I. Notation. Px (Y ) denotes public-key encryption (e.g.. RSA) of data Y using party
Xs public key: Px (Y1, ¥2) denotes the encryption of the concatenation of ¥ and
Yo, Eq. ko are secret symmetric session kevs chosen by A, B, respectively.

2. Ome-time setup. Assume A, B possess each other’s authentic public-key. (I1 this is
not the case, but each party has a certificate carrving its own public key, then one
additional message is required for certificate transport. )

Protocol messages.

]

A= B: Pglk.A) (1)
A+ B Palkika) (2)
A= B: Pp(k) (3)

4. Protocol actions.

(a) A sends B message (1).

(by B recovers ky upon receiving message (1), and returns to A message (2).

(c) Upon decrypting message (2). A checks the key ky recovered agrees with that
sent inmessage (1. (Provided By has never been previously used, this gives A
both entity authentication of B and assurance that B knows this kev.) A sends
B message (3).

(dy Upon decrypting message (3), B checks the kev ko recovered agrees with that
sent in message (2). The session key may be computed as f(ky, k2) using an
appropriate publicly known non-reversible function f.




Edpaiwon KAg1d10U UE TEXVIKEC
A K.

Diffie-Hellman key agreement

Protocol Diffie-Hellman key agreemeant (basic version)

SUMMARY: A and B each send the other one message over an open channel.
RESULT: shared secret & known to both parties 4 and B.
| . Chre-fime setup. An appropriate prime p and generator o uIE; (2<a<p-—2)are

selected and published.

2. Protocol messaoes.
A—= B a"modp (1)
A+ B aYmodp (2)
3. Protocol actions. Perform the following steps each time a shared key i1s required.

ia) A chooses arandom secretx, 1 < x < p — 2, and sends B message (1).
ibhy B choosesarandom secret y. 1 < y < p— 2, and sends A message (2).
(c) B receives o and computes the shared key as K = (o™ }¥ maod p.
(d) Areceives ao¥ and computes the shared key as K — (a¥ )* mad p.




Edpaiwon KAg1d10U UE TEXVIKEC
A K.

ElGamal key agreement in one-pass

Protocol ElGamal key agreemeant (half-certified Diffie-Hellman)

SUMMARY: A sends to B a single message allowing one-pass key agreement.
FESULT: shared secret K known to both parties 4 and B.

|. One-time setup (kev generation and publication). Each user B does the following:
Pick an appropriate prime p and generator e UIE;.
Select a random integer b, 1 < b < p — 2, and compute &® mod p.
B publishes its public key {p. e, ”), keeping private key b secret.
Protocol messauves.

i}

A—=B: a®>modp (1)
3. Protocol actions. Perform the following steps each time a shared key is required.
(a) A obtains an authentic copy of B's public key (p, av, ).
A chooses arandom integerzx, 1 < ¢ < p— 2, and sends B message (1),
A computes the key as K — (a®)® mod p.
(by B computes the same key on receipt of message ( 1) as K — (a®)® mod p.




Edpaiwaon kKA£1d10U HE TEXVIKEC
A K.

MTI/AQO

Protocol MTI/AD key agreement

SUMMARY: two-pass Ditfie-Hellman key agreement secure against passive attacks.
RESULT: shared secret K known to both parties A and B.
|. Chie-time setup. Select and publish (in a manner guaranteeing authenticity ) an ap-
propriate system prime p and generator e of E; 2= o < p—2 Aselectsasa
long-term private key a random integera, 1 < a < p— 2. and computes a long-term
public key z4 — a® maod p. (B has analogous kevs b, zg.) A and B have access to
authenticated copies of each other’s long-term public kev.

2. Protocol messages.
A—=B: a*modp (1)
A«—B: amodp (2)
3. Protocol actions. Pertorm the following steps each time a shared kev is required.

ia) A chooses arandom secret x, 1 < x < p — 2, and sends B message (1).

(b) B chooses a random secret y. 1 < y < p— 2, and sends A message (2).

¢l A computes the kev kB = (a¥1%2p™ mod p.

(dy) B computes the kev k (™22 4¥ mod p. (Both parties now share the kev
k — qb=tay mod p.)




Edpaiwaon kKA£1d10U HE TEXVIKEC
A K.

Station to station protocol (STS)

3. Protocol messages.

A—=B: o modp (1)
A+~ B: ao'modp, EpiSpia¥, o)) (2]
A—=B: EpSala®, a¥)) (3)

4. Protocol actions. Perform the tollowing steps each time a shared key is required.
The protocol 1s aborted (with fatlurey immediately upon any signature failure.

