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We give a fast method to solve numerically some systems of nonlinear equations. This
method applies basically to all systems which can be put in the form Uo V(X) =Y,
where U and V are two possibly nonlinear operators. It uses a modification of Newton’s
algorithm, in the sense that one projects alternatively onto two subsets. But, here, these
subsets are not subspaces any more, but manifolds in a Euclidean space.

1. Introduction

As we will see below (Section 3), a water distribution problem can be put in the form
Af(AX +B) =D, (1.1)

where A:n X N,A: N xn,X:nx1,B:N X 1,and D : n X 1 are matrices with real entries.
The unknowns X represent the pressures (to be determined) at all points of the water
distribution system. The matrices A, A, B, D are known.

The function f is defined by the formula

f(x) = x|x] (1.2)

and this is a differentiable increasing function which is invertible. The inverse is the
function

glx) = \/m sign (x). (1.3)
In problem (1.1), the meaning of f(X), if

X1
x=|:], (1.4)
Xn
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is of course

f(xl)
fX)= N (1.5)
f(xn)

So, we see that problem (1.1) is well posed: there are as many unknowns as equations, but
the problem is nonlinear, due to the presence of the function f. If f was a linear function,
the problem would easily be solved by the usual techniques of linear algebra.

The classical approaches to problem (1.1), as it stands here, are by means of optimiza-
tion techniques. Indeed if one wants to solve G = 0, one looks for the minima of F, where
F’ = G. See [5, 6, 10] for precise descriptions of these algorithms.

Techniques for nonlinear optimization work in a satisfactory manner for problems of
limited size, but here the unknowns, for large systems, may be of order 10 000, 100 000,
or more. So fast techniques are needed if one wants the computation to be performed in
a reasonable time. The technique we present here is much faster than optimization tools,
for it uses only intersections of subspaces; see [8].

2. The intersection procedure

We introduce two subsets of RN

F={Y eRN; AY =D},

G={YeRY;IX eR", Y = f(AX +B)}. @1)

We look for the intersection of F and G. Indeed, if Y € F, AY = D and if Y € G, there
exist X such that Y = f(AX + B). Therefore we get (1.1). The set F is an affine subspace
of RN (translate of a linear subspace). The set G is not an affine subspace, due to the
function f which is not linear, it is precisely a manifold, contained in RY. But, as we will
see later, we will still work on an affine subspace. We still speak of a “subspace,” though it
is formally a manifold.

Because N is usually much larger than n, neither F nor G is reduced to single points.
They are usually large-dimensional subspaces. Therefore, it would be unwise to try to get
a complete formal description of both of them and then take the intersection. Such an
approach would be very slow, costly, and quite useless, we want to find the intersection,
not to describe both.

In order to find the intersection of F and G, we will use a Newton-type algorithm. We
start at any given point and we project alternatively upon F and G. We now describe this
procedure.

2.1. Projecting upon the affine subspace F. The orthogonal projection onto a linear or
affine subspace is quite simple, conceptually speaking. But an efficient computer imple-
mentation requires some precaution.
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Let, as before,
F={Y €RN; AY =D}, (2.2)

where A:n XN, Y :N x1,and D : n X 1 are matrices with real entries.
We write A in the form

A =RQ, (2.3)

where Q is a square matrix, N X N and orthogonal, and R is of the form (R;,O), where
R, is a lower-triangular, invertible, square n X n matrix and O is an n X (N — n) matrix
entirely made of zeros. This decomposition follows from the classical QR decomposition,
taking transpose.

So we get

RQY =D (2.4)
and, left-multiplying by Ry !,
RQY =D (2.5)

with R" = (I,0), I is the n X n identity and D’ = Ry 'D.

The orthogonal projection of a point Y in RN upon F is the point Y’ definedby Y’ € F
and Y — Y’ is orthogonal to a basis of F.

There are n equations of the first type and N — n of the second type.

