The power method, Perron-Frobenius theory, Page-Rank computation

Preliminary considerations, A € C"*"

Given a n X n matrix A with eigenvalues A1, Aa,..., A, the following result
holds.

Theorem (inverse power). If A is an approximation of the eigenvalue A; of anxn
matrix A, i.e. [A; —A7] is smaller than |A; — Xf|, VA; # A, if ma (X)) = mg(Ni),
and if vy € C™ is not orthogonal to the space spanned by the eigenvectors of A
corresponding to )\;, then the sequence {vy} generated by the algorithm

ag

(A=XNTDap =vi_1, Vi = —, k=1,2,...
[[a|]

converges to an eigenvector of A corresponding to the eigenvalue \;. If A is

. . . X=X\ \k
diagonalizable, then the rate of convergence is O((max;. x,2x, oA )®).
Remark. In the general case the rate of convergence is

Ai — AF
max max O —1(k i |ky,
g, mexOlpey, 131

where, given the block diagonal Jordan form of A, J = X ~1AX, for each \j # \;, the number
53 indicates the dimension of the generic Jordan block associated with X;, and Psy;—1 (k) is

a polynomial of degree Sx; — 1, whose coefficients depend on r=1,.. S 8x; T 1,

1
and on the coefficients of vo with respect to the column vectors of X corresponding to the

Jordan block under consideration.
proof: See the Appendix. [

Let A1 be such that |A1| = p(A) and assume that all A; such that |A\;| = p(A)
are equal to A1 (in such case we say that A; dominates the eigenvalues of A).
Assume, moreover, that the algebraic and geometric multiplicity of A; are equal.
Then the power method (see the Theorem below) can be used to compute A;
and an eigenvector corresponding to Aj.

Theorem (power). If A\; dominates the eigenvalues of a n x n matrix A, if
mq(A1) = mg(A1), and if vo € C™ is not orthogonal to the space spanned by
the eigenvectors of A corresponding to A1, then the sequence {v;} generated by
the algorithm

ag

ak:Avk,l, Vi = k=1,27...

Y
la|
converges to an eigenvector of A corresponding to the eigenvalue A\;. Moreover,

H
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for any u for which u” Vi # 0. If A is diagonalizable, then the rate of conver-
gence is O((max;. x, #x, |/\—i|)k)

Remark. In the general case the rate of convergence is

)\A
max maxO _1(k J 1k 7
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where, given the block diagonal Jordan form of A, J = X "1 AX, for each Aj # A1, the number

Sx; indicates the dimension of the generic Jordan block associated with A;, and ps, —1(k) is
: 3



a polynomial of degree Sx; — 1, whose coefficients depend on %, r=1,..., Sx; — 1, and on
J
the coefficients of vo with respect to the column vectors of X corresponding to the Jordan

block under consideration.
proof: See the Appendix. [

For our purposes it is useful to recall also the following classic result on
matrix deflation: how to introduce a matrix whose eigenvalues are all equal to
the eigenvalues of A except one, which, instead, is zero.

Theorem. Let A be a n x n matrix. Let A\; be a nonzero eigenvalue of A
and y; a corresponding eigenvector, i.e. Ay; = A1y1. Call Ag, As,..., A, the
remaining eigenvalues of A. Then the matrix W = A — wi‘;lylw*, w¥y; # 0,
has eigenvalues 0, Ao, Az, ..., Ap.

proof. Introduce S = [y;z3---2,] non singular, and observe that pa(\) =
Ps-14s(A) = (A= A1)g(N), pw(A) = ps-1ws(A) = Ag(A). O

Let G be the following matrix

G:

oy NS
[ 00 | s | =
a|>—m|>—wl>—t

Since p(G) < ||Glleoc = 1, we can say that the spectrum of G lies in the circle
{zeC: |z| <1}

Note that Ge = 1-e, i.e. one eigenvalue of G, A\; = 1, and its corresponding
eigenvector, y; = e = [1 1 --- 1]7, are known. If A2, \3 denote the remaining
eigenvalues of GG, then we can define a matrix W, in terms of G, A1, y1, whose
eigenvalues are 0, Ag, A3:

A 1 w
W=G- *1 yiw' =G - — w* |, Vw, w'e #£ 0.
W'y1 wre w*

Since (el G)e = el'(1-e) =1 # 0, we choose w* = el G:

e;ij

W=G-| ef'G

e;fFG

For ¢ = 1 the matrix W becomes
i1 1 11 1 0 0 0
wo| 8 ¢t 2 |_|1 1 % |_|1 _1 _s
S G i1 1 2 0 i

6 4 16 1 1 2 16 16

so, the eigenvalues of A different from 1 are the eigenvalues of

ie. —% and —16.
Thus, 1, —5 and —1—76 are the eigenvalues of G, and also, of course, of GT.

In particular, 1 is eigenvalue of GT, but note that the eigenvector p of GT



corresponding to 1 is not obvious; it must be computed. For example, it can be
computed as the limit of the inverse power sequence {vj} defined as follows (e
small positive number):

af

[l |

vy € R3, (GT—(1+5)I)ak:vk,1, Vi = , k=0,1,2,...

