1.7 Row operations on matrices.

0. Assumed background.
e 1.1 Matrices, matrix addition, and scalar multiplication for matrices.

Abstract. We introduce:— LM
3 WRs of e oM

% e the notion of row operations on matrices,
e the notions of ‘reverse’ row operations, and sequences of row operations,
o the notion of row equivalence.
1. Definition. (Row operation ‘adding a scalar multiple of one row to another’.) P\

Let A be a (p x q)-matrix whose (i, j)-th entry is denoted by a;;, and whose k-th row is

Suppose « is a number. /
When we replace the k-th row | ax1  ar2 -+ Grq | of A by \

: )
Bueppm LA )IL( - [ g +apr aaipdaky - aaigtagg |, Gpn  Cqe - Q/P"T
in which i # k, to obtain some resultant matrix A’, va say we are applying the row operation ‘a - R; + Ry’ to A,Q
and write A 2 4 ’/\\/OL_}) -+ [a\\\ Cuca -~ &4«7) ﬁ
Such a row operation is caHed adding a scalar multiple of one row of A to another row of A.

e T

2. Example (1). (Adding a scalar mogtlple of one row to another )

1 0 1 1 1 0 1 1 am3€ S

@) A= |0 2 1 1 |MatRy |5 9 9 9| femenkc ONo chory
1 0 0 2 1 0 0 2 \\TH"\)
101 1 345 5 b K50

2R;4+R

b) A/=|1 2 2 2 |1 2 2 2.

1 0 0 2 1 0 0 2
3. Definition. (Row operation ‘multiplying a non-zero scalar to a row”)
Let A be a (p x q)-matrix whose (i, j)-th entry is denoted by a,;, and whose k-th row is denoted by Rj,. {hek
Such

Suppose f3 is alnon zero number. ! @44\35%@\ . ndit o o x

When Fep]ace the k-th I’OW a1 Qg s Akq ] of A by n )—RL'(' R‘\ ’
KA = A A 7 A
@ ' [al"\ Oy - O‘“c[] = [ Barn Barz -+ Pagg ]

. . . . . R
to obtain some resultant matrix A’, we say we are applying the row operation ‘B - Ry’ to A, and write A LLINyTS

[4

Such a row operation is called multiplying a non-zero scalar to a row of A.

4. Example (2). (Multiplying a non-zero scalar to a row.) g g‘b\“’\ \' (‘«-p,\d & raknX \{. ) Sk
1 2 <11 4m o [1 2 2 -1 /
ayB=|2 -2 1 0 |—2B=|8 -84 0
( 10 0 2 10 0 2 thet N B= 6
12 2 17 . 2 —4 -4 2
(b BB=|8 -8 4 0 |—B"=| 8 -8 4 0|.
1 0 0 2 1 0 0 2

5. Definition. (Row operation ‘interchanging two rows’)
Let A be a (p x q)-matrix whose (i, j)-th entry is denoted by a;;, and whose k-th row is denoted by Ry,.

When we interchange the i-th row [ a;1 @iz -+ Qi | and the k-th row [ ap1  ag2 -+  arq | of A, in which
i # k, to obtain some resultant matrix A’, we say we are applying the row operation ‘R; +— Ry’ to A, and write

ARHR’“@ (Ai){'t = AM Ay K - anq

Such a row operation is called interchanging two rows of A. (\-_
6. Example (3). (Interchanging two rows.) 0. _, A Qs . vo- ALk CD
303 1 L G
(a) C = 1220 QR | g S 1
2 1 01

op G Oy

1220
30 3 1| 8ol o
21 0 1
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10.

11.

fuestnn,  fnd o astix TZ 0 Jude Shek
] ; 2N

7 - Q’ = C/( \(,<~———; ¢’
-

303 17 ... 3031
b)yc'=[12 20| 222%¢"=2 10 1|,
2 1 0 1 1 220

. Definition. (Row operations.)

Let A, A’ be (p x q)-matrices. Meg‘m‘m: M"j Olm e Cﬁf/"\/ﬁ’ag TY‘ULHTW\J

We say we are applying a row operation on A to obtain A’ if and only if A’ is the resultant of the application of

e one row operation adding a scalar multiple of one row of A to another row of A, or/ﬁ,m,\,\ ‘\//}g ‘Iej“t )
e one row operation multiplying a non-zero scalar to a row of A, or

e one row operation interchanging two rows of A.

. Definition. (Sequences of row operations.)

Let Ay, As, -+, An_1, AN be finitely many (p X q)-matrices.

