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Generalized Stickel’s
Diffie-Hellman protocols



STICKEL

2005
Non-abelian finite group G; P, Q € G, PQ # QP, all such data
being public.

ALICE
Alice picks secretly a pair of integers (Pa, Qa).
Then sends Bob A = PPAQ@a

Bos
Bob chooses another pair of the same fashion (Pg, Qg).
Then sends Alice B = PPeQ@s.

SECRET

pPABQQA — pPatPs QQA+QB — PPBAQQB.



WHAT 1S G?

Stickel proposed to use the group of the invertibles matrices of
order n over a finite field G := GL,(FF), but some weaknesses of
this choice was discussed by Shpilrain who considered more secure
working on the set M,(R) of all matrices of order n over a finite
ring R.



SHPILRAIN

DATA
Finite ring R; P, Q € M,(R), PQ # QP; all these data are public.

ALICE

Alice picks secretly a pair of commutative polynomials

(Pa, Qa) € R[X] x R[X].

Then she sends Bob A = Pa(P)Qa(Q)

BosB

Bob chooses another pair of the same fashion

(Pg, Qp) € R[X] x R[X]. Then he sends Alice B = Pg(P)Qs(Q).

SECRET

Pa(P)BQA(Q) =Pa(P)Pe(P)Qs(Q)Ra(Q) =
Pe(P)Pa(P)Qa(P)Qs(P) = Ps(P)AQs(Q).

Mullan successfully mounted a linear algebra attack on it.



MAzA - MONICO - ROSENTHAL

DAta
Finite semiring R with nonempty center C, not embeddable into a
field; L, P, @ € M,(R); all these data are public.

ALICE
Alice picks secretly a pair of commutative polynomials
(Pa, Qa) € C[X] x C[X]; then sends Bob A = Pa(P)LQA(Q)

Bos
Bob chooses another pair of the same fashion
(P, Qg) € C[X] x C[X]; then sends Alice B = Pg(P)LQg(Q).

SECRET

PA(P)BQA(Q) =Pa(P)Ps(P)LQB(Q)Ra(Q) =
Pe(P)Pa(P)LQa(P)Qs(P) = Pg(P)AQE(Q)



Cao0 - DonG -WANG

Diffie-Hellman-like protocol, which evaluates univariate
polynomials over elements in an agreed non-commutative ring R.

ALICE
Alice picks a,b € R,m,n € N, f € Z[X] and sends to Bob
m,n,a, b and A := f(a)"bf(a)".

Bos
Bob chooses h € Z[X] and sends Alice A := h(a)™bh(a)".

SECRET

f(a)™Bf(a)" = f(a)™h(a)™bh(a)"f(a)" = h(a)™Ah(a)".



Now on Ore extensions



ORE EXTENSION

k=TFg, 0 € Aut(k):
k[x,0] :={ao + aix + ... + apx": neN,a; € k,Vi € {0,...,n}}

Non commutative: xa = 6(a)x, Va € k. Factorization not unique.

There are non-central elements, commuting together.

EXAMPLE
k[x, 0] = Fa[x, 0] = Fa[a][x, 0], 6 the Frobenius automorphism. For
gi=x+aand o = x>+ x+ & qiq2 = goq1 = x> + a®x> + 1.



FIRST IDEA

Alice and Bob want to share a secret on an insecure channel via a
Diffie-Hellman-like cryptosystem.

PuBLIC DATA
Construct S C k[x, 0] of non-central but mutually commutative

polynomials. Take a security parameter d and Q € k[x, 6] of
degree d.



FIRST IDEA

ALICE
Takes La, Ra € S (degree d) and compute P4 = LAQRa. Send it
to Bob.

Bos
Takes Lg, Rg € S (degree d) and compute Pg = LgQRg. Send it
to Alice.

ALICE
Computes P = LyPgRa

Bos
Computes P = LgPsRg

ELEMENTS IN S COMMUTE!

P = LaPgRa = LalgQRgRa = LgLaQRaRg = LgPaRg



CRYPTANALYSIS

Ore polynomials form a left and right Euclidean domain. So left
and right Euclidean division is possible.
Moreover it is possible to compute left/right GCDs.