1—(14¢)
—5—(1+e)
iterations]. We shall see that the vector p can be also obtained as the limit of
the sequence

k
)). [Here a reference for the inverse power

(rate of convergence: O(’

po € R3, po positive, ||poll1 =1, pr+1 = G pr, k=0,1,2,...

_z |k
(rate of convergence: O(’fli} )) [this result is in fact a particular case of the

Theorem at the beginning of this section (set || - || = || - ||1, u = e)]. Even if the
rate of convergence of the py is not as good as the rate of convergence of the
Vi, the computation of py41 from py is much cheaper than the computation of
Vi+1 from vi. In fact, for analogous problems, but of high dimension, even one
step of the inverse power iterations is prohibitive.

The Perron-Frobenius theory: A € R™*™ A > 0 irreducible [Varga]

Lemma. Let A be a n x n non negative matrix, i.e. a;; > 0, V4, j. Assume that
A is not reducible. Then (I + A)"~! is a positive matrix, i.e. its entries are all
positive.

proof. We shall prove that the vector (I + A)"~!x is positive whenever x is a
non negative non null vector (prove that this is equivalent to the thesis!).

Let x be a non negative non null vector. Set xo = x, x1 = (I + A)xo =
xo + Axq, ..y Xpr1 = (I + A)xp = x + Axg, k = 1,...,n — 2. Note that
x) = (I + A)¥x, in particular x,,_; = (I + A)""!x. So, our aim is to prove that
X,—1 is a positive vector. First observe by induction that all x; are non negative
vectors (xj non negative and A non negative imply Axj; non negative and
Xk+1 = Xk + AXy, non negative). Then the thesis (x,_1 positive) is now proved
by showing that xj; must have less zeros than xy, for each k € {0,...,n — 2}.
Note that xr4+1 cannot have more zeros than xj, since Axy, in the definition
X + Axp of X41, iS non negative. Assume xj41 has the same number of zero
entries as xi. Of course such zeros must be in the same places, i.e. there exists
g , with o, 8
positive vectors of the same dimension m, 1 < m < n — 1 (why such bounds
for m ?). Thus, Pxpy1 = Pxj + PAx, = Px; + PAPTPx;. Consider the
following partition of the matrix PAPT

a permutation matrix P such that Px; = { g ], Pxpq41 = [

pApT — [ My Mo ]

Moy Moo

where M1 is m x m. Then



and, in particular, Mo;a = 0. The latter condition implies Ms; = 0, being «
a positive vector and Ms; a non negative matrix. But this is equivalent to say
that A is reducible, against the hypothesis! [

Ezxample. Set

1 0 0 1
I+ A= 8 [1) (1) 8 , a,b, c positive.
0 0 ¢ 1

Note that A is a non-negative irreducible matrix, and in fact (I + A)3 is a
positive matrix, i.e. its entries are positive. Moreover, 3 is the minimum j for
which (I + A)7 is positive.

Let A be a n X n non negative irreducible matrix. Let x be a non negative
non null vector, and associate to x the number

2 i Ty . (Ax);
rx := min ———— = min .
312 >0 X; x>0 X,

Proposition. ry is a non negative real number; ry = rox if @ > 0; Ax > ryX;
r« =sup{p € R: Ax > px}.

proof: easy, left to the reader.

Now associate to A the following number:

.2 Qi
= sSup rx= sup min ———.
x>0, x#0 x>0, x40 ©2:>0 T

Proposition. r is a positive real number; if w > 0, w # 0, is such that Aw > rw,

then Aw =rw and w > 0.

proof. If e = [11--- 1]7, then re = miny. (e),>0 % = min; >, a;; > 0.

Assume re = 0. Then for some k we would have > ag; = 0, so the kth row of
A would be null, and thus A would be reducible (exchange the k and n rows),
against the hypothesis. It follows that r > re > 0.

proof. Set n = Aw —rw. We know that n > 0. Assume 1 # 0. Then, by the
Lemma,

0<(I+A)"p=>T+A)"Aw — (I + A" Lrw
= A(I + A)nilw — T(I + A)n71W = Ay — rry7 y > 0.

ie. r < (Ay)i/y; Vi. Thus r < ry, which is absurd. It follows that n = 0, that
is, Aw = rw. Then, we also have w > 0 since 0 < (/ + A)"'w = (1+7r)""lw.
t

In the following, given v € C™ and M € C™*™ we denote by |v| and |M]|,
respectively, the column vector (Jvg|);—; and the matrix (|m;;|)7;—;.

