Recursive p-adics

This chapter is based on a section of the paper Relaxed Hensel p-adic lifting of
algebraic systems published with J. BERTHOMIEU in the proceedings of ISSAC’12
[BL12]. The present chapter contains additional details, proofs and examples.

One strength of relaxed algorithms is to allow the computation of recursive p-
adics. The contribution of this chapter is to give a precise framework, based on
our notion of shifted algorithms, to compute recursive p-adics. The main result,
Proposition 2.17, is the building block of almost all relaxed algorithms in this thesis.
Most of the following chapters are dedicated to the exploration of the consequences
of this framework to further problems.

As we will see, solving a recursive equation is very similar to verifying it. There-
fore, the cost of solving such an equation depends mainly on the cost of evaluating
the equation.

2.1 Straight-line programs

Straight-line programs are a model of computation that consist in ordered lists of
instructions without branching. We give a short presentation of this notion and refer
to [BCS97| for more details. We will use this model of computation to describe and
analyze the forthcoming recursive operators and shifted algorithms.

Let R be aring and A an R-algebra. A straight-line program (s.1.p.) is an ordered
sequence of operations between elements of A. An operation of arity r is a map
from a subset D of A" to A. We usually work with the binary arithmetic operators
+,—,-: D=A%2— A. We also define for r € R the 0-ary operations r¢ whose output
is the constant r and the unary scalar multiplication » x _ by r. We denote the
set of all these operations by R and R. Let us fix a set of operations €2, usually
Q={+,—,-JURUR-"

An s.lp. starts with a number ¢ of input parameters indexed from —(¢ — 1)
to 0. It has L instructions I'y,..., 'y, with I'; = (w;; w; 1, ..., 4 ;) where —0 <, 1, ...,
u;, < ¢ and 7; is the arity of the operation w; € 2. The s.l.p. T' is executable on
a=(ag,...,ar_1) with result sequence b=(b_gy1,...,br) € ATE if bj=a,_1,; whenever
—(0—1)<i<0and b;=wi(by1,...,bur;) with (by1,..., by r,) € Dy, whenever 1 <i< L.
We say that the s.l.p. I' computes b€ A on the entries ay, ..., a, if I' is executable on
ai,...,ap over A and b is a member of the result sequence.

The multiplicative complexity L*(T") of an s.l.p. T" is the number of operations w;
that are multiplications - between elements of A.

Example 2.1. Let R=7, A=7]X,Y] and I" be the s.1.p. with two input parameters
indexed —1, 0 and

Flz(,—l,—l), PQZ(,l,O), sz(lc), P4:(—,2,3), P5:(3X_,1)
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First, its multiplicative complexity is L*(I') = 2. Then, I" is executable on (X,
Y') € A% and for this input its result sequence is (X,Y, X% X2V 1, X2Y — 1,3 X?).

Remark 2.2. For the sake of simplicity, we will associate a “canonical” arithmetic
expression with an s.l.p. It is the same operation as when one writes an arithmetic
expression in a programming language, e.g. C, and a compiler turns it into an s.l.p.
In our case, we fix an arbitrary compiler that starts by the left-hand side of an
arithmetic expression. We use the binary powering algorithm to compute powers of
an expression.

For example, the arithmetic expression ¢: Z+ Z*+ 1 can be represented by the
s..p. with one argument and instructions

F1:<';0,0), F2:<,1,1)7 F3:<1c>’ F4:<—|—,273)

2.2 Recursive p-adics

The study of on-line algorithms is motivated by its efficient implementation of recur-
sive p-adics. To the best of our knowledge, the paper [Wat89] was the first to
mention the lazy computation of power series which are solutions of a fixed point
equation y=®(y). The paper [Hoe02|, in addition to rediscovering the fast on-line
multiplication algorithm of [F'S74], connected for the first time this fast multiplica-
tion algorithm to the on-line computation of recursive power series. Van der Hoeven
named these on-line algorithms, that use the fast on-line multiplication, relaxed
algorithms. Article [BHL11| generalizes relaxed algorithms for p-adics.

We contribute by clarifying the setting in which recursive p-adics can be com-
puted from their fixed point equations y = ®(y) by an on-line algorithm. For this
matter, we introduce the notion of shifted algorithm.

We will work with recursive p-adics in a simple case and do not need the gen-
eral context of recursive p-adics [Kap0l, Definition 7|. We denote by v,(a) the
valuation in p of the p-adic a. For vectors or matrices A € M, «s(R,), we define
vp(A) :=min; ; (vp(A; ;). We start by giving a definition of recursive p-adics and
their recursive equation that suits our needs.

Definition 2.3. Let (€N, ® € (R,[Y1,...,Yd])", y € (R,)" be a fized point of ®, i.e.
y=(y). Wewritey=>_, _\ Yi p' the p-adic decomposition of y. Let us denote
®°=1d and, for alln eN*, ®*"=Po---o® (n times).

