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Abstract Building tight and conservative enclosures of the solution set is of crucial
importance in the design of efficient complete solvers for numerical constraint satis-
faction problems (NCSPs). This paper proposes a novel generic algorithm enabling
the cooperative use, during constraint propagation, of multiple enclosure techniques.
The new algorithm brings into the constraint propagation framework the strength of
techniques coming from different areas such as interval arithmetic, affine arithmetic,
and mathematical programming. It is based on the directed acyclic graph (DAG)
representation of NCSPs whose flexibility and expressiveness facilitates the design
of fine-grained combination strategies for general factorable systems. The paper
presents several possible combination strategies for creating practical instances of
the generic algorithm. The experiments reported on a particular instance using
interval constraint propagation, interval arithmetic, affine arithmetic, and linear
programming illustrate the flexibility and efficiency of the approach.
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1 Introduction

A numerical constraint satisfaction problem (NCSP) consists of variables that may
take on a value from a given set of values from R and of constraints that restrict the
possible value combinations between variables. A solution is a set of assignments of
values to variables so that all the constraints of the problem are satisfied. Constraints
that bear on numerical variables are equations and inequalities expressed using
arithmetic expressions. These expressions may be simple or complex, linear or non-
linear and may involve elementary transcendental functions. Chemical or mechani-
cal models, process descriptions, building codes, or cost restrictions are most often
expressed using this type of constraints.

A solution technique for NCSPs is said to be complete if it is able to find a solution
if there is one or else prove that there are no solutions to the problem. Only complete
solvers can be relied upon to provide all the relevant alternatives, to avoid any
inconsistencies and to guarantee that all the constraints—e.g. security or tolerance
criteria—are satisfied [35].

The most commonly used strategy for the complete solving of numerical CSP is
branch-and-prune, which interleaves branching steps with pruning steps. The role of
branching is to divide a given problem into subproblems whose union is equivalent
to the initial one with respect to the solution set. The role of pruning is to reduce the
search space by cutting off the regions that violate some of the constraints. Domain
reduction via constraint propagation algorithms [3, 6, 7, 11, 16, 42], which reduces
the domains of variables without discarding any solution, is a widely used pruning
technique. Constraint propagation has been the object of intensive research over the
last twenty years.

Building tight and conservative enclosures of the solution set for a given problem
is the key behind efficient domain reduction. Interval-analytic methods or linear
relaxations constitute the “usual machinery” employed for computing conservative
enclosures. In the reminder, we call inclusion representation any kind of representa-
tion providing a conservative enclosure of the solution set for a numerical CSP.

This paper builds on the idea that combining multiple inclusion representations can
significantly enhance the quality of domain reduction, as suggested by the example
of Fig. 1.
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Fig. 1 Combining interval arithmetic, affine arithmetic, and safe linear programming provides a
tighter enclosure of the solution set (i.e., a smaller bounding box)
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We propose a novel generic algorithm called CIRD,' which enables the cooper-
ative use of multiple inclusion representations during constraint propagation. The
CIRD scheme is based on the direct acyclic graph (DAG) representation of NCSPs
[38] and is applicable to virtually any factorable constraint system.

We propose concrete instances of the generic algorithm which involve inclusion
representations coming from interval arithmetic, affine arithmetic, constraint propa-
gation, and linear programming (see Section 5).

Our experiments (Section 6) show that the CIRD scheme is able to provide
propagation techniques superior in performance and quality to the state-of-the-
art interval-based constraint propagators. It is capable of outperforming some re-
cent mathematical and constraint programming techniques, even when specifically
designed to solve particular constraint systems.

2 Background and definition

In the following, we assume the reader familiar with the foundation of constraint
satisfaction and interval arithmetic. Extended introductions can be found in the
following:

— Apt [2] for constraint satisfaction techniques;

— Moore [33, 34], and [1] for interval analysis;

— Neumaier [37] for interval methods applied to systems of equations;

— Hansen and Walster [13] for interval methods applied to optimization problems;
— Jaulin et al. [16] for real-world applications.

An overview of standard affine arithmetic is given in Appendix A. As an incidental
contribution of the paper, we propose in this section a revised form of interval
arithmetic which is more accurate for particular computations that we focus on.

In this paper, we will target NCSPs expressed using factorable expressions and
build on the directed acyclic graph (DAG) representation of constraint systems to
extend the well known HC4 algorithm [4].

The reminder of this section gives the necessary background and definition related
to these concepts.

2.1 Factorable numerical constraint satisfaction problems

In practice, most functions for modeling real-world applications can be composed
of elementary operations or functions such as +, —, *, /, sqr, exp, In, and sin. Such
operations or functions are said to be factorable. They play a significant role in
algorithms for solving not only numerical CSPs but also other numerical problems
such as optimization problems and automatic differentiation computations. For
completeness, we recall in this section the concepts of factorability.

Definition 1 (Elementary Operations) Denote by E, the set of standard elementary
unary functions, namely, E, = {abs, sqr, sqrt, exp, In, sin, cos, arctan}. Denote by E,
the set of standard elementary binary operations, namely, E, = {4+, —, *, /, *}.

LCIRD stands for “Combining Inclusion Representation using DAGs”.
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298 X.-H. Vu et al.

If an expression is recursively composed of standard elementary operations and
functions, it is called an arithmetic expression [37, p. 13] or a factorable expression
[26, 27]. In this paper, we extend the concept of an arithmetic expression to include
other elementary operations.

Definition 2 (Factorable Expression) Let R be a nonempty set, {x,...,x,} a set
of variables taking values in R, F a finite set of elementary operations of the form
f: R > R.An expression is said to be factorable in the (formal) variables xi, ..., x,
using operations in F if it is a member of the minimal set 7 = F(R, F; x1, ..., X,)
satisfying the following composition rules:

1. RCF;

2. x;eFforalli=1,...,n
3. If f: R¥ > Risin Fande,, ..., e, € F;then f(ei,...,ex) € F.

Definition 3 We denote E(x;, ..., x,) = FR,E| UE>; xq1, ..., x,).

If an expression E is factorable in variables X = {xi, ..., x,,} using operations in
F as in Definition 2 and if either F = E; UE, A R = R holds or F is known from the
context, then we say that E is factorable in X.

For example, the expression f(x, y) = 2x» + sinx is factorable using the elemen-
tary operations in {+, *, ”, sin}. The composition is given as follows: fj = x*y (= x?),

fr=2x% fi, 5 =sin(x),and f = fr + f.

Definition 4 (Factorable Function) A function f is said to be factorable in variables
X1, ..., X, using the operations in a finite set F of elementary operations if it can be
expressed by an expression that is factorable in variables x, ..., x,, using elementary
operations in F. If F = E; UE, or F is known from the context, we could just say for
short that f is factorable, namely, in variables x, ..., x,.

For example, the function f(x, y) = 2x¥ + sinx is factorable using the operations
in {4, *, ”, sin}, and is not factorable using only the operations in {-+, %, *}.
The factorability can be defined for constraints as follows.

Definition 5 (Factorable Constraint) A constraint is said to be factorable in variables
X1, ...,X, using a finite set F of elementary operations if it can be expressed as
a relation involving expressions that are factorable in variables xi, ..., x, using
operations in F. In the composition of a factorable constraint, each constraint
representing an elementary operation is called a primitive constraint.

In this paper, we restrict, for simplicity, the relation in a factorable constraint to
be <, <, >, >, = or #. For example, the constraint 2x” + sinx < 0 is factorable in
variables x and y using the operations in {+, %, #, sin}. Its primitive constraints are
fi=xry (=x)), L =2x fi, f» =sin(x), and f> + f; <0; where x and y are initial
variables, and f,, f, and f; are auxiliary variables.

The factorability can also be defined for a CSP as follows.

Definition 6 A CSP is said to be factorable (using a set F of elementary operations)
if all of its constraints are factorable (using operations in F).

@ Springer



Enhancing numerical constraint propagation using multiple inclusions 299

2.2 Numerical constraint propagation

As mentioned in the introduction, the usual strategy for the complete solving of
NCSPs is branch-and-prune. The pruning steps often compute domain reduction for
the variable using interval constraint propagation algorithms (see [3, 6,7, 11, 16, 42]).
These algorithms enforce particular consistency properties such as hull consistency
[6, 7], kB-consistency [23] or box consistency [5] on the constraint network. In par-
ticular, [4] proposed an algorithm called HC4 which achieves hull consistency for
individual constraints, and then propagates the reduction of the variables’ domains
from constraint to constraint. The HC4 algorithm represents each individual con-
straint by a tree whose nodes and edges represent subexpressions and computational
flows, respectively. Each node of the tree is associated with the possible range
(an enclosure of the exact range) of the corresponding subexpression.

In order to reduce the variables’ domains of a given constraint, the technique
recursively performs a sequence of forward evaluations and then a sequence of
backward projections on the whole tree representing the constraint. These two steps
respectively compute the possible ranges of nodes based on their children’ and
parents’ ranges. When several constraints are involved, the HC4 algorithm performs
forward evaluations and backward projections individually on each constraint, and
then propagates the reduction of the variables’ domains from tree to tree by using a
variant of arc consistency, AC3 [24].

2.3 DAG representations for numerical CSPs

The fact that each constraint is propagated individually is one of the main limitations
of the HC4 algorithm. In particular, the fact that some subexpressions are shared by
several constraints is not properly taken into account : HC4 is unable to propagate
domain reduction of a given subexpression immediately to the other parts of the
constraints system where the same subexpression appears.

Recently, a fundamental framework for interval analysis on directed acyclic graphs
(DAGS) has been proposed in [38] which overcomes this limitation. The authors sug-
gested to replace trees with DAGs (see Fig. 3) for representing the constraint system
and showed how to perform forward evaluations and backward projections using
this particular representation. The shift to DAGs potentially reduces the amount of
computation on common subexpressions shared by constraints, and explicitly relates
constraints to constraints in the natural way they are composed. This enhances the
propagation process.

The CIRD algorithm we propose in this paper builds on the schema proposed by
[38]. The detailed description of DAG representations can be found in [39], among
which we recall the following fundamentals:

Definition 7 (Parent, Child, Ancestor, Descendant) Consider a directed acyclic
multigraph G = (V, E, f). Let v; and v, be two vertices in V. We say that v, is
a parent of v; and that v is a child of v, if there exists an edge e € E such that
f(e) = (v1, v2)T. The set of all parents (respectively, all children) of a vertex v € V
is denoted by parents(v) (respectively, children(v)). We say that v, is an ancestor of
v; and that v; is a descendant of v, if there exists a directed path from v; to v,. The
set of all ancestors (respectively, all descendants) of a vertex v € V is denoted by
ancestors(v) (respectively, descendants(v)).
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300 X.-H. Vu et al.

Theorem 1 For every directed acyclic multigraph (V, E, f), there exists a total order
=< on the vertices V such that for every v € V and every u € ancestors(v), we have
v =< u

For convenience, we agree on the following notation and convention related to
DAGs.

Notation 2 Each node N in the DAG representation is associated with an interval,
denoted as tN and called the node range of N, in which the exact range of the associated
subexpression must lie. N is also associated with a real variable, denoted by ¥n, that
represents the value of the subexpression represented by N.

For efficiency and compactness, the standard elementary operations in the DAG
representation are replaced with more general operations. For example, multiple
applications of binary elementary operations such as {x+y, x—y, x+a, a+x,
X —a, a—x, ax} are replaced with a k-ary operation ag + a;x; + - - - + axxx, which
is interpreted as a k-ary operation + (see Fig. 2a), where 1 < k € N. Similarly, mul-
tiple applications of the binary multiplication x * y are replaced with a k-ary multi-
plication ag * x| * - - - * xg, which is interpreted as the k-ary operation * (see Fig. 2b),
where 2 < k € N. In general, each edge of a DAG is associated with the coefficient
related to the operation represented by its target. When not specified in figures, this
coefficient equals to 1. The other constants involving an operation are stored at the
node representing the operation (see Fig. 2). As a result, the DAG representation no
longer has nodes representing constants as it is the case in the tree representation.

In fact, we use multigraphs instead of simple graphs for DAGs because some par-
ticular operations can take the same input more than once. For example, the expres-
sion x* can be represented by the binary power operation x¥ without introducing
a new unary operation x*. In all cases, a normal directed acyclic graph is sufficient
to represent a numerical CSP (NCSP), provided that we introduce new elementary
operations such as the unary operation x*. The ordering of edges is needed for non-
commutative operations like the division. For convenience, a ground node, called G,
is added to each DAG representation to be the parent of all nodes that represents
the constraints. The ground node can be interpreted as the logical AND operation.

Let us consider the following constraint system

VXF2 /Xy +2 /)y <,
0<x’/y—2xy+3/y <2,
x €[1,16], y € [1, 16].

Fig.2 A node and its
computational flows in a DAG
representation (a, b)
ai ap - A

o
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It can be written as follows:

VX 42 /Xy +2/y € [—00,T],
x2/y —2xy +3/y €[0,2], (1)
xe[l,16], y e [l,16].

The DAG representation of the constraint system (1) is depicted in Fig. 3. The
two constraints of (1) are represented by two nodes Ny and Njy. The two initial
variables, x and y, are represented by two nodes N; and N,, respectively. The
sequence (Nj, N, ..., Njp) of nodes given in Fig. 3 is an example of an ordering
(see Theorem 1).

For the same constraint system, the DAG representation is much more concise
than the equivalent tree representation used in the HC4 algorithm.

2.4 Revised affine arithmetic

Affine arithmetic [9] is an extension of interval arithmetic which keeps track of
correlations between computed and input quantities. In particular, a real-valued
quantity x is represented by an affine form defined as follows

X =Xxg+x161 +- -+ Xp€n, 2)

where xo, ..., x, are real coefficients and ¢y, ..., ¢, are noise variables (originally
called noise symbols [9]) taking values in the real interval [—1, 1]. Similarly to interval
arithmetic, affine arithmetic also enables the use of rounded floating-point arithmetic

Fig.3 The DAG
representation of the
constraint system (1)

‘ENL) éc TNIO
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to construct rigorous enclosures for the ranges of operations and functions [40].
In affine arithmetic, affine operations such as ax + Sy + y (where «, B,y € R) are
exactly obtained, except the rounding errors, by the formula

ax+ By +y = (@xo+ Byo+y) + Y_(@xi+ By)s; 3)

i=1

However, non-affine operations can only be computed by approximations. In
general, the exact result of a non-affine operation has the form f*(¢y, ..., ¢,), where
f* is a nonlinear function. In practice, this result is then approximated by an affine
function (e, ..., &y) = 20 + 2161 + - - - + 2,8, A new term zx ey is used to represent
the difference between f* and f“, hence, the result has the affine form

z2=2zo+ 2161 + - + Znén + Zitk, 4)
where the maximum absolute error z; satisfies
2k = sup {| (&) — fUe)| : Ve = (e1....,8,) € [—1, 1"}

An important goal is to keep the maximum absolute error as small as possible.
This is a subject of Chebyshev approximation theory—a well-developed field with a
vast literature.

In its standard version, affine arithmetic has several performance limitations when
used in long-running computations.

First, the number of noise variables grows quickly during computations since each
nonlinear operation adds a new noise variable. In general, the cost of operations
in affine arithmetic heavily depends on the number of noise variables (e.g., linearly
or quadratically). The computations in which affine arithmetic is used to generate
linear relaxations suffer a lot from this drawback. Second, standard affine forms are
not capable of handling half-lines like [—o0, a] and [a, +o0], while this is needed in
many computation methods such as constraint propagation and exhaustive search.