Theorem. There exists a positive vector z for which Az = rz; r = p(A); if
B e C™n, Bl < A, then p(B) < p(A); if B C¥", B < A, |B| £ A then
p(B) < p(A).



proof: We now show that there exists z > 0 such that » = r,. Once this
is proved we will have the inequality Az > r,z = rz which implies, by the
Proposition, Az = rz and z > 0.
r= sup rx= Ssup r.x_ = sup Ty = (%)
x>0, x£0 x>0,x£0 ™12 150 |x[.=1

We have ry < 7(74ayn-1x since 74 aym-1x = sup{p € R : A(I + Arix >
p(I+A)" " Ix} and Ax > rex = AT+ A)" " Ix = (I+A)" 1 Ax > r(I+A)" x.
Thus,

() _ SWp  rriapoi= sSupry =maxry =r, <7

x>0, [[x]|2=1 ye@ ° veQ
for somez € Q@ = {(I + A)"'x: x > 0, ||x|2 = 1} (ry is continuous in y
(why?) and @ is a compact). Note that z > 0.
proof: Let A be an eigenvalue of 4, i.e. Iy # 0| Ay = Ay. Then |)||y| = |\y| =
|Ay| < Alyl, ly| > 0, |y| # 0. Thus, by definition of r|y|, |\| <7y < 7, and we
have the inequality p(A4) < r. But r is an eigenvalue of A, thus r = p(A).
proof: Let A be an eigenvalue of B, i.e. Jy # 0| By = Ay. Then |A|ly| =
|IAy| = |By| < [Blly| < Alyl|, ly] > 0, |y| # 0. Thus, by definition of 7y,
|A| < 7y| <7, and we have the inequality p(B) < r = p(A).
proof: Assume p(B) = p(A), i.e. there exists A eigenvalue of B (By = My,
y # 0) such that |A| = r. Then we can add an equality in the above arguments,

rlyl = [Mlyl = [\y| = |By| < |Blly| < Aly|, |y] >0, |y| #0,

obtaining the inequality r|y| < Aly|, |y|] > 0, |y] # 0. But by the above
Proposition, such inequality implies Aly| = r|y| with |y| > 0. So we have

rlyl =Myl = Ayl = [By| = |Blly| = Aly| = rly], [y| >0,
from which it follows |B| = A, against the hypothesis! Thus p(B) < p(4). O

We conclude this section with the following result of the Perron-Frobenius
theory, stated without proof (actually we shall give a proof of such result in the
case A is positive):

Result. If A is a non-negative irreducible n x n matrix, then r = p(A) is a simple
eigenvalue of A, i.e. A —r divides pa(\) but (A — r)? does not divide pa(\).

Computing the Perron-pair of A irreducible non-negative by the power method

Let A be an irreducible non-negative n x n matrix. Then we know that p(A)
is positive and is a simple eigenvalue of A, and the corresponding eigenvector
can be chosen positive. Of course, such eigenvector is uniquely defined if we
require that its measure in the 1-norm is one. We also know that p(A) = r :=
SUDx >0, x£0 MiNi: 2,50 ("::)i )

So, it is uniquely defined the Perron-pair (p(A),z). such that Az = p(A)z,
p(A) positive, z positive, ||z||; = 1. The power method is a way to compute
such Perron-pair.

Theorem(power). Let A be an irreducible non-negative n x n matrix. Let ag be
any positive vector, and set vo = ag/||ag||1. Then set
ag41

Sl k=0,1,2,... .
lak+1l1

a1 = AV, Vipp1 =



Note that the sequences {ay }, {vi} are well defined sequences of positive vectors,
and ||vg]l1 = 1, Vk. Let X be the non singular matrix defining, by similarity,
the Jordan block-diagonal form of A, i.e.

r 0T

—1 _ _
X AX—J—{O B

:|a X = Z X2 - Xp )

and let 7 = p(A), A\;, 7 =2,...,n, be the cigenvalues of A (\; # r, Vj). If ain
the expression ag = az + 2?22 o;x; is nonzero, then, for k — 400, we have

vi—z — 0, |aglli—p(4) — 0,

provided that |A;| is smaller than r for all j = 2,...,n. In the particular case
where A is diagonalizable, the rate of convergence is
s
( max ily*
j=2..n T

[for the general case, use the Remark in Theorem(power) of the section on
preliminary considerations].

proof: We prove the Theorem only in the case A diagonalizable, where Ax; =
AjXj, j = 2,...,n. It is easy to observe that AFay = arfz + Z?:z aj)\;?xj isa
positive vector, and that

k k k k
v, = z4Y T A%, artz i, aiA)x;
- k n B - T k n B

[laer Z+Zj=2 aj Aj x; (11 e’(ar Z+Zj=2 A Aj ’:7)
nooog (A .
ozrkz+z;1=2 ozj)\;?x_j z+3 iz % ( r *i

arkeTz+Y" ey )\;‘.’eTx_j n ooy (A k - '

W i\ 5 ) efxy

Moreover,

app1 = Avy =

and, since a4 is positive,

a1l = eTaryr = -
( ) eTx;

Exzercise. Discuss the convergence of the power method when applied to compute

1
the Perron-pair (1, [ 1 ]) of the following two 2 x 2 matrices:
2

ac[0 8] A )



In the second case, find a constant ¢ such that |[vy — z|| < c(3)".

