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1 Introduction

This paper specifies the operations for inner addition and subtraction over
intervals for the forthcoming IEEE interval standard [1].

These operations can be used e. g. for convenient presentation of the
solutions of certain interval algebraic equations. For example the inner dif-
ference of the intervals A, B is the solution of the equation B+ X = A when
this solution exists (i. e. when width(A) < width(B)), or is the solution of
the equation A — X = B when the solution exists (i. e. when width(A) >
width(B)). Many applications are related to ranges of monotone functions
or the control of accuracy of interval-arithmetic computational results. Some
of these applications are briefly outlined in Section 3.

2 Inner addition and subtraction over inter-
vals

In real interval-arithmetic inner addition and inner subtraction over two in-
tervals A =[a™, a®], B=[b", b*] € IR are defined as:

la= 4+ 0", at +0b7], if w(4) > w(B),
l[a™+b7, a= +b"], otherwise.

A+-B:{ (1)

A_-p :{ [a= =07, a™ = b"], if w(A)>w(B), @)

[at — 0%, a= —b7], otherwise.
where w(A) = a* — a~ is the width of A.

Remark. Note that (1), (2) are always defined and thus they are “opera-
tions” in algebraic sense (and not partial operations).



Inner addition and inner subtraction are related by A+~ B = A——(—B),
A—-"B=A+ (—B), where —B = (—1) x B.

In accordance to Motion 5 [3] outward digital roundings shall be available
for the above operations, that is: $(A 4+~ B), G(A —— B).

Remark. The outward rounded inner operations (A +~ B), $(A—" B)
can be defined in the spirit of [37] as follows:

Inner operations --- outward rounding. There is an operation
innerAdditionQOut (xx,yy) that returns for any two intervals xx=[1,u]
and yy=[1',u'] the tightest interval containing (the points) 1+u’
and u+l’.

There is an operation innerSubtractionOut(xx,yy) that returns
for any two intervals xx=[1,u] and yy=[1’,u’] the tightest interval
containing (the points) 1-1’ and u-u’.

Remark. Another type of digital roundings (named inward roundings)
will be the subject of a future motion.

3 Rationale

In this section we consider two aspects on inner operations: the algebraic
one and one for the presentation of functional ranges and computation with
such ranges.

The operations for inner addition and subtraction over intervals are men-
tioned in [37], see p. 37, Section 5.6.(3). Both operations have been used in
numerous applications, see e. g. [4]-[35].

3.1 Algebraic properties of inner operations

Usually Hukuhara difference [2] is defined in the set of convex bodies K as
follows: Given any two sets A, B € K, if there exists a set X € K satisfying
A= B+ X, then X = A6 B is called the Hukuhara difference of the sets
A and B. The Hukuhara difference plays an important role in the theory of
convex bodies [39].

The Hukuhara difference can be symbolically expressed as follows:

A6B=X < A+ X =B, (3)



Formula (3) shows that Hukuhara difference is the solution X of A+ X =
B (whenever existing).

In the special case of one-dimensional intervals A = [a™,a™], B = [b7,b"] €
IR the Hukuhara difference can be written as:

[a= —b",a™ = bt], if w(A)>w(B),
not defined, otherwise,

A@B:{ (4)

wherein w(A) = a™ — a~ is the width of A.

Remark. Note that A © B is not an operation in the algebraic sense, but
only a partial operation.

The inner operations for addition/subtraction of (one-dimensional) in-
tervals from the present motion (1), (2) can be introduced using a simi-
lar “algebraic approach”. Thus the inner difference A—— B, A, B € I(R), is
the solution Z of a “linear” equation either of the type B+ Z = A, or of the
type A — Z = B (depending on which one is solvable; one of the equations
is always solvable).

For more clarity we shall next denote multiplication by —1 as =A =
(—1) * A = [—at,—a"], resp. subtraction of intervals A,B as A = B =
A+ (=B)=[a" —b",a™ —b7].

Remark. Introducing the operation of inner subtraction makes notation
A — B vague — is this outer (standard) subtraction or inner? Therefore we
shall avoid in the sequel the dubious notation A — B using A = B for the
outer (standard) subtraction and A —~ B for the inner one.