Let

D=|:| (2.6)
d,

We construct a basis for F, set f; = Q '(diey+---+de, +ej), j=n+1,.,N.
These vectors are clearly independent. Moreover,

R'Qfj=R(djei+---+dye,+e;) =diey+---+dye, =D, (2.7)

which shows that they are a basis for F.
The conditions Y — Y” orthogonal to f; can be written as

(Y-Y,Q '(diey+---+dyes+ej)) =0, j=n+1,..,N, (2.8)
which means that
(QIY —Y'),diey +- - - +de, +ej) =0. (2.9)

SetZ=QY,Z =QY’. We get

Ddi(zi—z)+z—2;=0, j=n+1,..,N. (2.10)
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The condition Y’ € F can be written as
RQY' =D, RZ =D, (2.11)
and thus
zZy=di,...,z, =d,. (2.12)
Putting back into (2.10), we get

zi=d;, j=1...,n

G=z+ X di(zi-d), j=ntl..N. (2.13)

i=1

This gives explicitly the projection. Then we find Y’ taking ‘QZ’, the matrix Q is orthog-
onal and so its inverse is equal to its transpose.

Remark 2.1. If F is a hyperplane, with the equation a;x; + - - - + anxy = b, the projection
Y’ of Y can be computed simply. Indeed, Y’ € F and Y’ — Y is colinear with the vector
(ai,...,an). So we have

Z

yi=yj=Aaj, ajy; =b. (2.14)
j=1

Thus

b- Zﬁ‘vzlaj)’j
A= —sa (2.15)

We may use this approach when F is no longer a hyperplane, but any affine subspace.

Indeed, any affine subspace is an intersection of hyperplanes (if the subspace has codi-
mension p, it is the intersection of p hyperplanes). So we can project onto the hyper-
planes, one after the other. But, in this way, the point we obtain is not exactly inside the
intersection; it gets closer to it when we iterate the algorithm.

Remark 2.2. Tt will be convenient to choose a basis for which Q = I, if we want to work
on F. But one cannot do this for both F and G at the same time.

2.2. Projection onto the manifold G. First, we define an affine subspace
H={YeRN;3IX e R"s.t. Y = AX +B}. (2.16)

Then G = f(H).
It will be convenient to put H in the previous form, so we can argue as we did for F:

H={YeRN, UY =V}, (2.17)

where U is a given # X N matrix and V is a given n X 1 matrix (i.e., a column vector).
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This is done in the following way: Y = AX + B is equivalent to Y — B = AX, that is,
Y — B € ImA = orthogonal (Ker A) (2.18)

(see, e.g., Beauzamy [2]), and so this happens if and only if P,(Y — B) = 0, where P, is the
orthogonal projection onto Ker’ A. This gives the expression (2.17).

In order to project onto G, we set Y = f(Z), Z € RY, and we look for Y’ in the form
Y' = f(Z'),Z €RN,

Then f(Z') € Gifand only if Z" € H, since f is invertible.

The condition [|Y — Y’ || minimum is equivalent to || f (Z) — f(Z’)]| minimum.

We take as a distance

dist(21,2,) = ||f(Z1) - f(Z2)]]. (2.19)

This is not the usual Fuclidean distance, but the set intersections will be the same.

In order to project the point Y onto the manifold G, we project the point Z = g(Y)
onto H for the usual metrics (recall that g is the inverse function to f). So we find the
projection Z’ and we take Y' = f(Z").

So the algorithm is finally described as the iteration of the procedure

H:PFOfOPH°g> (2.20)

where IT is a nonlinear operator. Quite clearly, any fixed point of IT is a solution to our
problem, since it is in the intersection of F and G. Indeed, let x be a fixed point of II.
Then clearly x € F and f o Py o g(x) = x, which implies Py o g(x) = g(x), which shows
that g(x) € H. But then x belongs to g~'(H) = f(H) = G, which proves our claim.