Inspired by the ideas in [18, 19, 30], we propose a revised affine form similar to (4)
but the new term z¢x is replaced by an accumulative error [—e_, e;] which represents
the maximum absolute error z; of non-affine operations. In other words, the revised
affine form of a real-valued quantity X is defined as

.%EX()—FXl&‘]+"'+xn8n+ex[_1al]y (5)

which consists of two separated parts: the standard affine part of length n, and the
interval part. Where the magnitude of the accumulative error, e, > 0, is represented
by the interval part. That is, for each value x of the quantity x (say x € X), there exist
ey €[—1,1],6,€[—1,1] (for all i = 1, ..., n) such that x = xo + x;6; + - - + X8, +
e,&x. We then say it is of length n. The affine operation Z = aX + 8y + y is now
defined as (where gy = 1)

=y + ) (axi+ Bydei + (alec + |Bley)[—1, 1] (6)

i=0

Note that during computations the lengths of revised affine forms will never
exceed the number of noise symbols present at the beginning, i.e., the number of
variables of the input constraint system.
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Enhancing numerical constraint propagation using multiple inclusions 303

We refer the reader to Appendix B for a detailed description of this arithmetic
and its theoretical foundation.

3 Generalization of inclusion concepts
3.1 Inclusion representation

We start by generalizing the concepts related to interval forms, as defined in interval
arithmetic. The objective is to provide a common view of different possible kind of
conservative enclosures. This will facilitate the presentation of our generic constraint
propagation scheme, presented in Section 4.

Definition 8 (Inclusion Representation) Given aset A, a pair Z = (R, u), where R is
anonempty set and  is a function from R to 24, is called an inclusion representation
of A if there exists a function ¢ : 24 — R such that u(¢(#) =@ and VS C A: S C
w(Z(S)). In this case, each T € R is called a representation object in Z (or in R), ¢ is
called the representing function of Z, and u is called the evaluating function of Z.

The function ¢ in the previous definition expresses the fact that each subset of A
is “included” in at least one representation object of R. The next definition identifies
a special class of inclusion representations used in Section 4.

Definition 9 (Real Representation) Let Z = (R, ) be an inclusion representation
of the real set R. It is called a real inclusion representation of R if each representation
object T € R is a tuple consisting of real numbers, and the value of © at T can be
represented as

w(T) ={fr(Vr) | Vi € Dr[Vrl}, (7)

where Dy (with T as a tuple of parameters) is a sequence of the domains of a
finite sequence Vr of variables and other auxiliary variables, D[V ] denotes the
subsequence of the domains of Vr in Dr, and fr is a real-valued function on
variables V7. The representation (7) is called a real representation of .

The domains in D7 can be explicitly given by constant domains such as an interval
[a, b], or implicitly given by constraints. If Dy is given by

m

Dy = ﬂ {fir(Vir) | Vir € DirlVirl}, ®)

i=1
and fr is an identity function, we then have

m

w(T) = {x | x € Drlxl} = ({fir(Vir) | Vir € DirlVirl}. 9)

i=1

Hereafter, we give some examples to illustrate the concept of real inclusion
representation.
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Example 1 Obviously, the standard representation of reals is directly equivalent,

although not exactly, to a real inclusion representation of R, where 7= (x), Vr=(x),

fr is an identity function, and Dr = {x}.

Example 2 Tt is easy to see that the representation of intervals in the form
a<x<b (10)

is equivalent to a real inclusion representation of the form (7), called the interval
representation, by defining

T = (a,b) e R?, (11a)

Vr =), (11b)

Dy = [a, b], (11c)
frVr) = x, (11d)
w(T) ={x|xelabl}. (11e)

The function f7 in (11) is an identity function.

Example 3 The union form of intervals can also be viewed as a real inclusion rep-
resentation. For example, the union | J!”,[a;, b;] can be interpreted by

T = (a;,by,...,am. by, (12a)
Vi = (x), (12b)
Dr = U[ai, b, (12¢)
i=1
Jr(Vr) = x, (12d)

w(T)

{x

The function f7 in (12) is an identity function.

X € U [a;, bi]} . (12¢)

i=1

Example 4 The affine forms (2), namely X = xy + x;€; + -+ - + x,€,, can also be
seen as a real inclusion representation of the form (7), called the standard affine
representation, by defining that

T = (x0,...,Xn), (13a)

VT = (61,...,€n), (13b)

DT = [_15 1]”7 (13(:)
friVe) = xo+ ) xiei, (13d)

i=1

(€1,...,€) €[—1,1]"¢. (13e)

w(Tl) = {Xo + infi

i=1
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The function f7 in (13) is a linear function on V. Another real representation of the
form (7) for the above real inclusion representation is defined as follows:

T = (X, ..., Xp), (14a)
Vi = (x), (14b)
Dy = {xo—l—inei (61,.‘.,6,1)6[—1,1]”}, (14c)
i=1
fT(V'r) = X, (14d)
w(T)={x|xe Dr}, (14e)

where D7 is implicitly given via its variables.

Example 5 Similarly to the affine forms, the revised affine forms defined by (5) can
also be seen as a real inclusion representation of the form (7), called the revised affine
representation, by defining that

T = (xg,...,%n, €x), (15a)
Vi =(€1,.... € €), (15b)
Dy =[-1, 11", (15¢)
”
fr(Ve) = xo+ ) xiei + exey, (15d)

i=1

n
{xo + Z Xi€; + ex€y

i=1

w(T) (€1, ... €n,€) €[—1, 11" 1 (15¢)

The function f7 in (15) is a linear function on (n + 1) variables in V7.

Example 6 The Kolev affine form (see Definition 15), a generalization of interval
and affine form, is also a real inclusion representation. It can be defined as an affine
function on the variables «;:

n
X=c+ Zx,-/ci + Ky, Ki €V, Ky € Vy, (16)

i=1
where v; = [—v;, v;] (foralli=1,...,n) and v, = [—v,, v,] are symmetric intervals,
x; (for all i =1, ..., n) are real coefficients, and ¢, € R. Similarly to revised affine
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306 X.-H. Vu et al.

forms, Kolev affine forms can also be interpreted as a real inclusion representation
(7), called the Kolev affine representation, by defining that

T = (Ce,X1snvy X, ULy« n’s Up, Uy), (17a)

VT = (Kl, ceey Kanx)» (l7b)

Dy =[—vi, vi] X -+ X [=Un, v,] X [—0y, U], 17¢)
fr(Vr) = cx + inl(i + Ky, (17d)

i=1

w(T) = {Cx + ) xiki + ko

i=1

K1y ... Kn,Ky) € DT} . (17e)

The function fr in (17) is a linear function on (n + 1) variables in V.

Note I In practice, a representation object 7 in the above affine forms often contains
many zero coefficients; hence, we should store only nonzero coefficients and their
indices instead of all coefficients. For example, an affine form 0.1 4+ 2.1¢; + 9.1¢9
should be stored in T by (0.1, 2.1, 9.1; 2, 9) instead of (0.1, 0.0, 2.1, 0.0, 0.0, 0.0, 0.0,
0.0,0.0,9.1).

Example 7 Hansen’s generalized interval [12] is given as follows
E=lc,. El+ Y [x, Xk, (18)
i=1

where the notations are the same as in the Kolev affine form (16). Hansen’s general-
ized interval can be interpreted as a real inclusion representation, called the Hansen
interval representation, by defining

T = (Cpr Cor X2 X1s v o Xy X UL, V), (19a)
Vi =(k1,....,Kkn, Cxs X1, .., Xpn), (19b)
D7 = [—vi,v1] X -+ X [=vp, 5] X [0, vi] x [x, %] % ... [x,,, X1, (19¢)

fr(Vr) = e + inki, (19d)

i=1

w(T) = {Cx + inlfi

i=1

(Kl,...,/cn,cx,xl,...,xn)eDT}. (19e)

Note that the function fr in (19) is a quadratic function on (2 + 1) variables in V7.
Example 8 Linear relaxations and (convex) polyhedral enclosures can also be

viewed as real inclusion representations. Indeed, they are given as the intersection
of m half-spaces

n
Hi= 3% lao+ Y agpx;<0p  (fori=1,....m),
j=1
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and are often restricted to a domain B that is usually a box. We can therefore obtain
a real inclusion representation (9), called the linear relaxation representation, by
defining that

T = (a0, ..., Qns - Aoy -+ -, An), (20a)
Vi = (xy), forsomekec{l,..., n} (20b)
Dr = BmﬁH,-, (20¢)
i=1
Jr(Vr) = xi, (20d)
w(T) = {xi | xx € Drlxi]} =BN ﬁ H;. (20¢)
i=1

This is the intersection of B and the convex polyhedron (N, H;.

By a similar argument, one can see that the concept of inclusion representation
covers almost all existing inclusions for real numbers. It does not introduce new
inclusion techniques, but provides an abstract view of different existing inclusion
techniques.

The following theorems characterize the properties of inclusion representations.

Theorem 3 Let A be a nonempty set and A’ a subset of A. Suppose T = (R, i)
is an inclusion representation of A. Then the pair 7' = (R, 1) is an inclusion
representation of A, where

R = {TeR|uT) #0=uT)NA £0}, (21a)
W) =uw(TyNA forall T eR. (21b)

Proof By Definition 8, there exists a representing function ¢ of Z that maps from
24 to R. We define a function ¢’ : 24 — R simply by the rule ¢'(S) := ¢(S) for
all S € 24 Tt follows from (21) that ¢'(S) € R’ because w1 (¢'(S)) = n(z(S)) 2 S and
w(¢'(@) = u(¢®)) = @. Hence, ¢’ is a function from 24 to R’ as required. Moreover,
for all § € 2, we have 1/ (Z'(S)) = n(C(SHNA D S. O

Theorem 4 Let 7T = (R, ) and L' = (R/, ') be inclusion representations of two sets
Aand A, respectively. ThenT" = (R x R/, (u, u))V) is an inclusion representation of
Ax A'. WedenoteI" by T x T'.

Proof By Definition 8, there exist two representing functions ¢ and ¢’ of Z and 7',
respectively. The function ¢” = (¢, ¢/)T is a representing function of Z". O
Notation 5 I, A, and A will refer respectively the real inclusion representations using:

— Interval arithmetic, as defined in (11);
—  Affine arithmetic, as defined in (13);
—  Revised affine arithmetic, as defined in (15).

@ Springer



308 X.-H. Vu et al.

As a result, we will use 0.1 +2.1€; + 9.1€9 to refer to the representation ob-
ject (0.1, 0.0, 2.1, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 9.1) in the standard affine representation
(A ;) defined in (13). Similarly, we will use the form [1, 3] to refer to the represen-
tation object (1, 3) in the interval representation (I, u) defined in (11).

3.2 Inclusion function

We now generalize the notion of inclusion function as defined in interval arithmetic
to make it compatible with the notion of inclusion representation.

Definition 10 (Inclusion Function) Given two sets X, Y and a function f: X — Y.
LetZx = (Rx, ux) and Zy = (Ry, ny) be two inclusion representations of X and Y,
respectively. A function F : Ry — Ry is called an inclusion function for fifVS§ C X
and VT € Rx we have

SCux(T) = f(={f0)|x eS8 S uyF). (22)

The inclusion function defined in [16, p. 27] for intervals can be seen as special
cases of Definition 10. All interval forms of a function (or multifunction) f are
inclusion functions of f using the interval representation (11).

In practice, one often extends real-valued functions in a natural way to evaluate
the ranges of the real-valued functions as follows.

Definition 11 (Natural Extension) Let f:R"” — R™ be a factorable function that
is recursively composed of a finite set, E, of elementary operations defined on R
in a given way. Suppose that 7 = (R, n) is an inclusion representation of R such
that there exist a set, E, of elementary operations defined on R, and a bijection
n: E— Er.2 Afunctionf: R" — R™is called the natural extension of finZ (using
operations in Ex ) with respect to the given composition of f if fis constructed from
the composition of f by replacing each real variable, constant, or operation by its
counterpart. If f is also an inclusion function for f, we call f the natural inclusion
function for f with respect to the composition.

Various interval inclusion functions are described in [16]; some among them are
natural, centered, mixed-centered and Newton inclusion functions.

Example 9 In the composition of the real-valued function f(x) = x * (x — 1), the real
variable x occurs twice. The set of elementary operations used in the composition of
fis E = {—, «}. The exact range f([0, 1]) =[—0.25, 0]. The natural extension of f
in the interval representation (I, up) defined by (11) is a function f: I — I defined
as f(x) =x* (x — 1), where 1 =1, 1] = 1. Consider the representation object T =
(0, 1) in the interval representation (I, uy), which corresponds to the interval [0, 1].
In interval arithmetic, the value of fat T is

f(T) =10,1]1%([0,1] —1) = [0, 1] % [—1,0] = [—1, O]

2We then call e € E the real-valued counterpart of n(e).
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We have f([0, 1]) < f([0, 1]). Moreover, we can prove that Vx e x e [ : f(x) € f(x).
Hence, f is the natural inclusion function of f in the interval arithmetic representa-
tion with respect to the specified composition of f.

Example 10 The natural extension of the real-valued function f(x) = x* (x — 1) in
the standard affine representation is the function f(fc) =% @®—1), where 1= 1.
A representation object 7' = (0.5, 0.5) in the standard affine representation (A, ©i)
defined by (13), which corresponds to the affine form 0.5 + 0.5¢;, has the following
real evaluation at 7"

wui(T) =1{0.540.5¢; | ) € [-1,1]} = [0, 1].
In affine arithmetic, the value of fat T =0.540.5¢ is

f(T) = (0.5+0.5¢;) * ((0.5+0.5¢;) — 1)
= (0.540.5¢;) % (—0.5 + 0.5¢;)
= —0.25 + 0.25¢pcw,

where epey is @ new noise variable taking its value in [—1, 1]. Hence, f(T) has the
real evaluation pz(—0.25 4 0.25€pew) = [—0.5,0]. We can prove that the natural

extension f is the natural inclusion function of f in (A uw A) — the standard affine
representation.

Note that in revised affine arithmetic, f (T) = —0.125 + 0.125¢,0w. Hence, it has
the real evaluation pa (—0.125 + 0.125€pew) = [—0.25, 0]. This evaluation provides a
tighter enclosure than the one provided by affine arithmetic.

Example 11 The natural extension of the real-valued function f(x) = x* (x — 1) in

the revised affine representation is the function ]? X) =% (Y—T), where T=1. A
representation object 7' = (0.5, 0.5, 0.0) in the revised affine representation (A, wa)
defined by (15), which corresponds to the revised affine form 0.5 + 0.5¢ + 0[—1, 1],
has the following real evaluation at 7"

ua(T) ={0.5+0.5¢ +0[—1,1] | € € [-1, 1]} = [0, 1].
In revised affine arithmetic, The value of fat T is

F(T) = (0.540.5¢) % ((0.5+ 0.5¢) — 1)
= (0.5 + 0.5¢) % (—0.5 4+ 0.5¢)
= —0.125 4 0.125[—1, 1].

Hence, f( T) has the real evaluati,cgn ua(—0.125 + 0.125[—1, 1]) = [—0.25, 0]. We can
prove that the natural extension f is the natural inclusion function of f in the revised
affine representation with respect to the given composition of f.
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Next, we define the conversion from an inclusion representation to another one
without loss of the inclusion property.

Theorem 6 (Composite Inclusion Function) Let Ty = (Rx, nx), Zy = Ry, iy)
and 7 = (Rz, iuz) be inclusion representations of three sets X, Y and Z, respec-
tively. If F: Ry — Ry and G : Ry — Rz are inclusion functions of two functions
f:X—>Y and g:Y — Z respectively, then the composite function Go F is an
inclusion function of the composite function g o f.

