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Kaltofen has proposed a new approach in Kaltofen (1992) for
computing matrix determinants without divisions. The algorithm
is based on a baby steps/giant steps construction of Krylov
subspaces, and computes the determinant as the constant term
of the characteristic polynomial. For matrices over an abstract
ring, by the results of Baur and Strassen (1983), the determinant
algorithm, actually a straight-line program, leads to an algorithm
with the same complexity for computing the adjoint of a matrix.
However, the latter adjoint algorithm is obtained by the reverse
mode of automatic differentiation, and hence is in some way
not “explicit”. We present an alternative (still closely related)
algorithm for obtaining the adjoint that can be implemented
directly, without resorting to an automatic transformation. The
algorithm is deduced partly by applying program differentiation
techniques “by hand” to Kaltofen’s method, and is completely
described. As a subproblem, we study the differentiation of
the computation of minimum polynomials of linearly generated
sequences, and we use a lazy polynomial evaluation mechanism for
reducing the cost of Strassen’s avoidance of divisions in our case.
© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Kaltofen has proposed in Kaltofen (1992) a new approach for computing matrix determi-
nants. This approach has brought breakthrough ideas for improving the upper bound on the com-
plexity of computing determinants without divisions over an abstract ring (see Kaltofen, 1992;
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Kaltofen and Villard, 2005). Building upon these foundations, the algorithm of Kaltofen and Villard
(2005) computes the determinant of a matrix of dimension n in O(n*>”) additions, subtractions, and
multiplications.

The same ideas also lead to the currently best known bit complexity estimate of Kaltofen and
Villard (2005) for the problem of computing the characteristic polynomial.

We consider the straight-line programs of Kaltofen (1992) for computing the determinant over
abstract fields or rings (with or without divisions). Using the reverse mode of automatic differentiation
(see Linnainmaa (1970, 1976) and Ostrowski et al. (1971)), a straight-line program for computing
the determinant of a matrix A can be (automatically) transformed into a program for computing
the adjoint matrix A* of A. This principle, stated by Baur and Strassen (1983, Cor.5), is also applied
by Kaltofen (1992, Sec. 1.2) for computing A*. Since the adjoint program is derived by an automatic
process, little is known about the way it computes the adjoint. The only available information seems
to be the determinant program itself, and the knowledge that we have on the differentiation process.
The adjoint program can neither be described nor implemented without resorting to an automatic
differentiation tool.

The approach of Kaltofen (1992) leads to a determinant algorithm without divisions by first giving
an algorithm working with divisions. We follow the same idea. By studying the differentiation of
Kaltofen’s determinant algorithm over an abstract commutative field K step by step, we produce an
“explicit” adjoint algorithm with divisions in Section 6. The latter is then extended to a division-free
adjoint algorithm in Section 7.

We recall the determinant program over an abstract field K in Section 2. The simplest parts of the
program are differentiated by applying “by hand” the automatic program differentiation mechanism
that we review in Section 3. However, this strategy appears to be quite complicated and tedious for
the more complex parts of the program, for which we proceed analytically instead. In particular, one
of the steps of the determinant program is computing the constant term of the minimum polynomial
of a linearly generated sequence. We differentiate the corresponding formula from an analytical study
in Section 4, and propose a concrete implementation. The determinant algorithm also uses a Krylov
subspace construction, which consists in vector times matrix and matrix times matrix products. These
simplest parts of the program are differentiated in Section 5 in a way directly related to the automatic
differentiation process. Sections 4 and 5 lead us to the description of a corresponding new adjoint
program over a field, in Section 6. The algorithm that we obtain to some extent calls to mind the matrix
factorization of Eberly (1997, (3.4)). We note that our objectives are similar to those of Eberly, whose
aim was to obtain an explicit inversion algorithm from the parallel determinant algorithm of Kaltofen
and Pan (1991).

Our motivation for studying the differentiation and resulting adjoint algorithm is the importance
of the determinant approach of Kaltofen (1992) and Kaltofen and Villard (2005 ) for various complexity
estimates. Recent advances as regards the determinant of polynomial or integer matrices (see
Eberly et al. (2000), Kaltofen and Villard (2005) and Storjohann (2003, 2005)) and matrix inversion
(see Jeannerod and Villard (2006) and Storjohann (in press)) also justify the study of the general
adjoint problem.

For computing the determinant without divisions over an abstract commutative ring R, Kaltofen
applies the avoidance of divisions of Strassen (1973) to his determinant algorithm over a field. We
apply the same techniques. From the adjoint algorithm of Section 6 over a field, we deduce an adjoint
algorithm over an arbitrary ring R in Section 7. The avoidance of divisions involves computations with
truncated power series. A crucial point in Kaltofen’s approach is a “baby steps/giant steps” scheme for
reducing the arithmetic cost of the corresponding power series operations. Since we use the reverse
mode of differentiation (see Section 3), the flow of computation is modified, and the benefit of the baby
steps/giant steps is partly lost for the adjoint. This asks us to introduce an early and lazy polynomial
evaluation strategy so as not to increase the complexity estimate.

Our adjoint algorithm over a field is obtained by differentiating Kaltofen’s determinant algorithm.
However, as illustrated in Fig. 1, the adjoint algorithm over a ring that we propose, using the avoidance
of divisions of Strassen (1973), does not correspond to the one that could be obtained by differentiating
Kaltofen’s algorithm over a ring directly. It has been unclear to us how to obtain an explicit version of
the latter.
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Determinant over K — avoidance of divisions —>  Determinant over R

differentiation

+

Adjoint over K — avoidance of divisions —> Adjoint over R

Fig. 1. Approach followed for designing the division-free adjoint algorithm.

The division-free determinant algorithm of Kaltofen (1992) uses 0(n>®) operations in R. The
adjoint algorithm that we propose has essentially the same cost; we also discuss some aspects of its
space complexity in Section 8. Our study may be seen as a first step towards the differentiation of the
more efficient algorithm of Kaltofen and Villard (2005). The latter would require us, in particular, to
consider asymptotically fast matrix multiplication algorithms that are not discussed in what follows.