GCD computation allows to attack the Diffie-Hellman-like
polynomial.



BURGER-HEINLE: MULTIVARIATE ORE POLYNOMIALS

The context of their Diffie-Hellman-like protocol is that of
multivariate Ore extensions.

For multivariate Ore extensions there is no left or right GCD so
the attack above is not feasible.



THE PROTOCOL

Alice and Bob publicly choose a multivariate Ore extension S with
constant subring R, L € S non-central and two subsets of
C;, C, C S whose elements do not commute with L, with

G ={f(P): f=) fix' € Rlx|,meN,f #0}
i=0

C={f(Q): f=> fix'€R[x],meN,f 0}

and P, Q € S non commuting with L.



THE PROTOCOL

ALICE
Chooses (Pa, Qa) € C; x C,

Bos
Chooses (Pg, Qg) € C; x C;

ALICE
Sends Bob A = P4LQa

Bos
Sends Alice B = PglLQg



THE PROTOCOL

ALICE
Computes PABQa

Bos
Computes PgAQg

THE SHARED SECRET

PaBQa = PaPelLQpQa = PePaALQAQB = PrARR



Iterated Ore extensions
with power substitutions



EFFECTIVELY GIVEN RINGS

Let R be a (not necessarily commutative) ring with identity 1g
and A another (not necessarily commutative) ring with identity 1 4
which is a left module on R.

We can consider A to be effectively given when we are given

® sets v = {Xl,...,xj,...},v:: {X1,...,Xi,...}, which are
countable and

©Z:=vUV={x,...,x,..., X1,..., Xi,...};

® rings R C Q,

® surjective mapsm: R - R and [1: Q@ - A, with

N(x;) = m(x;)1.4, for each x; € v,

sothat M(R)={rla:r € R} C A



Thus, denoting Z := ker(lM) € Q@ and | :=ZNR = ker(m) C R,
we have A = Q/7 and R = R/I; moreover we can assume,
without loss of generality, that R C A. Further, when considering
A as effectively given in this way, we explicitly require the Ore-like
requirement that VX; € V, x; € V,
i
X,'Xj = Z w(a/U)X/ + 7T(30,'j) mod Z, ajj € Z(v),
=1

If not, Z(x, y) as left Z[x]-module requires
Xi = Xi.y Z<X7y> gZ[XKXO)XL--- i >/]I( I+1)

X0>X1>X2>~~'X,'>X,'+1-'-



If we fix

* a term-ordering < on (Z)
we can assume Z to be given via

® its bilateral Grobner basis G w.r.t. <
and, if < satisfies X; > t for each t € (V) and X; € V, also / is
given via

® its bilateral Grobner basis Gp := G N'R w.r.t. <.
For each X; € V, Xj €V, fij = Xixj — 25:1 ai X —agj € L C Q.
If we further require that < satisfies

Xix; = T(f;) for each X; € V, x; € V,

and denote C := {f; : X; € V,x; € v} we have
° Gyl C CQG,
* A is generated as R-module by M((V)) and,

® as Z-module, by a subset of {Uw v € (V),weE <V)}



SZEKERES NOTATION

We further denote
e for me N, <2>(’") = {tej:t € (Z),1 <i<m}.

e for each w € (V),

I, ={rcR: exists hc Q, T(h)<w,rw+heZ}DI=INR

* R, =R/Z,;
* L(Z) :={we(V): L, =R},

* B=(V)\L(Z) C(V),



W.r.t. a term-ordering < on B satisfiying the conditions above and
a well-ordering on B™ (which we will still denote <), satisfying

w1 < wy = wit < wat, twy < turVt € B(’"),wl,wg e B.

each non-zero element f € A" has its canonical representation

S

f:= Z c(f, tjeLj)tjeLj,

j=1

ti € B,c(f, te,) € Ry, \ {0},1 < ¢; < m, with

tie,, > tre,, > --- > tse,. and we denote,

Supp(f) := {tje, : 1 <j < m} the support of f, T(f) := tie,
its maximal term, le<(f) := c(f, tie,,) its leading coefficient and
M_(f) := c(f, tie,)t1e,, its maximal monomial.



