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Abstract. We study new abstract a gebraic systems generalizing the system of real compact intervals
with addition and multiplication by scalar and the isomorphic embedding of these systems into
systems having group properties with respect to addition.

1. Introduction

We study the algebraic relations between: i) extended interval arithmetic over
normal (proper) intervals using inner (nonstandard) arithmetic operations [3], [4],
and, ii) extended interval arithmetic using improper intervals [1], [2], [10]. We
have shown in [5] that the first system is a “projection” of the second one on
the set of proper intervals. Here we continue our work from [6] aiming to show
that the second system is an isomorphic algebraic extension of the first one. We
study the essential algebraic properties of the system of intervals necessary for such
isomorphic embedding. To this end we deliberately exclude from consideration
the inclusion relation between intervals with the corresponding lattice operations
involved, concentrating on the properties of the operations addition, subtraction
and multiplication by scalar. A similar approach has been used in [9], where more
general systems(e.g. convex compact setsin IR") arestudied. Anessential difference
between our work and [9] is that we are able to construct isomorphic embeddings,
whereasthe embedding in[9] isnot isomorphic. To achieve anisomorphism wefirst
extend the quasilinear space [8] by means of a complete second distributivity law,
which involves negation and inner addition [3], [5]. The maodified structure thus
obtained, called extended quasilinear system, is isomorphically embedded in an
analogue of alinear system, called extended linear system, having group properties
with respect to addition. Particular systems of intervals which are extended groups
and extended linear systems have been considered in [1], [2] and other sources,
here we give an abstract algebraic theory of these systems.

In Section 2 we shortly repeat some of the basic concepts from [6], simplifying
the definition of extended semigroup (e.g. we do not require here uniqueness
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of the negation). In Section 3 we state in a modified form the basic embedding
theorem from [6] and give a complete proof (due to space limit the proof of
this theorem has been omitted in [6]). We hope that the inductive exposition of
the proof will contribute to a better understanding of the role of the binary and
unary operations “addition,” “negation,” “opposite,” and “dua.” In Section 4 we
consider asemigroup with multiplication by scalar. Using some properties naturally
extracted from interval arithmetic, we introduce a so-called extended quasilinear
system, which generalizes the interval structure (I (IR), +, 0 [3]-{5]. We show that
the extended quasilinear system can be isomorphically embedded into an analogue
of alinear system, called “extended linear system.”

2. Extended Semigroup and Its Isomorphic Embedding

Extended semigroup. An Abelian (commutative) semigroup is a system (S +),
suchthat (A+B)+C=A+(B+C)and A+B=B+Afor A B, COS Our starting
point is a class of Abelian semigroups (S +), satisfying the assumption (T): for
every ordered pair (A,B), A, B O S at least one of the following two statements
hold true: i) A+ X = B is uniquely solvable, symbolically A <, B,ii)B+Y = A
is uniquely solvable, symbolically B <, A [6]. If both statements i)—ii) hold true
smultaneoudy, we write A =, B. If A <, B and A#,B, we write A <, B.
Assumption (T) implies cancellation; indeed A+ D = B+ D = E and (T) imply
that A and B are unique solutions of same equations, hence A = B. Therefore the
semigroup (S, +) can be embedded in an Abelian group [9]. Recall that an Abelian
group is a commutative semigroup (G, +) with: 1) a unique null element 0, such
that a+ 0 = a, for al a O G, and 2) a unique additive inverse (opposite) operator
“opp”: G — G, such that a+ opp(a) = 0, for dl a O G. In an Abdian group (G, +)
for every a,b 0 G: 1) the equation a + x = b has a unique solution x = b + opp(a);
2) a+x=b+x= a=b(cancdlation law). We say that a semigroup Sis proper,
if Sisnot agroup itself.