We observe that the nonlinear operator II is not a contraction in general, that is, it
does not satisfy the property

(T =TIyl < llx =yl (2.21)
for all x and y. Indeed, this property would imply, for all points x and y in F,
[|[foPyog(x)—foPyogy|l <llx—yl, (2.22)
and if & = g(x), 1 = g(), (2.22) becomes, using the distance (2.19),
dist (P (§), Pu(n)) < dist(&,7), (2.23)

and this property is not true in general. The orthogonal projection onto a subspace is
not a contraction for a distance which is not the Euclidean distance (see Beauzamy [1]
and Beauzamy and Maurey [3]). Since the orthogonal projection is not a contraction, a
fortiori it is not a strict contraction, that is, it does not satisfy

dist (Pr(§), Py (1) < cdist(€,) (2.24)

for some ¢ < 1, so the usual theorems about fixed points for strict contractions do not
apply here (see, e.g., Goebel and Kirk [7]).



132 Fast intersection methods for systems of equations

So we leave it as an open question to prove the convergence of the algorithm as it
is defined here precisely. In practice, other choices can be taken for the projection onto
G (for instance, to move in some direction if necessary) and one can easily construct
algorithms for which the sequence of iterates x,, converges.

Indeed, let Pg be the projection of closest approximation onto the manifold G, that is,

Po(x) = {2 € Gs llz— x| = inf |y —x }. (225)

We consider the iteration of the projection onto G and then onto F, that is, Pr o Pg. Then,
starting from any point x, the distances decrease strictly:

||Pr o Pg(x) — Pg(x)|| < ||Pa(x) — x|,

(2.26)
||Pg © P o Pg(x) — P o Pg(x)|| < ||Pr o Pg(x) — Pg(x)||,

and so on. Since the intersection of F and G exists, the limit of the decreasing sequence
will be zero.

The problem with this algorithm is that the practical implementation of the projection
P¢ onto a manifold is quite hard to implement and the computation will be lengthy. This
is why we chose to project onto a subspace.

As it stands here, the algorithm we describe here will be fast. The matrix A being given,
the decompositions (2.3) and (2.5) are computed only once. Then, for any point Z, the
projection Z’ onto F, given by formulas (2.13), is obtained as a sum involving only one
multiplication. Such an operation is extremely fast and problems with N ~ 10° can be
handled in milliseconds. Moreover, standard routines exist for such tasks.

2.3. Taking constraints into account. In practice, constraints are added to problem (1.1)
for practical reasons: the flow is limited, the water is compelled by a valve to run in one
direction only, or the pressure is limited, and so on. These constraints appear as follows:

(i) constraints upon the elements of X, such as x; = 0 or x; < C;
(i) constraints upon the elements of Q = AX + B, suchas g; = 0 or q; < G;
(iii) the elements of the matrix A may contain variable coefficients, in the formula
AY = D, some of the A; ; depend on Y (in practice, they may only take two values,
depending only on one variable).

The first two types of constraints are easily handled by our method. Instead of an affine
subspace, one only has a “piece” of a subspace, that is, the intersection with half-spaces.
We see how one handles the third type, which is more difficult.

Some lines of the matrix are still constant. We treat them as before, altogether (each
line gives a hyperplane).

Assume we have only one variable coefficient. It may take two values, A and A}; A, if
y1>0and A} if y; <O0.

So we have two possible hyperplanes,

Mxi+ -+ Anxn = ¢, (2.27)

and the same with 1.
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We project the point Y upon the first one, we get Y’, and Y when we project upon
the second one.
Several cases may occur:

(i) y1 >0and y;" > 0: only the first one is acceptable;

(ii) y; >0and y;" < 0: both are acceptable and we choose the closest;
(iii) ¥ <0and y;" > 0: none is acceptable and we project upon x; = 0;
(iv) ¥ <0and y;" < 0: only the second is acceptable.

So, in fact, we are working on half-hyperplanes. The principle will be the same if two
coefficients are variable.

One might make a continuous (or even differentiable) junction between both pieces
and project onto this differentiable manifold, but this would be much longer to obtain.
In our case, we may even predict which piece of the hyperplane will be used.

3. Modeling the physical problem

In this section, we explain how (1.1) is obtained from the physical problem; further read-
ing may be found in [4, 9, 11]. We have a water distribution problem, with sources, con-
sumers, and pipes in between, with many interconnections. A node is a place where a
consumer or a source stands. There are S sources and N consumers (nodes which are not
sources).