If we denote M(A™) := {ctej |t € B,c € R\ {0},1 <i < m}, the
unique finite representation can be reformulated

f= Z my, my = c(f,7)T

TE€Supp(f)

as a sum of elements of the monomial set M(A™).



SPECIALIZING

X:={Xy,....; %} Y :={Y1,...., Y}, V:=XUY,(V) the
set of all words on the alphabet V,

Q= R(V);

Fi= X XY Ve | (dhy .o dnyety. .. em) €
Nrtmy

T = {XM .. X | (dy,...,dy) € N"},

=X X7 | (ch,...,d) € N} C T for each
j:1<j<n,

oV ={Y- Y& | (e,...,em) € N},

* the lexicographical (id est alphabetical) ordering < on (V),

induced by X; < ... < X, <Y1 <...< Yy and its
restriction, still denoted <, on the (commutative) terms 7T ;



SPECIALIZING

foreach i,j: 1 <i<j<n, fij:=XX; —c;jX;X; — djj, ¢cjj an
invertible element in R, djj € R[T;_1],

foreach j,/[:1<;<n1</<m,

fii == Y1X; — cjujX;Y) — djj, cjj an invertible element in R,
vji € Tj, dyj € R[TIVi-1],

foreach Lk:1<I< k<m, fix =YY —ciY1Yx — di, cix
an invertible element in R, dj € R[Vk_1];

the binary operation o on I defined by

XjoX;i = XX foreach i,j:1<i<j<n,
YioX; = vjX;Y; foreachj:1<<n/:1</<m,
YeoVY: = Y)Y foreach Lk:1 </ < k<m;

Cl={f1<i<j<n},CR:={fu, 1 <I<k<m}
C:=Ctu{f,1<j<nl<I<mjuck

A := R(V)/Ix(C): iterated Ore extensions with power
substitutions.



Denote, for the semigroup (T, 0), ¥ the sets

r .= {vei,7el1<i<u}l,ueN,
endowed with no operation except the natural action of I
Fx T s T =W (6,7,8,)— 6 0vy06,,Y6,8, €T,y el
Given a -pseudovaluation

T(): A\{0} —»BCT:f—T(),
a module M C AY and the #)-pseudovaluation

T(): M\ {0} — BW c1W: f  T(f),

and we define

F, (M) :={f € M:T(f) <~} U{0} C M, for each v € T'(¥);
V,(M) := {f € M: T(f) < v} U {0} C M, for each y € T'¥);
G, (M) := F,(M)/V,(M), for each € T'®);

G(M) := D, crw G(M).

L: M+ G(M) map s.t. £(0) =0 and, for each
feM,f+#0,t:=T(f),L(f) class of f mod V;(M).



ASSOCIATED GRADED RINGS AND MODULES

We call
® associated graded ring of A the left R-module G(A) which is
a [-graded ring, and

e associated graded module of M the left R-module G(M),
which is a [(*)-graded G(.A)-module. O



SPEAR’S THEOREM

B:={we(V):I,#R}C {Uw:ve (V),w € (V}}
Spear's intuition that a Buchberger Theory defined in a ring can

be exported to its quotients allow us to impose on A the “natural’
l-valuation /filtration

T(): A" — B L f 5 T(F)

where ([,0), BC T C (V), is a suitable semigroup.



SPEAR’S THEOREM

B:={we(V):I,#R}C {vw:ve (V),w € (V>}
T(): A" = B f — T(f)

(Fy0),BCT C(V),



SPEAR’S THEOREM

B:={we(V):I,#R}C {Uw:ve (V),w € (V}}
T(): A™ = B L f — T(F)

(Fy0),BCT C(V),

The associated -graded ring G = G(.A) coincides as a set with A
and this is sufficient to smoothly export Buchberger test/completion
but they don’t coincide as rings:

the multiplication x of A does not coincide with the one, *, of G



SPEAR’S THEOREM

B:={we(V):I,#R}C {Uw:ve (V),w € (V}}
T(): A™ = B L f — T(F)

(Fy0),BCT C(V),

The associated -graded ring G = G(.A) coincides as a set with A
and this is sufficient to smoothly export Buchberger test/completion
but they don’t coincide as rings:

the multiplication x of A does not coincide with the one, *, of G
For instance, if we consider the Weyl algebra,

A=Q(D,X)/I(DX — XD — 1)

where
G=Q[D,X],D*X =XD—-1,Dx X = XD.