We impose certain additional assumptions on (S +), abstracted from interval
arithmetic, naturally arriving to the following:

DEFINITION 2.1. A system (S S, +, neg) is called an extended semigroup (with
subgroup &), iff: 1) (S, +) isaproper commutative semigroup satisfying assumption
(T); 2) Sy isaproper subgroup of S(S 0 S S #9) such that: i) S # {0}, where
0 isthe null dlement of &; i) S is maximal with respect to “00”, that is for any
other subgroup §, of Swehave §; 0 &; 3) there is an operator neg: S— S called
negation, such that: i) neg(A) =0<= A =0, A0S ii) neg(neg(A)) =A ATS
iii) neg(A+ B) = neg(A) +neg(B), A, BOS iv) neg(P) +P=0,P 0 %.

Since § is a group, there is an additive inverse (opposite) operator in &,
denoted by “—", sothat (—P) +P = 0for P 0 . Condition iv) can be also written:
neg(P) = —P, P 0 &. Properties i)—iv) mean that “neg” is an automorphism in S
which isomorphically extends “opposite” from & into S. Note that by definition an
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extended semigroup and agroup both have abinary, aunary and anullary operation
(addition, negation, resp. opposite, and null element), whereas a (usual) semigroup
is supposed to have only a binary operation. We shall rename the operator “neg”
in Shy “—" astraditionally done in interval arithmetic. The class of all extended
semigroupsisdenoted by X'S. Weintroducein (S &, +, —) O X'S three new binary
operations by means of the negation operator as follows. Subtraction is defined by
A—B=A+(—B),A BOS Inner addition is defined by:

X~ -8, A<, B,
A+ = Neance Asa (2.1)
Y|B)+v=A B <4, A

where X|_a) +x =g denotes the solution of (—A)+X = B. Inner subtraction isdefined
by A—-—B=A+" (-B) = {_X‘B=A+Xl if A <, B; Y‘A=B+Yl if B <, A} We
have A+~ B=B+ A —(A+ B)=(-A)+ (-B),A+  (-A)=A—"A=0,
(A+~B)+ C=A+" B+ Q)iff A<, Band C <, B (see[6]; many properties
for intervals [3]-{5] are valid for the abstract case as well).

Factor group with negation. Consider the classical embedding of Sinto the
set G = S/ Oconsisting of all pairs (A, B), A, B 'S, factorized by the equivalence
relation ¢ (A, B) O(U,V) <= A+V =B+U, A B,U,V 0OS Addition in G defined
by (A,B) +(C,D) = (A+ C,B + D) turns G into a group; the opposite element in G
isopp(A, B) = (B, A).

Assumption (T) subdivides G into three digoint subsets: G. = {(A B) |
B <, A}, G_ = {(AB) | A<, B}, Go = {(AB) | A=, B}, sotha G =
G; 0 Gg OO0 G_. The semigroup (S, +) isisomorphically embedded in (G, +) under
¢ : S— Gyo = Gy O Gp with ¢(A) = (AJ0), AOS For P 0 & we have
#(P) = (P,0) =(0,—P), since P+ (—P) = 0 (S isagroup!). Theimage of Sunder
¢ is¢(S = Gy, o; moreover, wehave ¢(S) = Gp and ¢(Sy) = Gy, where S, = S\ §
and Gg is a subgroup of G. We may use a unique representation of the factorized
pairs, by writing the elements of G, g in the form (A, 0) with A O S and those of
G_ intheform (0, B) with B O S;. The elements of Gy are called degenerate, those
of G, are proper and those of G_ are improper. We shall say that two elements of
G are of same type if they both belong either to G, or to G_. In the factor group
G weintroduce neg: G — G by neg(A, B) = (—A, —B). It is easy to see that “neg”
satisfies the properties: N1) neg(a) = 0 <= a = 0, a O G; N2) neg(neg(a)) = a,
a 0G; N3) neg(a+ b) = neg(a) + neg(b), a, b 0G; N4) neg(p) +p = 0 for p O Gg;
N5) neg(a) +a#0forad G\ Go.

