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Interval computation or interval algebra has been well defined and steadily studied [1], [2], [3], [4], [5], [6].
In interval algebra or in robust control area, various research topics and numerous results have been reported anc
introduced. For example, the Hurwitz (Schur) stability of an interval matrix, the Hurwitz (Schur) stability of an
interval polynomial, the Hurwitz (Schur) stability of an interval polynomial matrices, the Hurwitz (Schur) stability
of an matrix polytopes, the control applications of an parameter intervals, and etc have been studied in numerous
literatures. However, still some important research topics have not been properly studied and the solutions have not
been addressed. In this 2005 technical report series of Utah State University, The Center for Self-Organizing and
Intelligent Systems (CSOIS), we address some important interval problems and provide solutions.

In “CSOIS Interval computation technical report series-1: Exact boundary calculation of maximum singular value
of an interval matrix (USU-CSOIS-TR-05-02)", we provide solution for calculating the exact boundary of maximum
singular value of an interval matrix. In fact, even though in existing literatures, the eigenvalue boundary problems
have been widely studied, the maximum singular value problem has not been properly studied. In “CSOIS Interval
computation technical report series-2: Impulse response boundary calculation based on power of interval matrix
(USU-CSOIS-TR-05-03)", we suggest using the vertex matrices for calculating the power of interval matrix as a
specified order. Although some results have been reported for checking the asymptotical property of the power of
interval matrix, the boundaries of power of interval matrix at specified order has not been reported. In this report,
for the first time, we provide some algorithms for this power of interval matrix. In “CSOIS Interval computation
technical report series-3: Linear Independency of Interval Vectors and Its Applications to Robust Controllability
Tests (USU-CSOIS-TR-05-04)", we define the linear (in)dependency of interval vectors, then we provide some
conditions for checking this linear (in)dependency property of interval vectors. Furthermore, we use this result for
checking the robust controllability and observability of interval system. In “CSOIS Interval computation technical
report series-4: New Sufficient Schur Stability Conditions of Interval Polynomial Matrix (USU-CSOIS-TR-05-05)",
we provide sufficient conditions of interval polynomial matrix system. Although the suggested method could be
conservative, due to the simplicity of the algorithm, it can be effectively used in various control problems.

Sooner or later, in this CSOIS Interval computation technical report series, we will add a survey work for interval
computations related with robust control problems (robust stability, controllability, interval application for design,
and etc.). Also, in the near future, we will address some more interesting interval problems under the terminology
“interval model conversion”. For example, we will provide solution for the following Lyapunov equation:

PA+ATP=—-Q

where A € A!, and we want to find the exact boundary Bfwhen Q is fixed.
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Abstract

In this report, we define linear dependency and independency of the interval vectors and present an effective
method for checking the linear independency of interval vectors. As a possible application of the interval vectors
to the robust control problem, the robust controllability and un-controllability problems of uncertain interval system
are solved. Through the numerical examples and by comparing with the existing results, the superiority of our new
robust controllability test method is presented.

Index Terms

Linear independency, Interval vectors, Robust controllability, Un-controllability, Uncertain systems.

I. INTRODUCTION

In robust control, the model uncertainty problem has been effectively and popularly handled by “interval” concept.
Great amount of literatures is available under the name of “interval” for example, interval algebra [1], [2], interval
polynomial [3], [4], Schur stability of interval matrices [5], [6], Hurwitz stability of interval matrices [7], [8],
eigenvalues of interval matrices [9], [10], and robust control with parameter uncertainty [11], [12]. However, the
linear (in)-dependency problem of interval vectors has not been attacked in robust control area. Even though th
basic concepts of interval vectors were defined in [1], [2], and as a specified example of the quasivector space:
the interval vectors have been defined in [13], its algebraic properties have not been fully understood. In fact, som
basic algebraic properties of the interval vectors, for example linear (in)-dependency property by combination, were
studied in [14], but the linear dependency and independency condition, on its own, was not directly investigated.

In this report, our main interest is to check the linear (in)-dependency of interval vectors for the robust control
applications. After suggesting an effective sufficient conditions of the linear (in)-dependency of interval vectors, we
will show that sufficient linear (in)-dependency condition of interval vectors can be effectively used in checking
the robust (un)-controllability of the uncertain linear time invariant (LTI) system. Thus, the main novelty of this
report is to investigate the linear (in)-dependency of interval vectors, and then is to check the (un)-controllability
of the uncertain system with much less conservatism compared with the existing results.