Especially in our matrix context, we note that interpreting programs obtained by automatic
differentiation may have connections with the interpretation of programs derived using the
transposition principle. We refer the reader to, for instance, the discussion of Kaltofen (2000, Sec. 6) or
Bostan et al. (2003). To our knowledge, apart from the already noted link with the work Eberly (1997),
there exists no other study or interpretation of the differentiation of determinant programs.

Cost functions. We let M(n) be such that two univariate polynomials of degree n over an arbitrary ring
R can be multiplied using M(n) operations in R. The algorithm of Cantor and Kaltofen (1991) allows
M(n) = O(nlognloglogn). The function O(M(n)) also measures the cost of truncated power series
arithmetic over R (see Sieveking, 1972; Kung, 1974; Cantor and Kaltofen, 1991). For bounding the
cost of polynomial gcd-type computations over a commutative field K we define the function G. Let
G(n) be such that the extended gcd problem (see von zur Gathen and Gerhard, 1999, Chap. 11) can be
solved with G(n) operations in K for polynomials of degree 2n in K[x]. The recursive Knuth/Schénhage
half-Gcd algorithm (see Knuth, 1970; Schénhage, 1971; Moenck, 1973) allows G(n) = O(M(n) logn).
The minimum polynomial of degree n of a linearly generated sequence given by its first 2n terms can
be computed in G(n) + O(n) operations (see von zur Gathen and Gerhard, 1999, Algorithm 12.9 and
Section 4.2). We will often use the notation 0" that indicates missing factors of the form « (log n)? for
two positive real numbers « and 8.

2. Kaltofen’s determinant algorithm over a field

Kaltofen’s determinant algorithm extends the Krylov-based method of Wiedemann (1986). The
latter approach is successful in various situations. We refer the reader especially to the algorithms of
Kaltofen and Pan (1991) and Kaltofen and Saunders (1991) as regards exact linear system solution that
have served as basis for subsequent works. We may also point out the various questions investigated
by Chen et al. (2002), and references therein.

Let K be a commutative field. We consider A € K™", u € K" and v € K™, We introduce the
Hankel matrix H = (uA™~2v) e K™" and let hy = uAkv for 0 < k < 2n — 1. We also assume

that H is non-singular:

1<ij<n

uv uAv ... uA"lw
uAv  uA®v ... uA™
detH = det ) ) . ) # 0. (m
uA" v L L uAT

In the applications, (1) is ensured either by construction of A, u, and v, as in Kaltofen (1992) and
Kaltofen and Villard (2005), or by randomization (see the above cited references around Wiedemann'’s
approach, and Kaltofen (1992) and Kaltofen and Villard (2005).

A key idea of Kaltofen (1992) for reducing the division-free complexity estimate for computing the
determinant is to introduce a “baby steps/giant steps” strategy in the Krylov subspace construction.
With baby steps/giant steps parameters s = [/n] and r = [2n/s] (rs > 2n; the notation [x] stands
for smallest integer greater than or equal to x) we consider the following algorithm.
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Algorithm DET (Kaltofen, 1992)
Input: A € K™ y e K> y e K1

STEP 1. vo:=v;Fori=1,...,r —1dov; := Avj_;
STEPII. B:=A"

STEPIII.  Up:=u;Forj=1,...,s—1douj :=u;_4B
STEPIV. Fori=0,1,...,r—1do

Forj=0,1,...,s — 1do hiyjr := ujy;
STEPV.  f := the minimum polynomial of {hy}o<k<2n—1
detA := (—1)"f(0)
Output: detA.

Note that Algorithm DET is a straight-line one, by which we mean that it has no branching, apart
possibly from the computation of the minimum polynomial. We will apply automatic differentiation
for straight-line programs to all parts of Algorithm DET but to STEP v, which we will treat analytically.
In Kaltofen (1992) the determinant algorithm is called on specific inputs A, u and v such that actually
no branching occurs.

We omit the proof of the next theorem that establishes the correctness and the cost of
Algorithm DET, and refer the reader to Kaltofen (1992). We may simply note that the sequence
{hx}o<k<an—1 is linearly generated. In addition, if (1) is true, then the minimum polynomial f of
{h}o<k<2n—1, the minimum polynomial of A, and the characteristic polynomial of A coincide. Hence
(—1"f(0) is equal to the determinant of A.

Theorem 1. If A € K™ u e K" and v € K™ satisfy (1), then Algorithm DET computes the
determinant of A in O(n® log n) operations in K.

Via an algorithm that can multiply two matrices in K™*" in time O(n®), and a doubling approach
for computing the u;’s and the v;’s (see Borodin and Munro (1975, Cor.6.1.5) or Keller-Gehrig (1985)),
an implementation using O(n® log n) operation may be derived. For the matrix product we may set
for instance w = 2.376 using the algorithm of Coppersmith and Winograd (1990).

In the rest of the paper we work with a cubic matrix multiplication algorithm. Our study has to be
generalized if fast matrix multiplication is introduced.

3. Backward automatic differentiation

The determinant of A € K"™" is a polynomial A inK[ay 1, ..., @ij, ..., an ] of the entries of A. We
denote the adjoint matrix by A* such that AA* = A*A = (detA)I. As noticed by Baur and Strassen
(1983), the entries of A* satisfy

a= 24 i<ij=n @)
J: 3(11',]'

The reverse mode of automatic differentiation allows us to transform a program which computes
A into a program which computes all the partial derivatives in (2). Among the rich literature about the
reverse mode of automatic differentiation we may refer the reader to the seminal works of Linnainmaa
(1970, 1976) and Ostrowski et al. (1971). For deriving the adjoint program from the determinant
program we follow the lines of Baur and Strassen (1983) and Morgenstern (1985). We also refer the
reader to the adjoint code method of Gilbert et al. (1991, Sec.4.1.2).