Ezercise. Prove the Theorem in case A (non negative, irreducible) is 4 x 4, and
there exists X non singular for which

r
Az 1
Ao 1|7
Az

X1AX =

with |Az| smaller than r. Prove that in such case the rate of convergence is
A2 )*
r )

2 (k)| (

where ps is a degree-two polynomial.

Ezercise. Set

A:

oo — O
= o O
o O =

Prove that the eigenvalues of A are {1, —%, —%} and that A is not diagonalizable.
Find X = [z x5 x3] such that

1 0 0
X T'AX=]0 -3 1
0 0 -3
The only hypothesis A irreducible, non-negative, does not assure that r =
p(A) is the unique eigenvalue of A whose absolute value is equal to r. We only
know that if |\;| =7, j € {2,...,n}, then A; # r. Let us see examples:

1
A= [ (1) (1) ] ; Eigenvalues: — 1,1; Perron-pair: (1, { ? ])
2
0 a 0 %
A=1]1 0 1|,a€e(0,1); Eig: —1,0,1; Perron-pair: (1, 5 1)
0 1-a 0 1-a
2 1 1 1/3
A=1|1 2 1 |; Eigenvalues: 1,1,4; Perron-pair: (4, | 1/3 |).
11 2 1/3

Note that if in the second example A is replaced by AT, then there is no need
of computation in obtaining the perron-pair, since it is clear that ATe = e,
e = [1 1 1]T. Moreover, in the third example r = p(A) (which is 4) dominates
the remaining eigevalues of A (which are 1,1). We note that this fact is true for
any positive matrix A (see Theorem(positive) below), even if, as the following
example shows, it is not a peculiarity of positive matrices:

1

1
2+\/§\{§)

2 1 0
A=|1 2 1 |;Eig 2FV?2,2; Perron-pair: (24 V2,
0 1 2



(here computation is required to obtain the Perron-pair).

Theorem(positive). If A is a n x n positive matrix and r = p(4), A2, ..., A, are
its eigenvalues, then |A;| is smaller than r for all j =2,...,n.

proof: Set W = A — sze”. The eigenvalues of W are r — s, Ao, ..., A, (a sketch
of the proof:

Y = [ Z Y2  Yn ] non singular,
1 e 1 | r—s -
YAY*{OM}’Y WY7|: 0 M})
If there is a value of s for which |W| < A, [W| # A, then p(W) is smaller than
p(A), and thus |Aef,...,|A\,| are smaller than r = p(A). If A is positive, then

such s exists, s = min; j a;;. O

Irreducible non-negative stochastic-by-columns A and power method

Let A be an irreducible non-negative stochastic by columns n x n matrix. Then
we know that 1 = p(A) (ATe = e, p(A) < ||A|j1 = 1), that r = 1 = p(4) is a
simple eigenvalue of A, and that the corresponding eigenvector can be chosen
positive. Of course, such eigenvector is uniquely defined if we require that its
measure in the 1-norm is one.

So, it is uniquely defined the Perron-pair (1 = p(A), z). such that Az =z, z
positive, ||z|l1 = 1. The computation of such Perron-pair, i.e. the computation
of the vector z, can be performed via the power method. Actually, we now see
that the power method in the particular case where A is stochastic-by-columns
(besides non-negative and irreducible) can be rewritten in a simpler form and
converges independently from the choice of ag (provided that 1 dominates the
other eigenvalues). These results follow from some remarks, reported in the
following Proposition.

Proposition. Let A be an irreducible non-negative stochastic-by-columns n x n
matrix. Then

i)
veC" = Z(Av)i = Zvi

(Z@.()AV% =020 QiU = 2050502, i = Y5 V5),
ii
v positive, ||v|i =1 = Av positive, ||Av]; =1
(use the irreducibility of A and assertion i)),
iii)
Av=Jv, X £1 = > v;=0
(O vi =2 ;(Av)i = A%, vi, thus (A —1) 3, 0; = 0).
Ezxercise. Assume that X ~'AX = J where J is the Jordan block diagonal form

of A, where A is an irreducible non-negative stochastic-by-columns n x n matrix.
Assume that [J];; = 1. Prove that >, [X];; =0, =2,...,n.

Corollary(power). Let A be an irreducible non-negative stochastic-by-columns
n x n matrix. Let ap be any positive vector such that ||ag||y = 1. Then set

ap+1 = Aag, k=0,1,2,....



The sequence {aj} is a well defined sequence of positive vectors, and ||ag|j1 =
1=p(A4),Vk. If £ — +oo, then

ap—z — 0,

provided that |A;| is smaller than 1 for all j = 2,...,n. The latter event is
assured by Theorem(positive) when A is positive. In the particular case where
A is diagonalizable, the rate of convergence is

(‘max [A;])*
j=2..n

[for the general case, use the Remark in Theorem(power) of the section on
preliminary considerations].

proof: The sequences a; and vy defined in Theorem(power) coincide, because,
by Proposition ii), we have ||Avg|li = ||[vi]i. It remains to show that « in
the expression ag = az + Zj o;x; is nonzero. Note that eTag = aelz +
Zj ajelx; = a+ Ej aje’x;. In the case that A is diagonalizable the thesis
follows by Proposition iii) which asserts that eij, j =2,...,n, must be zero.
In the generic case the proof is left to the reader .... O