(a) A generates a secretrandom z, 1 < = < p— 2. and sends B message (1),

(by B generates a secret random y, 1 < y < p — 2. and computes the shared key
k= (o™ ¥ mod p. B signs the concatenation of both exponentials ordered as
In (2}, encrypts this using the computed kev, and sends A message (2).

() A computes the shared kev & = (a¥ )" mod p, decryvpls the encrypted data, and
uses B's public kev to verity the receitved value as the signature on the hash
of the cleartext exponential received and the exponential sent in message i 1),
Upon successtul verthcation, A accepts that & 1s actually shared with B, and
sends H an analogous message (3).

(dy Bsimilarly decrvptsthe received message ( 3 ) and verifies A's signature therein.

[T successtul. B accepts that & is actually shared with A.
10



Aiapoipaon puoTikoU (Secret
Sharing)

TTpwToeppavioTnkav yia Tnv eENC epappoyn: yia va e€acpaAioTolv
Td KPUTITOYPA@IKA KAEI01d attd amtwAeieg, sival emBuuntéd va
Kpatdue backup copies. Av o apiBuég Toug eival uevdAo%
HTTOpEi €évag emMTIOEPUEVOC va AVAKTAOEI KATT010, AV 0 dpIOUOC
gival HIKpO¢ ptropei va xaBouv oAa.

H 18éa cival va ekivdpe amo éva «HUOTIKO», duTO va didipEiTal o¢
TUAPATA TToU KaAouvTtal shares (pepidia) kai va diagoipdalovral
OTOUGC XPNOTEC.

Orav xpelaorei, opiopévol xpnoreg m.X. T amé n, ymopouv
va ouvdudoouv Ta Pepidid Toucg Kai va gTiafouv Eavd To
«HUOTIKO»,

11



Aiapoipaon puoTikoU (Secret
Sharing)

(1) Aittoc éAeyxoc (Dual control):

£0TW S €vag HUOTIKOC aplBuoc pHe S < m yid KATTolov dképaio m.
Eva éumoTo péAog Ta dnpioupyei évav Tuxaio apiBué S; < m
kai diapoipdlel Ta pepidia S, kai (S-S;) mod m og duo
xphotec A kai B.

Kaveic amo Touc dUo xphoteg Oev ptropei va Ppel To S, aAAa av
aBpoioouv Kai o1 dUo Ta pepidia Touc modulo m, ToTE
TIPOKUTITEI TO S.

(2) ‘EAcyxo¢ opopwvng ouykardBeonc (unanimous consent
control):

ATtoTeAEl yevikeuon Tn¢ mponyoupevng tmepimttwong. O T umopei va
dnpioupynoel t-1 Tipég S, < m, va TI¢ Yoipdoel o T-1 xpRoTeg
Kal oTov TeAeuTaio (t) va oTeiAer TRV TIPR S-(S+..+S, ;) mod
m. To HUOTIKO pTtopei va avakTnOei ye 1o dBpoioua 6Awv Twv

pepidiwy.

12



Aiapoipaon puoTikoU (Secret
Sharing)

3) TTpwTtokoAAa kaTtweAiou (threshold schemes):

‘Eva (t,n) threshold scheme pe t < n givar pia péodo¢ pe Tnv
otroia éva EumioTo HEAOC uttoAoyilel He HUATIKO TPOTTO Hepidia
S, He 1<i<nevog HuoTikoU S Kkal Ta diavEPEl ge h XpAOTEC
avtioToixd. KaBe opdda amd t K mapamdvw XpHoTEC HTTOPEI
geUKoAd va Ppel To HUOTIKO S, aAAd yia kKdOe HIkpOTEPN opdda
auTo gival uttoAoyioTikd aduvaro.

Eva perfect threshold scheme dev mpoowépel kapia emimAéov
TAnpowopia ae évav emiTIO&éuevo n yvwon t-1 n Aiyotepwv
Hep1diwv ToU HUaTIKOU.

Ta mponyoupeva TpwToKoAAa ival tapadeiypara (2,2) kai (t,1)
TIPWTOKOAAWY KATW@Aiov.