Apart from the minimum polynomial computation, Algorithm DET is a straight-line program over
K. For a comprehensive study of straight-line programs see for instance (Biirgisser et al., 1997, Chap. 4).
We assume that the entries of A are stored initially in n? variables §;, —n?> < i < 0. Then we assume
that the algorithm is a sequence of arithmetic operations in K, or assignments to constants of K. Let
L be the number of such operations. We assume that the result of each instruction is stored in a new
variable §;, and hence the algorithm is seen as a sequence of instructions

81‘ = 8j0p8I(a Ope{+7_7x7 +}5 _n2 <ja k<i’ (3)
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or
§i:=c, ceK, (4)

for 1 <i < L. Note that a binary arithmetic operation (3) where one of the operands is a constant of K
can be implemented with the aid of (4). For any 0 < i < L, the determinant may be seen as a rational
function A; of 6_,2,4, . .., &, such that

Ao(B_p241s---,80) = Alar1, -, Ann)s (5)
and such that the last instruction gives the result
detA =06, = Ar(8_p241,...,00). (6)

The reverse mode of automatic differentiation computes the derivatives (2) in a backward recursive
way, from the derivatives of (6) to those of (5). For any 0 < i < L the quantities §_,2,,...,d;
are considered to be algebraically independent variables, and A; is interpreted as a new straight-line
program with inputs §; for —n? < j < i.Using (6) we start the recursion with

A 0A
Lo, Eloo, P<is<i-n
90, 94
Then, writing
Ai1(6_p2yqs o5 8i1) = Ai(B_p24q, -+, &) = Ai(8_j2yq, -+, 8(85, 81)),s (7)

where g is given by (3) or (4), using the chain rule we have
aA,',1 _ 8A,’ n 8Aj Bg
a8 a8 88 38

for 1 < i < L. Depending on g, several cases may be examined. For instance, for an addition
8; == g(8j, k) = & + Sk, (8) becomes

—n?<l<i-—1, (8)

0Ai—1  04; 04 0Ai—1  04; 04
= +—, = +—, (9)
99; 09; 96 08k 08k 96
with the other derivatives (I # j or k) remaining unchanged. In the case of a multiplication §; :=
g(8j, 8k) = 8; x &, (8) gives that the only derivatives that are modified are
0Ai1  34; | 04 . 0Ai1 94 | 94, (10)

— = 8.
35; 36; T T TR T

We see for instance in (10), where & is used for updating the derivative with respect to §;, that the
recursion uses intermediary results of the determinant algorithm. For the adjoint algorithm, we will
assume that the determinant algorithm has been executed once, and that the §;’s are stored in n® + L
memory locations (also see Section 8).

Recursion (8) gives a practical means, and a program, for computing the N = n? derivatives of A
with respect to the g; ;'s. For any rational function Q (resp. polynomial P), in N variables _y41, ..., o
the corresponding general statement is:

Theorem 2. [Baur and Strassen, 1983] Let & be a straight-line program computing Q (resp. P) in L
operations in K (resp. R). One can derive an algorithm 0% that computes Q (resp. P) and the N partial
derivatives 0Q /96 (resp. dP/d4;) in less than 5L operations in K (resp. R).

Combining Theorem 2 with Theorem 1 gives the construction of an algorithm dDET for computing
the adjoint matrix A* (see Baur and Strassen, 1983, Corollary 5). The algorithm can be generated
automatically via an automatic differentiation tool.! However, it seems unclear how it could be
programmed directly, and, to our knowledge, it has no interpretation of its own.

1 We refer the reader to, for instance, http://www.autodiff.org.
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4. Differentiation of the minimum polynomial constant term computation

Here and in next section we apply the backward recursion (8) to Algorithm DET of Section 2
for deriving the algorithm 0DET. We assume that A is non-singular, and hence A* is non-trivial.
By construction, the flow of computation for the adjoint is reversed compared to the flow of
Algorithm DET; therefore we start with the differentiation of STEP v. Section 5 will then focus on
differentiating STEP IV to STEP I.

For computing the derivatives of STEP v we first give an analytical interpretation of the derivatives
in Section 4.1; then we propose a corresponding implementation for their evaluation in Section 4.2. As
underlined in the introduction, another approach could be to directly apply automatic differentiation
to a concrete implementation of STEP v—we mean to a particular minimum polynomial algorithm.
However, in this case, the question of providing an “explicit” algorithm would remain open.

4.1. Constant term differentiation: interpreting the problem

At sTEP v, Algorithm DET computes the constant term of the minimum polynomial f of the linearly
generated sequence {hy}o<k<2n—1. Let A be the first instruction index at which all the h;’s are known.
We apply the recursion until step A, globally—we mean that we compute the derivatives of A,. After
the instruction A, the determinant is viewed as a function A, of the h;’s only. Following (7) we have

det(A) = Ay (6_p241, ..., 8) = Ay(hy, ..., hon1).