Proof Let T e Ry, U= F(T), V=GU) and S € XN ux(T). By Definition 10,
we have f(S) € uy(U), thus, f(S) € Y N uy(U). Therefore, also by Definition 10,
we have g(f(S)) € uz(GU)) = nz(V). Thatis, go f(S) € uz(G o F(T)) holds for
every S € X Nux(T). Thatis, G o F is an inclusion function of go f. O

Corollary 1 Let 7 = (R, ) be an inclusion representation of R. If elementary
operations defined over R are inclusion functions of their counterparts over R, then
all factorable functions built over R by using these elementary operations are also
inclusion functions of their counterparts over R.

Proof Corollary 1 is an obvious consequence of Theorem 6. Therefore, the proof is
omitted. ]

In our implementation, the elementary operations of interval arithmetic and affine
arithmetic are constructed to be inclusion functions of their real-valued counterparts.
It follows from Corollary 1 that all the factorable operations/functions defined in
interval arithmetic (or affine arithmetic) by using these elementary operations will
also be inclusion functions of their real-valued counterparts.

4 Combining multiple inclusion representations

Using the concept of inclusion representation as presented in Section 3.1, we now
propose a novel generic scheme to perform constraint propagation on DAG repre-
sentations. This scheme allows inclusion techniques to work in cooperation in order
to obtain the effect of domain reduction. The input constraint system is represented
by a DAG. The computational data stored at each node, N, of the DAG repre-
sentation consist of a representation object for each real inclusion representation
7 = (R, n) of R and a constraint range of node which is often an interval. Choosing
a node for constraint propagation is based on the computational data associated to
the node. Some specific combination will be described in Section 5. They are based
on interval arithmetic, affine arithmetic, interval constraint propagation, and linear
programming.

4.1 Node range evaluations

The following constraint system, an NCSP, will be used in examples throughout this
section.
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Fig. 4 The DAG representation: a before interval evaluations; and b after interval evaluations

Example 12 The DAG representation of the following NCSP is depicted in Fig. 4:
(*—2xy+/y=0, dx+3xy+2,/y <9 x€[1,3], ye[1,9]).

The sequence (Nj,N,, N3, N4, Ns5,Ng,N;) is an ordering of the nodes (see
Theorem 1).

In order to combine multiple inclusion techniques during constraint propagation,
we use multiple inclusion representations at each node N of the DAG representation.
The computational data stored at N consists of a constraint range 7 and multiple
representation objects.

Notation 7 For each real inclusion representation T = (R, u) under consideration,
one representation object, denoted by R(N), in 7T is stored at N.

Notation 8 LetZ = (R, ) be a real inclusion representation, T € R, T' € R, andx C
R. The notation T M x denotes some object T" € R such that u(T) Nx C u(T") holds
and u(T"y € u(T) or u(T") C x holds. The notation T ™ T’ denotes some object T" €
R such that u(T) N\ u(T") € w(T") holds and u(T") C u(T) or u(T") C u(T") holds.

During computations, the inclusion property at each node will be maintained.
That is, the exact value of the subexpression at a node N always lives in the node
range 7n and in the image ©(R(N)) of every representation object R(N) stored at
N. Hereafter, we present a concept that allows reducing the node range of a node
basing on the node ranges of its children. This concept is a generalization of the idea
of forward evaluation [4].

Definition 12 (Node Evaluation, NEV) Let N be a node of the DAG representation

of a constraint system, {C,<}f.‘:1 the children of N, f:R¥ — R the elementary op-
eration represented by N, and Z = (R, ) a real inclusion representation. Also let
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fr : R¥ — R be an inclusion function for f. The following assignment is called the
node evaluation at node N in the inclusion representation Z (if N # G):

RMN) := RMN) Nt(N) N fr(IRECHIE)); }

NEV(N, 7) = { T(N) = t(N) N (RN));

Example 13 Consider the problem in Example 12 and the notations in Fig. 4. At the
beginning, we have (see Fig. 4a):

o =IND =[1,3;,  AN) =AN) =2+e;

w, = I(N2) = [1,9]; ANy) = A(Ny) =5+ 4ey;

w, = I(N) = [—o00, +00l; AN) = ANy = [—00,+00] (i =3,4,5);
w, = I(Ng) = [0, 0]; A(Ng) = ANg) = 0;

w, = I(N;) = [-00,9];  A(N7) = A(Ny) = [—o0, 9];

The operation corresponding to N3 is the square operation; therefore, we have

R 2 .
NEV(N;, I) = I(N3) = ((I(N1))* @ v, ) @ I(N3); ] ,
™, =N, NIN3);
A — ((A 2 A -
NEv(N,, Ay = [ AN = ((Aavn) L o, ) 0 AN ] |
™ =N, N g (ANN3));
. 2 .
NEV(Na. A) = AN3) == ((AND)? M 7n,) MAN3); .
™, = N O s (AN3));

After the node evaluation NEV(N3, II), we have
I(N3) = (([1,3])?* M [—o0, +00]) @ [—o0, +o0] = [1, 9],
™, = [—00,+0o0]N[L,9] =[1,9].

After performing NEV(Nj3, A) and NEV(N3, A) by using affine arithmetic and revised
affine arithmetic, we have

ANy = (Q+e)>M[1,9]) M[—00, +00] = 4.5 + 4€; + 0.5,

™, = [1,9]0#&(4.5-}-461 + 0.5€¢3) = [1,9],
A(N3) = (2+€)?* M[1,9]) @ [—o0, +00] = 4.5+ 4€ +0.5[—1, 1],
Ny, =[1L91Nuad.5+4e +0.5[-1,1]) = [1,9].

Similarly, after performing node evaluations at the other nodes we have

I(Ny) = 1, = [1,27], ANy) = 10+ 5€; + 8¢, + 4ey,
ANy = 10+ 5¢; + 8¢, +4[—1, 1],

I(Ns) = t~, = [1,3], A(Ns) = 2.125 4 €, 4 0.125¢;,
A(Ns) = 2.125 4+ &, +0.125[—1, 1],

I(Ng) = ~, = [0, 0], A(Ng) = —13.375 — 6¢; — 156, + 0.5€3 — 8€4 + 0.125¢s,
A(Ng) = —13.375 — 6¢; — 156, + 8.625[—1, 1],

I(N7) = mn, = [9,9], A(N;) = 42.25 + 19¢; + 26€; + 12¢4 + 0.25¢s,
A(N7) = 42.25 + 19¢; + 266, + 12.25[—1, 1].
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In practice, the node range t and the interval object I(IN) should be merged into one
object because they are of the same type.

4.2 Induced constraint systems for domain reduction

In order to present the concept of a pruning constraint system concisely, we rely on
the following concept.

Definition 13 (Inclusion Constraint System, ICS) Let ({R}, 1) be a real inclusion
representation of R defined by (7), N a node of the DAG representation. The
inclusion constraint system induced by a object T = {R} (N) and a constraint range
D C R is defined as

{9n € Dr 0 D} (e, Vr = {ON)) if fr is the identity,

1cs(T, D) =
( {fr(Vr) =9n; V1 € Dr; On € D} otherwise;

where the set of variables consists of the variable ¥y, the variables in Vr, and the
variables used to describe D7.

Roughly speaking, the inclusion constraint system induced by a representation
object T at a node N is a set of redundant constraints that can be inferred from T
(the inclusion 9N € n always hold). Some example of inclusion constraint systems
are given below.

Example 14 Inclusion constraint systems for different inclusion representations:
— Aninclusion constraint system for the interval form (11):
1CS(T, [c,d]) = {9~ € [c,dIN[a, D]},
where the set of variables is {¢n}. This system is conjunctive and has the form of

bound constraint.
— Aninclusion constraint system for the interval union form (12):

1cs(T, [e, d]) = {0N e [c.dl; on €| Jla bi]} :
i=1

where the set of variables is {¢n}. This system has the form of the disjunction of
bound constraints.
— Aninclusion constraint system for the affine form (13):

1Cs(T, [c,d]) = !xo + Z)C[fi =0n; (€1,...,6,) € [—1,11"; 9N € [c, d]} ,
i=1

where the set of variables is {¢y, . .., €,, ¥n}. This system is conjunctive and linear.
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— Aninclusion constraint system for the revised affine form (15):

1Cs(T, [c, d])

n
= [x0+2xi€i+exex =N (€1, ..., €, &) € [—1, 11" On € [c, d]],

i=1

where the set of variables is {¢j, ..., €,, €, Un}. This system is conjunctive and
linear.
— Aninclusion constraint system for the Kolev affine form (17):

1Cs(T, [c, d])

n
= {Cx + Y Xiki ke = ON: Ki € [ vils Ky € [—vp vels On € e, d]],

i=1

where the set of variables is {«1, ..., ky, Ky, Un}. This system is conjunctive and
linear.
— Aninclusion constraint system for the Hansen interval form (19):

1CS(T, [c, d])

n
= {cx + Y xiki = ON; ki € [, vils ¢y € [e,, 6 X € [x,, Kl O € L, d]},
i=1
where the set of variables is {k, ..., kp, Cy, X1, . .., X, On}. This system is con-
junctive and quadratic.

— An inclusion constraint system for the linear relaxations/polyhedral enclosures
(20):

1Cs(T, [c, d])

n
=1ao+) ap;<0G=1,...m: on=xc€le.dl (@ ....x) B
j=1
where the set of variables is {xi, ..., x,}. This system is conjunctive and linear.
Note that 9y is one of the variables xi, ..., x,.

We now define the constraint systems constructed for pruning the node ranges,
using the representation objects stored at related nodes.

Definition 14 (Pruning Constraint System, PCS) Let N be a node of the DAG
representation of a constraint system, (C,-)f-‘=l the children of N, 4 : RF — R the
operation represented by N, and § a finite set of real inclusion representations. The
following constraint system is called the pruning constraint system induced by S at N:

{ AL ICS(R(Ci). )t } if N is ground,

PCS(N, S) = h@c,, ..., %) = On;

AR yes PCSub(N, R, w);

otherwise;
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where PCSub(N, R, u) is a pruning constraint subsystem defined as

k
PCSub(N, R, n) = (ICS(R(N), ™) A /\ ICS(R(C)), 1.'@)) .

i=1

Roughly speaking, the pruning constraint system induced by S at N includes all
inclusion constraint systems induced by all representation objects stored at N and the
children of N. The operation £ is a constraint itself in the pruning constraint system.
The concept of a pruning constraint system is depicted in Fig. 5.

Notation 9 In the rest of the paper, we will abuse the notations 1 and A to denote
the real inclusion representations, (I, 1) and (A, up), respectively defined on interval
arithmetic and revised affine arithmetic; where the function uy is defined by (11) and
the function uy is defined by (15).

Example 15 Let us consider the problem in Example 12 and continue the compu-
tations in Example 13. We have, for instance, the following inclusion constraint
systems:

1cs(I(Np), v,) = {9n, € [1,31};
1cs(I(Ny), v,) = {9n, € [1,91};
1cs(IN3). v,) = {On, € [1.9]1};
1CS(I(Ny), ) = {On, € [1,271};

{

{

{

1CS(I(Ns), ;) = {On, € [1,31);
1Cs(I(Ng), ™v,) = {9n, € 10,01} ;
1cs(I(Ny), v,) = {9n, € 9,91} ;

1cs(AN), )

24+ € =9n; )
On, €1,3] e €[—1,1];

1cs(AMNy), ;)

5+4e = Un,; )
Un, €[1,9]; e € [-1,1]

ICS(A(N3), TN_;)

4.5 4 4€1 4+ 0.5¢3 = On;; )
Un; €11,9]; € € [—1,1] (i=1,3);

Fig. 5 A pruning constraint <o ICS(R(C), Te) - o ICS(R(C), Tc) -
system at N: ain case N is

not the ground, all ICS
systems and the relation &

on the nodes N, Cy, ..., Cr
are included; and b in case N is
the ground, only ICS systems
on the child nodes Cy, ..., Cy
are included
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10 + S5¢; 4+ 8¢y + 4e4 = 19N4§

ICS(AN). v,) = In, € [1,27]: e [—1.1] (i= 1,2,4);};

1cs(A(Ns), )

2.125 + € + 0.125€5 = Oy .
Ong €13 e e [—1,1] (i=2,5;]"

ICS (A(Ns), fN(,)

—13.375 — 6€; — 15€; + 0.5¢3 — 84 + 0.125¢5s = Ung; |
UNg €10,0]; € € [-1, 1] G=1,...,5); ’

1cs(ANy), )

42.25 4 19¢; + 26¢; + 12¢4 4 0.25¢5 = O, ; )
On, €19,91; € € [—1,1]1 (G =1,2,4,5); '

2 =N ;
ICS(A(N)), v) = o . e[-1, 15 };

N, € [1,3]; €
5+ 4¢ = UnN,;
1CS(ANY), Tv,) = 2T ;
) VN, € [1,9]; &2 € [—1, 1];
4.5+ 4e; 4+ 0.5en, = ON,;
ICS(A(N3), N,) = ) . N
N, € [1,9]; (€1, en,) € [—1, 1]

10 4+ 5¢; + 8¢y + den, = Un,;
1CS(ANy), Tn,) = LT T };

O, € [1,27]; (€1, €2, en,) € [—1,11%

2.125 + €3 + 0.125en, = On;;
TCS(A(Ns), Tn,) = ; RN };

Ons € 11,315 (2, eny) € [=1,11%

ICS(A(Ne), ™) =

—13.375 — 6€; — 15¢; + 8.625eN, = N, )
On, € 10,0]; (€1, €2, en,) € [—1, 1% '

ICS(AMNY), ) =

42.25 + 19¢; + 266, + 12.25en, = On,;
On, €19,91; (€1, €, en,) € [—1, 113

Therefore, we can infer the following pruning constraint systems as examples:

—13.375 — 6€; — 15¢; + 0.5€3 — 8e4 + 0.125¢5 = Vn,;
pCs(G, [A)) = 1 42.25 4 19¢; + 266, + 1264 + 0.25€¢5 = O,
UN, € 10,05 O, €19.9]; e €[, 1] (i=1,....5);

—13.375 — 6€; — 15€5 + 8.625en, = UN,;
PCS(G, {A}) = | 42.25 + 19¢; + 266, + 12.25¢x, = O, ;
On, € 10,0]; 9N, € 19,91 (€1, €2, €n,, €n,) € [—1, 114

19N3 — 227N4 + l?N5 = 19N6;

PCS(N, {T}) =
On, € [1,9]; On, €[1,27]; On, € [1,3]; 9N, €[0,0];
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UN, — 20N, + ON, = O,

4.5 4 4€1 + 0.5¢3 = On,;

10 + 5¢| + 8€; + 4e4 = ON;,;

2.125 + €, 4 0.125¢5 = On;;

—13.375 — 6€; — 15¢5 + 0.5¢3 — 8e4 4 0.125¢5 = UN,;
N, €[1,9]; Un, €[1,27]; UN, €[1,3]; Un, €[0,0];
(€1,...,65) € [—1,11%;

UN, — 2UN, + On, = O,

4.5 4 4€; + 0.5en, = UN;,;

10 4 5¢; + 8¢z + 4en, = Un,;

PCS(Ne, {A}) = | 2.125 + €, + 0.125en, = Ons;

—13.375 — 6€; — 15¢; + 8.625eNn, = UN,;

UN, € [1,9]; On, €[1,27]; 9N, € [1, 3]; 9N, € [0, 0];

(€1, €2, €N, €N, €Ns €N,) € [—1, 115

49N, + 39N, + 20N, = Ny
On, € [1,3]; In, €11,27]; In, € [1,3]; 9N, €19,91;

=

PCS (N, {

D

PCS(N, {I}) =

49N, + 30N, + 20N, = OnN,;

2+€ =0n;;

10 + 5¢; + 8ey + 4e4 = UN,;

2.125 + €3 4+ 0.125¢5 = On;;

42.25 + 19¢; 4 26€3 + 12€4 + 0.25¢5 = VN, ;

UnN, € [1,3]; On, € [1,27]; 9N, €[1,3]; Un, €19,9];
e e[-1,11 (i=1,2,4,5);

49N, + 30N, + 20N, = OnN,;

2+€ =N

10 + 5¢; + 8¢y + 4en, = On,;

PCS(N7, {A}) = { 2.125 + €5 + 0.125en, = Ons;

42.25 + 19¢; 4 26€, + 12.25en, = On;;

UnN, € [1,3]; On, € [1,27]; 9N, €[1,3]; Un, €19,9];

(€1, €2, €N, €Ns» €N,) € [—1, 1.

pcs(Ny, {A))

We can see that either from PCS(N7, {I}) or from PCS(Ny, {A}), we have 9n, = 1,
N, = 1, and 9w, = 1. Therefore, the system has a unique solution (x, y) = (1, 1).