Properties N1)-N4) show that “neg” isomorphically extends negation from S
into G. Note that both “neg” and “opp” satisfy properties N1)-N4) in G, that is,
N1-N4) remain true if weformally replace “opp” for “neg”. Both “opp” and “neg”
coincide on Go. However, “neg” and “opp” are distinct on G \ Go; indeed, the
elements a and neg(a) for a 0 G \ Gp are of same type, whereas a and opp(a) are
not. Thus “opp” and “neg” are two distinct isomorphic extensions of the operator
“opp” from Gy into G. Instead of N5) “opp” satisfies opp(a) +a =0, a 0 G. The
symmetric elements neg(a) + a form a subgroup of G [7].
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The operator dua: G — G defined by dual (A, B) = neg(opp(A, B)) = neg(B, A)
= (—B, —A) sttisfies: D1) duad(a) = 0 < a =0, a 0 G; D2) dua(dua(a)) = a,
a 0G; D3) dud(a + b) = dua(a) + dual(b), a, b O G; D4) dua(p) = p, p O Gg;
D5) dual(a) +a 0 Gpforad G\ Go.

Thus“dual” isomorphically extendsthe“identity” from Sinto G. Both* dua” and
“identity” in G satisfy properties D1)-D4); they coincide on Go but for a 0 G\ Go,
the elements aand dual (a) are not of sametype. Notethat “identity” does not satisfy
D5.

In afactor group G generated by SO X'S the operator “neg” will be denoted by
“—" aswedoin S Thefactor group will be denoted fully by (G, Go, +, —) to remind
the existence of a subgroup Gp and a negation in G. A factor group (G, Go, +, —)
generated by an extended semigroup (S S, +, —) will be called an extended factor
group.

A pair of theform (A; o), ADSOXS, a O{+, —}, iscaled adirected element
(of §) [6]. The direction a of the directed element a = (A; a) is denoted a = 1(a);
the projection of a on Sis pro(a) = A. Directed pairs play arole similar to the role
of the pairs (N; a), N O IN, a O {+, —}, for the definition of integers (IN is the set
of natural numbers).

In what follows we find an isomorphism between the factorized and directed
pairs.

3. Thelsomorphism between Factorized and Directed Pairs

We define D asthe set of al pairs of theform (A; a), ADS o O{+, —}, factorized
by the equivalence relation: (A; a) 0O(B; B), iff A= B 0 S. In other words we shall
not distinguish between the pairs (P; +) and (P; —) for P O &. We shall briefly
call D the directed set over S Define three digoint sets of directed elements by:
D:={(A;+) | A0S },D_={(A;—) | A0S}, Do = {(P;a) | PO0%}. Denote
asoD+ o ={(A;+) | AOS}. WehaveD =D4,o O D_ =D, O D_ O Do.

PROPOSITION 3.1. Let (S &, +,—) O XS generate the extended factor group
G = (G, Gg, +, —) and D bethedirected set over S. Themapping ¢ : G— D, defined
by w(A0) = (A;+), AUS w(0,B) = (—B; —),B 0OS;, isisomorphic. Addition in
D under ¢ is: (A; a) +(B; B) = (A+% B; 1), with t = {a, if B <, A; B, if A<, B}.

Proof. To construct an isomorphism ¢ between G and D, we first define a
bijection ¢ : G+ o — D4 o by setting for (A,0) O G o:

YA 0 =(A;+) 0D+ AOS 3.)

Define addition in D4 o by (A; +) + (B; +) = (A+ B; +), then ¢ is an isomorphism

between the semigroups (G- o, +) and (D+. o, +). Let us extend the mapping ¢ so
that it becomes a isomorphic mapping from G onto D. This in particular means
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that i) w(G_) = D_, that istheimage of G_ isD_, and, ii) ¢ is an isomorphism
between G_ and D_. From i) we have ¢(0,B) OD_, for BO S;, that is