Suppose that for each k, Ay is the resultant of the application of one row operation, say, px, on Ay. Then we say
that Ay, As, -+, ANn_1, AN is joint by the sequence of row operations py, p2, -, PN—_1-

When we want to emphasize that for each k, the row operation py, is applied to Ay to obtain Ay,1, we may present
this sequence as

Ay 2 Ay 22 By By
We may also refer to such a sequence as the sequence of row operations p1, p2,--- , pN—1 when we want to emphasize
the role of the row operations.
Remark. When N =1, we have the ‘trivial sequence’ of row operations ‘A;’. 10410 A/ ng”'@\ A\n
¢x1= +.0).2.1,2 — Ik —
. Example (4). (Sequences of row operations. 3 45{1 E’]i | l)) A
ASERRPN) -
(101 1) ., L0117 ., 5 % 57 0= (Rth
a)A=]0 2 1 1| ——+"2A=|12 2 2 |=2"0L4"=|12 2 2 R
1.0 0 2 100 2 100 2 g, = B ™
12 2 -1 . 12 2 -17 ., -2 -4 -4 2
byB=|2 -2 1 0 |—42-B=|8 84 0 |—B"=| 8 -8 4 0
|1 0 0 2 1 0 0 2 1 0 0 2
(12 2 07 , ., 3 0 3 oo R 3 0 31
)C=|3 03 1| 222¢'=|12 2 0| =22230"=[2 101
|2 1 0 1 21 01 1 2 20
1 0 1 1 1 011 1 0 11 2 0 0 4
(d) A= 0 2 1 1 | Mt g1 1 2 2 2|28 4,01 2 2 2| B2 411 2 2 2
1 0 0 2 1 0 0 2 2 0 0 4 1 0 1 1

We can ‘undo’ the effect of any row operation on any given matrix and thus ‘restore’ that given matrix by applying
onto the resultant an appropriate row operation onto the resultant.

Although this looks innocent enough (when presented explicitly in the form of Theorem (1) and its remarks), this
is the origin of many deep results in this course.

Theorem (1). (Existence and uniqueness of ‘reverse row operations’.)
Suppose p is a row operation on (p X q)-matrices.

Then there is some unique row operation p on (p X q)-matrices such that the application of the sequence of row

operations p, p onto any (p X q)-matrix A results in A. Thm Stk 1hat . W%: N '&’J

Proof of Theorem (1). €

We will give an outline of the argument later. (A full proof is a tedious but straightforward word game about the

definitions.) seoreh 1 ik (AMBV\' ¢

Remark on the content of Theorem (1). WJQ on €<

What we are saying in the conclusion of Theorem (1) is that given any (p x ¢)-matrices A, A’, if hath X ﬂ( )
AL A

is valid then:—
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(1) there is a corresponding row operation p for which the sequence

ALy a2y
is valid,
(2) such a p is determined by p alone (but not by A),

(3) such a p is uniquely determined.

Further remark on terminology.

Theorem (1) justifies the naming of p as the ‘reverse row operation’ for p.

Dependent on the ‘type’ to which p belongs, p will be given correspondingly, as described by the table below:—
Corresponding ‘reverse

row operation’ p on A’
resultant in A.

Row operation p on A
resultant in A’.

A oBitBe qr il Ny
PRINyY JURSLLINgy
R;<> Ry / / Ri+ Ry
A—" A A ——= A,

The entries in this table are justified by the argument for Theorem (1).
From this table, it is apparent that Theorem (2) holds.

12. Theorem (2). (‘Reverse’ of ‘reverse row operation’.)
Suppose p is a row operation on matrices with p rows, and p is the ‘reverse row operation’ for p.
Then the ‘reverse row operation’ for p is given by p itself.
Remark. In symbols, what we are saying is:—
If

is valid for each matrix A with p rows, then

is valid for each matrix B with p rows.
13. Example (5). (‘Reverse row operations’.)

(a) The ‘reverse’ row operation for

1 01 1 1 01 1
A=|0 2 1 1 |t 11 2 2 2
1 0 0 2 1 0 0 2
is given by
1 0 1 1 1 0 1 1
A=|1 2 2 2|t 419 2 1 1],
1 0 0 2 1 0 0 2
(b) The ‘reverse’ row operation for
1 2 2 1 iR 1 2 2 -1
B=|2 -2 1 0 B =|8 -84 0
1 0 0 2 1 0 0 2
is given by
,41 2 2 -1 1R, 1 2 2 -1
B=|8 -8 4 0 25 B=(2 -2 1 0Oy
1 0 0 2 1 0 0 2
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(c) The ‘reverse’ row operation for

1 2 2 0 RiGR 3 0 3 1
C=13 0 3 1|22%2c=]1.2 2 0
21 0 1 21 0 1
is given by
3 0 3 1 1 2 2 0
2 1 0 1 2 1 0 1

14. We can recover a matrix from the resultant of a sequence of row operations on the matrix by ‘reversing’ the sequence
and ‘replacing’ the respective row operations with their ‘reverse’ row operations.