4.3 CIRD - A combination scheme for propagation
We now describe our generic scheme for combining different real inclusion repre-

sentations during constraint propagation. Each input constraint system, a NCSP, is
represented by a DAG as described in Section 2.3. The computational data stored
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Algorithm 1 CIRD—a Scheme for Combining Inclusion Representations on DAGs

1. Initialization Phase.

(a) Initial Node Evaluation. Traverse the DAG representation G in an order
described in Theorem 1. When visiting a node N € G, perform the node
evaluation NEV(N, 7) for each 7 € £. It is encouraged to merge the assign-
ments of multiple NEV(N, 7), where 7 € &, into a single process to avoid
repeating the same assignments or computations.

(b) Initialization of Waiting Lists. Set L. := ¢, £, := {the list of all nodes
representing the running constraints together with all the real inclusion
representations of £}.

2. Propagation Phase. Repeat this step until both £. and £, become empty or the
limit, if any, on the number of iterations is reached.

(a) Getting the Next Node. Get a node N (and the set S of real inclusion
representations associated with N in the corresponding list) from the two

waiting lists L. and L, according to some choosing strategy.
(b) Node Evaluation. Do this step only if N was taken from L. at Step 2a.

ForeachZ = (R, ) € S, do the following steps:

i. Perform the node evaluation NEV(N, 7). If this returns an empty set, the
algorithm terminates with an infeasible status.

ii. If the changes of R(N) and ty at Step 2b(i) are considered enough to re-
evaluate the parents of N, then put each node in parents(N) (associated

with 7) into L., if N is not the ground node, or into £, otherwise.
iii. If the changes of R(N) and =n at Step 2b(1) are con51dered enough to

do a node pruning at N again, then put (N, Z) into £,.
(c) Node Pruning. Do this step only if N was taken from £, at Step 2a.

i. Choose a subset 7 C S such that, for each Z € 7, there are efficient

domain reduction techniques for the constraint system PCS(N, 7).
ii. Partition 7 into subsets such that, for each subset I/ of the partition,

choose a domain reduction technique which may efficiently reduce the
domains of the variables of the system (or a subsystem of) PCS(N, ).
Afterward, apply the chosen domain reduction technique to each sys-
tem (or a subsystem of) PCS(N, ) in a certain order. If this process

returns an empty set, the algorithm terminates with an infeasible status.
iii. Let IC be the set of all nodes for which the evaluating functions (in
the form (7)) contain some variables whose domains were reduced at
Step 2c(ii). Choose a subset H of K for node range updates, for example,
such that each node M in the set H is a descendant of N.
Node Range Update: For each node M in H and each real inclusion rep-
resentation Z= (R, u) € £ such that the representation of u(R(M)) in
the form (7) contains some variables (in V) whose domains have just
been reduced at Step 2c(ii), update R(M) by using these newly reduced
domains, then update ty:=tm N w(R(M)). If an empty representation
is obtained, the algorithm terminates with an infeasible status.

A. If the changes of R(M) and ty are considered enough to re-
evaluate the parents of M, put each node in parents(M) associated

with Z into L..
B. If the changes of R(M) and 1y are considered enough to do a node

pruning at M, put (M, 7) into Lp,.
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at each node are representation objects as described in Section 4.2. The scheme uses
node evaluations and pruning constraint systems, as defined in Section 4.2. Relevant
domain reduction techniques are used to reduce node ranges and, in particular,
domains of variables.

Let G be the DAG representation of the input constraint system. The CIRD
algorithm, uses two waiting lists. The first one, L., stores the nodes waiting for node
evaluation. The second waiting list, £, stores the nodes waiting for node range
pruning. Note that each node can appear once at a time in one waiting list, but may
appear in both waiting lists. The set of real inclusion representations used in the
scheme is denoted by £. Suppose each real inclusion representation in £ provides
elementary operations that are inclusion functions of their real-valued counterparts.
In Algorithm 1, we present the main steps CIRD with inline detailed descriptions.

Proposition 1 We define a function F :1" x 28" — 1" to represent the CIRD algo-
rithm. This function takes as input the variable domains (in the form of an interval
box B) and the exact solution set, S, of the input problem. The function F returns an
interval box, denoted by F(B, S), that represents the variable domains of the output of
the CIRD algorithm. The CIRD algorithm terminates at a finite number of iterations
and the following properties hold:

(i) FB,S) < B (Contractiveness)
(i) F@B,S) 2> BNS (Correctness)

Proof The proof is trivial due to the finite nature of floating-point numbers and the
fact that the node ranges are never inflated during the computations. O

Example 16 Figure 6 illustrates the distribution of auxiliary variables (e; and ¢;)
when using affine arithmetic and interval arithmetic to perform node evaluations
on the DAG representation of the problem in Example 12. The sets S and 7 in
Algorithm 1 can be chosen as follows: S = 7 = {I, A}. The set 7 can be partitioned
into two subsets: U; = {I}, U, = {A}. Example 15 gives the pruning constraint systems
(pcs) for each node.

Consider the node N7 (Fig. 6a). Applying a linear programming technique to the
system PCS(N7, {A}), we get ¢ =1 and ¢, = 1. Any node involving an auxiliary
variable of which the domain has just been reduced, €; or ¢, will be in the set
in Algorithm 1, namely, K = {Ny, ..., N7}. Of course, only a subset H of K should
be considered for node range updates. More details are described in Section 5.5.2.
This shows that, in some cases, every node in a DAG representation may be chosen
for a node range update, not only the descendants of the current node. Therefore,
combination strategies based on the CIRD scheme can freely choose the set H of
nodes for node range updates, depending on the nature of the underlying inclusion
techniques.

Consider the node N¢ (Fig. 6b). Suppose we do not applying linear programming
techniques to PCS(Ng, {A}), but use some symbolic reasoning. For example, from the
first equation of PCS(Ng, {A}), we have an equivalent equation: ¥n, = 20N, — UN, +
UN,- Substituting 9, Un,, and U, from the last three equations of PCS(Ng, {A}) into
this equation, we will see that ¥n, contains not only the auxiliary variable €, but
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€, & €, & €, & €, &
6 N; No N,
0,0
[0, 0] 9.9], [0, 0] 19.9],
N s N s
Ny u” Ny
8 8
a b

Fig. 6 The distribution of auxiliary variables (¢1, €2) in the DAG representation in Example 12: the
grey nodes are the nodes involving a pruning constraint system (PCS): a at N7; and b at Ng

also the auxiliary variable ¢, in general. This shows that the distribution of auxiliary
variables in a DAG representation may be changed during computations.

5 Specific combination strategies

In this section, we propose some simple strategies for each step in the CIRD
scheme. These strategies are based on two inclusion representations, I and A. By
combining different strategies at all the steps we get different combination strategies
for constraint propagation, as instances of CIRD.

5.1 Step 1a: Initial node evaluation

In our implementation, we use a recursive evaluation procedure given in Proce-
dure RecursiveNodeEvaluation for the visit at Step 1a. If this procedure exits with
an infeasible status, the main algorithm invoking it will terminate with an infeasible
status.

Procedure RecursiveNodeEvaluation(in: a node N)

if N is a leaf or N has been visited then return ;

foreach C € children(IN) do RecursiveNodeEvaluation(C);

foreach 7 € £ do NEV(N,Z); « & is the set of real inclusion representations.
Mark N as visited;

if infeasible status is detected then exit(infeasible);
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Example 17 We continue to consider the problem of Example 12. After performing
the initial node evaluation by using interval arithmetic and revised affine arithmetic,
we have:

™ = IN:) = [1,9];  A(N3) = 4.5+4e +0.5[—1, 1];

™ = INy) = [1,271; ANy = 10+ 56 + 86 +4[—1, 1];

™ = INs) = [1,3];  A(Ns) = 2.125+ e +0.125[—1, 1];

™~ = INg) = [0,01; A(Ng) = —13.375— 6¢; — 15¢; + 8.625[—1, 1]
™ = INy) = [9,9];  A(N;) = 4225+ 19¢; + 266, + 12.25[—1, 11;

(see the distribution of auxiliary variables in Fig. 6).

5.2 Step 1b: Initialization of waiting lists

We use the process described in the CIRD scheme in Algorithm 1.

Example 18 Consider Example 12. After performing this step with S = {I, A},
we have:

Le=0; L ={(Ne; L, A), (N7 T, A)}.

5.3 Step 2a: Getting the next node

At first, we assign a node level to each node in the DAG representation of the
considered constraint system such that each node has a level smaller than the levels
of their descendants. Hence, an ordering, as in Theorem 1, can be obtained easily by
sorting the levels of nodes.

Procedure Nodelevel(in: N;in/out:V},;)

for each C € children(N) do
‘/lvl [C] = nlax{‘/lvl [C]7 ‘/Iml [N] + 1};
NodeLevel(C, Vjy1);
end-for
end

Procedure NodelLevel gives a simple procedure to compute a vector Vj,; of
node levels (it must be invoked invoked at all the nodes representing the active
constraints). Figure 4 illustrates the node levels for the constraint system given in
Example 12. The node levels are given in brackets next to the node names. Figure 6
illustrates the distribution of auxiliary variables. The list £, is sorted in the ascending
order of node levels. This ensures that each node will be taken into pruning processes
before its descendants, thus reducing redundant computations. Similarly, the list L.
is sorted in the descending order of node levels to ensure that each node will be
evaluated before its ancestors.
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There are three simple strategies to get the next node from the union of two
waiting lists, £, U Lp:

—  Get the next node from £, whenever £, is not empty. This strategy is called the
pruning-first strategy, which gives the priority to the pruning phase.

—  Get the next node from one of the two waiting lists until it becomes empty, then
switch to the other list.

— Get the next node from one of the two waiting lists in a rotational manner.

In our implementation, we use the pruning-first strategy. More involved strategies
for selecting the next node can be used as alternatives, for example, based on the
pruning efficiency of nodes.

5.4 Step 2b: Node evaluation

For the node evaluation at each node N, we can perform NEV(N, A) and NEV(N, )
in any order, if N is not the ground node. At Step 2b(ii), Step 2b(iii) and Step 2c(iii),
we only count on the change of 7 in our current implementation. The change of N
is often considered enough if the ratio of the new width to the old width is less than a
number predefined ry, € (0, 1) and the difference between the old width and the new
width is greater than a predefined number dy, > 0. More complicated criteria that
have been used in constraint programming can be used as alternatives.

5.5 Step 2c: Node pruning

The subset 7 (in the CIRD) at this step can be chosen as {I, A}. For node pruning, we
use PCS(N, {II}) and a linear subsystem of PCS(N, {A}) defined as follows:

f(l?(jl, ey ﬁck) = l?N;
PCS(N, {I}) = { INn € ™: if N is not ground;

AL, ®¢, € 1c);

{/\fll ICS(A(Cy), fc,)] if N is ground,
PCS. (N, {A)) =

[Ics(A(N), ™) A AL TCS(A(C), rc,)} otherwise:
where the inclusion constraint systems are defined as

Xm0 + Zf:] Xm,i€i + emem = Um;
ICS(AM), D)= ¢ e[-1,1] (i=1,...,n);
em € [—1,1]; 9m € D;
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In general, we have
PCS(N, {A}) = PCS(N, {I}) A PCS.(N, {A}).
The system PCS; (N, {A}) contains the linear constraints of PCS(N, {A}).

Example 19 We continue with Example 12. Some examples of pruning constraint
systems where given in Example 15. We then have:

—13.375 — 6€; — 15¢5 + 8.625¢en, = UN,;
42.25 4 19¢; + 26€; + 12.25en, = UN;,;
N, € [0, 0]; 9N, € [9,9];

(615 €2, €N67 6N7) € [_17 1]4»

PCS. (G, {A}) =

4.5 +4€; 4+ 0.5en, = O,

10 4 5¢; + 8¢y + 4en, = Un,;

2.125 + €, 4+ 0.125en, = Un;;

—13.375 — 6€; — 15¢5 + 8.625en, = UN,;

UN, € [1,9]; Un, €[1,27]; UN, €[1,3]; VN, €[0,0];

(€1, €2, €N, €N, €Ns» €N) € [—1, 1]%

PCSL(Ne, {A}) =

2+€ =0n;;

10 + 5¢; + 8¢z + 4en, = On,;

2.125 + €3 4+ 0.125en, = Un;;

42.25 + 19¢; 4 26¢; + 12.25¢en, = On;;

UN, € [1,3]; On, € [1,27]; 9N, €[1,3]; Un, €19,9];

(€1, €2, €N, €Ns» €N,) € [—1, 1]

PCS. (N7, {A}) =

All these systems are linear; hence, we can use linear programming techniques to
reduce domains. Tight safe bounds can often be obtained by using the technique
proposed in [36].

The combination of the following backward propagation and affine pruning tech-
niques results in different strategies for the node pruning phase in the CIRD scheme.

5.5.1 Backward propagation

If N is not the ground, the domains of the variables of the constraint system
PCS(N, {II}) can be pruned by a domain reduction technique called backward prop-
agation. In brief, let f be the elementary operation represented by a node N, we

then have the relation ¥ = f(J¢,, ..., ¥¢,)- The purpose of backward propagation
is to compute, at a low cost, an enclosure of the i-th projection of the relation
N = f(J¢,, ..., Uc,) onto V¢, by using interval arithmetic. Only k nodes Cy, ..., Cy
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possibly contain the variables of which the domains are pruned in the above back-
ward propagation. Hence, after performing this backward propagation, at Step 2c(iii)
we only need to consider k nodes H = {Cy, ..., Cx} for node range updates and for
putting into the waiting lists.

5.5.2 Affine pruning

In revised affine arithmetic, A, each variable of the input constraint system is asso-
ciated with one noise symbol ¢; (fori=1,...,n). The system PCS; (N, {A}) is a
linear constraint system; therefore, the domains of the variables of PCS; (N, {A})
can be pruned by using a linear programming technique supplemented with the
technique proposed in [36]. If the operation represented by N is linear, we can apply a
linear programming technique to PCS(N, {A}), instead of PCS (N, {A}), to get tighter

bounds on the variables. For efficiency, only the domains of the variables V¢, .. ., ¥¢,

and/or €, ..., €, need to be pruned. We can devise three possible pruning strategies

for Step 2c(iii):

1. The first strategy only requires to prune the domains of ¥¢,, ..., ¥¢,;

2. The second strategy only requires to prune the domains of the auxiliary variables
[S PN 7

3. The third strategy prunes the domains of both {¥c¢,. ..., ¥¢,} and {ey, ..., €,}.

For the first strategy, we only need to consider H = {Cy, ..., Ci} for node range

updates. For the last two strategies, the set H can be chosen as any subset of the
set of descendants(N) for which the noise variables in 4 have just been pruned. In
our implementation, we use the second pruning strategy with two options for H: (i)
the set descendants(N); and (ii) the set of initial variables associated with €y, ..., €,.