The report consists of as follows: In Section Il, we provide sufficient linear dependency and independency
conditions of the interval vectors. In Section lll, the developed linear (in)-dependency condition of interval vectors
is used to check the sufficient (un)-controllability condition of the uncertain LTI system. Conclusions are given in
Section 1V.

1. LINEAR (IN)-DEPENDENCY OFINTERVAL VECTORS

Throughout the report, we need the following basic definitions. Our discussions are limited to the real system.
Definition 2.1: A parameter is calledhterval if it lies between two closed extreme upper and under boundary
values. So, a real interval scalaf can be defined ast! := [z,Z], wherez and 7 are extreme under and

This report is an upgraded version from USU-CSOIS-TR-04-10.



upper values inR.The n-dimensional real column interval vectaf is defined asx! := (z{,...,zL)T and the

n x m dimensional real interval matrix is defined from the interval vectorsX&::= (x{,xQ,..., m). The
interval vector and interval matrix can be written aé: = [x,X] and X! = {X Y} wherex = (x1,...,2,)7,
X=(T1,...,Tn)", X = (X1, .-, Xm), and X = (X7,...,Xy). Or, they can be written ag?! = [Xg — AX, Xg + AX]
and X7 = [X, — AX, X, +AX] wherex, = X$%, X = X+X , Ax = XX andAX = XQX.

Based on [1], [2], the following interval arlthmetlcs are used in this report.
Definition 2.2: The intersection of two real interval scalarsandy’ is defined ast/ny’ := {z | z€ 2l and 2 € yf}.

The union of two real interval scalars andy’ is defined asz’/ Uy’ :=3z |z €2l or 2z € yf}

Definition 2.3: For nonempty closed intervals, the addition of two real interval scata@ndy’ is defined and
calculated asz! @ y! = {§+g,f+y} , the substraction is! & y! = [@—?,T — g} , and the multiplication is

z! & yI = [min {@y, Yy, Tg,?y} , max {gy, Xy, Ey,@}}

The division should be carefully defined, based on [2], as:

1 . I

y = @1ff:v —[0,0]
_ 1 17 . I
= [:U’x} iff 0¢x

= [i,oo) iff z=0and x>0

1
= (oo,} ifz<0andz=0
T
= (—o0,00) iff z<0and T >0 (1)

Then, the division of two interval scalars is simply defined and calculated’as:y’ = =’ ® 4
Definition 2.4: The ratio r,, between two interval vectors is defined and calculated as:

rffy ::XI\yI: (m{@y{,,mé@yé)

The addition, substraction, dot-product, and cross-product of two interval vectors and interval matrices can be
defined based on above scalar arithmetics.

Remark 2.1:The interval arithmetics defined above can be defined in the set concepts. For example, the sum-
mation of two interval scalars’ andy’ can be defined as:

d={z]|z=a+y, Vel ey}

However, in this report, we use, simply, the interval arithmetic such’as: a:IEBy This is clear without notational
confusion and effective to represent our idea. Notep v/ = {z +y, Vo € 2!, Vy € y'}.

The interval arithmetics of a real interval scalar by itself should be dlfferentlated from the arithmetics of two
different scalar intervals. For the LTI systelnwe use the following definitions:

Definition 2.5: If z! is not time dependent (i.e., time invariant), the addition of a real interval s¢alby itself
is defined and calculated as* @ ! = [z + z,7 + 7], the substraction is’ © 2! = [0, 0], and the multiplication
is 2! ® 2! = [a?, 3?], wherea = min{|z|, |Z|}; B = max{|z|, |Z|}. The division is defined as:! © z! = [1,1]
if 7 #0,0].

Now, with the basic definitions given above, we define the linear (in)-dependency of interval vectors.

Definition 2.6: Let us suppose we havedifferent interval column vectors given asf, ..., x.. They are called
linearly independeniff there exist only a trivial solutiond; = a2 = - -+ = a,, = 0) such thata1X; + agXo + - - - +
anXn = 0, for all x; € x{ . Otherwise, we say that the interval vectors bmearly dependent

For linear time varying case, we have to use Definition 2.3.