Then, we say that the coordinates (Y1, ..., ye) of y are recursive p-adics and that
the recursive operator ® allows the computation of y if, for all n € N, we have

vp(y — @"(yo)) Zn+1.

The general case with more initial conditions yg, Y1, ..., Ys is not considered here
but we believe it would to be an interesting extension of these results.

Proposition 2.4. Let ® € (R,[Yi, ..., YJ])* with a fired point y € RS and let
Yo=yremp. Suppose vy(Jace(yo)) >0. Then ® allows the computation of y.

Moreover, for all n <m € N*, the p-adic coefficient (®(y)), does not depend on
the coefficient yYp,, i.e. (®(y))n=(®(y+a)), for any ac (p" R,)".
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Proof. We prove by induction on n that v,(y — ®"(yo)) =>n+ 1. First, notice that
vp(y — Yo) = 1. Let us prove the claim for n + 1, assuming that it is verified for n.
For all y, z € Rf,, there exists, by Taylor expansion of ® at z, vectors of p-adics

0, iy, 2) ERf, for 1 <i< j </ such that
®(y) —@(z)=Jace(2) (y—2)+ > (vi—2)(y;—2)6i,(y,2).

1<i< <L

For all n € N, we set y(,):= ®"(yo) and we apply the previous statement to y itself
and z = Ywm):

Y= Yorn = 2(y)—2(yw)
= Jaca(ym) (Y —Ye)+ D (Wi—Ym.) (U5 — Ym.) Oii(Y, Ym)-
1<i<j<t
By the induction hypothesis, vp(y — ym)) = n + 1. Also v,(Jacs(y))) > 0 implies
vp(Jace(ym))) > 0. As a consequence, one has v,(y — Ym+1)) =n+2.
For the second point, remark that if a € (p" R,), then

By +a)-®(y)=Jaca(y)at > a,a;0,;(y+a y)e PR,

1<i< <t
since vy(Jace(y)) >0 and v,(a;) >0 because n € N*. O

On-line computation of recursive p-adics Let us recall the ideas to compute
y from ®(y) in the on-line framework. Let ® be given as an s.l.p. with operations
in Q={+, —, -} URU R". First, if a € R}, we evaluate ®(a) in an on-line manner
by performing the arithmetic operations of the s.l.p. ® with on-line algorithms.
Let OnlineAddStep (resp. OnlineMulStep) be the step of any on-line addition (resp.
multiplication) algorithm.

Algorithm OnlineEvaluationStep

Input: an s.l.p. ®, a=(ay,...,a;) € (R,)", [cgo), - c%))] €(R,)" and i €N
Output: [cy,...,cr) € (R,)"

L. [c_ey1y .y ol = |an, ..., af

2. [e1,...,c0)= [cgo), ...,cg))]

3. for j from 1 to L

i (0= (4 0,0))
¢;=0nlineAddStep(cy, ¢y, ¢}, 1)

i (1= (—0,0))
¢;=0nlineAddStep(cy,, —Cy, ¢}, 1)

i (I = (0, 0)
¢;=0nlineMulStep(cy, ¢y, Cj, 1)

if (T';j=(rx _;u))
¢;=0nlineMulStep(r,cy,c;, 1)

if (I';=(r;))

Cj:T

4. return [cy, ..., cf]
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We see that Algorithm OnlineEvaluationStep computes the result sequence [cq, ...,
cr) € (R,)" of the s.l.p. ® on the input a € (R,)". If one wants to evaluate ® on a,
it remains to loop on Algorithm OnlineEvaluationStep.

Algorithm OnlineEvaluation

Input: an s.l.p. ®, a=(ay,...,a;) € (R,)* and N €N
Output: [cy,...,cz) € (R,)F

1. [e1,.., 0] =10, ..., 0]

2. for i from 0 to N
[¢1,...,cr) =0nlineEvaluationStep(®, a,[cy, ..., L], 1)

3. return [cy, ..., cr]

As expected, OnlineEvaluation is an on-line algorithm.

Proposition 2.5. For any N €N, any s.L.p. ® and a € (R,)", the output [cy, ..., cy]
of OnlineEvaluation(®,a,N) coincides at precision N + 1 with the result sequence
of the s.l.p. ® on the input a.

Moreover, Algorithm OnlineEvaluation(®, a, N) is on-line with respect to its
mput a.

Now that we have this algorithm, we want to use the relation y = ®(y) to
compute the recursive p-adics y. What we really compute is ®(y): suppose that we
are at the point where we know the p-adic coefficients yy, ..., yn_1 of y and ®(y)
has been computed up to its (N — 1)st coefficient. Since in the on-line framework,
the computation is done step by step, one can naturally ask for one more step of the
computation of ®(y). Also, from Proposition 2.4, (®(y))y depends only on yq, ...,
yn—1 so that we should be able to compute it and deduce yy = (®(y))n.

We denote by i1, ..., 7, the indices of the outputs of the s.l.p. ®.