Symbolically we have

B+ X = A, if solution exists;

A—"B=X <— { A - X = B, if solution exists. (5)

An equivalent way to express the above is:

_ Y|B+y: 5 if ’LU(B) S ’ZU(A)7
A="D :{ X e i w(A) < w(B), (6)

Similarly inner addition can be introduced:
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B+ X = A, if solution exists;

A+ B=X { -A+ X = B, if solution exists, (7)

which can be alternatively written as:

_ Y|—.B+Y:A, if w(B) S w(A),
A+ B-= | 8
+ { Xloaixep, if w(A) < w(B). (8)

Note that w(—=B) = w(B) so that the inequalities w(B) < w(A) and
w(—B) < w(A) are equivalent. Inner addition and inner subtraction are
related by A+~ B=A—"(-B), A—— B = A+ (—B) as this easily follows
from (6), (8).

Rules for algebraic transformations. For A, B € IR denote A+TB =
A+ B, A-T"B=A- B = A+ (-B). Then using the binary symbol
o € {+,—} we can write A+° B, A -7 B.

Besides the sign functional o we use ¢ : IRQ) IR — {+, —}, defined as
+, ifw(A) = w(B);

o(4,B) = { —, otherwise,
For A= [a",a"] € IR we define A+~ B by:
A" B=la" + 5,0 + b7, 7= (A B), (9)

We recall the “join” operation (denoted symbolically “V”) in the special
case of real numbers. For a, 3 € R, the join oV 3 € R is either the interval
[, B] € IR or the interval [, o] € IR depending on whether o < 3 or a > f3.

Using join we have

A+ " B=[(a 4+b")V(a"+b7)l

Note that A +~ (=A) = 0, meaning that =A = [—a’, —a"] is inverse
element w. r. t. the operation “+77.

The operation A —— B = A+~ (—=B) can be written
A—"B = [a7=b"a" =V, ~v=0¢(A, B). (10)
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Using the operation “join”, the above can be written

A—"B = [(a —b)V(at—b")

Let us consider some algebraic properties of inner operations addition/subtraction.

The two operations for addition 4+,+~ can be considered as one oper-
ation in two modes (directions) to be denoted “+%”, wherein 6 € {+, -1},
and referred to as “directed addition”. For # = + the operation +? is the
standard (positively directed) addition, “+”, whereas for § = —, +% is the
nonstandard (negatively directed) addition, “+~". The directed addition +Y
can be expressed:

A+ B=[(a +b %)V (at +1%).

Below we present some properties of directed/inner addition.

Commutativity of inner addition. For A, B € IR we have A+~ B =
B+~ A

Conditional associativity of directed addition. Directed addition are con-
ditionally associative in the sense that for each triple A, B,C' € I(R) and
each pair 6,6, € {+, —}, there exist another pair 03,60, € {+, —}, such that

(A4+% B) +%2C = A% (B +% C).

Moreover, 03,60, are simple functions of the widths of the intervals and can
be easily computed.

X =1[0,0] = 01is the unique neutral element with respect to inner addition
+7, that is for every A € IR

A=X+" A=A+ X < X =10,0].

Every element A € IR has unique inverse w. r. t. “+7” and this is the
element —A.

Outer addition is commutative and associative but has no inverse, whereas
inner addition is not associative but commutative and has inverse. Consedered
together, as one “directed” operation in two different modes, we can say that



this directed operation is conditionally acossiative. So both modes comple-
ment each other.
For p € R define o(p) = {+, if p > 0; —, if p < 0}.

Quasidistributive law: For A € IR,p,q € R and % multiplication by
scalars

(p+q) x A=px A+P7D gy A (11)

Remark. Note the equality relation in (11); recall that the corresponding
law formulated in classic operations only gives inclusion: (a + ) * C' C
a* C + 3% O, whereas now we have (a+ 3) * C = a x C +79) 3% C.

3.2 Inner operations and monotone functions

Let X € IR and f, g be two continuous functions defined on = € X.

For the functional ranges f(X) = {f(z) | x € X}, g(X) = {g(z) | z €
X} we have (f 4+ g)(X) € f(X) + g(X).