Remark 2.2:In Definition 2.6, the linear independency of interval vectors was defined using the following
notation:a1X; + asXo + -+ - - + anX, = 0., for all x; € x{. However, in this report, since we use interval arithmetic,
using notationu; x! @ axxi @ - - - @ a,xi = of makes us deliver our ideas more easily. In other words, when we say
there exist only a trivial solution fot;x! © asx) @ - - @ a,x! = of, this is equivalent to the linear independency
condition of Definition 2.6.

Before considering the general case, let us first consider the linear (in)-dependency of two interval vectors.
Supposing that two interval vectors are givenésandxj, and based on Definition 2.6, two interval vectors are
linearly independent iff there exist only trivial solutions = a5 = 0 such that

CL1X{ D a2X£ = OI. (2)

Here, notice that it is not easy to get solutions for (2) directly. However, if we use “ratio” concept, we can check
the linear (in)-dependency property easily, which is expressed in the following theorem:

Theorem 2.1:Two n dimensional LTI interval vectors!, y/ with 0 ¢ zinzin...nzl, 0 ¢ yinyin...Nnyl,
are linearly independent iff, from the ratiq, of x!,y!, the following equality holds:

(Fag)1 N (Fzy)2 N0 (Fay)n = 0, (3)
where(r,,); can be defined as! o y/.

Proof: Sufficiency: Froma;x! @ aox! = of, we have

a1 [x{,mg,...,mfb]T:Gag [y{,yg,...,yﬂT (4)

From Definition 2.4 and Definition 2.5, and using the commutative and associative property of interval scalars, the
ratio of each elements are

xil@yil = (ray)i
1
‘:)in@f[ = (ray)i
1
©ﬁ®y®d=:mw®%
(3
sa] = (fy)i®y (5)

By inserting (5) to the left-hand side of (4), the followings are true:
T
ay [(rwy)l ® Y, (Fzy)2 ® Ygs- o (Foy)n ® yrﬂ

T
I I I
= Oaz |:y17y27"‘7yn}

< ai [(rmy>1, (riﬂy)% sy (rry)n]T = Oaz iI
as .
S [(Fay)1s (Cay)2y oo (Fay)n] " = ea—j il (6)
Here, from (6), we have a
2
(rxy)l N (r:py)2 n---N (r:vy)n = @;17 (7)

S0, SINCE(N 4y )1 N (Fay)2 NN (Fey)n =0, We haveg—f = (). Thus, by Definition 2.3, only;; = 0 is the solution,
henceforth, since0 ¢ 3! Nyin...NyZL, from (4), we haver, = 0.
Necessity: Let us suppose that

(rxy)l N (rxy)2 n---N (r:ry)n 5& ®7

then we can have, = 0 anda; # 0, or ay # 0 anda; # 0. Thus, by definition, this is not linearly independent.
[
Let us further think the casec z{ Nain...Nnal or0eyi Nyl n...Nyl.



Theorem 2.2:1f 0 € zinzin...Nnzf or0 € y Nyln...Nyl, two interval vectors are then linearly dependent.
Proof: With anya; anday = 0, or with a; = 0 and anya., the following equality can be true:

CL1X{ D CL2X£ =ol.

So, By Definition 2.6, the proof is completed. [ |

Although above theorems are effective for checking the linear (in)-dependency of two interval vectors, it is
difficult to extend above theorems to more tharinterval vectors. Let us suppose that we have three different
interval vectors, which are given as*,y’, z/_ and we want to check the linear (in)-dependency of them. The first
task is to check the linear dependency between two interval vectors. This task can be performed from precedin
results, but we also have to check the linear combination case. That is, we have to check if there exist trivial
solutionsa; = as = ag = 0 such that

a1XI D agyI D a32[ = OI.

However, it looks quite tough to solve this simple equation, furthermore our ultimate goal is to find the general
case such as:

ale@azxé@-~-@anxfb =ol.
So, apparently, it is almost impossible to check the linear (in)-dependency of the interval Yettdise sequel, we
suggest one simple but very effective sufficient condition for checking the linear (in)-dependency of interval vectors
xt xl ... xI where anx! is an interval vector ifR™. For the accurate description of our idea, we separately
consider three different cases.