Exzercise. Discuss existence, unicity, and computation of the Perron-pair for

0 1—-a a 0 0 1
A= a 0 l—a |{,a€(0,1], A= a 0 0 |,ac]0,1],
1—a a 0 1—a 1 0
" 0 by i,
1 0 ba
1-— b1 0 .
A= . , bi €(0,1).
1-by . bp—2
0 1
i 1—bp—2 0 |
Page-rank computation [Berkhin, et al]
Consider an oriented graph with set of verteces V. = {1,2,...,n}, and set of

edges F, i,j € E if there is a link from 7 to j.
Associate to such graph the adiacency matrix:
(1 ijeE
L—{o ij¢E
Call deg (7)) the number of edges starting from i. Of course, deg (i) = 0 (no

edge starts from ¢) iff L;; = 0, Vj. Moreover, deg (i) = _; Li;.
Associate to the graph the transition matrix:

1 ..
p_l dgm YEF
0 ij¢ E




Note that P;; = L;;/deg(i) if ¢ is such that deg(i) > 0, and P;; = L;; = 0
otherwise. Moreover, >, P;; = 1if deg(i) > 0 and >, P;; = 0 otherwise. So,
the matrix P is a non negative matrix quasi-stochastic by rows.

Remark. Row i of P is null iff no edge starts from ¢; column j of P is null iff no
edge points to j.

Let p € R™ be the vector whose entry j, pj;, is the importance (authority)
of the vertex j. Then

n
pj = : ):ZPijpl Z Ipi = (PTp);, p=P'p
i=1
(note that such fixed point p may not exist, or, if exists, may be not unique or
with zero entries; see below).

Let p§-k+1) be the probability that at step k + 1 of my visit of the graph
(navigation on the web) I am on the vertex (page) j. Then

11i—]

k+1 k
; ) = Zz i—7 m = Zz 1 ij/f )
= ¥, PP = (PTp®);, plHD = pTp®)

(note that such sequence of vector probabilities exists and is uniquely defined,
once p(? is given, but the p*) may loss the possible ddp property of p(?); see
below). [A vector w is said ddp (discrete distribution of probability) if w is
positive and ||wlj; = 1].
*) > 0 (at step k there is a prob-
ability that I am on vertex i), >_, p(k) =1 (at step k¥ I am on some vertex);
p; > 0 (any vertex has a portion of 1mp0rtance ...)s > pi =1 (... of the total
1).

So, the following facts must be true:

a) p such that p = PTp, p > 0, ||p|l1 = 1, exists and is uniquely defined,

b) the method p©@ = ddp, p*t) = PTp*) converges to p.

Note that it is natural to require that: p;

We now show that in order to have a) and b), the matrix P7 must be both
stochastic by columns and irreducible.

Theorem(stoc). If the above facts a) and b) are true, then PT must be stochastic
by columns.

proof: We know that 3! p such that p = PTp, p > 0, ||p|; = 1. Assume that
PT is quasi-stochastic but not stochastic by columns. Then

>i(PTp)i=3, Zj(P )ijPs = Z > Piip;
= 2 deg (>0 Pit 25 deg (y>:00 p; <2205 = Pl

PPl

analogously,
IVl = 1PTP® [ < [p@ ] < pM )1 < PP = 1.

Thus p cannot be equal to PTp, and p®) cannot converge to a ddp. [

Theorem(irred). If the above facts a) and b) are true, then P7 must be irre-
ducible.

10



proof: assume PT reducible. Then there exists a permutation matrix Q such

that ) )
TpTrH 11 12
arrra=| e ()

with A11 and Asgs at least 1 x 1 square matrices. Note that QT PTQ is stochastic
by columns, like PT. We know that 3! p such that p = PTp, p > 0, ||p|1 = 1,
but this is equivalent to say that 3! Q7'p such that

A A
@p=| A2 Qe Qe @Rt

Case 1: assume Ajo = 0. Then A;; and Ags are non negative stochastic by
columns matrices. We can assume they are also irreducible (why?). Then, by
the Perron-Frobenius theory,

Ily1,y2 >0, |lyilli = lly2li =1, y1 = Any1, y2 = As2yo.

and, as a consequence, for all a € (0,1) we have

e o | P

ayi1 ay1
> 0, =1
(1= a)y: 1 o Sy |1
So, all vectors p such that Q7p = { (1 a};l)y } satisfy the properties p > 0,
- 2

Iplli = 1, p = PTp, which is against the hypothesis of unicity.

Case 2: assume Ajs # 0. Then Ag in (*) is not stochastic by columns, thus
Ase may have no eigenvalue equal to 1, i.e. the equations in (**) involving Aag
may be verified only if part of p is null, against the hypothesis of positiveness
of p. O

Viceversa, we know that if the non negative matrix PT is irreducible and
stochastic by columns, then 1 = p(PT) is a simple eigenvalue of PT and there
exists a unique vector p such that p = PTp, p > 0, ||p|li = 1. We also know
that such hypotheses are not sufficient to assure the convergence (to p) of the
sequence p*t1) = PTp*) p0) > 0, ||pg||; = 1, or, equivalently, to assure that
the remaining eigenvalues of PT have absolute value smaller than 1. We can
only say that the sequence {p(k)} is a well defined sequence of ddp.