Algorithm OnlineRecursivePadic

Input: an slp. ®, yo€ M‘and NeN
Output: a € (R,)"

1. a=1yy
2. [e1, . cr)=10,...,0]
3. for i from 0 to N
a. [c1,...,c ) =0nlineEvaluationStep(®,a,|[cy,...,cr), 1)

b. a= [Cip ...,Cil]

4. return a

One’s hope is that, with the notations of Definition 2.3, the output a of Algorithm
OnlineRecursivePadic coincides with the recursive p-adic y at precision N + 1.
But one has to be cautious because, even if (®(y))y does not depend on yy, the
coefficient yx could still be involved in anticipated computations at step N and may
introduce mistakes in the following coefficients.
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Here is an example of this issue that has never been raised before.

Warning 2.6. Take R=Q[X] and p=X so that R,= Q[[X]]. Let ® associated to
the arithmetic expression Y — Y2+ X that is the s.l.p. with one input and output
and instructions

Flz(‘;0,0), PQZ(XC)a F3:(+a172)
Let y be the only fixed point of ® satisfying y, =0, that is

yoV1-4X -1 1“§X X2 a XX O(X0).
Since ®’(0) =0, ® allows the computation of y.
Let us specialize Algorithm OnlineRecursivePadic in our case. We choose to
take Algorithm LazyAddStep for the addition and Algorithm RelaxedProductStep

for multiplication.

Algorithm 2.1

Input: NeN
Output: c € R,

1. a:O(:yo)
2. ¢=0
3. for i from 0 to N

a. c=RelaxedProductStep(c,a,a,i)

b. a=LazyAddStep(a,c, X ,1)

4. return a

Since we already have ag= yg before step 0, the purpose of this step is to initialize
the computations. Then at the first step, we do the computations

c=c+2aa; X=0, a=a+(c+1)X=X.

So after step 1, we get a; =1, which is correct, i.e. a; =1y;. Now at step 2 we know
that ag and a; are correct and we do

c=c+ (2agas+ (a1 +ax X)?) X2, a=a+cy X2

Even if ay # ys, the computations produce ¢ = X? and a = X + X? which is
correct at precision 3. As predicted by Proposition 2.4, the incorrect coefficient
(ag = 0) # (yo = 1) at the beginning of step 2 did not impact the correct result
as = (P(a))2 = 1 at the end. However the incorrect as # ys is involved in some
anticipated computations of future terms.

An error appears at step 3: we do

c=c+ (2apa3) X3, a=a+c3X>
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This gives c=X? and a= X + X? which differs from the correct result X + X2+2 X3
at precision 4.

Remark 2.7. We have just seen that OnlineRecursivePadic do not work for
any on-line addition and multiplication algorithms. As it turns out, it does for lazy
addition and multiplication algorithms, no matter the recursive operator ® as in
Proposition 2.4. Indeed, lazy algorithms do at step N the computations for (®(y))y,
and only them. So when we begin to compute (®(y))y, that is at step N, we know
Yo, ..., Ynv_1 and the unknown value of yxn does not change the result. Therefore,
(®(y))n is computed correctly for all N € IN.

This may explain why the issue was not spotted before by papers dealing only
with lazy algorithms [Wat89].

As a conclusion, even if (®(y))y does not depend on the p-adic coefficient yy,
the coefficient yy can be involved in anticipated computations leading to errors
later. Since we do not know yy at step N, we must proceed otherwise. Given a
recursive operator ® € R,[Y1, ..., Y/|*, we create another s.1.p. ¥ that computes the
same polynomials ®(Y7,...,Y;) but does not read the p-adic coefficient yy at step N.

2.3 Shifted algorithms

Because of the issue raised in Warning 2.6, we need to make explicit the fact that yy
is not read at step N of the computation of ®(y). This issue was never mentioned
in the literature before. In this section, we define the notion of shifted algorithms
and prove that these algorithms compute correctly recursive p-adics by the on-line
method of previous section.

We introduce for all s in N* two new operators:

p’x_: R, = R, _/p* PR, = R,
a +— pia, a — a/p’.

The implementation of these operators just moves (or shifts) the coefficients of the
input. It does not call any multiplication algorithm.

Algorithm OnlineShiftStep

Input: a,ce R), s€Z and i €N
Output: ce R,

1. c=c+a;_sp°

2. return c

Let Q' be the set of operations {+, —, -, p* x _, /p*} U RU R°. We update the
definition of Algorithm OnlineEvaluationStep to accept s.l.p.’s with operations in
Q.
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Algorithm OnlineEvaluationStep

Input: an s.l.p. ®, a=(ay,...,ar) € (R,)", [cgo), ey cg))] €(R,)l and i € N
Output: [cy, ..., cz] € (R))*
L. [c—ty1y ., C0l = |an, ..., af
2. [e1,...,c0]= [cgo), ey cg))]
3. for j from 1 to L
if (I';j=("+";u,v))
¢;=0nlineAddStep(cy, ¢y, ¢, 1)
if (T';=(-";u,v))
¢;=0nlineAddStep(cy,, —Cy, ¢, 1)
if (I';=(""u,v))
¢;=0nlineMulStep(cy, ¢y, ¢}, 1)
if (T';j=(rx _;u))
¢;=0nlineMulStep(r,cy,¢;, 1)

if (I;=(r;))

Cj:T

if (I;=(p°x _;u))
¢;=0nlineShiftStep(cy,¢j,s,1)

if (Ij=(_/p%u))
c;=0nlineShiftStep(cy,c;, —s,1)

4. return [cy, ..., cg]

In the next definition, we define a number, the shift, that will indicate which
coefficients of an input of an s.l.p. are read at any step.