¥(0,B) = (f(B);—) OD-, BOS, (3.2)

with some mapping f : St — Sy and from ii) we have (f(A+ B); —) = (f(A); —) +
(f(B); —). If the addition rule in D_ is assumed to be in the form (A; —) + (B; —) =
(A+B;—),weobtain f(A) + f(B) = f(A+ B). Let us assume that the mapping f can
be determined on S= S, 0 & (not only on S;!) in such away that g, now given

by
w(0,B) = (f(B);—) OD_,, BOS=S.0%, (3.3)

is an isomorphism between D_ o = D_ O Dg and G_ o = G_ O Gp. Since ¢ is
aready defined on Dg by means of (3.1) we must put (3.3) into agreement with the
definition of f on &. For B=P 0 & equdity (3.1) produces y(P,0) = (P;+) ODg
or, equivalently,

w(0O,—-P)=(P;—) 0Dy, PO, (3.4

using that for P 0 &, (P,0) = (0,—P) O G, and (P; +) = (P; —). Equation (3.4)
can be also written in the form

@(O,P)=(-P;-) 0Dy, PO%. (3.5)

Comparing (3.5) and (3.3) givesthat f(P) = —P, for P 0 &. From (3.3) using that
Y is constructed to be an isomorphism we have to ensure f(A) + f(B) = f(A + B),
A,B O S Obvioudly, if f isanegation on S then both requirements: i) f(P) = —P
on &, and, ii) f(A+B) = f(A) + f(B) for AAB O S which are necessary for ¢
to be isomorphic, will be satisfied. Under the assumption f = neg formula (3.2)
becomes

w(0,B)=(~B;~)OD_, BOS. (3.6)

Note that the expressions (3.1) and (0, B) = (—B; —), B O S, produce same results
for A,B 0 S, hence (3.6) isvaid for B O Saswell. The equalities (3.1) and (3.6)
define a bijection between G and D. It can be directly checked that ¢ preserves the
operation “+” if we accept the following definition of addition on D:

(Aja) +(B;B) = (A+P B;1), (3.7)
_(a,if BLGA

- { B, if A<, B. (38)

The mapping g is an isomorphism between G and D, which implies that (D, +) is

an extended group. O

Remark. The product aB of two binary variablesin (3.7) means. ++ = —— =+,

+— = —+= —;dso+" =+ and “+ " is the inner addition defined by (2.1). For
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example, for a = B = —, (3.7) reads. (A;—) + (B;—) = (A + B;—). The binary
variable 1 in (3.8) meansthe direction of the bigger element A, B O S (with respect
to <u).

COROLLARY 3.1. The automorphisms in D under ¢ are neg(A; a) = (—A; a),
opp(A; a) = (—A; —a) and dud (A; a) = (A; —a).

Proof. Using that ¢ : G — D isisomorphic, express it O {opp, dual, neg} in D
under y, by means of (A; a) = w(r(y ~(A; a))).

According to Proposition 3.1 G and D are isomorphic, therefore the system
(D, Do, +, —), which corresponds to the extended factor group (G, Go, +, —), isaso
agroup; we shal cal it the extended directed group (generated by SO X'S).

Theclass of al extended groups (without regard to being factor or directed) will
be denoted by X'G; we shall consider G and D as two copies of one and the same
algebraic system from the class XG. We shall further use notation G only to mean
the extended factor group and notation D to mean either the factor or the directed
group. Note that for the algebraic completion of the extended semigroup up to an
extended group we substantially make use of the negation operator in the original
extended semigroup. A typica formulais: opp(A; a) = (—A; —a), showing that the
opposite elementsin D, cannot be expressed without negation. On the other sidethe
automorphism dual (A, B) = (—B, —A) cannot be expressed in G without negation,
too.

The relation between “neg”, “opp”, and “dua” in D O X'G obtains the form:
—a = opp(dua(a)) = dua(opp(a)), a O D. For “dua” we shall use the brief
notation: dual(a) = a_. For uniformity we set a, = a, a 0 D; then we can use
the convenient notation a,, where A O {+, —} is a binary variable. Note that the
equations a, = b and a = b, are equivaent for a O D. The relation between the
three automorphic mappings leads to a useful symbolic notation for the additive
inverse operation: opp(a) = —(a_) = (—a)_ = —a_, a O D. In computations we
may refrain from using “neg(a)”, “dual(a)”, and “opp(a)” in favour of —a, a_ and
—a_,resp. ForadDwehavea+a=za—a+a+a_.