Hence we may focus on the derivatives d A, /dhy, 0 < k < 2n — 1; the remaining ones are zero.
Using assumption (1) we know that the minimum polynomial f of {hy}o<k<2n—1 has degree n, and
iff(x) = fo + fix + - - - + fu_1x"~1 + x", then f satisfies

fo ho  hi ... fo hy
f hi  hy ... hy fi Rt
HI . [=] . . ) : == . | (11)
fn—1 hn—l soe L) h2n—2 fn—l h2n—l

see, e.g., Kaltofen (1992), or von zur Gathen and Gerhard (1999, Algorithm 12.9) together with Brent
et al. (1980). Applying Cramer’s rule we see that

hy hy ... hy
hy, hs ... huq
fo=(=1"det | . . . i detH,
hn o SPIN h2n,1
and hence, defining Hy = (uAi“*]v)]Sl.JSn = (hf+f—1)15i,j5n € K™ we obtain
detHA
= . 12
v detH (12)
Let X, and X, be the Krylov matrices
Ky =" AT, ., @AD" e kN, (13)
and
Ko = [v,Av, ..., A" y] € K™, (14)

Since H = X, X,, assumption (1) implies that both K, and &, are non-singular. Hence, using that A

is non-singular, we note that Hy = KuAX, also is non-singular.
For differentiating (12), let us first specialize (2) to Hankel matrices. We denote by (dA/da; ;)(H)
the substitution of the entries of H for the a;;’s in dA/da;;, for 1 < i,j < n. From (2) we have
0A

h*:*H, 1<i,.<n.
M 8aw( ) <ij=
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Since the entries of H are constant along the anti-diagonals, we deduce that
0<k<2n-2.

PNED N

ddetH A
e =, 2, o, : i’
k i+j—2=k 1] i+j—2=k i+j—2=k
(15)

In other words, we may write
ddetH .
=ox(H*), 0<k<2n-2,
ahk
where, for a matrix M = (mjj)1<; j<n, we define

oM)= Y my 0<k<2n-2
The function o (M) is the sum of the entries in the anti-diagonal of M starting with my ;41 if0 < k <
(16)

i+j—2=k
n —1,and my_pyo.n if n < k < 2n — 2. Shifting the entries of H for obtaining H4 we also have

J det HA «
=or1(Hy), 1<k=<2n-1.

8hk
Since H does not contain h,,_; and H, does not contain hg, (15) and (16) are trivial for k = 2n — 1
(or higher values of k) and k = —1, respectively. Hence we define 05,_1(M) = o_;(M) = 0. Now,
differentiating (12), together with (15) and (16), leads to

0A, (0detHy/ohy) (ddetH/dhy) detHy  (ddetHs/dhy) det Hy H)A

= —_ = — O]
I detH detH  detH detH,  detH v
and, consequently, to
A/ = (ok1(Hy D) —ox(H™)) Ay, 0<k=<2n-—1, (17)
k > 2n.

dAy/dhy = 0,

4.2. Constant term differentiation: concrete implementation
For implementing (17), we study the computation of the anti-diagonal sums o} of H~! and HA’].
We first use the formula of Labahn et al. (1990) for Hankel matrix inversion. The minimum polynomial

fof (hiJo<k<an—1isf(X) = fo +fix+---+f_1x"~! +x", and satisfies (11). Let the last column of H~!
(18)

be given by
Hlgo. 81, 811" =10,...,0,1]" e K".
Applying (Labahn et al., 1990, Theorem 3.1) with (11) and (18), we know that

fi i vii famr 1

. . £o 8n—1
H!=| - S :
fn,1 0 0 8o
1
-1 0
. fO fn—l
(19)

81

8n—1
0
For deriving an analogous formula for H; !, using the notation of (13) and (14), we first recall that
(20)

H = X,X, and Hy = X,AX,. Multiplying (11) on the left by KX,AX ' gives
RN h2n]T-

. afn—l]T = _[hn—Ha hn+2a

Ha [fo, f1, - -
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We also notice that
HaH ™ = (5 AT )

and, using the action of AT on the vectors u, ..., (AT)"2u”, we check that H4H ! is the companion
matrix
0 1 0
HH '=| : -
0 - 0 1
—fo —fi . —fam

Hence the last column [g;, g7, ..., & _] ofHA_l is the first column of H~! divided by —f,. Using (19)
for determining the first column of H~!, we get

* * * g
[g05gl""’gn—]]T:_fovla"'afn—l’1]T+[g]7"'agn—l70]T' (21)
0
Applying (Labahn et al., 1990, Theorem 3.1), now with (20) and (21), we obtain
i oo fia . .
. . . gO gn—l
Hy' = oo
fnfl 0 0 gg‘
1
g oA
L fo oo fi
- ’ ’ ’ Sl (22)
&1 0 0 fo
0

From (19) and (22) we see that computing o (H™!) and O’k,1(H/;1), for0 < k < 2n — 1, reduces
to computing the anti-diagonal sums for a product of triangular Hankel times triangular Toeplitz
matrices. Let

l() l] . ln—l To r oo Iy
M =1IR = h h—2
. 0 0 .
ln—l To
We have
i+j—2
mjj = Z Lritj—s—, 1=<i+j—1=n, (23)
s=i—1
and
n—1
m;; = Z lsrprj,s,z, n< 1+] —1<2n-1. (24)
s=i—1

For0 < k < 2n — 2, 0x(M) is defined by summing the m; ;’s such thati 4 j — 2 = k. Using (23) we
obtain

k+1  k

k+1
ox(M) = Zmi,kﬂ#z = Z Z lsTie—s
i=1
lk
= Z(S
s=0

i=1 s=i—1

+ Dk, 0<k<n-—1,
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and hence
n—1 " /n-1 n—1
(Z sts“) (Z rsxs> mod x* = ) o (M) xk. (25)
s=0 s=0 k=0
In the same way, using (24) with k = k — n + 2, we have
n—k+1 n—k+1n—k+1
ok (M) = Z Mgk tn—it1 = Z Z Iy f—2Tn—s
i=1 i=1  s=i
n—1

s+n—kkrn_s, n—1<k<2n-2,
s=k—1

and

n " fn—1 n—1
(Z rn—sxs> (Z ln—s—lxs> mod x" = Z O2n—k—-2 (M) Xk- (26)
s=1 s=0

k=0

It remains to apply (25) and (26) to the structured matrix products in (19) and (22), for computing
the o (H~')’s and oy, (HA_I)'S. Together with taking the minimum polynomial f = fy+- - - +fu_1x" "' +
X" letg = go+ -+ + gu1X" ' (see (18)),and g* = g5 + --- + g'_,x""! (see (21)). We may now
combine, respectively (19) and (22) with (25) to obtain

n—1
flg—gf modx" =) oi(H ), (27)
k=0
and
n—1
flg" = (@")f mod X" = "oy (Hy ) &, (28)
k=0