Definition 2.8. Let us consider a Turing machine T with n inputs in ¥* and
one output in A*, where ¥ and A are sets. We denote by a = (a', ..., a") an input
sequence of T and, for all 1 <i<{, we write a' = apai...al, with a’ € X. We denote
by cocy...c, the corresponding output, where ¢, € A.

For all input index i with 1 <i< /¢, we define the set of shifts S(T,7) CZ as the
set of integers s € Zi such that, for all input sequences a, the Turing machine produces
ci, before reading a’ for 0< k< j+s<n.

Also, we define the set of shifts S(T) CZ by

S(T):= ﬂ S(T, ).

If s€ S(T), we say that T has shift s.

Algorithms do not have a unique shift: if s € S(T, ) then s’ € S(T, i) for all
integers s’ < s. The definition of shift for a Turing machine is a generalization of the
notion of on-line algorithms.

Corollary 2.9. A Turing machine T is on-line if and only if 0€S(T). Its ith input
is an on-line argument if and only if 0€ S(T,7).
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Example 2.10. Let s € Z and denote by OnlineShift(a, ¢, s, N) the algorithm
that put OnlineShiftStep(a, ¢, s, ¢) in a loop with ¢ varying from 0 to N € N.
This construction is similar to Algorithm Loop Ago in Chapter 1. Then Algorithm

OnlineShift(a,c,s, N) has shift s with respect to its input a.

Let us now focus on the rules to compute a shift. Let ® be a s.l.p. and N be
an integer. We are interested in the shift of Algorithm OnlineEvaluation(®, a,
N) with respect to its p-adic input a. Let OnlineEvaluation(®, , N) denote
the partial algorithm which maps a to OnlineEvaluation(®, a, N). Recall that
Algorithm OnlineEvaluation(®, ,N) merely executes the operations of the s.l.p.
® with on-line algorithms. For this reason we are able to define an integer sh(I', 7, h)
for each output index j and input index h, that will be a shift of Algorithm
OnlineEvaluation(®, , N) with respect to this input and this output.

Definition 2.11. Let I'=(T'y,...,I'y) be an s.l.p. over the R-algebra R, with ¢ input
parameters and operations in Q. For any operation indezx j such that —(¢ — 1) <
Jj < L and for any input index h such that —(¢ —1) < h <0, the shift sh(I', j,h) of
its jth result b; with respect to its hth input argument is an element of Z U {+oo}
defined as follows.

If j corresponds to an input, i.e. j <0, we define for all —({ —1)<h<0

0 ifj=h
+oo if jER

If j corresponds to an operation, i.e. j >0, then for all —({ —1)<h<0

sMFJJQz{

if T'j=(wj;u,v) withw;e{+,—,-}, then we set
sh(T, 7, h) :==min (sh(T", u, h),sh(I", v, h));

=(r%), then sh([', j, h):=+4o0;
o if I';=(p*x _;u), then sh(L',j,h):=sh(I",u, h)+s;
o if I';=(_/p%u), then sh(I', j,h):=sh(l',u,h) —s;
o if I'j=(w;u) withw € R, then we set sh(l', j,h) :=sh(I",u,h).
Finally if T has r outputs indexed by j1, ..., j, in the result sequence, then we define
sh(I") :=min ({sh(T', jg, h) | 0<E<r,—({ —1) < h<0}).

The following proposition proves that Algorithm OnlineEvaluation(I’, , N)
has shift sh(T', j, h) with respect to its hth input and its jth output.

Proposition 2.12. With the notations of Definition 2.11, let y = (yo, ---, Ye—1) €
(R,)" be such that T is executable on input y. Let N € N and cy, ..., cr, be the output
of OnlineEvaluation(l',y, N). Let 0<h<{ and h =h — ({ — 1) be the index of
the input yp 1n the result sequence.

Then, the computation of (c;)n reads at most the terms (yn); of the argument
yn, where 0 <i<max (0, N —sh(T,j,h)).
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Proof. By induction on the index j in the result sequence. When j corresponds to
an input, i.e. —(¢ —1) < j <0, the result ¢; equals to the input y;4 (1) so that the
proposition is easily checked.