SPEAR’S THEOREM

B:={we(V):I,#R}C {Uw:ve (V),w € (V}}
T(): A™ = B L f — T(F)

(Fy0),BCT C(V),

The associated -graded ring G = G(.A) coincides as a set with A
and this is sufficient to smoothly export Buchberger test/completion
but they don’t coincide as rings:

the multiplication x of A does not coincide with the one, *, of G
However an old slogan stated that in order to provide a Buchberger
Algorithm on A, one just needs to modify, in the algorithm for G,
the multiplication procedure!



A = Q/T is an effectively given left R-module, endowed with its
natural I-pseudovaluation T(-) where the semigroup (I, o) satisfies

e Bclc(V)and
® the restriction of < on [ is a semigroup ordering.
We denote G = G(A), x the multiplication of A, * the one of G.



ARITHMETICS OF A AND G(.A)

Denote G = G(.A), x the multiplication of A, * the one of G.

1. For each term 7 € B C I there are an automorphism
o, : R — R and an «a,-derivation 6, : R — R so that for each
re R, txr=ar)t+0:(r) and txr = as(r)t.

2. For two terms 11, 7 € B C I, there are elements
w(m2, 1) € R and A(m,11) € A, T(A(72,71)) < T2 0 71 such
that m * 71 = w(m, 1) o + A(m, 1) and 7 x 71 =
L(m2*71) = w(m2, )M 0T1.

3. cyTu* Ty = cyair,(cy)w(Ty, 7v)Tu 0 7y



ARITHMETICS OF A AND G(.A)

PEsScH, NGUEFACK—-POLA

A=R(X1, ..., X Y1, ..., Ym)/T

Xj* Xi = ajXiXj, Yi*X;= j/)<je’_1XjY/, Yix Y= cnY1Yi

where ajj, bj/, cj are invertible elements in R, e; € N*.

3.
4.

5

CuTu * ¢y Ty = cuar, (¢ )w(Tu, Tv) Ty 0 Ty
o, =1d

- 1yoty, = T(ru, )10y, T(104,7v) €

{deng" ‘ (dh...,dn)GNn};

. cuTu * Ty = ey, () (Tu, 7)) T (7T, 7o) TuTy =

w(Tu, 7)Y (Tu, Tv) * CuTy - CyTy.



REDUCTION

For our attack we do not need Buchberger Theory at all, except
for the notion of normal form and Buchberger reduction within
a principal ideal I(p) C A, p € A\ {0}, A being an iterated Ore
extensions with power substitutions.

For f € A™\ {0},I(p) C A™, an element g := Nf(f,F) € A™ is
called a twosided normal form of f w.r.t. I(p), if
° g#0 = M(p)tM(g),
® there is a representation f — g = 27:1 ajA\j * p bipj, with
Ai, pi € B,a; € RA/‘ \ {0}, b; € Rpi \ {0} and
T(f)=XMoT(p)opr>...>AoT(p)op; >
Aix10T(p)opiy1 > ... > T(g).



Attacking



THE ATTACK

We attack the Diffie-Hellman-like protocol by means of ...
INGREDIENTS

® Buchberger reduction

e left/right divisibility



RECALLING THE SETTING

Alice and Bob publicly choose a multivariate Ore extension S with
constant subring R, L € S non-central and two subsets of
C;, C, C S whose elements do not commute with L, with

G ={f(P): f=) fix' € Rlx|,meN,f #0}
i=0

C={f(Q): f=> fix'€R[x],meN,f 0}

and P, Q € S non commuting with L.



THE ATTACK

KNOWN

The polynomials P, Q,L € S (P, Q@ non commuting with L) are
publicly known.

UNKNOWN

The polynomials f, g € R[t] are kept secret.