Case—1:m>n. Case—2:m=n. Case—3: m<n

We only investigate Case-In fact, Case2 and Case can be investigated using the analysis method of Case-
For convenience, the following concepts are necessary. Imthen matrix (M = [m;;], i = 1,---,m and
j =1,---,n with m > n), let us select whole possible x n sub-matrices. It is easy to notice that the total

m _ m(mfl)(mf%)---(mfnJrl)

. Sub-matricesS® are

number of possible sub-matricé€ is calculated byx =

composed of: different row vectors of\/. The index ofrn different row vectors of5? is represented by a set such
as:s' = {index of row vectors of M for S}, i = 1,...,k. For the accurate translation of our idea, we make a
definition as follows:

Definition 2.7: In this report, we call sub-matricesy, = {S’, i =1,...,k} assquare seaind S’ assub-square
matrices andsy; = {s*, i = 1,...,k} is calledindex setand s’ is calledindex

Then, further definition can be made without proof for the linear (in)-dependency test of the interval vectors as
follows:

Definition 2.8: The rank of M is maximum rank ofS;, that is,rank(M) = max{rank(S;),i =1,..., k}.

Now, we are ready to present our main result. Considering the interval vegtors - - -, x%, let us wrlte these
interval vectors in an interval matrix form such as:

XI = (X{axéa'”vxé) (8)
Then, X' is anm x n interval matrix, so based on Definition 2.7, the corresponding square s&t afan be
found as:Sx = {S%, i=1,...,k} wherek = n; ) and the corresponding index set & can be found as
sx = {s', i =1,...,k}. Here, we introduce the center square matri§gs such as:
S+ S
Sy = {53:"; , zzlkz}

2ps far as authors are concerned, nobody has suggested this kind of questions and there is no existing solution.



and introduce the radius square matriceSx such as:
ASy = {ASZ’: s _i, i = 1k}

For our main result, notating the element-wise absolute value of a mattiy |A| = (|a;;|), the following
lemma can be adopted from [15].

Lemma 2.1:For interval square matriX’, let its center matrixX, be nonsingulad and the spectral radius
p (](Xo)™'|AX) < 1, thenX! is nonsingular*.

Now, for the linear independency test of the interval vector set, we suggest the following theorem:

Theorem 2.3:For ST € Sy, if there exists at least one correspondifige Sy, and AS € ASy such thatS,
is nonsingular ang (|(Sp)~!| AS) < 1, then the interval vectors!, x4, - - -, x! are linearly independent.

Proof: Let us considerX! = (x{,xg,--- xI'), which is anm x n, m > n, interval matrix composed of

1 )Y
the interval vectors. It is a fact that the column vectors are linearly independent if (and only if in the point of
“rank”) the rank of X' is n. Also from the fact that the row rank is equal to the column rank, s®'ihas rank
n, then the column rank ok’ is alson. Therefore, if any one of! € Sx has row rankn, then X hasn
column rank by Definition 2.8. So, by Lemma 2.1, f6i§ and AS corresponding t&5’, if Sy is nonsingular and
p(|(So)~t| AS) < 1, then XTI has full column rank, because the nonsingular condition is equivalent to the full
rank condition. Thus, since the full column rank indicates the linear independency, the proof is completad.
Remark 2.3:Theorem 2.3 checks the linear independency of the interval vector set using finite interval matrix
set. The key idea of Theorem 2.3 is to investigate the linear independency of the interval vectors on the form of
interval matrix. Using the fact that the row rank is equal to column rank and the full rank condition is equivalent
to the linear independency condition, Theorem 2.3 easily checks the linear independency of the interval vectors.
However, although Theorem 2.3 is represented in a simple form, the result could be conservative in checking
the conditionp (|(So)!| AS) < 1, becauseé(S;) | is used. To reduce the conservatism, the following result can
be obtained based on Theorem 2.3.
Corollary 2.1: For at least ones’ € Sx and for its correspondingy € Sx. andAS € ASy, if there exists a
matrix R such that

p (I — RSo| +[R|AS) <1,

then the interval vectors!, x4, - -, xL are linearly independent.
Proof: The proof can be completed by the proof of Theorem 2.3 and the8remf [15]. [ |
Using the proof of Theorem 2.3 and using the results of [15], we also can find the sufficient condition for linear
dependency of the interval vectax, x1, - - - xI. Let us use the following lemma for this purpose.