If, for each i € {1, ..., n}, the new domain of the noise variable ¢; is [a;, b;] C
[—1, 1], then the node range update at M € H will be

n
™ =Tt (XOM—FZX?/I[(J,‘,Z),‘]—{-@M[—L 1]) s (23)
i=1
where AM) = xM + 37 xMe; + em[—1, 1], and xM (fori = 1,..., n) are real num-
bers. It seems that Kolev affine forms (Section A.4) are more suitable for the node
range update (23) than revised affine forms are because the radius of the domain of a
noise variable is allowed to be less than 1. Hence, Kolev affine forms do not need to
use the domain [—1, 1] when restarting the computations at M. In this case, we only
need to replace the previous node range [a;, b;] with the smallest symmetric interval
containing [a;, b;].

Remark 1 The cost of linear programming is high; therefore, we should use the affine
pruning technique only if the pruning ratio is predicted to be high. For this, we
propose to use the affine pruning technique only if the absolute accumulative error
em of each node M involving the above linear systems is small enough. That is, the
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value of the operation represented by M lies in a thin slot between two hyperplanes,
M43 xMe; — ey and XM+ 3 xMe; + e, in the space of the noise variables
(€1, ..., €,). Moreover, the affine pruning should only be used for nodes at low levels
(i.e., the nodes near roots).

6 Experiments
6.1 Comparisons with interval constraint propagation techniques

We have carried out experiments on an implementation of the CIRDJ[ai] algorithm
(an instance CIRD using affine arithmetic, interval arithmetic, interval constraint
propagation, and linear programming) and two other well-known state-of-the-art
interval constraint propagation techniques. The first one is a variant of box con-
sistency [5] implemented in the commercial product ILOG Solver (v6.0), hereafter
denoted by BOX. The second one is the HC4 algorithm [4]. The experiments are
carried out on 33 problems unbiasedly chosen form various published sources and
divided into five test cases:

— The test case T, consists of eight easy problems with isolated solutions. These
problems are solvable in short time by search using the three propagators. (See
Section C.1.)

— The test case T, consists of four average problems with isolated solutions. These
problems are solvable by the search using CIRD[ai] and BOX and cause the
search using HC4 being out of time without reaching 10° splits. (See Section C.2.)

— The test case T3 consists of eight hard problems with isolated solutions. These
problems cause the search using HC4 being out of time without reaching 10°
splits and cause the search using BOX either being out of time or being stopped
due to running more than 10° splits. The search using CIRD[ai] accomplishes the
solving for six of eight problems in this test case and runs more than 10° splits for
the other two problems. (See Section C.3.)

— The test case T4 consists of seven easy problems with a continuum of solutions.
These problems are solvable in short time at the predefined precision 1072, (See
Section C.4.)

— The test case Ts consists of six hard problems with a continuum of solutions.
These problems are solvable in short time at the predefined precision 107!, (See
Section C.5.)

The timeout value is set to 10 hours for all the test cases. The timeout values will
be used as the running time for the techniques that are out of time in the next result
analysis. For the first three test cases, the precision is 10~ and search is done by
bisection. For the last two test cases, we used UCAG6 a search algorithm for NCSPs
with inequality constraints [44]. The comparison of interval constraint propagation
techniques is based on the following measures:

—  The running time: The relative ratio of the running time of each propagator to
that of CIRDI[ai] is called the relative time ratio.
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Table 1 A comparison of three constraint propagation techniques CIRD[ai], BOX, and HC4 in
solving NCSPs

Prop. (a) Isolated solutions (b) Continuum of solutions

v Relative Relative  Relative Relative Relative Inner Relative Relative
time reduction cluster iteration time volume cluster iteration
ratio ratio ratio ratio ratio ratio ratio ratio

CIRDJai] 1.000 1.000 1.000  1.000 1.000 0.945 1.000 1.000

BOX 1429.660 5.323 30.206  4.263 3414 0.944 1.102 1.056

HC4 17283.614 7.722 105.825  5.515 60.101 0.941 1.168 1.118

In the section (a), the averages of the relative time ratios are taken over all the problems in the test
cases T, T», T3; and the averages of the other relative ratios are taken over the problems in the test
case T (i.e., taken over the problems that are solvable by all the techniques). In the section (b), the
averages of the relative ratios are taken over all the problems in the test cases T4, T

—  The number of boxes: The relative ratio of the number of boxes in the output of
each propagator to that of CIRDIai] is called the relative cluster ratio.

— The number of splits: The number of splits in search needed to solve the
problems. The relative ratio of the number of splits used by each propagator
to that of CIRD[ai] is called the relative iteration ratio.

—  The volume of boxes (only for Ty, T,, T5): We consider the reduction per
dimension /V/D; where d is the dimension, V is the total volume of the output
boxes, D is the volume of the initial domains. The relative ratio of the reduction
gained by each propagator to that of CIRD[ai] is called the relative reduction
ratio.

—  The volume of inner boxes (only for T4, Ts): The ratio of the volume of inner
boxes to the volume of all output boxes is called the inner volume ratio.

The lower the relative ratio is, the better the performance/quality is; and the higher
the inner volume ratio is, the better the quality is.

The overviews of results in our experiments are given in Table 1 and Table 2.
Clearly, CIRDJ[ai] is superior to BOX and HC4 in performance and quality mea-
sures for the problems with isolated solutions on the chosen benchmarks. CIRD[ai]
still outperforms the others for the problems with continuums of solutions in the
benchmarks, while being a little better than the others in quality measures. Note

Table 2 The averages of the relative time ratios, which are taken over problems in each test case

Propagator (a) Isolated solutions (b) Continuum of solutions
v Test case T} Test case T> Test case T3 Test case Ty Test case T5
CIRDJ[ai] 1.00 1.00 1.00 1.00 1.00

BOX 8.33 6097.45 517.10 2.33 4.68

HC4 54.47 83009.81 1649.66 31.42 93.56
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that the ratios for the test case 75 are in fact much higher than shown because the
solving processes using BOX and HC4 do not terminate after /0 4 while the one using
CIRDJai] terminates in seconds or minutes.

6.2 Comparisons with linear relaxation based techniques

We now compare the proposed technique with a recent mathematical solution tech-
nique, called A2, in [19], which was specially designed to solve a nonlinear equation
system f(x) = 0. The A2 algorithm converts this system into separable form g(x) = 0,
and then uses Kolev affine arithmetic to evaluate g(x) and get a linear form L(x, y) =
—Ax+ By+b, xex, yey; where A and B are real matrices, b is a real vector,
and x and y are interval vectors. This technique has to assume a posterior-condition
that the matrix A is invertible in order to use the domain reduction rule of the form
x:=xN (A"'By + A~'b). No rigorous rounding control is performed in [19]. We
take the first problem in [19], which was used for illustrating the power of the A2
algorithm in [19], for our comparison:

((4x3 + 3x6)x3 + 2x5)x3 + x4 = 0,

((4x2 + 3x6)x2 + 2x5)X2 + x4 = 0,

((4x1 + 3x6)x1 + 2x5)X1 + x4 = 0,

X4+ x5+ x6+1=0,

(((x2 + x6)x2 + x5)X2 + X4)X2 + (((x3 + X6)X3 + X5)X3 + X4)X3 = 0, (24)
(((x1 + x6)x1 + x5)x1 + x4)X1 + (((X2 + X6)X2 + X5)X2 + X4)X3 = 0,

x; €10.0333,0.2173], x, € [0.4000, 0.6000],

x3 € [0.7826, 0.9666], x4 € [—0.3071, —0.1071],

x5 € [1.1071, 1.3071], x¢ € [—2.1000, —1.9000].

This system has a unique solution. It is known to be very hard for interval constraint
propagation techniques. To solve it on a 1.7 GHz Pentium PC at the precision 1073
using a bisection search; A2 has to perform 917 iterations in 3.46 s to reduce the
problem to five boxes (see [19]); while an instance of the CIRD scheme, called
CIRDJai], performs 54 iterations in only 0.118 s to reduce the problem to three boxes.
Hence, CIRDJ[ai] is about 29.3 times faster than A2 for the system (24), while it is
more rigorous and accurate than A2.

Another technique against which we have compared CIRD is Quad [22] which
was specifically designed to process quadratic constraints, and further extended to
address power terms [21]. Note that this technique only applies to systems with
(many) power terms. Again, we take as example two problems, called Gough-
Steward and Yamal96, which were used to illustrate the power of Quad in [22] and
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[21], respectively. Gough-Steward is a non-sparse quadratic equation system of nine
variables in robotics, which has four solutions [22]:

xi+yi+z21 =31,

X3+ y3 423 =39,

X3+ yi+23=29,

X1x2 + y1y2 + 2122 + 6x] — 6x2 = 51,

X1x3 + y1ys + 2123 +7x1 — 2y1 — 7x3 + 2y3 = 50,

X2X3 + y2y3 + 2223 + X2 — 2y — X3 + 2y3 = 34,

—12x; + 15y; — 10x, — 25y, + 18x3 + 18y; = —32,
—14x; + 35y, — 36x; — 45y, +30x3 + 18y3 = 8,

2x) +2y; — 14x; — 2y, + 8x3 — y3 = 20,

x; € [—2.00; 5.57], y; € [-5.57,2.70], z; € [0.00, 5.57],
Xy € [—6.25,1.30], y, € [-6.25,2.70], z, € [—2.00, 6.25],
x3 € [—5.39,0.70], y; € [-5.39, 3.11], z3 € [-3.61, 5.39].

(25)

Yamal96 is a series of high-dimensional sparse problems of n variables and n
equations:

m+ 1% =2+ 1)+ (n+ 1)x4 + €% =0, x; €[—10,10] (fori=1,...,n),

where xo = x,,4; = 0. Similarly to [21], we use the precision 1078 for these problems.
Table 3 presents a preliminary comparison between CIRD[ai] and Quad.

The results of Quad in Table 3 are copied from [21, 22], except that the ones in
the cells filled with “n/a” are not yet available due to our limited access to the code
of Quad. In Table 3, #S denotes the number of splits and #B denotes the number of
boxes in the output.

Remark 2 We have also carried out experiments on the naive use of variants of
affine arithmetic as a replacement of interval arithmetic in constraint propagation.
That is, affine arithmetic is used only to get bounds on subexpression like in inter-
val arithmetic. However, the performance of the obtained techniques (using affine
arithmetic) is even (at least two times) worse than their counterparts (using interval
arithmetic).

Table 3 A preliminary comparison of Quad and CIRDJ[ai], » is the number of variables

Propagator » Quad CIRDIai] Time ratio
Problem #5 #B Time CPUspeed #S #B Time CPUspeed cmiag

v (s) (GHz) (s) (GHz)

Gough-Steward (n =9) 24 4 183.0 1.0 912 4 27 1.7 39.9
Yamal96 (n = 30) 108 16 314 2.66 25 2 38 1.7 12.9
Yamal96 (n = 60) n/a n/a n/a n/a 18 2 21.0 1.7 n/a
Yamal96 (n = 100) n/a n/a n/a n/a 20 2 858 1.7 n/a
Yamal96 (n = 200) n/a n/a n/a n/a 19 2 560.2 1.7 n/a
Yamal96 (n = 300) n/a n/a n/a n/a 20 2 1878.1 1.7 n/a
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Finally, we conducted some experiments for comparing CIRD[ia] with FBPD [45].
The latter is a particular instance of CIRD that uses a single inclusion represen-
tation (interval arithmetic). Our experiments show that the strengths of FBPD
and CIRDJ[ai] are complementary. Namely, the FBPD algorithm outperforms the
CIRDJ[ai] algorithm by an order of magnitude or more in speed when solving NCSPs
with continuums of solutions. Conversely, the CIRD[ai] algorithm is superior to the
FBPD algorithm by 1 to 3 orders of magnitude or more in speed when solving
numerical CSPs with isolated solutions. Theoretically, it is easy to combine these
two algorithms to solve numerical CSPs, in most cases, at the highest speed of both :
it is only needed to heuristically predict if the constraints are equality, then resort to
the CIRDJ[ai] algorithm, otherwise use the FBPD algorithm.

Although still preliminary, the experimental results presented before corroborate
the intuition that combining multiple inclusion representations may have a strong
impact on the efficiency of constraint-based solvers. An in depth analysis of the
experimental results through:

— the comparison of the many possible combination strategies;
— and the confrontation with other existing solvers or approaches (such as
[3, 11, 20]),

is now needed to give a better insight on the capabilities of CIRD. This will also help
in identifying the most powerful combination strategies and the conditions for them
to perform efficiently.

The main contribution of this paper is to provide a general and flexible scheme,
CIRD, facilitating the experimental comparisons of many possible combination
strategies.

7 Conclusion

In summary, our contribution in this paper is twofold:

1. We propose a novel generic algorithm, called CIRD, which enhances numerical
constraint propagation by enabling the combination of multiple inclusion tech-
niques during constraint propagation. The scheme potentially allows bringing
into the constraint propagation framework the strengths of inclusion techniques
coming from different fields. It uses the DAG representations of constraint
systems whose flexibility and expressiveness enables devising fine-grained and
flexible combination strategies for any factorable constraint system.

2. We devise from the generic scheme specific combination strategies for numer-
ical constraint propagation. These strategies are designed to combine interval
arithmetic, affine arithmetic, and linear programming into the framework of con-
straint propagation. Our experiments on a particular strategy, called CIRD[ai],
show that the new approach outperforms previously available constraint prop-
agation techniques by 1 to 4 orders of magnitude or more in speed,® while still

30ur observations show that the gain in speed quickly increases when the hardness of problems
increases.
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being better in quality measures. It even outperforms some recent techniques
specifically designed to solve particular constraint systems. The largest gain is
obtained for well-constrained problems.

Moreover, the CIRD generic algorithm opens several potential directions for
future research among which we can cite:

— Study the replacement of linear programming techniques used in the affine prun-
ing by any domain reduction techniques for linear systems. Linear programming
is indeed expensive for this purpose. For example, we can use the Krawczyk
iteration for linear equations, the interval Gauss-Seidel iteration, the interval
Gauss elimination or the hull method.

— Integrate Kolev generalized affine arithmetic.

— Integrate linear relaxation techniques (e.g., the ones in [14] and [8]).

— Integrate the quadratic form proposed in [30] and Quad into CIRD.

— Investigate the ability to integrate high-order inclusion techniques, such as the
convexification techniques proposed in [15] and [41]. Rigorous bounds on poly-
nomials can be obtained by using the technique proposed in [10].

—  Study the use of the new divisions for affine forms proposed in [19] and [31] in
place of the division x/y := x * (1/y) implemented in CIRD[ai].
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and the Swiss Federal Education and Science Office (OFES) through the COCONUT project
(IST-2000-26063). We would like to thank ILOG for the software licenses of ILOG Solver used
in the COCONUT project, and thank the COCONUT team of the University of Nantes for the HC4
source code.

Appendix
Appendix A: Affine arithmetic

Affine arithmetic [9] is an extension of interval arithmetic that keeps track of corre-
lations between input and computed quantities. Therefore, it is resistant to the
catastrophic loss of accuracy often observed in long-running interval computations.

Affine arithmetic is somewhat similar to Hansen’s generalized interval arithmetic
[12], but differs in several important details. For example, in Hansen’s model the
internal approximation errors are combined with the input uncertainties, whereas
in affine arithmetic they are represented separately, which makes it possible for
the approximation error introduced at one step to be canceled out at a later step.
Furthermore, in Hansen’s model, but not in affine arithmetic, the joint range of two
variables may be a nonconvex region. The ranges of functions obtained with affine
arithmetic may be substantially more accurate than those obtained with interval
arithmetic. However, the operations of affine arithmetic are often more expensive
than those of interval arithmetic.