13



Shamir's threshold scheme

Mechanism Shamir's (£, n) threshold scheme

SUMMARY: a trusted party distributes shares of a secret S (o n users.
FESULT: any group of ¢ users which pool their shares can recover S,
|. Setup. The trusted party T begins with a secret integer 5 = O 1t wishes to distribute
AMONg 7 USers.
(a) T chooses aprime p = max( S, n ). and defines ag — §.
(b} T selects £ —1 random. independentcoefficientsay, ... ;a1 U0 < a; < p—1,
- : oy i1 :

defining the random polvnomial over Zg, fix) Ej=,:, a;

(c) T computes S§; = fizlmodp. 1 < ¢ < nior for any n distinct pomnts o, 1 <
¢ = p— 1) and securely transfers the share S; to user F;, along with public
Index 2.

2. Poolinegof shaves. Any group ol £ or more users pool their shares (see Remark 12.70).
Their shares provide ¢ distinet points (z, y | (1.5; ) allowing computation of the
coeflicients a;, 1 < 7 < ¢ — 1 of fix) by Lagrange interpolation (see below). The
secret 1s recovered by noting f(0) — ag — 5.

14



TTapadeiypa

Aoknon: Aivovtal Ta akdéAouBa pepidia HUOTIKOU evOC
oxhuatoc (3, 6) - katweAiou: (1,26), (2,8), (3,23),
(4,13), (5,7), (6,5).

To dnudaio modulus civai ico pe 29. Bpeite T0 apxiko
HUOTIKO.

Auan: f(x) = ap + a;X + a,x?. KaBe onueio givar Tng
toppnc (x, f(x) mod 29). Apa maipvw 3 onpeia Kai
uttoAoyi(w Tov dyvwaTo a,.

15



Id16TNTEC TTPWTOKOAAOU TOUu Shamir

1.  TéAeio (perfect): NvwpiCovrag kaveig eite -1 A AiyoTepa
pepidia, TAAI OAEC o1 TIHEC TOU HUOTIKOU S Ttapapévouv eioou
mOavéc.

2. Idaviko (ideal): To péyeBog kAOe pepidiou civai idio pe To
péyeBoc¢ Tou HUOTIKOU.

:> N amodoTIKOTNTA £VOC OXNKHATOC diapoipaong HUOTIKOU HETPIETAI HE
Tov puBuo mAnpogopiac (information rate), dnAadh To amoTéAcoua
(uéyeOoc oe bits Tou puaTikoU)/(péyeOoc o bits Tou pepidiou evog
xphotn). O puBuoc TAnpowopiac yia 6Ao To TPWTOKOAAO givai o
HIKPOTEPOC PUBUOC HETACU OAWY TWV XPNOTWV. 2€ €va TEAEIo oxXnAua
dlagoipaong HUOTIKoU Ba mpéTel yia 6Aa Ta pepidia va 1oxUel
(néyeBoc puaTikoU ot bits) < (HéyeBocg pepidiou oe bits). Nari?

Apad, 0Aa Ta TéAesla oxAuarTa dlapoipaong HUATIKOU €xouv puBuo
TAnpowopiacg < 1 kai Ta 1davika £éxouv pubuéd Anpoyopiag ico pe 1.

16



Id16TNTeC TPpWTOKOAAOU ToUu Shamir

3. EUKkoAa emekTdoipo yia véouc xpnoTtec: Néa pepidia yia véouc
XPHoTeC HTTOopoUV va dnpioupynBouv eUKoAa, Xwpic va
ETTNPEACOUV Td HEPiIdIA TWV TTPONYOUHEVWY XPNOTWNV.

4. AiapopeTikd emiteda eAéyxou oc kdBe xphoTtn: Ooa
TTEPIOOOTEPA HePidia €XEI KATIOI0C, TOOO HEYAAUTEPO EAEYXO
EXEI TTAVW OTO HUCTIKO.

5. Aev paciletai oc pyn amodedeiyuéveg umoBéocic: TT.x. oTn
duagkoAia emiAuang evoc mpopAnpaToc Bewpiac ap1Opwy
(primality testing, factoring k.7.A.)

17



Conference Keying

Opiapoc: ‘Eva mpwtokoAAo conference keying (f group key
agreement) amoTeAei Hia yevikeuon Tng edpaiwang kAe1dioU
HeTall 2 xpnoTwy, yid Thv £dpaiwan evog HUOTIKOU KAgIdioU
oc 3 N TePIO0OTEPA HEAN.

Aiagopéc Toug pe Ta TpwTOKOAAA secret sharing:

a)  AiapopeTIKEC opddec XpnoTwyv uttoAoyilouv d1aPopeTIKA
KAe181d (session keys).

b) H mAnpoyopia mou avraAAdooeTal HeTall Twv XpNOTWY dev
gival HUOTIKA.

c) KadBe xphotnc EexwpioTd pumopei va uttoAoyioel To HUGTIKO
KAEIOI.