Lemma 2.2:For interval matrixX’, there exist a matrix? and a natural number such that, element-wisely,
(I + I = XoR]), < (AX|R]),

wherep € {1,...,n} and(-), representp™ column, then interval matrix’ is singular®.
Proof: See theoren3.3 of [15]. [ |
Theorem 2.4:For all ST € Sx and for all its correspondingy € Sx, and AS € ASy, if there exist a matrix
R and a natural number such that, element-wisely,

(I + I = SoR[), < (AS[R]),,,

then the interval vectors!, x4, - -, x/ are linearly dependent.
Proof: Theorem 2.3 shows that the interval vectors are linearly independent if there exists at leS5tsoich
that the conditions of Theorem 2.3 hold. So, to eliminate the case of Theorem 2.3, we have to cldok aly

3Nonsingular means that it is invertible.
““Nonsingular” is equivalent to “full rank”.
5Singular means it is not full rank.



for the linearly dependent test. That is, if &l are singular, themax(rank(S;)) < n, so from Definition 2.8, since
rank(M) = max(rank(S;)), we haverank(M) < n. Thus, if (I + | — SoR|), < (AS|R]),,, then by Lemma 2.2
and by Definition 2.6, interval vectors are linearly dependent. [ |

Above results use the inverse §f, but, as commented in [15], this approach may be ineffective in the calculation
of 50‘1. Without using the inverse, we can derive the sufficient conditions for checking the linear dependency or
independency. Based on theore#nl of [15], the following result can be derived.

Corollary 2.2: For any S’ € Sy, if there exist at least one correspondifigc Sx, and AS € ASx such that

Amas (ASTAS) < Nonin (SOT So> ,

then the interval vectors!, xi,--- xI are linearly independent.
Proof: By theorem3.3 of [15] and due to the same reason as Theorem 2.3, the proof is straightforumard.
The sufficient condition for the linear dependency can also be obtained using eigenvalues as:
Corollary 2.3: For all S' € Sy, if there exist correspondingy € Sx, and AS € ASx such that

Mmaz (S5°50) < Amin (ASTAS)

then the interval vectors!, x,--- x! are linearly dependent.
Proof: By theorem3.3 of [15] and due to the same reasons as Theorem 2.3 and Theorem 2.4, the proof is
straightforward. m

In this section, we defined “linear dependency” and "linear independency” of “interval vectors” and suggested
sufficient checking methods. Even though checking linear (in)-dependency of interval vectors looks NP hard prob-
lem, we solved these problems by forming interval matrices from interval vectors. Our key idea is straightforward,
hence the suggested sufficient conditions are very simple. Notice that in interval vector, in addition to the linear
dependency and independency problems discussed in this report, there exist many interesting issues such as “inter
vector norm”, “null space of interval matrices”, “interval multi-input control problem”, and etc. Authors observe
that the linear (in)-dependency problem of interval vectors can be attacked in other mathematical frameworks. Thes
works will be further studied in our future efforts. In next section, we will show that the linear (in)-dependency
property of interval vectors can be effectively used in checking the robust controllability and un-controllability of

the uncertain interval LTI system.

I1l. ROBUSTCONTROLLABILITY TEST OFINTERVAL SYSTEM

The robust controllability problem of uncertain linear system has been steadily studied in [16], [17], [18], [19]
and therein references. Most notably, the methods suggested in [17], [19] provide algebraically elegant derivations
However, unfortunately, their methods, in instinct, cannot avoid the conservatism; hence regardless the algebrai
simplification, their contribution may be limited. In this section, we provide an alternative method developed
based on interval vectors, which is very simple but much less conservative. The following LTI uncertain system is
considered:

i = Az + Bu (9)

wherez € R", u € R", A € R™", B € R™ ", ranKB) = r, and A € Al = [A,A] and B € B! = [B, B]. We
call the interval uncertain system (9) is controllable if r&fik = n for all C € C!

cl=B,AleB AleAleB! ... Ale. ... Al®B],
S ——
n—r

which isn x (n —r + 1) - r interval matrix. For conveniencep = (n —r + 1) - r. In fact, the main source of
conservatism of [17], [19] is due to the fact that they us&dwithout any modification for the controllability test.
We explain this in more detail in the sequel.

First let us consider the case without interval such as:

& = Aogz + Bou (20)



and corresponding controllability matrix like
Co = [Bo, AgBo, (Ag)*Bo, . .., (A)" " By).

If the system is controllable, then always ré€@%) = n. To distinguish the interval case from the without interval
case, let us suppose that the rank of following sub-matrigof

Ch = [Bo. AoBo. (A40)*Bo. .. (4o)" " By

whereq > 1, is n (i.e., ranKC{) = n). Then, without interval, it is always true that rddk) = rank'Cy) = n.