Some comparisons on interval methods and affine arithmetic methods can be
found in [30, 40], and [25].
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A.1 Affine form

In particular, a real-valued quantity x is represented by an affine form as follows
R=x0+x1€ + -+ Xp€p, (26)

where xo, ..., x, are real coefficients and €, ..., €, are noise variables taking value
n [—1, 1]. Affine arithmetic allows us to use rounded floating-point arithmetic to
construct rigorous enclosures for the ranges of operations and functions [40]. In long-
running computations, the number of noise variables may be very high, but their
distribution is often sparse. Therefore, we only need to store the nonzero coefficients
and the indices of the respective noise variables of the considered affine form (26).

A.2 Affine operations

In affine arithmetic, a general affine operation of the form ax + By + y (o, B,y € R)
can be obtained exactly, except the rounding errors, by the following formula:

ak+BP+y = (axo+Byo+y)+ Y _(axi+ Byei. (27)

i=1

In the computations on floating-point arithmetic, if the rounding error is enclosed
by [—c, c], a new term Zpewénew 1S added to represent this error, where zyew = ¢. The
rigorous result is

O”AC + /Sj} + Yy = ((XXO + ,3)’0 + V) + Z(O{xi + ,Byi)ei + Znew€new - (28)
i=1

Note that the length of the result (28) is increased by one.

A.3 Non-affine operations

Unlike the affine operations, non-affine operations such as f(X, y) can only be
computed by approximations. In general, the exact result of a non-affine operation
has the form f*(ey, ..., €,), where f* is a nonlinear function corresponding to f. In
general, this result is then approximated by an affine function (e, ..., €,) = 20 +
Z1€1 + -+ + Zp€n. A New term Zpew€new 1S Used to represent the difference between
f*and f?, namely

Znew€new = f*(el!~"!€n)_ fa(fl,-u,én)- (29)
Hence, the result is an affine form
Z=20+21€1 + -+ Zn€n + Znew€new, (30)

where €,y € [—1, 1] and z,ew must not be less than the maximum absolute error,
that is,

Znew = sup {| f*(er, ... ) — f(er, ... €| : V(er, ..., &) € [-1,1]"}.

An important goal is to find f? such that the maximum absolute error is as small
as possible or can be bounded by a value z,.y that is as small as possible. This is
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a subject of Chebyshev approximation theory, which is a well-developed field with
a vast literature. In fact, a sub-theory of affine approximations is enough for affine
arithmetic because we only need to construct the elementary operations in affine
arithmetic. Factorable expressions/functions can be recursively composed of these
elementary operations.

The reader can find in [40] some detailed rigorous procedures for constructing
elementary operations, such as 1/%, /9, 22, V1, e*, and In%, in affine arithmetic.
Hereafter, we recall briefly the two most special operations: the multiplication and
the division.

Multiplication In affine arithmetic, the multiplication of two affine forms x = xo +
Yoo xe and § = yo+ > i, vie; is another affine form Z = zo 4+ | Zi€; + Znew€new
defined as

20 = X0)o, (313)
zi = Xoy;i + yox; (fori=1,...,n), (31b)

<Zl 'x”) (Zl ’ i') | (310)

The number of real additions in (31) is 3n — 2. The number of real multiplications
(31) is 2n + 2. Hence, the total number of real operations for the multiplication
defined by (31) is 5n. The multiplication defined by (31) is however not tight.
Therefore, we can use the following tighter one at higher cost (it can be viewed as a
special case of (38)):

ZIICW

1 n
Z0 = XoYo + > ;xiyi, (32a)
zi = Xoy;i + yox; (fori=1,...,n), (32b)
1 n
Tnew = §2|xiYi|+l Z#lxly” (32C)
i= <i.j<n; i#]

The number of real additions in (32) is n> 4+ 2n — 1. The number of real multipli-
cations in (32) is n® 4+ 2n + 3. Hence, the total number of real operations for the
multiplication defined by (32) is 2(n + 1)2. This cost is much higher than the cost, 5n,
of (31). Proving the inclusion property of the multiplications (31) and (32) is easy,
and hence is omitted.

Miyajima [32, p. 22] proposed to replace the multiplication (32) by the following:

1 n
Z0 = XoYo + 5 gxi)’i» (33a)
zi = xoVi + yox; (fori=1,...,n), (33b)
1 n
Znew = 5 Z. iyl + ]Z; X7y + xyil. (33¢)

The multiplication (33) provides a tighter enclosure than the multiplication (32)
does. They both have a number of similar real operations. However, the cost of each
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term |x;y; 4 x;y;| is more expensive than the cost of |x;y;| + |x;y;| when they need
to be rounded upwards.

Division The division X/y can be written as X x (1/9); hence it can be computed
by one reciprocal and one multiplication. Kolev [19] proposed an improvement
for computing the reciprocal 1/y, hence for computing x/y := x % (1/y). This has
the interesting property that x/X = 1, which does not hold for interval arithmetic.
Miyajima et al. [31] also proposed new methods to compute x/y. However, these
methods are too complicated to be presented here. Hence, the reader should find the
details in [19, 31].

A .4 Variants of affine arithmetic

Kolev [17] showed that, under some assumptions, it is possible to enclose a (piece-
wise) continuously differentiable separable function f:x € I" — R” in a linear
enclosure. Namely, let

f =" fitxp,
j=1

where x = (xi, ..., x,)T is a vector of n real variables. It is possible to compute a
linear enclosure of f of the form

fx) e Zajxj +d,, (34)

j=1

where d; € I” and a; € R™. Probably inspired by the similarity between (34) and
Hansen’s generalized interval [12, 18] proposed a modified form of Hansen interval.
However, Kolev’s arithmetic, which is defined on Kolev’s forms, is much similar
to affine arithmetic than to Hansen interval arithmetic. We recall here the formal
definition of Kolev’s form.

Definition 15 (Kolev Affine Form, Kolev Interval Form) A Kolev affine form is a
semi-affine function on n noise variables k1, . . ., k, of the form

n
X=cy+ inKi + Vi, K€V, (35)

i=1

where v; = [—v;,v;] (fori=1,...,n) and v, = [—v,, v,] are symmetric intervals;
X1, ..., Xx, are real coefficients; and ¢, € R. It can also be written in the interval form:

X=cy+ Zx,-v,— + vy, (36)

i=1

which is called a Kolev generalized interval associated with the above Kolev affine
form.

A Kolev affine form (and also its associated generalized interval) was originally
called a generalized interval or a G interval by [18]. The arithmetic that is defined on
Kolev generalized intervals follows the spirit of affine arithmetic rather than the spirit
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of interval arithmetic; thus, we call it Kolev generalized affine arithmetic. Indeed,
one can see hereafter that it can be viewed as a generalization of (standard) affine
arithmetic.

Kolev generalized affine arithmetic An affine operation ax + By + y, where «, 8,
y € R, of two Kolev affine forms, X = ¢, + Y i xik; + vy and y = ¢, + Y ., yiki +
v,, is another Kolev affine form Z = c¢; + Z,’;l ziki + vz, where

c; =ace+ ey +y, (37a)
i = ax; + ﬂy, (for i=1,..., n), (37b)
v, = lalv, + [Blvy. (37¢)

The product Z of two Kolev affine forms, ¥ =c,+ Y, xik;+ vy and y =c¢, +
Y i Yiki+ vy, is another Kolev affine form Z=c,+ )} | zik;+v. defined as follows:

1 n
C; = cxCy+ 3 inyiviz, (38a)
i=1
zi=cyitoyx; (fori=1,...,n), (38b)
vo = vyt ledvy Fleyloe+ Y Xyl
1<i, j<n; i#]
n n l n
+Ux2|Yi|vi+Uy;|xi|vi+§;|xi)’i|vl'2~ (38¢)
1= = =

The number of real additions in (38) is n> + 4n + 2. The number of real multiplica-
tions in these formulas is 3n% + 4n + 8. In present computers, the cost of a floating-
point addition is quite the same as that of a floating-point multiplication, then the
complexity of (38) is 4n> 4+ 8n + 10 real operations.

Kolev [18] also extended the above arithmetic for continuously differentiable
elementary operations ¥ : D € R — R by using the linear relaxation techniques. In
particular, given an interval x € D, for all x € x we have

Y(x) € ax +d,

where a € R, d € 1. Now let us consider a Kolev affine form X = ¢, + Zf’:l Xiki + Vi
such that X C x, we then have

V(X Ca (cx + Y xiki +Vx) +d.

i=1

Hence, a Kolev affine form Z = ¢, + ) i, zik; + v, can be obtained for ¥ (%), w.r.t.
the inclusion property, by defining that

d=d+ta (Z vx> , (39a)

¢; = ac, + mid(d), (39b)
zi=ax; (fori=1,...,n), (39¢c)
v, = rad(d). (394d)
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We can obtain a Kolev affine form (and its associated Kolev generalized interval)
for any factorable expression/function, with respect to the inclusion property, by
composing the expression/function using the above-defined elementary operations.
Since most elementary operations are continuously differentiable, a Kolev affine
form can be obtained for any factorable expression built on these elementary
operations.

Messine affine arithmetic Historically, [28] proposed a simpler version of Kolev
affine form/arithmetic before [18] did propose the above generalized version. Affine
forms of [28-30] nearly resemble to Kolev affine forms in Definition 15 when fixing
v; = 1 for all i, and the idea of Messine affine arithmetic is similar to that of Kolev
affine arithmetic in (37) and (38). In particular, a Messine affine form has the form

n
¥=x0+ Y xi€ + Xnpal—1, 1+ %5200, 1+ X p3[—1, 0], (40)

i=1

where €, ..., €, are the noise variables taking values in the interval [—1, 1], as in
affine forms, and the coefficients x,;, x,1> and x,,3 are nonnegative. Suppose the
Messine affine form of y written similarly to that of X. For all real numberso = — >
0 and y, Messine affine arithmetic defines that

X+ = (60 +yo) + ) (i + Y€+ Gt + yur)[=1, 1]

i=1

+ (Xn42 + Yni2)[0, 11+ (oni3 + yua3)[—1, 0 (41)

(X0 = Yo) + D _ (i — y)ei + (uy1 + yurD)[—1, 1]

i=1

+ (Xng2 + Yu3)[0, 1T+ (Xpy3 + yug2)[—1, 015 (42)

-7

n
o*xX = axy+ Zax,-e,- +axp[—1, 11 + ax,42(0, 1] + ax,3[—1, 0]; (43)

i=1

n
B *X = Bxo+ Zﬂxiéi + axppi[—1, 114 ax,y3[0, 11+ ax,y0[—1, 0], (44)

i=1

y+¥= (v +x0)+ Y xi€i + X1 [—1 1+ X200, 11+ X,43[— 1,01 (45)

i=1

The multiplication in Messine affine arithmetic is defined as follows:

n
X%y = Xxoyo+ Z(x(])’i +xiy0)ei + Ki[—1, 11 + K[0, 1] + K3[—1, 0], (46)

i=1
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where K, K,, and K3 are computed by:*

Ky = |xolyns1 + [yolXus1 + Xng1 Ynrr + Z lxiyil, (47a)
I<i,j<n+3; i#]
n

K; = Kéo) + Xnt2¥Vn+2 + Xnt3Yn+3 + Z XiYi (47b)

i=1; x;y;>0
n
K; = K§0> + Z |x;yil, (47c¢)
i=1; x;y;<0

where Kéo) and Kéo) are, in turn, defined as follows:

XoYn+2 + YoXny2  ifxg > 0and yo > 0,

) XoYnt2 — YoXny3  ifxo = O and yy < 0,
Kz —X0Y¥n+3 + YoXns2 if x9 < 0and yo > 0, (48a)
—X0Yn+3 — YoXn+3 if xo < Oand yy < 0;

XoYnt3 + YoXnys  ifxg > 0and yy > 0,

© _ ) X0¥n+3 — YoXuy2 ifxo > 0and yo <0,
K —X0Yni2 + YoXnisz if xo < 0and yg > 0, (48b)
—XoVn+2 — YoXni2 if xg < 0and yy < 0.

The numbers of real additions and multiplications are n*> + 7n + 13 and n?> + 8n + 16,
respectively. Hence, the total is 2n? 4+ 151 + 29. One can easily see that Messine’s
multiplication is a special case of Kolev’s definition in (38). Notice that this multipli-
cation is not as tight as the one in (33) when adapted to Messine affine forms or vice
versa.

Kolev affine arithmetic Fortunately, Kolev [19] improved the multiplication in
affine arithmetic by revising the formulas in (38) and (46) for computing an affine
form of the product.

n
z= c; + Z ZiKi + ZnewKnew> (49)

i=1

where kpew 1S @ new noise variable taking its value in [—1, 1], and all the other noise
variables are also in [—1, 1]. The new formulas are:

Se=Yll S = Yl P o= 3> (50a)
i=1 i=1 i=1

c; =ccy+ P, (50b)

Zi=cyit+oeyx; (fori=1,...,n), (50c)

Znew = UxVy + Vy(lcx| + Si) + vx(lcyl + S)) + 828y — | PI. (50d)

4There is a minor error in the multiplication of Messine affine arithmetic in [28-30]. To be correct,
a term x,41y,+1 must be added to K; and removed from K, therein. We correct this error in the
version presented here.
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In computations with rigorous rounding controls, 1 propose to replace P in
(50a) with (P)+ep, where (Z) =+ z denotes some floating-point number such
that (Z)—z<Z <(Z)+z and z €[, and then replace (50d) with zpcw =
fvxvy +vy(lex] + Sy) +ve(ley| + S)) + SeSy +2ep — (P)-|. By this way, we avoid
computing P and | P| as if they were completely different expressions in order to
reduce the computation cost. The other parts of (50) are rounded in the same way.
In (50), the number of real additions is 4n + 5 and the number of real multiplications
is 3n+7. The total number of real operations is 7n + 12. Therefore, the new
multiplication (50) is much faster than the previous multiplication in (32) and (38),
when 7 is big.

Note 2 By substituting the term Zpewknew in the (standard) affine form Z in (49)
with v, = [—Znew, Znew], We get a Kolev affine form Z’ = ¢, + Y 1, zik; + v, which
is equivalent to z. However, it is not tighter than the Kolev affine form Z obtained by
(38), namely,

Z/E{2|Knewe[_1,]]}22- (51)

Remark 3 All affine forms presented here are easily converted to (standard) affine
form by replacing each interval of them with a new noise variable. All the above
improvements to variants of affine arithmetic can also be easily adapted to (standard)
affine arithmetic.

Appendix B: Revised affine arithmetic
B.1 Revised affine form

Inspired by the ideas of Messine affine arithmetic and Kolev generalized affine
arithmetic (see Section A.4), we propose a kind of affine form, called revised affine
form, which is similar to the affine form (30); namely, it is similar to

Z=2zo+ z1€1 + - + Zn€n + ZnewEnew (52)

but the new term Zpewénew 1 replaced with a symmetric interval e [—1, 1], called
the accumulative error, that bounds the maximum error of non-affine operations.
Namely, a revised affine form of a real-valued quantity/variable x is defined as

X=x0+x1€ + -+ xp6, +e[—1,1]. (53)

This form consists of two separated parts: an affine part of length n and an interval
part; thus, it is said to be of length n. This form is similar to, but more concise than,
the Messine affine form (40). The magnitude of the accumulative error, e, > 0, is
identified by the interval part. We write x € X if, for each real value x of the quantity
X, there existe, € [—1,1]and ¢ € [—-1, 1] (fori =1, ..., n) such that x = xy + x1€; +
s X6, +oexEy.