Theorem (3). (‘Reversing’ a sequence of row operations.)

Suppose Ay, As,- -+, AN is a sequence of (p X q)-matrices joint by row operations p1, pa,--- , pN—1 respectively:

P Pr—
Ay 25 A B T Ay TS A

Then Ay, --- , A, Ay is a sequence of (p X q)-matrices joint by row operations px_1,- -+ , P2, p1 respectively, in which

pr Is the ‘reverse row operation’ of py for each k: P a/\\j Mt{j\ ‘L’SDV\ n TL)Q

Ualow of  TeverSe

Proof of Theorem (3). The argument is a repeated application of Theorem (1). OW M S .

PN PN
Ay =5 Ao —5 - B 4, 25 Ay

15. Example (6). (‘Reversing’ a sequence of row operations.)

(a) We obtain A” from A by applying this sequence of row operations:—

1011 101 1 3 455
A0211]@A’1222]@A” 1222].
1 00 2 1 0,0 2 1 00 2
R ol
We ‘recover’ A from A” by ‘reversing’ the above s :
s
3 45 5 1011 1011
A'=| 1 2 2 2 | 2B | ] 2 9 o | ZMuH 41 g 2 1 1 |
100 2 1 00 2 1 00 2

(b) We obtain A” from A by applying this sequence of row operations:—

12 2 -1] . L2 2 -1 ,, -2 -4 -4 2
B=|2 -2 1 0 =B =8 -8 4 0 — B" = 8§ -8 4 0 [.
1 0 0 2 1 0 0 2 1 0 0 2

We ‘recover’ B from B” by ‘reversing’ the above sequence:—

-2 —4 -4 2 1 1 2 2 -1 it 1 2 2 -1
B'=| 8 -8 4 0|2 p_|s 81 0| up_|2 21 0
1 0 0 2 1 0 0 2 0 0 2
(c) We obtain C” from C by applying this sequence of row operations:—
12207 .., 303 17 ... 30 3 1
C=|303 1| 22=¢c=|1220|=223¢c"=|210 1.
2 1 0 1 2 1 0 1 1 2 2 0
We ‘recover’ C from C” by ‘reversing’ the above sequence:—
3 0 3 1 3 0 3 1 1 2 2 0
c'=12 10 1|22 o112 2 082801303 0],
1 2 2 0 2 1 0 1 2 1 0 1
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(d) We obtain A4 from A; by applying this sequence of row operations:—

101 1 101 1 101 1 2.0 0 4
A=|0 2 1 1 |Muth gy 122 2 |24, 1 2 2 2 |82 011 2 2 2/

1 00 2 100 2 2.0 0 4 101 1
We ‘recover’ A from A4 by ‘reversing’ the above sequence:—

2.0 0 4 1011 101 1 101 1
A= 1 2 2 2 |Bofsq |1 2 2 2 | W2, 4|1 2 2 o |2t g1 g 2 1 1|

1011 2 0 0 4 1 00 2 100 2

eﬁnition. (Row-equivalent matrices.)

17.

19.

Let C, D be (p X q)-matrices.
Suppose there is a finite sequence of row operations starting from C' and ending at D.
Then we say that C' is row-equivalent to D.

T T =
When we also want to emphasize that C' is joint to D by, say, some sequence of row operations

we say that C is row-equivalent to D under the sequence of row operations py,po, - , pg.
—_—

Question.  How to show that a given (p X ¢)-matrix C' is row-equivalent to a (p x q)-matrix D?

Answer. Write down a finite sequence of (p X ¢)-matrices, say,

\
. wn
p1 2 PN—2 Pn_1 @Vd/\ é S & o 66
C=C —Cy —--- Cn_1 Cy=D
—_—

joint by row operations, one at each step.

Illustration.

LetC:[(l) 0 HandD:{g S 2}.