Defining also rev(f) = 1+ fy_1x + -+ + fox", rev(g) = g1x + -+ + gx", and rev(g*) =
gr_1X+ - -+ 4 g¢x", the combination of, respectively, (19) and (22) with (26) leads to

n—1

rev(g)'rev(f) — rev(f)'rev(g) mod x" = Z Oan—k—2 (H) X, (29)
k=0
and
n—1
rev(g®)'rev(f) — rev(f)'rev(g*) mod x" = Z Ok (Ha) X*. (30)
k=0

From (27)-(30) we may now derive an algorithm for computing the anti-diagonal sums. We first
reduce the computation of f and g to the following version of the Extended Euclidean Algorithm,
where q® is the quotient resulting from the Euclidean division of r~—1 by r@®.

Algorithm EEA — EXTENDED EUCLIDEAN ALGORITHM
put: @ eK[x],r® eK[x],d e N

t@:=0;tM:=1;i:=1

While degr® > d do
D = =D g0
D . — (=1 _ q(i)t(i)
i=i+1

Output: =19 t:=1t®,
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Following von zur Gathen and Gerhard (1999, Algorithm 12.9), the minimum polynomial f of
{hi}o<k<2n—1 is obtained as follows:

r,t := EEAX®", hop_1 + hop_oX + - - - + hox®"™1, n)
f=t/t,.

Using the approach of Brent et al. (1980, Sec.6) we know that computing the polynomial g, whose
coefficients are given by the last column of H~', reduces to

r,t := EEA(X® 1, hyn_n + hop_3x + - - - + hox®"~2, n)
g = t/rn71~

Once f and g are known, the next procedure returns

(31)

(32)

2n—1 2n—1

-1 k —1 k—1

0=§ ox(H™')x", and UAZE ok-1(Hy ) x ",
k=0 k=0

and hence two polynomials whose coefficients are the quantities involved in (17).

Algorithm ANTI-DIAGONAL SUMS
Input:  {hi}o<k<on—1
STEP 1. Compute f and g using (31) and (32)
STEPIL [g5, &7, ... &' = —2lfi, ..o foor, T + 810, g0, OF
stepn oW = f'g —g/f mod x* [*(27)%/
o :=f'g" = (g")f mod x" [*(28)]
o™ := rev (rev(g)'rev(f) — rev(f)'rev(g) mod x"~') [*(29)*
afEH) = rev (rev(g*)’rev(f) — rev(f)'rev(g*) mod x"~') [*(30)*/
Output: o® 4 x"25H olfl) + x”‘zof).
For the sake of completeness we have included the computation of f in the anti-diagonal sums
computation. Actually, with the automatic differentiation approach, since we assume that algorithm
DET has been executed once (see Section 3), f is known and stored, and should not be recomputed.

Proposition 3. Assume that the minimum polynomial f and the Hankel matrices H and H, are given. The
anti-diagonal sums o, (H™') and ak(HA_l),for 0 < k < 2n — 1, and hence the derivatives of STEP V
through (17), can be computed in G(n) + O(M(n)) operations in K.

Proof. Using (32) the polynomial g is computed in G(n) + O(n) operations. From there, the execution
of Algorithm ANTI-DIAGONAL SUMS costs O(M(n)). O

5. Differentiating dot products, and matrix times vector and matrix products

Once the derivatives of sTEP v are known, those of STEP 1v to STEP I can be computed recursively
using the chain rule (8).

5.1. Differentiation of the dot products

For differentiating STEP 1v, A is seen as a function A,y of the u;’s and v;’s. The entries of u; are used
for computing the r scalars hjr, hiyjr, . .., hg—1)4jr for 0 < j < s — 1. The entries of v; are involved in
the computation of the s scalars h;, hitr, ..., hiy—1) for0 <i <r —1.

In (8), the new derivative 0 A;_1/d§ is obtained by adding the current instruction contribution
to the previously computed derivative d4;/94;. Since all the h;i;’s are computed independently
according to

n

hijr = Z(Uj)l(vi)t,

I=1
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it follows that the derivative of A, with respect to an entry (u;); or (v;); is obtained by summing up
the contributions of the multiplications (u;);(v;);. Since all d A, /9 (u;); and 9 Ay /9 (v;); are zero, (10)
leads to

A — dA
W:Z (), 0<j<s—1,1<Il<n, (33)
o) 4= dhiyy
and
9A =L oA
“’:Z “o(u), 0<i<r—1,1<l<n. (34)
i =5 Ohiyr

By abuse of notation (of the sign d), we let du; be the n x 1 vector (resp. dv; be the 1 x n vector)
whose entries are the derivatives of A,, with respect to the entries of u; (resp. v;). Note that because
of the index transposition in (2), it is convenient, here and in the following, to take the transpose form
(column versus row) for the derivative vectors. Defining also

A
8H:( v

) c ers’
ahiﬂ'r 0<i<r—1,0<j<s—1

we deduce, from (33) and (34), that

[8”0, 3U1, ey 8u5,1] = [Uo, Uly oo ey l)r,1] 0H € K™ (35)
and
31)0 Ug
81}1 uq
=0H| . | ek (36)
0vr_q Us—1q

Identities (35) and (36) give the second step of the adjoint algorithm. In Algorithm DET, STEP 1v
costs essentially 2rsn additions and multiplications in K. Here we have essentially 4rsn additions and
multiplications using basic loops (as in STEP 1v) for calculating the matrix products—we mean without
an asymptotically fast matrix multiplication algorithm.