In fact, revised affine form (53) is a special case of Kolev affine/interval form (see
Definition 15). The two parts of a revised affine form are computed separately in an
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affine operation. For example, an affine operation on two revised affine forms is now
defined as

n
Z=aR+BY+y = (axo+Byo+v) + Y _(axi+ Bydei + (lales + |Bley)[—1, 11.
i=1
(54)
Therefore, during long-running computations the lengths of revised affine forms will
not exceed the number of noise symbols at the beginning (which equals the number
of variables of the input constraint system). Note that we should implement special
affine operations separately to gain in speed. In rigorous computing, e, is used to
accumulate the rounding errors in floating-point arithmetic; namely, (54) can be
interpreted as follows:

Z0 = (axo + Byo + v) L e, (55a)
z; = (ax; + Byi) £ e, (55b)

e, = ’7|a|ex +Bley + Zei—‘ (55¢)
i=0

Theorem 10 The affine operation defined by (54) or (55) is an interval form of its

counterpart (i.e., the real-valued operation).

Proof This theorem is obvious; hence, the proof is omitted. O

We propose to associate each quantity ¥ with a data field xo € {—1,0, +1} to
represent the half-lines of the form [—o0, a] and [a, +00]. The revised affine form
is then interpreted as follows:’

[—o0, +00] if e, = 400,
~_ ) [0, x0] else if xoo = —1,
= [xo, 00] else if xoo = +1, (56)

Xo + x1€1 + -+ -+ x,6, +e,[—1, 1] otherwise.

Remark 4 In an operation, if the domain of a variable is unbounded (i.e., in the
first three cases of (56)), the other variables are converted into interval forms for
that operation performed in interval arithmetic, then the result is converted back to
revised affine form. Therefore, we only need to discuss about the last case of (56) in
the rest of this thesis.

Notation 11 We denote by A the set of all affine forms and by A the set of all revised
affine forms of the form (56).

SFor simplicity, we allow zero coefficients in the formulae here, however in implementation one
should keep only nonzero coefficients and their indices.
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B.2 Multiplication

Since every revised affine form of the form (53) is a special case of Kolev
affine/interval forms (see Definition 15), we can apply Kolev generalized affine
arithmetic to revised affine forms. Indeed, by letting the radius (v;) of all noise
variables in (38) be 1, the multiplication of revised affine forms in Kolev generalized
affine arithmetic, 7 := X % y, is defined as follows:

1 n
20 = XoYo + 5 ;xiyi, (57a)
zi=xoyi+yox; (fori=1,...,n), (57b)

n n
e: = exey + Xoley + |yoler + ey Y Ixil +ex Y |yil

i=1 i=1

1 n
+ >yl 3 > lxiyil. (57¢)
i=1

1<i,j<n; i#]

The number of real additions in (57) is n?> +4n + 2, which is the same as that in
(38). However, the number of real multiplications is n?> + 2n + 8, which is less than
that number of (38), 3n? + 4n + 8. The total number of operations is 2n* + 6n + 10;
hence, it is about half of that number of (38), 4n*> + 8n + 10. Roughly speaking, the
multiplication in Kolev generalized affine arithmetic is about two times slower than
its simplification (57) for revised affine forms.

Moreover, we propose a faster multiplication in which the product of two revised
affine forms X = xo + x1€; +--- + x4, +e[—1,1]1and y = yo + y1e; + - - + ynen +
ey[—1, 1]is another revised affine formZ = zo + zy€; + - - - + 2,64 + €;[—1, 1] defined
as follows:

Se=Yy kil Sy = ) Iyl
i=1 i=l
S;= 05 i xyi, S = 0.5 i X; Vi, (58a)
i=1; x>0 i=1; x;y,<0
Z0 = Xoyo + (81 + 82), (58b)
zi=xoyi +yox; (fori=1,...,n), (58¢)
e; = exey +ey(lxol + Sy) +ex(Iyol + Sy) + SxSy — (81 — $2). (58d)

The number of real additions in (58) is 4n + 5, the number of real multiplications
in (58) is 3n + 7. The total number of real operations in (58) is 7n + 12. This is the
same as in Kolev’s multiplication (50) (see Section A.4). It however provides tighter
enclosures than what is provided by Kolev’s multiplication (50) (see Section A.4),
because | P| = 0.5] Y1, x;yil <0.5Y 1L, |x;yil = (81 — S»). Note that in [43], we pro-
posed another version of the multiplication (58) with the same tightness and the cost
8n + 10, but with simpler formulas. These improvements can be easily transferred
to other variants of affine arithmetic such as Kolev generalized affine arithmetic
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in Section A.4. In rigorous computations, we use the following formulas with error
rounding controls:

SXE{ZM—‘, S, = [Zm—‘, (59a)

S| = <O 5 x,y,> e, = <0.5 Z xiyi> + enio, (59b)
i=1; x;y;>0

i=1; x;yi<0
20 = (Xoyo + (S1 + $2)) x e, (59¢)
zi = (xoyi + yox;) £ ¢; (fori=1,...,n), (59d)

n+2
e; = lrexey +ey(lxol + Sx) + ex(Iyol + Sy) + SkSy + (S2 = Sp) + Zei—‘ - (5%)

Theorem 12 The multtpllcatzon deﬁned by (58) ( or by (59) ) is an interval form of the
real multiplication, that is, Vx € X,Vy € y: xy € Z = XV.

Proof Let x € X and y € y be two revised affine forms as defined in (58) or (59). By
definition, there exist two real numbers e,, e, € [—1, 1] such that

n n
X=Xo+ ) Xi€t e, y=yo+ Y yiEi +eye,.
i=1 i=1

Lete =[—1, 1]. Since aef € %(a + |ale) foralla e Randi € {1, ..., n}, we have

n

Xy = Xoyo + Y _(Xoyi + Xiy0)€i + Xoey€y + Yoerex + ereyerey
i=1

n
+ey Z Xi€y€; + e Z Viex€i+ Y xyj€€i+ Y Xiyi€]

1<i,j<n; i#] i=1

n
€ XoYyo + Z(xoy; + XiYo)€i + |xoleye + |yolere + eceye
i=1

1 n
+ey2|xl|e+ex2|yl|e+ D buyjlet S Y (yit xivile)

1<i,j<n; i#j i=1

1 n n
= (xoyo +3 inYi) + ) (xoyi + xiyo)éi

pa =1
n n n n 1 n

+ex (exey +ey Z xi] + ex Z lyil + Z |l Z il =5 Z |xiJ’i|>
i=0 i=0 =1 =l i=1

Czo+ Z zie;+e,e=7 (It follows from (58) or (59)).

i=1

That is, Vx € X,Vy € ¥ : xy € Z =X x y. The proof is hence completed. ]
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B.3 Division

The division X/y can be written as X * (1/y), hence can be computed by a reciprocal
and a multiplication. It is worth mentioning that [19] proposed an improvement
for computing the reciprocal 1/y, hence for computing X/y := X * (1/9). This has
the interesting property that x/X = 1, which does not hold for interval arithmetic.
Miyajima et al. [31] also proposed new methods to compute x/y. However, these
methods are too complicated to be presented here. The reader should find the details
in [19, 31].

B.4 Non-affine unary operations

First, we recall the fundamental result in affine arithmetic, which is a result in
Chebyshev approximation theory (see [40, Theorem 2]).

Theorem 13 Let f be a bounded and twice differentiable function defined on some
interval [a, b] of which the second derivative f" does not change sign inside [a, b],
wherea < b. Let f2(x) = ax + B be its minimax affine approximation in [a, b]. Then

—  The coefficient a is (f(b) — f(a))/(b — a), the slope of the line l(x) that interpo-
lates the points (a, f(a)) and (b, f(b));

—  The maximum absolute error will occur twice (with the same sign) at the endpoints
a and b of the range, and once (with the opposite sign) at every interior point ¢ of
[a, b], where f'(c) = a;

—  The independent term B is such that ac + 8 = (f(c) +1(c))/2 and the maximum
absolute erroris § = | f(c) — I(c)|/2.

Second, we propose the following constructive theorem, which is inspired by
Theorem 13 and the related procedures in [40], that serves as a basis to compute
affine approximations of elementary univariate functions in a rigorous manner.

Theorem 14 (Chebyshev Affine Approximation) Let f be a differentiable function
on [a,b], where a and b are real numbers and a < b; that is, f € C'([a, b]). Denote
dy(x) = f(x) —ax. Then

1. (a) IfVxela,b]l:a> f'(x), thenVxela,b]: ax+d,(b) < f(x) <ax + dy(a);
(b) Ifvxela,b]:a < f'(x), thenVx € [a,b] : ax+d,(a) < f(x) <ax+d, (D).
2. If f’ is continuous and monotone increasing on [a, b], we have

(@) Yael[f'(a), f[(b)l,3cela,b]l: fl(c)=qa;
(b) Letg:R — R be a function such that g(a) = d,,(c), then

Vx €la,b]:ax+gle) < f(x) < ax + max{d,(a), d,(D)}.
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3. If f’ is continuous and monotone decreasing on [a, b], we have

(@) Yae[f'(b), f@],Icela,bl: f'(c)=qa;
(b) Letg:R — R bea function such that g(a) = dy(c), then

Vx € [a,b]: ax+ min{d,(a),d,(b)} < f(x) < ax + g(a).

Proof Hereafter, we prove the results for the cases 1a and 2. The proof is analogous
for the other cases. Considering the case 1a, we have

J(x) = (ax +do (D))
= f(x) — (ax+ f(b) —ab)
= (f(x) = f(b)) —a(x—D)
= fE)x—-b)—a(x—>b) for some & € [x, b] (by the mean value theorem)
=@x-=b)(f¢E)—a)=0 sincex < b, f'(§) <«

By a similar argument, we also have f(x) — (ax + d,(a)) < 0. Hence, the proof of the
case la is completed.

Because o € [ f(b), f'(a)] and f’is continuous on [a, b] then there exists ¢ € [a, b]
as required by the case 2a. The proof is then completed for the case 2a. Here we give
the proof of the case 2b. For all x € [a, b] we have

f(x) = (ex + g(a))
= f(x)—(ax+ f(c)—ac)
= (f(O)—fle)—alx—c)
= f'(&)(x—c)—a(x—c) for some & between x and ¢ (the mean value theorem)
=@ —=a(f' &)~ f©) since o = f'(c)

>0 since & is between x and ¢, and [’ is increasing
Moreover, if x € [a, c], we have

fx) — (ax +dy(a))
= f(x) — (@x+ f(a) — aa)
=(f(x) — f(@) —alx—a)

= ff(n(x —a) —a(x —a) for some 7 € [a, x] (by the mean value theorem)
=@x—a)(f') - f() since & = f'(c)
<0 since n < ¢, f' is monotone increasing
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Table 4 Examples of functions f € C 1({a, b]) satisfying the conditions of Theorem 14

fx) [a, b]is a subset of f(x) f gla)

x2 [—o0, +00] 2x V —a?/4

Jx [0, +o0] 1/(2/x) \ 1/(4a) :a >0

e* [—00, +00] er v a(l —loga) :x >0

log x (0, +00] 1/x o —(1+loge):a >0

1/x [—o0, 0) —1/x? o —2J/—a:a <0

1/x (0, +00] —1/x? Va 2= <0
x":n>2iseven [—o0, +00] nx"=1 N (1 —n) "Yl(a/n)*

X" :n>3isodd [—o00, 0] nx—! . n—1)"V(ea/n)":a>0
X" :n>3isodd [0, +00] nx"~! Va (1 —n)"Via/n)" :a >0
1/x" :n > 2is even [—00,0); (0, +00] —n/x"H! V4 (n+ 1) "V (—a/n)"

1/x"* :n > 1is odd [—o0, 0) —n/x"H! . —(n+1)"Y(—a/n)":a <0
1/x" :n > 11is odd (0, +00] —n/x"H v n+1)"Y(—a/n)":a <0
X :r¢fo,1] (0, +00] rx 1 Va A =r) (/=D gr > 0
X :re(,1) (0, 4+00] rx 1 \\ (1 =) (a/r)"=D) a0 >0

By a similar argument, we have f(x) — (ax + d, (b)) <Oforall x € [c, b]. Hence, we
have f(x) <ax+ max{d,(a), d,(b)} forall x € [a, b]. The proofisthencompleted. O

To illustrate the usefulness of Theorem 14, we give in Table 4 the derivative f’
and function g for some elementary operations. In Algorithm 2, we also propose
an algorithm, called SafeChebyshevApprox’, to find a safe Chebyshev affine
approximation of a function f e C!'([a, b]) such that f’ is monotone, when given
the function g satisfying the conditions in Theorem 14. The following theorem
guarantees the rigor of the SafeChebyshevApprox' algorithm, even in the presence
of rounding errors.

Algorithm 2: The SafeChebyshevApprox! algorithm

Input: 7 € A, f € C'([a,b]), f’, g as defined in Theorem 14.
Output: a revised affine form oz + 3 + §[—1,1].
Ja = Lf(@)]; fo = [fO)]; o= [(fy — fa)/(b—a)l;
if f’ is monotone increasing on [a, b] then
do = [£(a)] - |aal;
1 if > [f'(b)] then
‘ dmin 1= [f(0)] — [ad]; dmax := da;
2 else
| dmin = LH(Q)J? dmax 1= max{dayfb - Labjh
end

else <« f' is monotone decreasing on [a, b]
dy := [f(b)] — [ab];
if > [f'(a)] then
| dmin == db; dmax = [f(a)] — |aa];
else
‘ dmin = min{fa - faﬂ-‘;db}§ dmax = [9(0)-‘§

end

end
B = mid([dminy dmax]); 6= ravd([dmirn dmax]);
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Theorem 15 Let aX + B+ 8[—1, 1] be the revised affine form produced by the
SafeChebyshevApprox' algorithm in Algorithm 2, where [a, b] is a closed interval
containing X € A. Suppose f € C'([u, v]) and f' is monotone on [u, v], where [u, v] 2
[a, b], such that f'(v) > |—f/(b)-| if f' is monotone increasing or such that f'(u) >
|—f/(a)—| if f' is monotone decreasing. Then

VxeX: f(x) eax+ B +8[—1,1]. (60)

Proof By the mean value theorem, there exists ¢* € [a, b] such that

af = fi(c*) = (f(b) — f(@)/(b —a)
o <[([fO-Lf@)/b-a)]l=a
= a > f'(c¢*) =min{f'(a), f(b)} (since f is monotone).

Hereafter, we give a proof for the case that f’ is monotone increasing. The proof for
the case that f’ is monotone decreasing is similar, where (a, u) and (b, v) exchange
their roles with each other. In case o > (f’(b)—| ,we have o > f'(x) for all x € [a, b].
Hence, according to the case 1a of Theorem 14, for all x € [a, b], we have

ax+ (f(b) —ab) =ax+dy(b) < f(x) <ax +dy(a) = ax + (f(a) — aa)
= aX +dmin < ax+dy (D) < f(x) < ax+dy(a) < ax + dpax,

because dpin=1| f(b)] —[ab] and dyax = f(@)]— laa] (see Line 1 in Algorithm 2). In
case a < f'(b), it follows from the case 2 of Theorem 14 and Line 2 in Algorithm 2
that

ax + dmin < ax + gla) < f(.X') < max{dy(a),dy(b)} < ax + dpax.

In the rest, we consider the case f'(b) <« < [f(b)]. According to the case la of
Theorem 14, for all x € [a, b], we have ax + d,(b) < f(x) < ax + d,(a). Moreover,
applying the case 2 of Theorem 14 to [b, v], we have

xeb,v]l:ax+g) < f(x)
s xelb,v]:gl@ < f(x) —ax
= gla) < f(b) —ab =d,(b).

