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Recall from Lecture 3

Definition. A linear system (with m equations and n variables)
is a system of equations of the following form:

a11w1 + a1222 + -+ a1 pry = by

a 171 + ag2x9 + -+ + ag pxy = bo

Am121 + am2T2 + -+ GmpTn = bin,

where the a; ;'s are given real numbers (called coefficients), the
b;'s are given real numbers (called constants), and z1, ..., z, are
the variables of the linear system.
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Definition. A linear system (with m equations and n variables)
is a system of equations of the following form:

a11w1 + a1222 + -+ a1 pry = by
a 171 + ag2x9 + -+ + ag pxy = bo

Am121 + am2T2 + -+ GmpTn = bin,

where the a; ;'s are given real numbers (called coefficients), the
b;'s are given real numbers (called constants), and z1, ..., z, are
the variables of the linear system.

Definition. An n-tuple (s, ..., s,) of real numbers is a solution
of the above linear system, if we substitute s; for x1, so for xs,

., and s, for x,, then for every equation of the system, the
left side will equal the right side.



Recall from Lecture 3

Definition. The matrix of the linear system
a1,121 + 1272 + - -+ + a10Ty = by

(2,171 + 2272 + + -+ + a2.,Typ = b2

Am,1T1 + Gm 222 + -+ AmpTy = bm

is the m x n matrix

a1 a2 v aip

asi az2 - a2y
A= . . ;

Gm,1 AAm,2 **° Ammn

i.e. the (7, j)-entry of A is the coefficient of x; in the i'th equa-
tion.



The augmented matrix of a linear system

Definition. The augmented matrix of the linear system
a1,121 + 1272 + - -+ + a10Ty = by

(2,171 + 2272 + + -+ + a2.,Typ = b2

Am,1T1 + Gm 222 + -+ AmpTy = bm

is the m x (n + 1) matrix

a1 a12 0 Gign | b
asy a2 -+ asgn | bo
[Ab] = . . :
m,1 Am,2 **° Ammn bm
b1
i.e. the augmented matrix can be obtained by insertingb = | :
bm

into the matrix of the linear system as last column.



The augmented matrix of a linear system

Example of an augmented matrix.
201 + 29 + 3x3 = —4 2

209 —x3 =1 — 0 2 -—-1}|1
621 — dxo +4x3 =2 6
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Example of an augmented matrix.

211 +x9 + 313 = —4 2 1 3 | —4
209 —x3 =1 — 0O 2 -—=1|1
611 — Swo + 4wz = 2 6 -5 4 | 2

The augmented matrix contains all information about the lin-
ear system, i.e. the linear system can be reconstructed from its
augmented matrix. So we can work with augmented matrices,
instead of writing the variables x1,...,x,. (This makes things
more terse.)



Elementary row operations

Definition. Elementary row operations for linear systems:
e interchange two equations,
e multiply an equation by a nonzero number,
e add a multiple of an equation to another equation,
e delete an equation of the form 0 = 0.
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Definition. Elementary row operations for linear systems:
e interchange two equations,
e multiply an equation by a nonzero number,
e add a multiple of an equation to another equation,
e delete an equation of the form 0 = 0.

0

Definition. Elementary row operations for (augmented) matrices:
e interchange two rows,
e multiply a row by a nonzero number,
e add a multiple of a row to another row,
e delete a row whose elements are all 0's.

Elementary row operations on matrices will be denoted by ~.
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Definition. Elementary row operations for linear systems:
e interchange two equations,
e multiply an equation by a nonzero number,
e add a multiple of an equation to another equation,
e delete an equation of the form 0 = 0.

0

Definition. Elementary row operations for (augmented) matrices:
e interchange two rows,
e multiply a row by a nonzero number,
e add a multiple of a row to another row,
e delete a row whose elements are all 0's.

Theorem. After performing elementary row operations, the
obtained linear system has precisely the same solutions as the
old one.




Row-echelon form

Definition. A matrix is said to be in row-echelon form if
o the all-zero rows are at the bottom of the matrix, and
e each non-zero row has more leading zeros than the row pre-
ceding (above) it.

All-zero row is a row containing only 0's, non-zero row is a row
with at least one nonzero element.

The leading zeros of a (non-zero) row are the 0's preceding the
first non-zero entry in the row.

Example.
(0 1.2 3 0 5 4 =7 17
00 4 2 -1 6 6 2 1
o0 00 1 40 2 3
oo o000 0 00 5 =3
00 0 0 0 OO0 0 0
0000 0 00 0 0]




Row-echelon form

Definition. A matrix is said to be in row-echelon form if
o the all-zero rows are at the bottom of the matrix, and
e each non-zero row has more leading zeros than the row pre-
ceding (above) it.

All-zero row is a row containing only 0's, non-zero row is a row
with at least one nonzero element.

The leading zeros of a (non-zero) row are the 0's preceding the
first non-zero entry in the row.

Example.




Row-echelon form

Definition. A matrix is said to be in row-echelon form if
o the all-zero rows are at the bottom of the matrix, and
e each non-zero row has more leading zeros than the row pre-
ceding (above) it.