Moreover, we have (f + ¢)(X) = f(X) + g(X), if f, g equally monotone

and this is true for arbitrary equally monotone functions f, g.

This observation can be used to define the operation addition of two
intervals A, B € IR as follows:

Definition. Given two intervals A, B € IR take any two equally monotone
functions f, g defined on X, s. t. f(X) = A, g(X) = B. We then define the
sum of the intervals A, B € IR as A+ B = (f + g)(X).

The above definition is correct, since (f + ¢)(X) depends only on the
choice of A, B.

Example 1. If X =[0,1], A = [a",a"], B = [b~,b"], we can choose the
functions f, g to be the monotone increasing linear functions defined on [0, 1]
by:

frO=0-8a" +&a™, g7 (&) = (1 - +£b7,

or the monotone decreasing linear functions defined on [0, 1] as:

7O =0-8a"+& ™, g () =1—-&b" +¢&b™.



Remark. In practice, for smooth functions f,g and for small interval
argument X in “half” of the situations f, g are equally monotone functions
and we have A+ B = (f + ¢)(X) (showing the usefulness of the operation
interval addition). Now the question is what can be done in the other “half”
of the cases when f, g are two differently monotone functions. In this situation
denoting f(X) = A, g(X) = B, we only have (f + ¢)(X) C f(X)+ g(X) =
A+ B, but the inclusion can be “rough”. Typical exampleis f(z) = z, g(z) =
—x, then we have 0 = {z + (—2) | v € X} C X 4+ (—X) = X — X, with
w(X — X) = 2w(X), showing how rough an inclusion can be.

Following arguments similar to the ones for the definition of addition we
can proceed as follows.

Definition. Given A, B € IR, take any two differently monotone functions
frgs. t. f(X) = A, g(X) =B and f + g is monotone. Define “inner
addition” by means of A+~ B = (f + g)(X).

Obviously, (f 4+ ¢)(X) depends only on the choice of A, B so the above
definition is correct.

The above can be summarized as follows.

Denote CM(T') the set of continuous monotone functions on 7" € IR.
For f € CM(T) denote 7y = 7(f;T) € {+.—}, where

+, if f is isotone in T
—,iff is antitone in 7'

(i) =

For f,g € CM(T), the equality 7y = 7, means, that both f, g are isotone
or both are antitone in T'; 7 = —7, means that one function is isotone and
the other is antitone.

Proposition. ([29],[30]) Let f,g € CM(T). Then for every X C T we
have:

i) f+9 € CM(T) implies (f + g)(X) = f(X) +77 g(X),

i) f — g € CM(T) implies (f — g)(X) = F(X) = g(X).

3.3 Mid-rad presentation

The mid-rad presentation of intervals adds important further deep insight to
the application of inner interval-arithmetic operations.

Denoting the midpoint and the radius of A = [a™,a™] € IR resp. by o
and a”, we have



a=(a +a")/2, a’"=(at—-a)/2

The form A = (a’;a”) is called mid-rad presentation. Conversely

a=d —d", a"=d+d.

For addition and subtraction we have

A+B = (d+V:a"+1"),
A=B = (d—Vd+1").

For inner addition and subtraction we have

A+~ B = (d+1;|d"=1"]),
A—"B = (d=V;|d"=V")).
Remark. The above formulae illuminate the interval operations when

radii are small, which corresponds to the “approximate number” aspect of
intervals.

Using multiplication by —1 addition (inner addition) is representable by
means of subtraction (inner subtraction), that is

A—-B=A-B=A+(-B), A+ B=A-"(-B).
Multiplication by —1 in mid-rad presentation is
—A=(-1)xA=(=1)x(d;d") = (d;]a"|), A €IR.
More generally we have for v € R

vx A=vx(d;d") = (vd';|y]a"). (12)

Recall that multiplication by scalars in end-point presentation has the
form:

a”,vat], if v>0,
7*A:{[v vatl, if 13)

[yat,va~], if v <O.

Remark. Note that the coordinates in (12) are “separated”, which is not
the case of multiplication by scalars in end-point presentation (13). Thus
mid-rad presentation allows to reduce certain classes of linear interval prob-
lems to linear numerical problems.
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