We have to modify P (the graph) so to make well posed (3!) the mathemat-
ical problem and to make convergent the algorithm for solving it.

Make PT stochastic:

S|=

‘5deg(1),o
P=P+dv’, d= : v =

R[S

5deg (n),0

i.e, where P has null rows P’ has the row vector v The vertex i with deg (i) =
0 now links to all verteces of the graph. [We discuss the uniform case, but what
follows can be repeated for the more general case v =ddp].

11



Observe that (P")T is stochastic by columns, (P")T > 0, thus 1 is eigenvalue
of (P")T and the other eigenvalues of (P')”, Xy, ..., \],, are such that [Xj| < 1.

Make (P")T irreducible:

1
P'=cP' +(1—-cevl, e=|: |, ce(01).
1
Since
T vl + (1 —c)vl =vT deg (i) =0
e " =19 (...0 Tow 01—V deg(i) >0

we are assuming that a visitor of the graph can go from the vertex 7 to one of
its neighborhoods with probability ¢/ deg (i) + (1 — ¢)/n , and with probability
(1—¢)/n to an arbitrary vertex of the graph. Of course the parameter ¢ must be
chosen near to 1, in order to maintain our model faithful to the way the graph
(web) is visited.

Observe that (P”)T is stochastic by columns and positive, therefore, in par-
ticular, it is non negative and irreducible. So, we have all we need.

Theorem(page-rank). 1 = p((P")T) is a simple eigenvalue of (P”), there exists
a unique vector p such that p = (P")Tp, p > 0, ||p|l1 = 1 (i.e. we have fact
(a)), and the other eigenvalues of (P”)T, A, ... A  are such that [N/ <1 (by
Theorem(positive)). Thus, p*+1) = (P")Tp®), p® > 0o, |p@|; =1, is a
sequence of ddp convergent to p and, in case P” is diagonalizable,

"~ pll = O(( max X"

[for the general case see the Remark in Theorem(power) of Section 1] (i.e. we
have fact (b)). Moreover, for the particular choice of (P”)T, the cost of each step
of the power method is O(n) and is dominated by the cost of the matrix-vector
multiplication PT'z, and if A is diagonalizable, then the rate of convergence is

[p® — p|| = O(c")

[for the general case see the Remark in Theorem(power) of Section 1] (Google-
search engine sets ¢ = 0.85 [Berkhin]).

proof: We have to prove only the final assertions.

O(n) arithmetic operations are sufficient to perform each step of the power
method. We have
(P = ¢(PT +vd") + (1 — ¢)ve”,
and, if x > 0, then
(P"Tx = cPTx + v,
y=cdTx+ (1 -cle’x =elx — cleTx —dTx] = ||x||1 — ¢|PTx|:

k+1

(why the latter equality holds?). Thus, in order to compute p*tD from p*¥)

one can use the following function
y = cPTx,
7 = Il =yl
(P")Tx =y + v

12



where the dominant operation is the matrix-vector multiplication P7x. Note
that each row j of PT has (on the average) a very small number of nonzero
entries, i.e. exactly the number of vertices pointing to j, so PTx can be com-
puted with O(n) arithmetic operations. Note also that in order to implement
the above function one needs only 2n memory allocations.

Rate of convergence ||p®*) — p|| = O(c*). We first prove that if eTv = 1 then

1
ppr(A)=A—Dpp—1(A) = pP,Jr%evT(/\) =(\- E)pn_l()\)' (3 % %)
In fact,
S:[e Y2 yn}vdet(s)#oa
—1 1 llT
ST PSS 0o M ) pP'(A) - (>‘ - 1)pJW()‘)a
S P 4+ LtevT)S = Lo + =cs-levTs
c 0O M c
1 *
1 ouT ] . BER
- [ 0 M } T 0 0= { 0 M
As a consequence of (***) if 1,A,,... N\, are the eigenvalues of P’ (re-

call that [\;] < 1, j = 2,...,n), then the eigenvalues of P + =cevT are
1.X5,..., A, and thus the eigenvalues of cP’ 4 (1 — c)ev’ are 1,cA), ..., cA,.

It follows that if A is diagonalizable, then ||p*) —p|| = O((max;—2, , |c)\;|)k) =
o(c%). O

Why to compute p? [Berkhin].

QUERY:: Berkhin survey.

Go in the inverted terms document file, which is a table containing a row

for each term of a collection’s dictionary. In such file, for each term there is a
list of all documents that contain such term

term — LISTAierm = {i1,%2,...,ix} C{1,2,...,n}
Berkhin — LISTABerkhin = {17 47 6}

survey — LISTAsurvey = {1,3}

Define the set of relevance of the query

Uterm e QUERY LISTAserm ={1,3,4,6}

Reading p (p is updated once each month) considers and orders the correspond-
ing set of authorities {p1, ps, p4, ps}, for example ps > pg > p3 > p1

Finally, show the titles of the documents 1, 3,4, 6 in the order 4,6, 3, 1, from the
one with greatest authority to the one with smallest authority.