Example.
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Definition. The first non-zero elements of non-zero rows in a
matrix of row-echelon form are called pivot elements.
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Definition. A matrix is said to be in row-echelon form if
o the all-zero rows are at the bottom of the matrix, and
e each non-zero row has more leading zeros than the row pre-
ceding (above) it.

Example.
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Definition. The first non-zero elements of non-zero rows in a
matrix of row-echelon form are called pivot elements.

Theorem. Every matrix can be transformed into row-echelon
form by elementary row operations.




Transformation into row-echelon form

Theorem. Every matrix can be transformed into row-echelon
form by elementary row operations.

Example.

™ 3 -1 2 13 -1 2
=
2 8 1 3 - ) 2 3 -1
+3- ~

0
]+
1 1 -4 7 0 -2 -3 5 :|—2-
3 -5 9 2 0 4 6 8|
13 -1 2 1 1 27
0 2 3 -1 0 2 3 -1
“lo o o 4 “1o 0 0 4

—
o
—_

)




Transformation into row-echelon form

Sometimes we have to interchange rows:

0 3 -1 2 * 1 —4
2 8 1 3] 2 8 1
1 1 —4 74710 3 =1
-3 -5 9 2 —3 =5 9

1+

+3 o~

N N W



Transformation into row-echelon form

Sometimes we have to interchange rows:

00 3 -1 2 * 1 —4
2 8 1 3] 2 8 1
1 1 —4 714710 3 =1
-3 -5 9 2 -3 -5 9

NN W~
T
|
[N}

Another example:

1*2—132 1 2 -1 3
2457]_]_3.~00 7001

3 2 2 1
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The following procedure, called Gaussian elimination, transforms

an arbitrary matrix into row-echelon form:

e Perform the following steps (1st step, 2nd step, ... ) until we
reach to a row-echelon form of the matrix.

e In the i'th step, find the first (leftmost) column in the actual
matrix that contains a non-zero element in or below the i'th
row. Pick a non-zero element (1 or —1 is preferred) of this
column in or below the i'th row. By interchanging rows, move
the picked element to the i'th row and then designate it as the
pivot element of the ¢'th row. Finally, zero all elements below
this new pivot in its column, by adding suitable multiples of
the i'th row to the rows below it.



Lecture 5 Gaussian elimination

A tip. By multiplying rows, we can avoid fractions (in integer
matrices). For example, instead of

34 1 1 ) 3 4 1 1
2 3 0 0 ]_3:|—§ ~ |0 1/3* -2/3 —-2/3
4 3 -1 =2 0 —-7/3 —=7/3 —-10/3
we can do
3*4 1 1 3* 4 1

1
I
23 0 0|/3~]6 9 0 0 ]_4.
43 -1 —2]/-3 Ll12 9 -3 —6

3 4 1 1 34 1 1
~0 1 —2 -2 ~l0 1 —2 -2

I
0 -7 -7 —10 00 —21 -2
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1. If we transform the augmented matrix of a linear system
into row-echelon form using Gaussian elimination, then the ob-
tained linear system has exactly the same solutions as the original
one, because elementary row operations leave the solutions un-
changed.

2. The solutions of a linear system can be easily read off when
the augmented matrix is in row-echelon form, by proceeding from
the bottom non-zero row upward.

This yields a general method for solving linear systems:

1. Transform the augmented matrix of a linear system into
row-echelon form using Gaussian elimination.

2. Read off the solutions from the row-echelon form, by pro-
ceeding from the bottom non-zero row upward.




Solving linear systems

Example. Solve the linear system
r1 + 2292 4+ dxg = —9
Tr1— X2+ 3x3 =2
3:1)1 — 61‘2 — T3 = 25.



Solving linear systems

Example. Solve the linear system
r1 + 2292 4+ dxg = —9

r1 — X9 + 3x3 = 2
3:1)1 —61‘2—:}33 = 25.

Solution.
1* 2 5 -9 1 2 5 -9 1 2 5 -9
1 -1 3|2 |~]0 =3 —2|11|~|0 =3 —2|11].
3 —6 —-1125 0 —12 —16 |52 0O 0 =818

From bottom to top:

(3rd) —8rz3 =8 ~ x3=-1

(2nd) —3z3 — 223 =11 ~» —323+2=11 ~» xz93=-3
(Ist) x1+2x9+brg3=—-9 ~» 21—6—5=—-9 ~» x1=2
So the solution is | (2, —3,—1) | O
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Definition. In an augmented matrix of a linear system, we call
a row contradicting if it has the form

00 0 ... 0 0 0]c¢c],
for some non-zero number c.
Observation. Since a contradicting row represents the equation
0=c
for some constant ¢ # 0, which cannot be satisfied, we have the
following:

Theorem (Case 1). If a row-echelon form of the augmented
matrix of a linear system has a contradicting row, then the
linear system has no solution.
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Theorem (Case 1). If a row-echelon form of the augmented
matrix of a linear system has a contradicting row, then the
linear system has no solution.