Now, let us include interval. In this case, we have to check the raf pbut sinceC? is n x m interval matrices,

it is not easy to find the rank of!. Thus, in [17], [19], inevitably, they tried to find some inequality conditions

in matrix norm to guarantee the sufficient conditions of LTI interval system (se€3EQ.in [19] and Eqg.(10) in

[17]). Using these inequalities, they found the upper boundaries for sufficient condition, but in this upper boundary
calculation, the formula is so conservative (see the derivation of Theorem[19] and Eq.(3.6) of [17]). So,

even there is ignorable interval uncertainty(ii’)’, which is defined as:

Yy =BL,AleB!,...  Alw...® Al@B!]
—_————
n—r—q

the overall upper bounds are calculated based on the maximum interval uncertaiity 6, the controllability
checking methods of [17], [19] instinctively are very conservative. However, if we can check the raikusing
its sub-matricegC’)’, the result could be much less conservative. In fact, this can be done by checking the linear
independency property of the interval vectors based on the results of Section II. For this, we make a formula a:
follows:

Corollary 3.1: If the controllability matrixC?! satisfies the linear independency conditions of Theorem 2.3, then
the uncertain interval system is controllable.

Proof: From the fact that the interval system is controllable if its controllability matrix has raakd the

full rank condition is equivalent to the linear independency condition, the proof is immediate. [ |

Corollary 3.2: If the controllability matrixC! satisfies the linear independency conditions of Corollary 2.1, then
the uncertain interval system is controllable.

Next, let us check the superiority of the suggested method. For the comparison with the existing results, the
three examples given in [19] are used. Note, in the following examplasda denotes that. is an interval such

asa € [a — da,a + da).
1+£0.05 0 0 1 0
Aec Al = 0 1£004 1£003|;B=(0 0

Examplel:
0 —24+0.08 4+04 0 1
The controllability matrixC' is calculated from the interval arithmetics as:

1 0 14005 0
cecl=1[(0 o0 0 140.03

0 1 0 4+0.4
So, we have four sub-square matrices:

1 0 1+0.05 10 0
Stelo 0 0 520 0 1+0.03|;

0 1 0 0 1 4+£04

1 1+0.05 0 0 1+0.05 0
S3e o 0 1+0.03|;8*e (0 0 1+0.03

0 0 44+04 1 0 4404



Then, fromS?2, we have

1 00 00 0
S2=10 0 1]; AS*=(0 0 0.03
0 1 4 0 0 04

Therefore, sinceS? is nonsingular ang (|(S2)~!| AS?) = 0.03 < 1, easily we confirm that the interval system

is controllable. However, in [19], they conclude that their method cannot check the controllability directly, which
is due to the conservatism of their method as already explained. Clearly, our method is much less conservative. |
[19], the following sign variant problem was also given:

Example2:
04 0.05 0 0 10
Ae Al = 0 14+£004 14003 |:B=(0 0

0 0£0.08 0+£04 0 1

Using the same method as Exampleve found that fromS?, S2 is nonsingular ang (|(S3)~*| AS?) = 0.03 < 1.

So, regardless the sign variation, easily we find that the interval system is controllable. However, in [19], they usec
controller K to guarantee the controllability, but as resulted from our method, the system is already controllable.
So, their approach requires the extra work, which is not necessary in our method. The following example includes

the interval inB:
140.02 0 0
Aec Al = 0 140.02 1240.02

Example3:
0 —24+0.05 4+0.09

140.025 0
Be Bl = 0 0

0 1+0.02

Using the same method, we found that freffy SZ is nonsingular ang (|(S3)~!| AS?) = 0.04 < 1, so the system
is controllable. From these examples, it is clear that our method is very simple and much less conservative thal
the existing method in checking the robust controllability of the uncertain LTI system.