13



Main criticism: This procedure, being independent from the query allows a
fast answer, but does not make distinction between pages with authority from
pages with authority on a specific subject.

Exzercise. Draw the graph whose transition matrix is

0 1/2 1/2 0 0 0

0o 0 0 0 0 0

p_ |13 3 0 0 13 0
1o 0 0 0 1/2 1/2
0o 0 0 1/2 0 1/2
0 0 0 1 0 0

Note that P is non negative, reducible and quasi-stochastic, but not stochastic,
by rows. Prove that there is no positive vector p such that p = P7p. Starting
from P and proceeding as indicated in the theory, introduce a non negative
matrix P’ stochastic by rows. Note that P’ is reducible, like P. Prove that there
is no positive vector p such that p = (P’)Tp. Starting from P’ and proceeding
as indicated in the theory, introduce a non negative matrix P” irreducible and
stochastic by rows. Prove that there exists a unique positive vector p such that
p = (P")Tp, ||p|li = 1, and describe an algorithm for the computation of p.
Here below is an approximation of such vector p:

p’ =[0.03721 0.05396 0.04151 0.3751 0.206 0.2862].

Assume, for example, that the set of relevance of a query is {1, 3, 4, 6}. Then
the documents 1, 3, 4, 6 are listed in the order 4, 6, 3, 1, being p4 > ps > p3 > p1-

APPENDIX

Proof (Theorem(inverse power)):
Assume A diagonalizable, Ax; = A;x;, {x;}7_; linearly independent. Then

1

J 7

Call o; the numbers for which vo =32, _\, a;X;+ >\ 2y, @;%;. Note that
the first sum is a non null vector (by the assumption on vg). Then the following
equality holds

M= A)™MA=ND Vo= Y axit+ Y Oéj(;i. :i\\{)ij
VERVEY FEX#EN J i

which, for m — +o0, yields the thesis.

Assume that A is not diagonalizable. In this case call x;, j = 1,...,n, the

columns of the non singular matrix X for which X 'AX = .J where J is the
block diagonal Jordan form of A. Assume that the upper-left diagonal block of
J is diagonal and its diagonal contains all A; such that A\; = A := X;. Assume
that there are t of such eigenvalues. Then consider any other diagonal block
of J; of course it corresponds to an eigenvalue A; different from A, call such

14



eigenvalue p. The block under consideration has an order, say s = s,,.

_— -

1
m

Restrict the matrix equation X “1AX = J to this block, thus, for some r >t
we have

A[Xr+l Xr4+2 Xr43 * 0 Xr+s] == [Xr+1 Xr42 Xp43 * 0 xr+s] B

It follows that

Axpy1 = pXep1, (A= NDXpp1 = (00— N)Xpy1,
(A — /\*I)_lxr_,_l = #XT_,&, (A — /\*I)_mxr_,_l = er—’—l'

AXpyo = pXppo +Xpp1, (A= ND)Xpq2 = (0 — AN)Xpg2 + Xpp1,
(A — )\*I)_1XT+2 = ﬁx'p.’_Q - ﬁx"‘"’l’
(A= XNI)""%X, 40 = (N_i/l\*)mxwﬂ - WXTJA'

AXpy3 = pXpg3 + Xpp2, (A= ND)Xpq3 = (0 — AN)Xep3 + Xp g2,
-1 1 1 1
(A=NID)"'x,q3 = o Xr+3 T e Xr2 T e Xt
1 2
_ . 1 Y 2 (m*+m)
(A=XNI)""x, 43 = Ty Xr+3 — (}L_/\Tf)mﬂ Xr42 + (i_A*)?rL+2 Xpt1-

AXpyy = pXppa +Xpy3, (A— /\*I)XTH = (p— N)Xppa + Xpy3,
* T\ — 1
(A— A1) 1Xr1+4 = e Xrd T e X+
TP Xrt2 T e Xt
(A= NI)""Xppq = Taorym Xr+4 — NWXTJA%

1 2 L 1,30 1,20 1,
+(i(_w;*-)tn’n:»)2x’r+2 - GW(LH-i_—ijr)Lmtngr+17
1 —_1(m
(A_/\*I)ierJrs: VR —...—I—(—1)571 ds 1( )

PESU (= Aryms=T

(A= NI) "™ [Xpt1 Xpt2 Xpg3 ]

1 -~ m 3 (m®+m)
(u=A=)m (p=2A)mF (u=A)m+?
0 1 _ m
- (=2 )m (== )ym+T1
= [Xr+1 Xr42 Xp43 ] 0 0 1
(/’L*)‘*)m’

15



Set also A* := A¥ (\! is the given approximation of A = ;). ChOObe v, and call
a; the numbers for which vo =37, \ _ya5x; +{ ... + Z; BRSSP &
Note that >, \ _y oyx; = Z;Zl a;%;. Then

(A— X*I)"™v,
= Do (A AT 4 { (A= XD T
= ZM_ A X L L (e )

oo (Gomym Xrt2 — erﬂ) .