5.2. Differentiation of the matrix times vector and matrix products

The recursive process for differentiating STEP 111 to STEP I may be written in terms of the
differentiation of the basic operation (or its transposed operation)

qg:=p-Mek™", (37)

where p and q are row vectors of dimension n, and M is an n x n matrix. Let  be such that (37) starts
at the Ith instruction of the determinant program. By recursion, we assume that the derivatives of A,
are known. We let dp and dq be the column vectors of the derivatives of A; with respect to the entries
of p and g, and M be the n x n matrix whose transpose gives the derivatives of A; with respect to the
m;’s. Following the lines of previous section for obtaining (35) and (36), we see that differentiating (37)
amounts to updating dp and dM according to

- . n
{8p.-8p+M aq € K", (38)

oM := 0M + 9q - p € K",

where the symbols dp and dM are re-used for the new derivatives.
Differentiation of sTEP 111. The differentiation (38) of (37) directly allows us to differentiate

uj = U]'_1B.
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We start from the values du;’s of the derivatives of sTEP Iv computed with (35), and, since the
derivatives of STEP v and STEP Iv with respect to the b;’s are zero, from 9B = 0. This gives

au]'_1 = 8Llj_] +B- au]', (39)
0B:=0B+0uj-ui_y, j=s—1,...,1
Differentiation of sTEP 11. For B := A", we show that the backward recursion leads to
r
dA =) AK.9B. AT (40)

k=1

Here, the notation 0A stands for the n x n matrix whose transpose gives the derivatives d A, /da; j. We

may show (40) by induction on r. Forr = 1, 9A = 9Bis true. If (40) is true forr — 1, thenlet C = A™~!
and B = CA. Using (38), and overloading the notation dA, we have

dC =A-0B e K™,
0A=0B-C e K™".

Hence, using (40) for r — 1, we establish that
r—1
0A = 0A+ Y AT 9C- AT
k=1

r—1
=09B-C+ Y A" (A 9B) A
k=1
r—1

.
—9B-A! + ZA“" 9B AT = ZA”" 9B - A1,
k=1 k=1

Any specific approach for computing A” will lead to an associated program for computing dA. Let
us look, in particular, at the case where sTEP 11 of Algorithm DET is implemented by repeated squaring,
in essentially log, r matrix products. Consider the recursion

A] =A
Fork=1,...,log,r doAy := A1 - Apk—1
B:= A,

that computes B := A’. The associated program for computing the derivatives is

0A, := 0B
Fork =log,r, ..., 1do 0Ak-1 := Ayk—1 - 0Ak + 0Ask - Ajk—1 (41)
0A := 8141,

and costs essentially 2 log, r matrix products.
Differentiation of sTEP 1. We apply the differentiation (38) of (37) for differentiating

v = Avi_q,

starting from the values of the dv;'s computed with (36), and from dA computed with (40). We get
0vj_1 := 0vj_1 + Jv; - A,
{8A::8A+v,-1~8vi, i=r—1,...,1. (42)

Now, 0A is the n x n matrix whose transpose gives the derivatives dA,/da;j = dA/da;;, and hence
from (2) we know that A* = 0A. sTEP 111 and STEP 1 both cost essentially r (&~ s) matrix times vector
products. From (39) and (42) the differentiated steps both require r matrix times vector products and
2rn? 4 0(rn) additional operations in K.
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6. The adjoint algorithm over a field

We name as ADJOINT the algorithm obtained from the successive differentiations of Sections 4 and
5 . We keep the notation of previous sections. We use in addition U € K" and V € K™ (resp.
oU € K™ and aV € K™™) for the right sides (resp. the left sides) of (35) and (36).

Algorithm ADJOINT (dDET)
Input: A € K™ non-singular, and the intermediary data of Algorithm DET
All the derivatives are initialized to zero
STEP I*. /¥ Requires det A, H and Hy; see (17) %/
OH = (aAv/ahH.jr)ij using ANTI-DIAGONAL SUMS
STEP II*.  /* Requires the u;’s and v;’s see (35) and (36) */

oU:=V.0H
dV:=0H-U

STEP III*.  /* Requires B = A’; see (39) ¥/
Forj=s—1,...,1do

8Uj_1 = 31,!]'_1 +B- an
0B := 0B =+ au]' . Llj,1
STEP IV*.  /* Requires the powers of A; see (40) or (41) ¥/
Af = ZZ:l Ar—k . OB _Ak—l
STEP V*.  /*See (42) 7/
Fori=r—1,...,1do
dvi_1 := 0vj_1 + dv; - A
A* =A% + Vj—1q * av,‘
Output: The adjoint matrix A* € K™*",

The cost of ADJOINT is dominated by STEP 1v*, which is the differentiation of the matrix power
computation. As we have seen with (41), the number of operations is essentially twice that for
Algorithm DET. The code that we give allows an easy implementation.

We note that if the product by det Ais avoided in sTEP I* (see (17)), then the algorithm computes the
matrix inverse A~!. We may put this into perspective with the algorithm given by Eberly (1997). With
X, and X, the Krylov matrices of (13) and (14), Eberly has proposed a processor-efficient inversion
algorithm based on

AT = K Hy K. (43)

Seeing whether a baby steps/giant steps version of (43) would lead to an algorithm similar to ADJOINT
deserves further investigations.

7. Adjoint computation without divisions

Now let A be an n x n matrix over an abstract commutative ring R. As shown by Kaltofen
(1992), the determinant algorithm of Section 2 (with divisions) may be transformed into an algorithm
for computing the determinant using only operations in R (without divisions). By application of
Theorem 2, the differentiation of the latter algorithm gives an algorithm without divisions for
computing the adjoint using O(n>?) operations in R. However it is unclear to us how to propose an
explicit version of this division-free algorithm.

As illustrated by Fig. 1 in the introduction, we rather transform Algorithm ADJOINT, using the same
means as Kaltofen for his determinant algorithm, for obtaining a division-free adjoint algorithm. The
transformation uses truncated power series manipulations and we need to introduce a lazy evaluation
scheme for ensuring the complexity bound 0(n3?).