Alice sends f(P)Lg(Q).



THE ATTACK

Let g(t) =1 ,cit', a< d, ca #0,50 g(Q) = X1, i Q".

REDUCTION

T(Q) — tail(Q) + R

where R is a new variable.



THE ATTACK

AFTER REDUCTION YOU GET

d d
F(P)LY cQ — f(P)L > Q" 'R-R*+ f(P)Lc,R* =

i=a i=a+1

=XR-R*+ YR?

When Y := f(P)Lc, and X := f(P)LY L .., Q21
e dividing Y by L from the right it is possible to find f(P) and
f can be retrieved by reducing w.r.t. P;
e dividing X by Y from the left we get ¢ _ | ¢;Q'~a1



THE ATTACK

From LZ,?':QH ciQ"3~! we can find g by reduction

d d
Z (’_I.Qlfafl_> Z Cl_leafl

i=a+1 i=a+1

ONE PROBLEM LEFT...
How can | be sure that | am in the case Y := f(P)Lc, and

X = f(P)LY S, 1 Q217



THE ATTACK

How can | be sure that | am in the case Y := f(P)Lc, and
X:=f(P)LYL, Q17

Everything depends on the test: is it true that

Y | X?

Ir NOT
| keep on reducing.

BUT IF THE ANSWER IS POSITIVE

it means that we have reached the case Y := f(P)Lc, and
d P a—

X =f(P)LY QL



THREE-PASS EXCHANGE PROTOCOL

Alice and Bob choose a public multivariate Ore extension S and
they choose P, Q € S (non commuting).

Alice chooses a secret L € S (non commuting with P and Q) to
share with Bob and also 74, ga € R[x]. Pa = fa(P) and

Qa = ga(Q) are private and non-commuting with L. Bob does the
same getting Pg, Qp.

A computes and sends Bob PALQx
B computes and sends Alice PgPaLQa®Rs = PaPsLQsQa

A divides by left for P4 and by right for Q4 and sends PgLQg
to Bob

B divides by left for Pg and by right for Qg and gets L.



WHAT IS THE MAIN DIFFERENCE?

A computes and sends Bob PALQx
B computes and sends Alice PePALQaAQ@s = PAPgLQsQA

A divides by left for P4 and by right for Q4 and sends PglLQp
to Bob

B divides by left for Pg and by right for Qg and gets L.

An attacker cannot know L and he actually has to break the
protocol to get back L.



THE ATTACK

It is more or less the same but we have lost one condition: we
cannot make the division by L.

We can verify Y | X but we cannot verify if L | Y from right.



THE ATTACK

Using reduction from right as before we get f(P)L and g(Q).
Reducing then from left we get f(P) and Lg(Q).

What if | reduce too much or too less?



TOO LESS

Suppose | have reduced by @ from the right and | have found
f(P)Lh(Q) and k(Q) instead of f(P)L and g(Q) with

£(Q) = h(Q)k(Q).

This may happen from right and from left contemporarily so | may
get a(P)b(P)Lc(Q), d(Q), a(P), b(P)Lc(Q)d(Q) where

f(P) = a(P)b(P) g(Q) = c(Q)d(Q).

Therefore | would believe that b(P)Lc(Q) is my L but it is wrong.

Anyway reducing again by P on the left and Q on the right we will
get a remainder. The part containing only remainders is L up to
constants.

b(P)Lc(Q) = Pb'(P)Lc(Q) + b(0)Le(Q) =

Pb'(P)Lc' (Q)Q + Pb' (P)Lc(0) + b(0)Lc'(Q)Q + b(0)Lc(0)



TOO MUCH

LET US SEE THE P PART

Suppose L = P'C. Once performing our attack we are forced to
reduce by P on the left until it is not possible to reduce anymore.
Therefore we would recover C instead of L.

Anyway three public data are available and from them we would
find the pairs:

e (P**1 C) (coming from PyL after left reduction)
o (Pa+b+i C) (coming from PgP4lL after left reduction)
e (PPt C) (coming from PgL after left reduction)

Knowing a+ i b+ i and a+ b+ i we can recover i.



Thank you
for your attention!