18



Conference Keying

ATIAR TtpooEyyian...
lefxder
DH, k, DH, k,
A A,

DH, ks

MeiovékTnua: peydAho K6oTo¢ TAvw aTtov leader, dev
uttdpxel energy balance

19



GDH.3 Protocol

1. KaBe péAog M. dnpioupyei pia Tuxaia Tign k. O M; emiAéyel éva
YEVWATOpA a Kai aTéAvel aTov M, Thv TipR A; = ak!mod p. O M,
oTéAvel aTov M3 Thv TigR A, = (ak1)k2 mod p kai oUTw KaBefAg
HEXP! va @Tdoel oTov M, ;.

2.0 M, _{ umoAoyiler Tnv TipAR A, ; = akike-kn-Imod p kai Th oTéAvel o¢
O0Aa Ta uttoAoiTta HéAn TnG opddag.

3. KaBe péhog M, (ekTdg Tou M,) umtoAoyiler Thv Tiuh B, = (akike-kn-1)l/ki
mod p kai Tn oTéAvel aTo TeAeuTaio péAog Thg opddag M.

4. O M, utoAoyiler 6Aeg Tic TinéC BX" mod p kai Tic oTéAver oTo
avtioToixo HéAo¢ M. Tng opddag. Twpa kAOe péAog utropei va
uttoAoyioel To TeAIKO pUOTIKO KAe1Si amd Th oxéon K = (B.k")K mod
p.

Kavrte éva mapadeiypa via 4 xphoTeg.

20



Burmester-Desmedt (BD)
protocol

Conference kev generation. Anv croup of £ < n users (tvpicallv £ < n), derive
a common conference key K as follows. (Without loss of generality, the users are
labeled Ly through Uy _q, and all indices 3 indicating users are taken modulo £.)

(a) Each U selects arandom integerr;, 1 < r; < p— 2, computesz; — a™ mod p,
and sends z; to each of the othert—1 group members. (Assume that L7 has been
notified a priori, of the indices 7 dentifving other conference members. )

(by Each U}, after receiving z;_q and z;, , computes X; = (z;,1/2z;_ )™ mod p
(note X; Ty and sends X to each of the other € — 1 group

members.
() Alter receiving X;. 1 < 7 < texcluding 37 — o, U computes K — K as
H.i' I:Ei'__l :Itri . Xit_l . I.!'__|_1¢_2 £ X-i.+|:t—3:|2 . X!'_+|:¢_g:|1 Tl P (12.6)

Kavrte éva mapadeiypa via 4 xphoTeg.

21



2.UyKpion TTPWTOKOAAWY

Communication cost: mARBo¢ yUpwy (rounds), TAKB0C HNVULATWY
oV aTéAvovTal Kal AapupdvovTail, HéyeOog HNVUPATWV.

Computational cost: mAKBog exponentiations, scalar
multiplication. ZuvhBwg dev Aaupdvovtal umtdyn ol TTpdageig
OUHHETPIKAC KPUTTTOYPAPNOoNG-aTtokpuUTITOYPAdPhong, ol
OUVAPTAOEIC KATAKEPHATIOHOU K.T.A.

TToio To K60TOC TWV OUO TTPpWTOKOAAWY GDH.3 kai BD yia kaOe
HEAOC TNG opddaAg Kal CUVOAIKA?

22



AopdAcia TTpwTokOAAWY

TTpépAnua AiakpiToU AoyapiBuou (Discrete Logar'i’rhm Problem -
DLP): AoBévToc evoc nprou p, EVOG YEVVATOPA A TOU Z Kal
gVOC aToixeiou P Tou Z , va PppeBei aképaiog x, pe O < x < p-2,
yid Tov oTtoio aX =P mod p.

TTpépAnua Diffie-Hellman (Diffie-Hellman Problem - DHP):
AoBévTog evog pWwTOU p, EVOG YEVVATOPA d Tou 7, Kai 800
oToixeiwv g = a* mod p kai h = a¥ mod p, va bpeeel n TIUA
axY mod p.

Ta dvo mpwToKoAAa Paacifouv Thv dopdAeid Toug
‘ o€ yevikeUoeIg Tou mpoPpARpartoc Diffie-Hellman.

23



Aidpaoya...

KepdAaia 12.1, 12.2,12.5.1, 12.6-12.8 Tou
Handbook of Applied Cryptography
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