Therefore, for all x € [a, b], we have

ax 4 g(a) < f(x) < ax +dy(a) < max{ax + dy(a), ax + dy(b)}
= ax + dmin < f(x) < ax + dmax- (See Line 2 in Algorithm 2.)
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As aresult, in all cases, we have ax + dmin < f(x) < ax + dmax for all x € [a, b], thus,
Vx €X: f(x) € ax + B + 8[—1, 1]. The proof is hence completed. O

Algorithm 3: The SafeChebyshevApprox! algorithm
Input: 7 € A, f € C([a,b]), f’, g as defined in Theorem 14.

Output: a revised affine form oz + 3 + §[—1,1].
fa = 1[f(a)]; fo := [f(O)]; a = [(fp — fa)/(b—a)l;

if f’ is monotone increasing on [a, b] then

dp := [f(b)] — |ob];
1 if o < [f'(a)] then
| dmin = [f(a)] — [aa]; dmax := dp;
2 Ise
| dmin = Lg((’”; dmax = max{f,,, - L(’(I'Ja db};
end
else <« f' is monotone decreasing on [a, b]
do = |f(a)] — [aal;
if a < [f/(b)] then
‘ dmin = da? dmax = [f(b)-‘ - L(ij;
else
| dmin := min{da, fp — [ab]}; dmax := [g(a)];
end
end

ﬁ = mid([dmina dmax]); 6= rad([dminy dma‘x]);

The rigor of the SafeChebyshevApprox" algorithm requires that f'(v) > [ f/(b)]
if f'is monotone increasing, or f'(u) > [ f'(a)] if f’ is monotone decreasing (see
Theorem 15). In very special cases, the domain of f may not be extended in the
required side, we can use the SafeChebyshevApprox* algorithm in Algorithm 3
as an alternative. These two algorithms are sufficient for the standard elementary
operations.

The following theorem states the rigor of the SafeChebyshevApprox!' algorithm.

Theorem 16 Let aX + B+ 8[—1, 1] be the revised affine form produced by the
SafeChebyshevApprox' algorithm in Algorithm 3, where [a, b] is a closed interval
containing X € A. Suppose f € C'([u, v]) and f' is monotone on [u, v, where [u, v] 2
[a, b], such that f'(u) < | f'(a)] if f' is monotone increasing or such that f'(v) <
Lf(b)] if f is monotone decreasing. Then

VxeXx: f(x) eax+ B +8[—1,1]. (61)

Proof The proof is similar to the proof of Theorem 15, but (a, «) and (b, v) exchange
their roles with each other. For example, the interval [b, v] is replaced with the
interval [u, a], in the last part of the proof of Theorem 15. Note that the first result is
replaced with o < a* = f'(c*) < max { f'(a), f'(b)}. |
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Appendix C: Test cases

C.1 Test case T: Problems with isolated solutions

C.1.1 Problem BIF3

A bifurcation problem:

5x° —6x°y? + xy* +2xz = 0;
—2x%y +2x%y% + 2yz = 0;
x? + y? = 0.265625;

where x, y, z in [—10%, 10%].

C.1.2 Problem ECO5

An economic problem:

(X1 4+ x1X2 4+ X2X3 + X3x4) x5 — 1 = 0;

(2 + x1X3 + x2Xx4)X5 — 2 =0;
(x3 + x1x4)x5 — 3 =0;
X4X5 — 4 = 0;
X1 +xo+x3+x4+1 =0;
where xq, ..., xsin [—10, 10].
C.1.3 Problem ECO6

An economic problem:

where xq, ..

(X1 4+ X1X2 + X2X3 4+ X3X4 + X4X5)X6 — 1 = 0;
(X2 + X1X3 + X2X4 4+ X3X5)X6 — 2 =0;
(X3 4+ xX1X4 4+ X2X5)X6 — 3 =0;
(xq + x1x5)x5 — 4 =0
X5X6 — 5 =0;
X1 +x2+x3+ x4+ x5+ 1 =0;

., X¢ in [—10, 10].

C.1.4 Problem ECO7

An economic problem:

where xq, ..
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(X1 + X1X2 + X2X3 + X3X4 + X4X5 + X5X6)X7 — 1 = 0;

(X2 + Xx1x3 4+ X2X4 + X3X5 + X4X6)X7 — 2 =0:
(X3 + x1x4 + X2X5 + X3x6)X7 — 3 =0;
(X4 + x1X5 + X0x6)X7 — 4 =0;
(x5 + x1X6)X7 — 5 =0;
X¢Xx7 — 6 =0;
X1 +X2+ X3+ x4+ X5+ x5+ 1 =0;

., X7 1n [—10, 10].
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C.1.5 Problem ECO8

An economic problem:

(X2 + x1x3 + X2x4 + X3X5 + X4X6 + X5X7)Xg — 2
(X2 + x1X3 + X2X4 + X3X5 + X4X6)X7 — 2

(X4 + xX1X5 + X2X6 + X3x7)X3 — 4

(x5 + xX1X6 + X2X7)X3 — 5

(x6 + x1x7)x3 — 6

X7X8 — 7

X1+ X2+ X3+ X4+ X5 +X6+X7+1

where x, ..., xgin [—10, 10].

C.1.6 Problem NEUG6
A neurophysiology problem:

X7 +x3 =1
x5+ x2 =1
XsX3 + XeX3 =5
x5x1x§ + xéxﬁxz =4,
X5X3 + X6 X =3;
XsX2X3 + XeX3X4 = 2;
X1 > X2;
Xy > 0;
X2 > 0;
where x1, ..., x¢ in [—100, 100].
C.1.7 Problem REI3
A neurophysiology problem:
x2—y*+ 72 =0.5;
-y =0.5;
xt—yt 42t =0.5;

2xy +6y> +2yz7 —2x —4y —2z+1=0;
where x, y, z in [—10, 10].

C.1.8 Problem WIN3

A neurophysiology problem:

dxz — 4xy? — 16x> — 1 =0;
2yzz +4x +1 =0;
2x%7 4+ 2y* +x =0

2xy +6y* +2yz —2x —4y —2z+1=0;

where x, y, zin [—103, 10°].

(X1 + x1X2 + X2X3 + X3X4 + X4X5 + X5X6 + X6X7)Xg — 1 = 0;

=0;
=0;
=0;
=0;
=0
=0;
=0

@ Springer



348 X.-H. Vuet al.

C.2 Test case T5: Problems with isolated solutions

C.2.1 Problem CYC5

A cyclic problem:
a+b+c+d+e =0;
ab +bc+cd+de+ ea =0;
abc+ bced + cde + dea + eab =0;
abcd + bede + cdea + deab + eabc = 0;
abcde — 1 =0;

where a, b, c,d, ein [—10, 10].

C.2.2 Problem GS5.1

A Gough Steward problem:
X+ v+ =31,
X3+ 3+ 25 = 39,
X3+ ¥3+ 23 =29,
X1x2 + Y1y2 + 2122 + 6x1 — 6x2 =51,

xX1x3 + y1ys + 2123 + 7x1 — 2y — Txz + 2y;3 = 50,

Xox3 + yays + 2223 + X2 — 2y, — X3+ 2ys = 34,

—lle + 15y1 — lon — 25y2 + 18)6'; + 18y3 = —32,

—14x, + 35y, —36x; — 45y, +30x3 4+ 18y; =8,

2x1 4+ 2y — 14x; — 2y, + 8x3 — y3 = 20,

where x; € [0.00; 5.57], y; € [0.00,2.70], z; € [0.00, 5.57], x, € [—6.25,0.00], y, €

[-2.00,0.00], =z, €[0.00,6.25], x3€[-5.39,—-1.00], y3€[-=5.39,0.00], =z3€
[0.00, 5.39].

C.2.3 Problem KOL2

Kolev’s benchmark:
((4x3 4 3x6)x3 + 2X5) X3 + X4 =0,
((4x + 3x6)x2 + 2x5)x2 + X4 =0,
((4x1 + 3x6)x1 + 2X5)x1 + X4 =0,
X4+ X5+ x5+ 1 =0,
(((x2 + x6)x2 + x5)x2 + X4)X2 + (((X3 + X6)X3 + X5)X3 + X4)X3 = 0,
(((x1 + x6)x1 + x5)x1 + x4)X%1 + (((Xx2 + X6)X2 + X5)X2 + X4)Xx3 = 0,

where x; € [0.0333,0.2173], x; € [0.4000, 0.6000], x3 € [0.7826,0.9666], x4 €
[—0.3071, —0.1071], x5 € [1.1071, 1.3071], x¢ € [—2.1000, —1.9000].

C.2.4 Problem YAMG60
The Yamal60 problem:
n+D%xis1 =2+ D>+ (n+ D?xi + €5 =0, (fori=1,...,n),

where n = 60, xg = x,+1 = 0,and x; € [—10, 10] (fori =1, ..., n),
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C.3 Test case T5: Problems with isolated solutions

C.3.1 Problem CAP4

A Caprasse problem:
y2z +2xyt —2x — 2 =0;
—x37 +4xy?z +4xPyt + 2y3t + 4x? — 10y? 4 4xz — 10yt +2 = 0;
2yzt +xt> —x — 2z =0;

—xz° + 4yt 4+ dxzt? + 2y +dxz + 4727 — 10yt — 102 +2 =0;

where x, y, z, tin R.

C.3.2 Problem DID9
A Didrit problem:

X+ yi+z =30

X5+ 3+ 25 =39;

X+ yi+ 23 =29

X1X2 + y1y2 + 2122 + 6x1 — 6x2 = 51;

X1x3 + y1ys + 2123 + 7x1 — 2y1 — Txz + 2y3 = 50;
X2X3+ Yays + 2223 + X2 — 2y2 — X3+ 2y; = 34;
—12)61 —+ 15y1 — 10X2 — 25y2 + 18)63 + 18}1'; = —32;
—14x; +35y; —36x, — 45y, + 30x3 + 18y3 = §;
2x; + 2y — 14xy — 2y, + 8x3 — y3 = 20;

where x;, y;, z; in [—10, 10] fori =1, 2, 3.

C.3.3 Problem GS5.0

A Gough Steward problem:
X +yi+z =31,
XB+yi+23 =39,
B+yi+23 =29,
X1X2 + y1y2 + 2122 + 6x1 — 6x2 =51,

X1 X3+ y1y3+ 2123+ 7x; —2y; — 7x3 + 2y3 = 50,
XoX3 + yay3 + 2223 + X2 — 2y —x3 +2y3 =34,
—12x; + 15y; — 10x, — 25y, + 18x3 + 18ys = —32,
—14x, + 35y, —36x; — 45y, + 30x3 + 18y; =8,
2x1 +2y; — 14x; — 2y, + 8x3 — y3 = 20,

where x; € [-2.00;5.57], y; € [=5.57,2.70], z; €[0.00,5.57], x, € [-6.25,1.30],
y2 € [-6.25,2.70], z, € [-2.00,6.25], x3 € [-5.39,0.70], y; € [-5.39,3.11], z3 €
[—3.61,5.39].

@ Springer



350

X.-H. Vu et al.

C.3.4 Problem KATS
A Katsura problem:
—X1 4 2x3 4 203 + 2x7 + 2x% + 2x7 + 2x3 4 2x5 + x7

—X3 + 2x8Xg + 2X7X5 + 2X6X4 + 2X5X3 + 2X4X2 + 2X3X; + x%
—X4 + 2x8X5 + 2X7X4 + 2X6X3 + 2X5X2 + 2X4X1 + 2X3X>

—X5 + 2xgX4 + 2X7X3 + 2X6X2 + 2X5X1 + 2X4%) + X3

—Xg + 2x8X3 + 2X7X2 + 2Xx6X1 + 2X5X2 + 2X4X3

—X7 4 2x3X2 + 2x7X1 + 2x6X2 + 2X5X3 + X5

=1+ 2xg + 2x7 + 2x6 + 2x5 + 2x4 + 2x3 + 2x2 + X4

., Xg in [—10, 10].

where xq, ..

C.3.5 Problem KIN9

A kinematics problem:

22+ 23+ 25 — 12z, — 68 =0;
3+ 22+ 22 — 1225 — 68 =0,
23+ 72 + 22 — 24725 — 1229 + 100 =0;
2124 + 2225 + 2326 — 621 — 625 — 52 =0;
2127 + 2028 + 2329 — 621 — 1228 — 629 + 64 =0;
2427 + 2528 + 2629 — 625 — 1228 — 629 + 32 =0;
2720+ 223 — 24— 25 — 226 — 27 — 29 + 18 =0;
21+ 220+223 4224+ 226 — 227+ 23 — 29 — 38 = 0;
21+ 23 —224+ 25 — 26 + 227 — 225+ 8 =0;

where z1, ..., zo in [—1000, 1000].
C.3.6 Problem REI4

A Reinmer system:

=y + 22— =05
¥y 3 -r=05;
xtr—yt - =0.5;
X =y +72 -1 =0.5;

where x, y, z, tin [—10, 10].

C.3.7 Problem REIS

A Reinmer system:
—142x7 —2x3 +2x3 — 2x] + 2x2 = 0;
—1+42x] —2x3 +2x3 — 2x] +2x3 = 0;
—1+2x] —2x3 4 2x] — 2x) + 2x¢ = 0;
—142x] —2x5 4+ 2x] — 2x; +2x2 = 0;
—1+2x0 — 2x§ 4+ 2x§ — 2x§ + 2x8 = 0;

where xq,...,x51in [—1, 1].
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—Xo + 2x8X7 + 2X7Xx¢ + 2X6X5 + 2X5X4 + 2X4X3 + 2X3X2 + 2X0X1 = O;

=0;
=0;
=0;
=0;
=0;
=0;
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C.3.8 Problem REI6

A Reinmer system:

<—0.5 +Y D =0(k=1,....m): n=6, x; e [-1, 1] (fori=1,...

i=1
C.4 Test case T4: Problems with continuums of solutions

C.4.1 Problem F2.2

Tricuspoid and Circle:

(4 y*+12x + 9)2 <402x +3)3%
Xty =2

where x, yin [—2, 2].
C.4.2 Problem F2.3

Foliumd, Circle, and Trifolium:

X+ y* > 3xy;
x2 4+ y?>0.1;
(24 32) (4 3G+ ) =y

where x, yin [-3, 3].

C.4.3 Problem S04

Circle:

(P+y <1 xye[-2,2])

C.4.4 Problem S05

<\/(y_x5W < 1, X,y e [1, 10]>

C.4.5 Problem S06

V(x —12)2 + y?

C.4.6 Problem S07

12
<y <10; x € [-50,50], y € [0, 50]>

(x* +y* = 20; x* +y* <50; x € [-50,50], y € [0,50])

.
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C.4.7 Problems WP

A Kinematic Pair (of a wheel and a pawl):

12y
20 </x2+y? <50, ———————— < 10; x € [-50,50], y € [0, 50]
V(x —12)2 + y?

C.5 Test case T's: Problems with continuums of solutions

C.5.1 Problem G1.1

x3 4 0.5x + 2(x3 — 6) > 0;
x4+ x3 + x5 <255

where x{, x5, x3 in [-38, 8].

C.5.2 Problem G1.1

x7 4 0.5x + 2(x3 — 3) > 0;
X3+ x3 4+ x5 <255

where x;, x5, x3 in [—38, 8].

C.5.3 Problem H1.1

GG+ <9
(x1 —0.5)% + (xp — D2 +x3 > 4
2+ (0 —02)? = x;

where x1, x5, x3 in [—4, 4].
C.5.4 Problem P1.4

Ay 4 <=4
(x =22+ Yy +22 >=4

where x, y, z in [—4, 4].
C.5.5 Problem P2
X<y,

Iny+1>z,
xz <1,

where x € [0, 15], y € [1,200], z € [—10, 10].
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C.5.6 Problem P3

x* <y,

Iny+1>z,

xz <1,

¥ 4+In(1.5z+1) <y+1,

where x € [0, 15], y € [1, 200], z € [0, 10].
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