4. lsomorphic Embedding of a Quasilinear System

We introduce multiplication by scalars in the systems S, D and G. Let (S S, +)
satisfy assumptions 1) and 2) of Definition 2.1 (there is no need to assume 3), since
negation will be obtained “free” from multiplication by —1). Define multiplication
by scalar “[" (the dot may be omitted) in the cartesian product of IR and S (instead
of IR we can take € or some other field) as follows:

DEFINITION 4.1. An operation defined for every pair (p,A), withp OIR,AOS
denoted by p A = pA, is caled multiplication by scalar, if for A, BOS p, g OIR
the following properties i)—v) are satisfied:

i) associativity of multiplication by scalar: p(gA) = (pa)A;
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ii) first distributive law: p(A + B) = pA + pB;
iii) second distributivity law:
(p+a)A = pA+TPA) ga, (4.)
where o(p) = {+, ifp > 0, —, ifp < O} and “+~" is defined by (2.1)
assuming that the symbol —Ain (2.1) isdefined by —A = (—1)A,;
iv) 10A=A and
V) (-1)P+P=0,forP0%.

Itiseasily seenthat p(A+~ B) = pA+~pB. Itcanasobeverifiedthat —A = (—1)A
is negation in the sense of Definition 2.1, hence (S S, +,—) O X'S. Note that
settingp=1,q=—-1in(4.1), impliesA+~ (—A) = A—— A = 0, as expected.
The extended semigroup (S &, +, —) endowed with multiplication by scalar will
be denoted SIR) = (S S, +, IR, D1 and called extended quasilinear system (over IR).
We shall denote by X' O the class of al extended quasilinear systems. According
to Proposition 3.1 an extended semigroup can be isomorphicaly embedded in a
extended group. We shall next extend the multiplication by scalar from SIR) 0 X' Q
into D, resp. G, in order to embed isomorphically any extended quasilinear system
into a system having group properties with respect to addition.

PROPOSITION 4.1. Let SIR) = (S%,+ IR, 0 XQ and let D O XG be an
extended group generated by S. Assume AB O S p,d U IR, ab O D (and, in
particular, a, b O G). Then:
i) the setting p(A, B) = (pA, pB) isomorphically extends the multiplication by
scalar in G; multiplication by “ —1" is negation in G;
i) p(A; a) = (pA; a) isomorphically extends the multiplication by scalar from S
to D; multiplication by “ —1” isnegation in D;
iii) p(ga) = (pg)a, p(a+b) =pa+pb, la=aand (—1)a+a=0for a ODy;
iv) the following second distributivity law holds true:

(P+ dao(p+g = Paop) + das(g)y 0D, pqOIR, (4.2)
which can be also written in the form: (p + g)a = pa, + ga,, with A =
a(p)o(p+q), u = o(g)a(p +g);

V) (—Da+a=0foradDy.

PROPOSITION4.2. For p,  0IR, A O{+,—},d 0D, s=p?—g? #0, theeguation
pX+ X, = d has a unique solution x = s~(pd — qd_,) (9

If A = o(p/ ) using (4.2) we have: X = (p + Q) " ‘dy(1+q/p)-

We shall denote an extended factor group endowed with multiplication by scalar
by (G, G, +, IR, Jlomitting the“ —” as specia case of multiplication by scalar. Sim-
ilarly we denote the respective extended directed group by (D, Do, +, IR, [J; we have
(G, Go, +, IR, 1¥ (D, Dy, +, IR, ) under the isomorphism  from Proposition 3.1.
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The agebraic system (D, Do, +, IR, Jlis called extended linear system (over IR);
the class of al extended linear systems is denoted by X' L. Using this terminol-
ogy we can state Proposition 4.1 as. every extended quasilinear system can be
isomorphically embedded in an extended linear system.