We define the following:

(i) t;; is the physical pipe from node i to node j;

(ii) gi,j the flow from node i to node j; some orientation is chosen and this flow is
positive or negative;

(iii) A;; a physical coefficient on the pipe t; j;

(iv) ¢; the water consumption at node i;

(v) C the total water consumption of the water distribution system C = >~ | ¢;;

(vi) H; a physical coefficient associated with the node i;

(vii) T is the number of pipes in the system; we count the pipes which go from a source
to a node.

Wesetn=M+S—1.
We have the following equations.

(i) At each node i,

> qji=c (3.1)
j

This equation says that the (algebraic) sum of all quantities of water arriving at a
node is equal to the consumption at this node.
(i) For each pipe t; j,

8j(qij) = Hi— H; (3.2)

with g,»,j(x) = /li,jx|x‘-
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(iii) For the sources, the coefficients H are known:
H, = . (3.3)

We want to compute all the flows g; ; in all pipes, the flow coming out of each source, and
the coefficients H; at each node. So, altogether, we have T + S+ N unknowns.

From (3.2), we deduce that for any closed circuit m (a closed circuit is called a mesh in
the technical vocabulary),

> Aijgijlais| =o0. (3.4)

(i,j)em

The sum is computed after a sense is defined on the mesh.

Sense of the mesh
N q1,2 m
_—
1 2 (3.5)
q1.4 l \LKJM

N4 ——> N3

Example 3.1. The net

Qs
leads to the equation
Maqia g2l +223923 | 423 | +A34q34] @34 +Aa1q41 [ gan | =0 (3.6)
or rather
Mg | iz | 2239231 g2 | + 4343 ] a3 | — Aiagra | qual = 0. (3.7)

Let M be the number of meshes in the system.
In order to write a general equation describing the net, we define a matrix W, T'x M,
as follows:

(1) if the pipe t does not belong to the mesh m, then W, ,,, = 0;
(ii) if the pipe t belongs to the mesh m, then W;,, = £1, depending on whether they
have the same orientation or not.

We also introduce a matrix U, T X S matrix, whose term Uy is obtained as follows:

(i) each mesh of the water system is “broken,” withdrawing one pipe in each mesh;
(ii) all sources are turned off, except the source s;
(iii) the flows in all pipes are computed starting from the extremities of the tree, and
moving upwards, one adds the consummations to be satisfied.

Then the coefficient Uy is the flow in the pipe ¢, with only the source s active after nor-
malization, that is, after division by the total consumption C.
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Let
G=]: (3.8)

be the column vector of the contributions of the sources (which are unknown) and let

Vi
v=| : (3.9)
Vm

be the column vector of the additional flows inside the meshes, when one puts back the
pipes which were withdrawn (see above). These flows are of course unknown.
Then the basic equation is

Q=UxG+WxYV. (3.10)

We can rephrase our problem as follows.
Find the ¢, and the V,, (a total of S+ M unknowns) such that

>a:=C,

Aijgijlqij| = H(1) — H(),
gth e (3.11)
N

> Aijgijlaij| =0,

meshm

atotal of 1+ (S — 1) + M equations.
Set n =M + S — 1, n is the number of variables after simplifications.
Let f : R? — R be the function defined by

X1 |X1 | >
flxn..xp) = (3.12)
xp|xp].
The previous equations can be written as
T
> ke f (q1) = di (3.13)
=1

forK =1,...,n.
The index t replaces the (i, j) of the pipes t; ; after sequential numbering yy; = 0 or £A;.
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We set

Q= (q,)tzle, X = v, | (3.14)
Vum
So X is an n-dimensional vector.
Using equation (3.10), we find that Q can be written as
Q=AX+B, (3.15)

where B is a T-dimensional column vector and A is a T X n matrix. Our formulation
Af(AX +B) = Din (1.1) comes out instantly, with

A= (P‘k,t)kzl,...,n, t=1,.,T° D= (dk)kzl,...,n' (3.16)
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