Example. Solve the linear system
1+ 19+ 2203 =3
4x1 + 4xo + 523 =06
Tx1 + Tx9 + 8xs = 10.
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Theorem (Case 1). If a row-echelon form of the augmented
matrix of a linear system has a contradicting row, then the
linear system has no solution.

Example. Solve the linear system
1+ 19+ 2203 =3
4x1 + 4xo + 523 =06
Tx1 + Tx9 + 8xs = 10.
Solution.

1 213 11 2 3 11 2 |3
4 4 5|6 ~|0 0 =3-6|~]0 0 =3|-6].
7 7 8110 0 0 —6|-11 00 0|1

As the third row is contradicting (it represents the equation
0 = 1), there is no solution. O
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Theorem (Case 2). If a row-echelon form (REF) of the aug-
mented matrix of a linear system has no contradicting rows,
and the number of non-zero rows of the REF is equal to the
number of variables (i.e. the number of columns on the left
side of the vertical bar), then the linear system has exactly one
solution, which can be obtained by proceeding from the bottom
non-zero row of the REF upward.
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Theorem (Case 2). If a row-echelon form (REF) of the aug-
mented matrix of a linear system has no contradicting rows,
and the number of non-zero rows of the REF is equal to the
number of variables (i.e. the number of columns on the left
side of the vertical bar), then the linear system has exactly one
solution, which can be obtained by proceeding from the bottom
non-zero row of the REF upward.

Example. The linear system

r1 4+ 229 + brg = —9
{ 1 — 9+ 313 =2
3x1 — 6xg — x3 = 25.
on slide 7 provides an example for this scenario. The row echelon
form had no contradicting rows, and the REF had 3 non-zero rows

(the number of variables is also 3). And there is one solution.
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Theorem (Case 3). If a row-echelon form (REF) of the aug-
mented matrix of a linear system has no contradicting rows,
and the number of non-zero rows of the REF is less than the
number of variables (i.e. the number of columns on the left side
of the vertical bar), then the linear system has infinitely many
solutions, which can be obtained as follows. The variables that
correspond to the columns of pivot elements are called basic
variables; while the other variables are called free variables. The
free variables can be set arbitrarily, and the basic variables can
be expressed in terms of free variables, by proceeding from the
bottom non-zero row of the REF upward.




On the number of solutions

Example for Case 3. Consider the linear system
1+ 3x0 —4drs+w4 =1
221+ 6x9 — Txg+ 24 =6
—3x1 — 929 + 1023 — x4 = —11.

Then we have

1 3 -4 1 1 13 -4 1|1
2 6 -7 1 6 ~ ... ~[0 0 1 -11\4
-3 -9 10 —-1]|-11 0 0 0 |0



On the number of solutions

Example for Case 3. Consider the linear system
r1+3x0—4dx3+x4 =1
221+ 6x9 — Txg+ 24 =6
—3x1 — 929 + 1023 — x4 = —11.

Then we have
1 3 -4 1 1 1 3
2 6 -7 1|6 |~ ... ~]00 1 —1]4
-3 -9 10 -1 |-11 00 0 010
The row-echelon form has no contradicting rows. The basic vari-
ables are x1 and 23, and so the free variables are 25 and 4.
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Example for Case 3. Consider the linear system
r1+3x0—4dx3+x4 =1
221+ 6x9 — Txg+ 24 =6
—3x1 — 929 + 1023 — x4 = —11.
Then we have

1 3 -4 1 1 1 3
2 6 -7 1 6 ~ ... ~[0 0 1 -11\4
-3 -9 10 —-1]|-11 00 0 0 |0

The row-echelon form has no contradicting rows. The basic vari-
ables are x1 and 23, and so the free variables are 25 and 4.
We express the basic variables in terms of free variables:
(2nd) x3—mw4=4 ~ w3=4+ 14
(1st) 1 +3r9 —4das+as=1 ~~

r1 =1 —31’2—{—4(4—}-:134) — x4 =17 — 3x9 + 324.
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1 3 -4 1 1 13 -4 1
2 6 -7 1 6 ~ ... ~|0 0 1 -1
—11 00 0 0

-3 -9 10 -1
The row-echelon form has no contradicting rows. The basic vari-
ables are x1 and 3, and so the free variables are x5 and 4.

We express the basic variables in terms of free variables:
(2nd) r3—ax4 =4 ~> x3=44 14.
(1st) 11 +3r9 —4das+as=1 ~~
r1=1—=3x0+4(4+ x4) — x4 = 17 — 329 + 324.
The free variables can take any values:
r9 =a, 4 =0 (where a and b are arbitrary numbers).

Then the values of the basic variables z, 3 are determined by
the above calculation. So there are infinitely many solutions:
(17 — 3a + 3b,a,4 + b,b) |, where a and b are arbitrary numbers.
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Conclusion #1. A linear system has zero, one or infinitely
many solutions.

Conclusion #2. A linear system has solution(s), if and only if
its row-echelon form has no contradicting rows.