Now recursively for indices j corresponding to operations, i.e. 7 > 0. If I'; =
(p® x _;u), then for all N € N, (¢;)n = (p® cu)n = (cu)n—s which, by assumption,
reads at most the p-adic coefficients (y;); of the argument y;, where 0 <14 < max (0,
N —s—sh(T,j,h)). So the definition matches.

If I'y=(-;u,v), then for all N € N, (¢;)n = (¢y - ¢)n. Since the product ¢, - ¢,
is done in Algorithm OnlineEvaluation by an on-line algorithm, the term (c;)y
depends only on the terms up to N of ¢, and ¢,, and the proposition follows.

The other cases can be treated similarly. ([l

Given any s.l.p. T, its shift index sh(I") can be computed automatically thanks
to Definition 2.11. As an important consequence of Proposition 2.12, if an s.l.p. ¥
has a positive shift, then the computation of (¥(y))x does not read yy.

Example 2.13. We carry on with the notations of Warning 2.6. Recall that we
remarked in Warning 2.6 that (®(y)y) involved y, for 0 </ < N. We have now the
tools to explain this. The shift of the s.l.p. I" with one argument associated to the
arithmetic expression 7+ Z?+ X (see Remark 2.2) satisfies

sh(T') = min (sh(Z+— Z?%),sh(Z+— X))
= min (min (sh(Z+— Z),sh(Z— Z)), +o0)
= min (min (0,0), 400)
= 0.

Hence Proposition 2.12 gives that the computation of the ith term output of ®:
Z + Z? + X reads the jth term of the input with 0 < j < 4, as observed in
Warning 2.6.

Example 2.14. Here is a solution to the issue raised in Warning 2.6. Consider the
s.l.p. deduced from the expression
2
) +x.

Sh(Z= X2x (Z/X)2) = sh(Zes (/X)) +2
= sh(Z— Z/X)+2
= sh(Z— Z)+1.

<N

U: Z— X2 X (
Then sh(¥) =1, since

So Proposition 2.12 ensures that the s.l.p. ¥ solves the problem raised in
Warning 2.6.

Still, we detail the first steps of the new algorithm to convince even the most
skeptical reader. Again, let us specialize Algorithm OnlineRecursivePadic in our
case. The divisions and multiplications by X induce directly a shift in the step of
the relaxed multiplication.
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Algorithm 2.2

Input: NeN
Output: a € R,

1. a=0(=yo)

2. [e1,..0¢3)=10,0,0]

3. for i from 1 to N
a. ci=a/X

b. ¢ =RelaxedProductStep(cz, ¢y, c1,1 — 2)

c. cs=X?Xco
d. a=LazyAddStep(a,cs, X ,1)

4. return a

At Step 0 on the example, we do
c1=a/X =0, ca=cy, c3=X?X3=0, a=a+ (c3)o+0=0.
Then at Step 1, the following computations are done

cg=a/X =0, Co = Co,
c3=X%xc=0, a=a+ ((e3)1+1) X =X.
Step 2 computes
Clz(l/X:l, CQZCQ+((01)0)2:1,
c3=X2xc=X? a=a+((c3)2+0) X?*=X + X2

Step 3 computes

Clza/X:1+X, CQZCQ+2(01)0(61)1X:1+2X,
3=X?X0=X?+2X3 a=a+(c3)3 X?=X+X?*+2 X3

Finally Step 4 computes

a=a/X=1+X+2X,
cr=ca+(2(cr)o(c)2+ ((c)i+ (1) X)) X2 =1+ 2X +5X° +4 X +4 X,
c3=X?X =X’ +2X34+5X4+4X°+4X6,
a=a+ (c3)s X=X+ X?+2X3+5X*

which is still correct. If you look at Step 4 in terms of coefficients of a, we see that
the shift is 1 because we do not read au:

a=a/X=a1+a X+,
co=al+2aya; X + (2ay a3+ (ag+ a3 X)?) X2,
cs=at X2 +2ay1a, X3+ (2ay a3+ (ay + a3 X)?) X4,
a=a+(2a, a3+ a3) X4

We use only the coefficients ai, as, as at Step 4, which coincide with w1, y9, ys.
Therefore no error is introduced, even in the anticipated computations. In a word,
we have solved the dependency issue in this example.
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We are now able to express which s.1.p.’s W are suited to the implementation of
recursive p-adic numbers.

Definition 2.15. Let y € (R,)" be a vector of p-adics and ¥ be an s.l.p. with {
inputs, £ outputs and operations in ).
Then, W 1s said to be a shifted algorithm that compute y if

o sh(¥)>1,

o W s executable on y over the R-algebra R,,.
A shifted algorithm is a recursive operator, but with tighter conditions.

Proposition 2.16. If W is a shifted algorithm that computes y then y are recursive
p-adics and W is a recursive operator that allows the computation of y.

Proof. We prove that the output of the on-line algorithm ¥"=Wo..- o ¥ on the
input yo coincides with y at precision n+ 1. This result is true for n=0. We prove
it recursively on n.