Kaltofen’s algorithm for computing the determinant of A without divisions applies Algorithm DET
on a well chosen univariate polynomial matrix Z(z) = C 4+ z(A — C) where C € Z™", with the
following dedicated choice of projections: u = ¢ € Z!*" and v = ¢ € Z"*!. Defining

(1 L=t n2) L(”+i)/2J>
“"(Li/2J>’ pi=—CD ( i)
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we take
0 1 0 0 o
0 0 1 0 %1
p=[1 0 ... 0], Cc=|. . . ) o | v = (44)
0 0 0 1
ﬂO ﬂl cee ,3n72 ﬂn—] ®n—1

The algorithm uses Strassen’s avoidance of divisions (see Strassen, 1973; Kaltofen, 1992). Since
the determinant of Z is a polynomial of degree n in z, the arithmetic operations over K in DET may
be replaced by operations on power series in R[[z]] modulo z"*!. Once the determinant of Z(z) is
computed, the evaluation (det Z)(1) = det(C+ 1 x (A— C)) gives the determinant of A. The choice of
C, ¢ and ¥ is such that, whenever a division by a truncated power series is performed, the constant
coefficients are 4-1. Therefore the algorithm necessitates no divisions. Note that, by construction of
Z(z), the constant terms of the power series involved when DET is called with inputs Z(z), ¢ and ¢
are the intermediary values computed by DET with inputs C, ¢ and .

The cost for computing the determinant of A without divisions is then deduced as follows. In STEP
1and sTEP 11 of Algorithm DET applied to Z(z), the vector and matrix entries are polynomials of degree
0(+/n). The cost of sTEP 11 dominates, and is 0(n*M(/n) logn) = 0(n3./n) operations in R. STEP 111,
1v, and v cost O(n?+/n) operations on power series modulo z"*!, that is 0(n?M(n)/n) operations in R.
Hence detZ(z) is computed in O(n®+/n) operations in R, and detA is obtained with the same cost
bound.

A main property of Kaltofen’s approach (which also holds for the improved blocked version
of Kaltofen and Villard (2005)), is that the scalar value detA is obtained via the computation of the
polynomial value det Z(z). This property seems to be lost with the adjoint computation. We are going
to see how Algorithm ADjoINT applied to Z(z) allows us to compute A* € R™" in time 0(n>/n)
operations in R, but does not seem to allow the computation of Z*(z) € R[z]™" with the same
complexity estimate. Indeed, a key point in Kaltofen’s approach for reducing the overall complexity
estimate is to compute with small degree polynomials (degree O(+/n)) in STEP I and STEP 11. However,
since the adjoint algorithm has a reversed flow, this point does not seem to be relevant for ADJOINT,
where polynomials of degree n are involved from the beginning.

Our approach for computing A* over R keeps the idea of running Algorithm ADJOINT with input
Z(z) = C + z(A — C) such that Z*(z) has degree less than n, and gives A* = Z*(1). In Section 7.1, we
verify that the implementation using Proposition 3 needs no divisions. We then show in Section 7.2
how to establish the cost estimate O(n>./n). The principle that we follow is to start evaluating
polynomials at z = 1 as soon as computing with the entire polynomials is prohibitive.

7.1. Division-free Hankel matrix inversion and anti-diagonal sums

In Algorithm ADJoOINT, divisions may only occur during the anti-diagonal sums computation. We
verify here that with the matrix Z(z), and the special projections ¢ € Z'*", ¢y € Z"*, the approach
described in Section 4.2 for computing the anti-diagonal sums requires no divisions. Equivalently,
since we use Strassen’s avoidance of divisions, we verify that with the matrix C and the projections
¢, ¥, the approach necessitates no divisions. As we are going to see, this a direct consequence of the
construction of Kaltofen (1992).

Here we let hy = @C*y for 0 < k < 2n — 1, r@x) = x*", and rV(x) = hex®*! + h;x*" 2 +
-+ -+ hyn_1. The Extended Euclidean Algorithm (see Section 4.2) with these specific inputs @ and r(V
leads to a normal sequence, and after n — 1 and n steps, we get (see Kaltofen, 1992, Sec. 2)

SO 4 () _ ) (45)
with

degs™ =n—2, degt™ =n—1, degr™ =n,
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and
SO 4 (D) _ D)
with
degs™V =n—1, degt™V =n, degr™V=n-1.
The polynomial t ™7 is such that
t™*D = +x" + intermediate monomials + 1 = =+f, (46)

with f the minimum polynomial of {h}o<k<2:—1 (see (31)). The polynomial r™ also has leading
coefficient +1. By identifying the coefficients of degree 2n — 1 > k > n in (45), we obtain

fén) ho  hi ... hyy tén)
£ hy  hy ... hy £ 0

H|  |=] . . =+ . (47)
(™ T T P 1

Therefore t™ = =+g with g the polynomial involved in Algorithm ANTI-DIAGONAL suMs (see (18)) in
addition to f.

Since C, ¢, and i are such that the above application of the Extended Euclidean Algorithm
necessitates no divisions (see Kaltofen, 1992, Sec. 2), we see that both f and g may be computed with
no divisions. The only remaining division in the algorithm for Proposition 3 is at (21). From (46), this
division is by fo = 1. It may seem somewhat fortuitous that, in the same way as for Algorithm DET, the
input C, ¢, ¥ identified by Kaltofen (1992) introduces no divisions other than by £1 in Algorithm
ANTI-DIAGONAL SUMS. However, since % = 1/b and % = —a/b? we may first note that
differentiation should not introduce divisions other than by £1. We may also note that our algorithm
is derived from identity (17) that has been obtained analytically.

7.2. Lazy polynomial evaluation and division-free adjoint computation

We run Algorithm ADpJoINT with input Z(z) € R[z]™*", and start with operations on truncated
power series modulo z"*!, Using Section 7.1 we know that any division is by a power series having
constant term £1; hence all the operations are in R. We keep the assumption that Algorithm DET has
been executed, and that its intermediate results have been stored.