+ar+3(er+3 — iy Xre2 + (;()\%Xr+l)
+ocr+4((ﬂ_7i)mxr+4 G )T Xr 43

134 lm2al
+(Z(W>L\#wi)zxr+2 T'Z}L+§T?mtszr+1)
+~~~+ar+s(mxr+s_ —|—( ]_)5 1(}1‘{1;;77(:1{1XT+1)]+ }

But this implies
A=A)"(A = X)) v

A-at )"
:Zj:k_jz)\ajxj—’_{"‘ +(y, A*
102 —1(m
|:(aT+1 — Qry2 Hin)\* + Qry3 Z(L )2 ) St (_1)3_1ar+8%)xr+1
1 s—2(m
+(ar+2 - ar+3”_% + ar+4w oot (_1)3_2ar+s%)xr+2

+.. (ar+s)xr+s} + )

from which it is clear that the sequence (A—A*)™(A—A*I)~™v( converges to an
eigenvector of A associated with A\. The assertions about the rate of convergence
follow by setting

10,2
3(m°+m)
ps—l(/\) = Opy1 — Oér+2u )\* + Qi3 (i—x*)2
gm’rgmitim gs—1(m)
—Qp4q 5 (It—)\*)3 .+ (_]-)S Apyg (u—A*)"— T-

Proof (Theorem(power)):

Assume that A is diagonalizable, so Ax; = A\;jx;, {x; };‘:1 linearly independent.
Choose vyg, an.d call o5 so that vo = ij A=A Q%G +Zj: A %A ajix.j' Note that
the first sum is non null by assumption. Then we have the equalities:

AMvo = ] Zj»\j:xl a;X; + Zj:AﬂH\l AT X,
,\;'LA Vo = Zj:,\j:,\1 QX + Ej;,\,-;é/\l aJ(Al) Xj-

The thesis follows letting m go to infinite.

Assume that A is not diagonalizable. Set p := A;, where \; # A1, and restrict,
as above, the Jordan matrix equation X "'AX = J to a diagonal Jordan block
of order s associated with p. Then

Axpy1 = pXpg1, ATXpp1 = X4,
1
AXpqo = Xpqo +Xpq1, AMXpq2 = " Xpqo + mp" T X4,

AXT+3 = X433 + Xr42,

ATy q3 = "X p s+ mp™ !

1 ) —
Xpt2 4 5(m? —m)u" %, 40,
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AXpyy = UXpga + Xp43,
_ - 1,2 P
AKXy = " Xpps +mp™ " Xeg s + 5 (M7 — m) U™ X
1,.3 1.2 1 -3
+(gm® — gm® + 3m)u™ " X1,

1

and so on. Set A := Ay and t = mq(A1) = my(A1), so we can assume that the
upper-left ¢ x ¢ submatrix of J is diagonal with diagonal entries all equal to .
Then

AMvy = Am(Z§:1 a;X; + { -t Z§+:+1 ajXj + . })
= Z; Lo Nx +{L Z;+:+1 ajA"x; + ..}
A X+ o [ a1 AT Xy + ar+2Amxr+2
+Oér+3A Xpt3 + ar+4A Xppqat+ ...+ arJrsAerJrs ] +.. }
= A" E; 1 05X
Hooo A [ (p™ Xr+1) + O‘T+2(/‘ Xr+2 +mp™ 1Xr+1)

m
(WX g3 + mp™ Ko + (M2 — m)p™ X, 4)
appa(B"Xea + mp™ X g3 + 5 (M — m)p™ X, 10
+(gm® — $m? + tm)p™ 3%, 1)

Foot Qs (W X5 e g1 (M) ) ]

AMvy = ™ Zt 1 QX
+{.. [ (Oér+1ﬂ T ar+2mum*1 + gz (m® —m)p?
+ar+4< m3 L + Lmum=s

Qg sqs— 1( )/‘m x4
A B TR
et sqs—2 ()™ )Xo+ A (st ™) Xps ]+,

m Lm2—
ATV = 22:1 ajxj+{...+ (’f) [ (ar41 + o2 + oerrgM

n2
1,3 1,2, 1
tmd—im?+im gom1(m)
2 . +. +ar +s bus—l )Xr-l—l
2(

+ar+4 g /1«3
u2

+ oot ar+s%+—(2m)xr+2

+(0¢r+2 + Oér—i—3 + Oy g m

4.+ (ar+s)xr+s 1+...}
It is clear that, as m goes to infinite, the sequence )\m A™vy converges to an

eigenvector of A associated with A, the dominant eigenvalue of A. Finally, the
assertions on the rate of convergence follow by setting

1
ps—1(m) = Oér+1+04r+2 +Oér+3

1m3flm +im qs—1(m)
6 - 2 " 3 +,..+ar+s PEEE

+ar+4
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