Assume the claim is verified for n and let us prove it for n + 1. If we denote
by Yy :=¥"(yo), we know that v,(y — ym)) =n+ 1. Now in the steps 0,...,n+1
of the on-line computation of ¥(y(,)), only the p-adic coefficients of y,) in p* are
read for i <n because sh(¥) > 1. So one has the following equalities between p-adic
coefficients

(Y1) = (T(Yym))i= ((y))i =y

for i <n and finally v,(y — Ym41)) =n+2. O

Next proposition is the cornerstone of complexity estimates regarding recursive
p-adics. We denote by R(NV) the cost of multiplying two elements of R, at precision
N by an on-line algorithm (see Chapter 1).

Proposition 2.17. Let W be a shifted algorithm for recursive p-adics y whose
length is L and multiplicative complexity is L*. Then, the vector of p-adics y can be
computed at precision N in time L*R(N)+ O(L N).

Proof. We use Algorithm OnlineRecursivePadic to compute y. We have to prove
that this algorithm is correct if W is a shifted algorithm.

For this matter it is sufficient to prove that in the loop of Algorithm
OnlineRecursivePadic, the correct p-adic coefficients of y are written in a before
they are read by a call to OnlineEvaluationStep.

Since sh(W) > 1, Proposition 2.12 tells us that the Nth p-adic coefficients of a
are not read before step N + 1 of OnlineEvaluationStep. At step 0 of the loop of
Algorithm OnlineRecursivePadic, the p-adic coefficient ag equals to y,. Therefore
the computations of OnlineEvaluationStep(W,a,[cy,...,cr],0) are correct, i.e. they
are the same than if y was given in input instead of a.

At step 1, the call to OnlineEvaluationStep(W,a,[cy,...,cz], 1) will only read
ap and carry correct computations, giving y; = (¥(a));. At step 2, the call to
OnlineEvaluationStep(¥, a,|cy, ..., ¢r],2) is known to read at most ag, a;, which
coincide with yo, y1. So we will have yo= (¥(a))s. And so on.
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The key point of our demonstration is that at each step, since the p-adic coeffi-
cients of a which are read in the call to OnlineEvaluationStep coincides with the
ones of y, Algorithm OnlineEvaluationStep does the same computation as if y
was given in input instead of a, and so computes correctly ¥(y).

Therefore the cost of the computation of y is exactly the cost of the evaluation
of ¥(y) in R,. We recall that addition in R, x R,, subtraction in R, x R, and
multiplication in R x R, (that is operations in R) up to the precision N can
be computed in time O(N). Scalars from R are decomposed in R, in constant
complexity. Finally, multiplications in R, x R, are done in time R(N). Now the
multiplicative complexity L* of ¥ counts exactly the latter operation. O

Of course, if some multiplications in the evaluation of ¥ are between finite length
p-adics, they cost less than R(/V). An important special case concerns multiplica-
tions between a p-adic and another p-adic of length d, which can be done in time

O(N R(d)/d) instead of R(N).

Remark 2.18. The important property used in the proof of Proposition 2.17 is that
Algorithm OnlineEvaluation(®, , V) has shift 1. We can extend the set of oper-
ations Q' of our s.l.p.’s and adapt the rules of computation of sh(¥) consequently,
Proposition 2.17 will remain correct as long as Algorithm OnlineEvaluation(®,

N) has shift 1.

Newton iteration Under the assumptions of Proposition 2.4, we can use the
Newton iteration algorithm (also called Hensel lifting) to compute y. Let us recall
the mechanism of this lifting method.

If f:=1d—® € R,[Y1,..., Y’ then y is a zero of the polynomials f. Moreover
since Id — Jac¢(yo) = Jace(yo) has positive valuation, the Jacobian matrix Jac(y)
is invertible over I,. Then we define recursively y)= yo and for all N € N

Yo+ =Yy — Jacy(ya) ' Flyw) € (1)
It can be shown that for all N € N, v,(yv) — y) =2V [GGO3].

The Newton iteration algorithm, as well as our on-line lifting algorithm for
recursive p-adics, applies to more general operators than polynomial function ®
and f. For example on power series, the operator ® can use differentiation and
integration. The notion of shift and shifted algorithms can be extended to s.l.p.’s
with these new operators.

Space complexity One drawback of the relaxed method for computing recursive
p-adics is the space complexity. We have seen that we store the current state of each
computation of ¥ in Algorithm OnlineRecursivePadicStep. This leads to a space
complexity O(N L) to compute the recursive p-adic at precision N where L is the
size of W.

The zealous approach to evaluate ¥ could use significantly less memory by
freeing the result of a computation as soon as it is used for the last time. For this
reason, zealous lifting based on Newton iteration should consume less memory.
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Chapitre 3

Linear algebra over p-adics

This chapter deals with the resolution of linear systems over the p-adics. Linear
algebra problems are often classified into broad categories, depending on whether the
matrix of the system is dense, sparse, structured, ... In the context of solving over
the p-adics, most previous algorithms rely on lifting techniques using either Dixon’s
/ Moenck-Carter’s algorithm, or Newton iteration, and can to some extent exploit
the structure of the given matrix.