Using Proposition 3, STEP 1* requires O(G(n)) operations in K. Taking into account the truncated
power series operations, this gives O(G(n)M(n)) = 0(n?) operations in R for computing dH (z) of
degree nin R[z]"*. STEP II*, STEP 1I*, and v* cost O(1n?4/n) operations in K, and hence O(n>M(n)/n) =
0(n3./n) operations in R for the division-free version. The cost analysis of STEP 1v*, using (41) over
power series modulo z"*!, leads to log, r matrix products, and hence to the time bound O(n*),
greater than the target estimate O(n>./n). We recall that we work with a cubic matrix multiplication
algorithm. As noticed previously, STEP 11 of Algorithm DET only involves polynomials of degree O(+/n),
while the reversed program for sTeP 1v* of Algorithm ADJOINT relies on dB(z) whose degree is n.

Since only Z*(1) = A* is needed, our solution, for restricting the cost to 0(n®/n), is to start
evaluating at z = 1 during STEP 1Iv*. However, since power series multiplications are done modulo
z"1 this evaluation must be lazy. The fact that matrices Z¥(z),1 < k < r — 1, of degree at most r — 1
are involved enables the following. Let a and ¢ be two polynomials such that dega + degc =r — 1
in R[z], and let b be of degree n > r — 2 in R[z]. Considering the highest degree part of b, and
evaluating the lowest degree part at z = 1, we define by(z) = b,z" 2 + --- + by_r42 € R[z] and
by =by_r+1+ - - + bo € R. We then remark that

(a@@)b(2)c(z) mod 2"*1) (1) = (a(2)(by(2)z""*? + by)c(z) mod ") (1)
= (a(2)by(2)c(z) mod 2"~ 1) (1) + (a(2)byc(2)) (). (48)
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For modifying sTEP Iv* accordingly, we follow the definitions of by and b, and first compute 0By (z) €
R[z]™" of degree r — 2, and dB; € R™*". Applying (48), we arrive at

7 = (erk(z) - 9By (2) - Z"'(z) mod z”) 1N

k=1

+ (Z Z*z) - 9B, -z’”(z)) (1. (49)

k=1

In Algorithm ADJOINT WITHOUT DIVISIONS below we implement (49) using (41) twice. The notation
“modz"*!” indicates an execution over truncated power series.

Algorithm ADJOINT WITHOUT DIVISIONS
Input: A € R™"
Zz)=C+zA—=C);u:=¢;v:=1 [*SeeCin(44)*|

[* The intermediary data of Algorithm DET(Z, u, v) mod z"*!

are available */

All the derivatives are initialized to zero

STEP I-1II* of ADJOINT(Z) mod z"*!

STEP IV*.  /* Uses the powers of Z, application of (49) to loop (41) ¥/
9By :=quo(dB, z""2) [* Division quotient */
9B, :=rem(dB, z""2) [* Division remainder */
BBL = BBL(l)

For k = log,(r), ..., 1do
9By :=2%"" . 0By + 0Byz* "' mod 2"~
3B, := (22"“ 9B, + aBLZZH) 1)

7' = 8BH(1) + 3BL

STEPV*.  /*See (42) 7/

Fori=r—1,...,1do
9vi_q 1= dvi_1 + Jv; - Z mod z"*!
7' =7 + vi_q - 81),' mod Z'H—1
A*=27'(1)

Output: The adjoint matrix A* € R™".

The modification of STEP 1Iv* leads to an intermediary value Z' € R™ " before STEP v* using
0(n*M(r)) = 0(n?/n) operations in R. The value is updated at STEP v* with power series operations,
and a final evaluation atz = 1in time O(n?rM(n)) = O(n>\/n). Since only STEP Iv* has been modified,
we obtain the following result.

Theorem 4. Let A € R"™". Algorithm ADJOINT WITHOUT DIVISIONS computes the matrix adjoint A* in
0(n?\/n) operations in R.

8. Space complexity

In general, backward differentiation increases memory requirements. We have used in Section 3
the assumption that all the intermediary quantities of the initial program are stored during the
forward phase for subsequent use during the backward phase. This leads to the theoretical bounds
O0(n®) and 0(n*°) on the number of memory locations (field and ring elements) for Algorithms
ADJOINT and ADJOINT WITHOUT DIVISIONS.

However, using the adjoint code approach, the algorithms keep the same structure as Algorithm
DET, which minimizes the number of memory locations used. The largest memory cost of Algorithm
ApJjOINT is for STEP Iv*, and using (41) we actually see that only log r matrix powers need to be stored.
Hence Algorithm ADjoINT can be implemented using O(n? logn) memory locations. In Algorithm
ADJOINT WITHOUT DIVIsIONs O(n®) locations are required for storing 9B (whose degree is n), which
dominates the cost of the program.
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9. Concluding remarks

We have developed an explicit algorithm for computing the matrix adjoint using only ring
arithmetic operations. The algorithm has complexity estimate O(n>?). It represents a practical
alternative to previously existing solutions for the problem, that rely on automatic differentiation
of a determinant algorithm. Our description of the algorithm allows direct implementations. It
should help in understanding how the adjoint is computed using Kaltofen’s baby steps/giant steps
construction. Still, a full mathematical explanation deserves to be investigated. In particular, we have
no interpretation of the differentiation of the map from {hy}o<x<2s—1 to the minimum polynomial.
We have proposed an algorithm for the evaluation of (17), but interpreting the differentiation of one
of the existing algorithms for computing the minimum polynomial remains to be accomplished. Our
work also has to be generalized to the block algorithm of Kaltofen and Villard (2005) (with the use
of fast matrix multiplication algorithms) whose complexity estimate is currently the best known for
computing the determinant, and the adjoint without divisions.
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