In next examples, we check the (un)-controllability of the interval system using Theorem 2.4. For convenience,
from Theorem 2.4, we make the following corollary:

Corollary 3.3: For all ST € Sy and for all its corresponding, € Sx, andAS € ASy, if there exist a natural
numberp such that, element-wisely,

1, < (As]s0)™))

p
then the interval system is uncontrollable.
Proof: In Theorem 2.4, by replacing by (So)~!, and based on Theorem 2.4, the proof is immediatas
Example4: Let us consider the fully-populated interval matrix and intervalB matrix such as:

1+1xa 242xa —1+1xa
AcAl=| —242xa 14+1lxa 1+1xa

00+£05xa —-2+2xa 4+4xa

1+1 x « 0
Be Bl = 0 0
0 1+l xa
To check the conservatism, we vary That is, we test different percent interval uncertaintiestinmatrix and B!

matrix. The controllability and un-controllability are checked by Corollary 3.1 and Corollary 3.3, respectively. For
example, witha = 0.1, the controllability matrix is calculated as:
1£+0.1 0 1+0.21 —-140.21
Cecl = 0 0 —2+4042 14021

0 1+0.1 05+£0.106 4+0.84



So, from St, 52, S3, we calculatep (|(S5)~1| AS?) as0.21, 0.21, and 0.3088, respectively; hence the system is
controllable. However in Corollary 3.3, we calculgtas |(Sp)~t|) from S*, 52, 53, and S* as:

0.1000 0.1550 0
(ASll(Sé)lD:< 0 02100 0 );

0 0.0775 0.1000

0.1000 0.3100 0
(as?|sH7)=( o 0200 0
0 1.2400 0.1000

‘ 0.1000 0.1641 0.0859
(as*sH) = o 02100 00988 |;
0 0.0988 0.2100

0.6300 0.4200 0
(ast|s$)7!|) = (08400 06300 0
2.6350 1.3950 0.1000

Thus, sinces’, 5%, andS® do not satisfyl, < (AS[(So)~"|),,, we cannot conclude that the system is uncontrollable.
Now, we increasey, and the test results are summarized in Table I. In taglepnfirms (un)-controllability, but
represents that (un)-controllability cannot be checked. So, in this case, there is almost no conservatism in checkin
the controllability and un-controllability. Example-Let us consider the fully-populated intervBl

TABLE |
THE CONTROLLABILITY AND UNCONTROLLABILITY TESTS OF EXAMPLE-4
! 0.10| 0.15| 0.20 | 0.25| 0.30 | 0.35| 0.40 | 0.45| 0.50
Controllability Vv v Vv Vv Vv Vv v . .
Uncontrollability - . . . . . . v v
TABLE |
THE CONTROLLABILITY AND UNCONTROLLABILITY TESTS OF EXAMPLE-5
e 0.10| 0.15| 0.20 | 0.25| 0.30 | 0.35| 0.40 | 0.45| 0.50
Controllability Vv Vv Vv v v . . .
Uncontrollability . . . . . . Vv i V

1+1xa 242xa —-1+1xa
AcAl = —2+2xa 1+1lxa 1+1xa

05+£00xa —2+2xa 4E£4xa

l+1xa —0.1+0.1 x
Be B! = ( 01+01xa 0140.1xa )
—0.1+0.1 X @ 1+l xa
From Corollary 3.1 and Corollary 3.3, we have the test results as shown in Table IlI. In this casg} wehcent
uncertainty, we cannot conclude the controllability nor un-controllability. So, with fully populBtedatrix, there
exists conservatism, because with percent uncertainty, we cannot draw any conclusion about the system from
Corollary 3.1 and Corollary 3.3.

Remark 3.1:The robust observability is dual to the robust controllability problem and can be checked similarly
as done in the robust controllability.



Remark 3.2:In [17], [19], they provided the necessary and sufficient condition for checking the robust control-
lability. However, this approach is not practically meaningful, and furthermore, our method can be developed for
the necessary and sufficient conditions as done in [17], [19]. In above examples, we just showed that our methoc
on its own, is much more simple and the result is less conservative than existing results. Furthermore, from the
fact that our method can check the un-controllability, it is clear that our method is advantageous over the existing
methods.

IV. CONCLUSIONS

In this report, we suggested the concept of “linear dependency” and “linear independency” of interval vectors and
for the possible application, we applied our result to the robust (un)-controllability tests of the uncertain interval
LTI system. From the tests with existing examples, we could verify that, from our method, the controllability of
the interval system was checked with much less conservatism and in a simple manner. For the un-controllability
tests, we developed two examples; even if there exists conservatism in Exanfiges the tests, we found that
the suggested methods based on interval vectors can also be effectively used to check the robust un-controllabili
of the uncertain interval systems.
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