In this chapter, we introduce an algorithm based on the p-recursive framework
of Chapter 2, which can in principle be applied to all above families of matrices. We
will focus on two important cases, dense and structured matrices, and show how our
algorithm can improve on existing techniques in these cases.

The relaxed linear system solver applied to dense matrices is a common work
with J. BERTHOMIEU, published as a part of [BL12|. The application to structured
matrices is a joint work in progress with E. SCHOST.

3.1 Overview

Assumptions on the base ring Throughout this chapter, we continue using
some notation and assumptions introduced in Chapter 1: R is our base ring (typi-
cally, Z or k[X]), p is a non-zero element in R (typically, a prime in Z or X € k[X])
and R, is the completion of R for the p-adic topology (so we get for instance
the p-adic integers, or the power series ring k[[X]]). In order to simplify some
considerations below regarding the notion of rank of a matrix over a ring, we will
make the following assumption in all this chapter: both R and R, are domains; this
is the case in the examples above.

As before, we fix a set M of representatives of R/(p), which allows us to define
the length A(a) of a non zero p-adic a € R,; recall that we make the assumption
that the elements of R C R, have finite length. We generalize the length function
to vectors or matrices of p-adics by setting A(A) := maxi<i<,r1<i<s (MAi ;) if
Ae M, s(Ry).

71
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Problem statement We consider a linear system of the form A= B-C, where A
and B are known, and C' is the unknown. The matrix A belongs to M, s(R,) and
B e M, «.(R,) is invertible; we solve the linear system A= B-C for C € M, . s(R,).
We make the natural assumption that s < r; the most interesting cases are s =1
(which amounts to linear system solving) and s=r, which contains in particular the
problem of inverting B (our algorithm handles both cases in a uniform manner).

A major application of p-adic linear system solving is actually to solve systems
over R (in the two contexts above, this means systems with integer, resp. polynomial
coefficients), by means of lifting techniques (the paper [MC79| introduced this idea in
the case of integer linear systems). In such cases, the solution C' belongs to M, s(Q),
where () is the fraction field of R, with a denominator invertible modulo p. Using
p-adic techniques, we can compute the expansion of C' in M, «4(R,), from which C
itself can be reconstructed by means of rational reconstruction — we will focus on
the lifting step, and we will not detail the reconstruction step here.

In order to describe such situations quantitatively, we will use the following
parameters: the length of the entries of A and B, that is, d:=max (A(A), A\(B)), and
the precision N to which we require C'; thus, we will always be able to suppose that
d< N. The case N =d corresponds to the resolution of p-adic linear systems proper,
whereas solving systems over R often requires to take a precision N > d. Indeed, in
that case, we deduce from Cramer’s formulas that the numerators and denominators
of C have length O(r (d+log(r))), so that we take N of order O(r (d+log(r))) in
order to make rational reconstruction possible.

For computations with structured matrices, we will use a different, non-trivial
representation for B, by means of its “generators”; then, we will denote by d’ the
length of these generators. Details are given below.

Complexity model Throughout this chapter, we represent all p-adics through
their base-M expansion, and we measure the cost of an algorithm by the number of
arithmetic operations on p-adics of length 1 (i.e. with only a constant coefficient) it
performs, as explained in Chapter 1.

The algorithms in this chapter will rely on the notion of shifted decomposition:
a shifted decomposition of a p-adic a € R, is simply a pair (04, d,) € R2 such that
a=0,+ pd,. A simple particular case is (a mod p, a quo p); this is by no means the
only choice. This notion carries over to matrices without difficulty.

We denote by I(N) the cost of multiplication of two p-adics at precision N and
we let R(IN) be the cost of multiplying two p-adics at precision N by an on-line
algorithm. As in Chapter 1, we let further M(d) denote the arithmetic complexity
of multiplication of polynomials of degree at most d over any ring (we will need
this operation for the multiplication of structured matrices). Remark that when
R=Xk[X], | and M are the same thing, but this may not be the case anymore over
other rings, such as Z.

Let next I(r, d) be the cost of multiplying two polynomials in R,[Y] with degree
at most r and coefficients of length at most d. Since the coefficients of the product
polynomial have length at most 2d + [logs ()], we deduce that we can take

l(r,d)=O(M(r) I(d+1log(r)))
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by working modulo p to the power the required precision; over R,=k[[X]], the log (r)
term vanishes since no carry occurs.

Let us focus on the corresponding on-line algorithm. We consider these poly-
nomials as p-adics of polynomials, i.e. p-adic whose coefficients are polynomials
in M. We denote by R(r, N) the cost of an on-line multiplication at precision N
of polynomials of degrees at most r. As in Chapter 1, this cost is bounded by
R(r, N) =O(l(r, N)log (N)) in the case of power series rings or p-adic integers. If
the length d’ of the coefficients of one operand is less than N, the cost reduces to
O(NR(r,d")/d").