EXAMPLE. Let us illustrate the above results to the set 1(IR) of al compact
intervals on IR. Denote A = [a—,a*] O I(IR). Let “+" be the interval addition:
A+B = {x+y | x OAYy OB} and “—" be the operator negation: —A =
{=x | xOA}; end-pointwise: A+B =[a",a*] +[b,b"] =[a~ +b~, a* + b™],
resp., —[a—,a*] = [-a*,—a~]. The interva arithmetic system (I(IR), +, —) is an
extended semigroup; it satisfies assumption (T), with A <, Bmeaninga® —a~ <
b* —b~. Theinner additionis[a—,a*] +~ [b~,b*] = {[a~ +b*, a"*+b~], if B <,,
A [a*+b~, a” +b*], if A<, B}. The multiplication by scaar in I (IR), defined
by pA = {px | x DA} = {[pa—,pa’], if p > 0; [pa*,pa], if p < O}, satisfies the
second distributivity law in the form (4.1), hence (I(IR), +, [J is an extended quasi-
linear system. The latter possesses arich algebraic structure involving inner oper-
ations [3]-{6]. In the case of | (IR) our embedding theorems state: 1) every extend-
ed semigroup (I(IR),+, —) is isomorphically embedded into an extended group
(D, +,—) 0 XG, where D isthe set of extended (also called “directed” or “general-
ized") intervals of theform[a—,a*],a~,a* OIR (norestrictiona~ < a* assumed);
2) every extended quasilinear system (I(IR), +, [} is isomorphically embedded into
an extended linear system of directed intervals which isagroup with respect to “+”
and possesses a second distributive law of the form (4.2). The operators “dual” and
“opp” in the extended (group/linear) interval system are: dud [a—,a*] = [a*,a ],
opp[a—,a*] =[-a~,—a*] (cf. [1], [2]). We can also work with extended intervals
in directed form: [A; o], ADI(IR), o O{+,—} [5].

5. Conclusion

Our work revedls the role of the extended algebraic systems (semigroups, groups,
quasilinear and linear systems) in the algebraic study of interval sets, in particular,
it points out the role of the inner operations, e.g. (2.1), and the complete second
distributivity law (4.1); for intervals the latter has been first reporteded in [3].
From our work it becomes obvious that computations in an extended linear system
(D, +, ) are similar to those in a familiar linear system up to the following two
main differences: i) in D we have four automorphisms (“neg”, “opp”, “dua”, and
“identity”) against two (“opp” and “identity”) in an usual linear system, and ii) a
dightly modified second linear law involving the operator “dual” takes place in
D.

Future work can be done in the following directions. First, extended quasilinear
and extended linear systems of n-dimensional elements can be introduced in the
form (S", +,0, resp. (D", +, 0, wherein “+” and “[1 are defined componentwise.
Second, using multiplicative notations we can derive multiplicative analogues to
the additive semigroup and group systems (as noted in [6]). The link between
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addition and multiplication by scalarsin X Q, resp. X' L, can be extended towards
alink between additive and multiplicative operations. To this end one can use an
abstraction of the corresponding distributive relationsin (1(IR), +, x), resp. (D, +, x)
(cf. [5], [6]) to study abstract systems which are close to rings and agebras [7].
Third, we may consider the extension of a metric, norm, and inclusion from Sto
D; such extensions have been already constructed for spaces of factorized pairs|[2],
[9] and can be easily adopted for spaces of directed elements. Thus the analysis
of interval functions developed in [4] can be extended in the spirit of this work
for functions which values are directed elements, and, in particular, are directed
intervals. Fourth, this work outlines a new approach to the exposition of the theory
of complex intervals, and many results can be transferred for compact convex sets
as wdll. In particular, the complete second distributivity law (4.1) holds true for
compact convex Ssets.
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