We verify that C is row-equivalent to D:

1 0 1 1R1+ Ry 1 0 1 3R, 3 0 37 RieR: 1 2 2
0201:[021}—>C2:[122}—>C3:{122 —>C4:{303}
—1R1+R» 1 2 2 4R, 1 2 2 3R, 3 6 6
—>C5:{2 9 1}—>C€>:[8 -3 4]—>C7:D:[8 -8 4}

Theorem (4). (Row-equivalence as an ‘equivalence relation’.) e P fo dofine

The statements below hold:— W . b
E,‘ih:‘/“"o"‘& Yeleion
(a) Suppose C is a (p x q)-matrix. Then C is row-equivalent to C'.
(b) Let C,D be (p X q)-matrices. Suppose NQS}%WD. Then D is row-equivalent to C.
(¢)) Let C, D, E be (p x q)-matrices. Suppose C' is rov({quivalent to D and D is row-equivalent to E. Then C' is
~equivalent to E. - {a -
row-equivalent to PW\/Q +R5 '\jc A > /(:‘ Co Ao (e &__,) Ck(: D

€

8
= & h G_,' — Q__\_ — o~ — Q - Cv
Remark on the significance of Theorem (4). éyﬁm'tu'e" of Theorem (4}), it will make sense forusto write )
something like 4

Proof of Theorem (4). Exercise. %

Dig ow - gﬂc;\u\e‘:t v oC,

‘the matrices A, B are row-equivalent to each other’, ‘the matrices C, D, E are row-equivalent to each other’,

using the phrase ‘row-equivalent’ in similar way that we use the word ‘equal’ (in various areas of mathematics) or

the phrase ‘congruent’ (in plane geometry). C —r el — ' B =
Further remark. According to Theorem (4), the collection of all (p X ¢)-matrices are split into various ‘cliques’
according to the question whether one (p x ¢)-matrix is row-equivalent to another (p x ¢)-matrix. If yes, then the

two matrices concerned are in the same ‘clique’; if no, they are not.

Outline of argument for Theorem (1).

Suppose p is a row operation on (p X ¢)-matrices.
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(a)

We first argue for the existence of an appropriate row operation, labeled p, on (p x ¢)-matrices for which the
sequence of row operations

is valid.

Note that p is given by one of

for some appropriate «, 3,1, k.

Respectively introduce the row operation p to be one of
—aR; + Ry, B71Ry, R; <+ Ry,

for the same «, 3,1, k.

Then in each case, for any (p X g)-matrix A, in the sequence of row operations
P P
AL A S A

we will obtain A” = A.
[To see this we have to check according to definition that the sequences of row operations below are indeed
valid:—

. A aR;+ Ry A/ —aR;+Ry A

—1
. A BRy A B Ry A
e A Ri+ Ry A/ R; <Ry A

This is left as an exercise.]
This completes the argument for the ‘existence part’.
Now we turn to the argument for ‘uniqueness part’.

Suppose p is a row operation on (px q)-matrices for which the successive application of p, p on each (px ¢)-matrix
A results in A.
It suffices for us to justify these claims:—

e If pis given by aR; + Ry for some number «, then p is given by —aR; + Ry.
o If p is given by BRy, for some nonzero number 3, then p is given by S~ Ry.
e If pis given by R; <+ Ry then p is given by R; <> Ry.

(For each claim, we can give an easy argument by choosing A judiciously in the argument. An obvious choice
is‘A=1,")



(a)

We first argue for the existence of an appropriate row operation, labeled p, on (p x ¢)-matrices for which the
sequence of row operations

is valid.

Note that p is given by one of

for some appropriate «, 3,1, k.

Respectively introduce the row operation p to be one of
—aR; + Ry, B71Ry, R; <+ Ry,

for the same «, 3,1, k.

Then in each case, for any (p X g)-matrix A, in the sequence of row operations
P P
AL A S A

we will obtain A” = A.
[To see this we have to check according to definition that the sequences of row operations below are indeed
valid:—

. A aR;+ Ry A/ —aR;+Ry A

—1
. A BRy A B Ry A
e A Ri+ Ry A/ R; <Ry A

This is left as an exercise.]
This completes the argument for the ‘existence part’.
Now we turn to the argument for ‘uniqueness part’.

Suppose p is a row operation on (px q)-matrices for which the successive application of p, p on each (px ¢)-matrix
A results in A.
It suffices for us to justify these claims:—

e If pis given by aR; + Ry for some number «, then p is given by —aR; + Ry.
o If p is given by BRy, for some nonzero number 3, then p is given by S~ Ry.
e If pis given by R; <+ Ry then p is given by R; <> Ry.

(For each claim, we can give an easy argument by choosing A judiciously in the argument. An obvious choice
is‘A=1,")