Now, let us turn to matrix arithmetic. We let w be such that we can multiply
r X r matrices within O(r¥) ring operations over any ring. The best known bound on
w is w < 2.3727 [CW90, Stol0, VW11]. It is known that, if the base ring is a field, we
can invert any invertible matrix in time O(7*) base field operations. We will further
denote by MM(r, s, d) the cost of multiplication of matrices A, B of sizes (r x r) by
(r x s) over Ry, for inputs of length at most d. In our case s < r, and taking into
account the growth of the length in the output, we obtain that MM(r, s, d) satisfies

MM(r, s,d) = O(r2 s~ 2 I(d 4 log (r))),

since A(A- B) <2 d+ [logs (r)]; the exponents on r and s are obtained by partitioning
A and B into square blocks of size s.

Let us now consider the relaxed product of p-adic matrices, i.e. p-adic whose
coefficients are matrices over M. We denote by MMR(r, s, N) the cost of the
relaxed multiplication of a p-adic matrix of size r X r by a p-adic matrix of size
r X s at precision N. As in Chapter 1, we can connect the cost of off-line and on-
line multiplication algorithms by

MMR(r, s, N)=O(MM(r,s, N)log (N))

in the case of power series rings or p-adic integers. Likewise, we also notice that
the relaxed multiplication of two matrices A, B € (M, «s(R))(p) at precision N with
d:=A(A) <N takes time O(N MMR(r, s, d)/d).

Previous work The first algorithm we will mention is due to Dixon [Dix82];
it finds one p-adic coefficient of the solution C' at a time and then updates the
matrix A. On the other side of the spectrum, one finds Newton’s iteration, which
doubles the precision of the solution at each step (and can thus benefit from fast
p-adic multiplication); however, this algorithm computes the whole inverse of B at
precision N, which can be too costly when we only want one vector solution.

Moenck-Carter’s algorithm [MC79] is a variant of Dixon’s algorithm that works
with p’-adics instead of p-adics. It takes advantages of fast truncated p-adic mul-
tiplication but requires that we compute the inverse of B at precision d (for which
Newton iteration is used).

Finally, Storjohann’s high-order lifting algorithm [Sto03| can be seen as a fast
version of Moenck-Carter’s algorithm, well-suited to cases where d < N. That
algorithm was presented for R = k[X] and the result was extended to the integer
case in [Sto05]. We believe that the result could carry over to any p-adic ring.
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Historically, these algorithms were all introduced for dense matrices; however,
most of them can be adapted to work with structured matrices. The exception is
Storjohann’s high-order lifting, which does not seem to carry over in a straightfor-
ward manner.

Main results The core of this chapter is an algorithm to solve linear systems by
means of relaxed techniques; it is obtained by proving that the entries of the solution
C = B~ A are p-recursive. In other words, we show that C is a fixed point for a
suitable shifted operator.

This principle can be put to use for several families of matrices; we detail it for
dense and structured matrices. Taking for instance s=1, to compute C' at precision
N, the cost of the resulting algorithm will (roughly speaking) involve the following:

e the inversion of B modulo (p),

e O(N) matrix-vector products using the inverse of B modulo (p), with a right-
hand side vector whose entries have length 1,

e O(1) matrix-vector product using B, with a right-hand side vector whose
entries are relaxed p-adics.

Tables 3.1 and 3.2 give the resulting running time for the case of dense matrices,
together with the results based on previous algorithms mentioned above; recall that
d=M\(B) and that N is the target precision. In the first table, we are in the general
case 1 < s < r; in the second one, we take R = k[X]| and s = 1, and we choose
two practically meaningful values for N, respectively N = d and N = r d (which
was mentioned above). For the high-order lifting, the * indicates that the result is
formally proved only for R,=k[[X]] and R =Z. The complexity MM(r, s N/d, 1)
that appears in this case is bounded by MM(r, s N/d,1)=r*"'s N /d.

Most previous complexity results are present in the literature, so we will not
reprove them all; we only do it in cases where small difficulties may arise. For
instance, Newton’s algorithm and its cost analysis extend in a straightforward
manner, since we only do computations modulo powers of p, which behave over
general p-adics as they do over e.g. R, = Kk[[X]]; thus, we will not reprove the
running time in this case. On the other hand, we will re-derive the cost of Dixon’s
and Moenck-Carter’s algorithms, since they involve computations in R, itself (i.e.,
without reduction modulo a power of p), and considerations about the lengths
of the operands play a role.

In most entries (especially in the first table), two components appear: the first
one involves inverting the matrix B modulo (p), or a higher power of p and is
independent of V; the second one describes the lifting process itself. In some cases,
the cost of the first step can be neglected compared to the cost of the second one.

It appears in the last table that for solving up to precision N =d, our algorithm
is the fastest among the ones we compare; for N =1 d, Storjohann’s high-order lifting
does best (as it is specially designed for such large precisions).



