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The augmented matrix is [A[B] and the system AX = B is represented as follows:

an  aip -+ aiN | b
ay axp - apn | b
@) [A|B] = ) )
ani an2 -+ anw | by

The system AX = B, with augmented matrix given in (7), can be solved by per-
forming row operations on the augmented matrix [A|B]. The variables x; are place-
holders for the coefficients and can be omitted until the end of the calculation.

Theorem 3.8 (Elementary Row Operations). The following operations applied to
the augmented matrix (7) yield an equivalent linear system.

(8) Interchanges: The order of two rows can be changed.
(9) Scaling: Multiplying a row by a nonzero constant.

(10) Replacement: The row can be replaced by the sum of that row and
a nonzero multiple of any other row; that is:
TOW, = TOW, —Hl;p X TOW .

It is common to use (10) by replacing a row with the difference of that row and a
multiple of another row.

Definition 3.3. The number qa,, in the coefficient matrix A that is used to eliminate
agr, wherek =r 4+ 1,r +2, ..., N, is called the rth pivotal element, and the rth row
is called the pivot row. A

The following example illustrates how to use the operations in Theorem 3.8 to
obtain an equivalent upper-triangular system UX = Y from a linear system AX = B,
where A is an N x N matrix.

Example 3.16. Express the following system in augmented matrix form and find an
equivalent upper-triangular system and the solution.

X1 +2x24+ x3+4x4 =13
2x1 + O0xo + 4x3 + 3x4 = 28
dx1 4+ 2xp +2x3 + x4 =20

—3x1 4+ x4+ 3x3+2x4 = 6.

The augmented matrix is

pivot — 1 2 1 413
my; =2 2 0 4 3|28
m3; =4 4 2 2 120
myg=-31 -3 1 3 2| 6
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The first row is used to eliminate elements in the first column below the diagonal.
We refer to the first row as the pivotal row and the element a;; = 1 is called the pivotal
element. The values my are the multiples of row 1 that are to be subtracted from row k for
k =2, 3, 4. The result after elimination is

1 2 1 4 13
pivot — 0 —4 2 =5 2
m3p = 1.5 0 -6 —2 —15]| =32
mgyp=-175 | 0 7 6 14 45

The second row is used to eliminate elements in the second column that lie below the
diagonal. The second row is the pivotal row and the values my; are the multiples of row 2
that are to be subtracted from row k for k = 3, 4. The result after elimination is

1 2 1 4 13
0 —4 2 -5 2
pivot — 0 0 =5 -75|-35
my3 = —1.9 0 0 9.5 5251|485
Finally, the multiple m43 = —1.9 of the third row is subtracted from the fourth row, and

the result is the upper-triangular system

2 1 4 13
-4 2 -5 2
0 -5 -75|-35
0 o0 -9 | —18

(1)

S oo

The back-substitution algorithm can be used to solve (11), and we get
X4 =2, x3 =4, X = —1, x; = 3. n

The process described above is called Gaussian elimination and must be modified
so that it can be used in most circumstances. If ai; = 0, row k cannot be used to
eliminate the elements in column k, and row k must be interchanged with some row
below the diagonal to obtain a nonzero pivot element. If this cannot be done, then the
coefficient matrix of the system of linear equations is singular, and the system does not
have a unique solution.

Theorem 3.9 (Gaussian Elimination with Back Substitution). If Aisan N x N
nonsingular matrix, then there exists a system UX =Y, equivalentto AX = B, where
U is an upper-triangular matrix with uyx # 0. After U and Y are constructed, back
substitution can be used to solve UX =Y for X.
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Proof. 'We will use the augmented matrix with B stored in column N + 1:

- (D (D (€Y M - A _ _

ayy dp 43 o iy X1 a§113,+1
(D (n n (1)

yy Gy Gy 0 oy X2 "élzzl "
(H (H () )

a a a ceeoa X (e8]

AX = | “31 32 33 3N 3 = asy41 | = B.

1 1 1 1 (D

a](\,; a,(V% “/(vg e al(\,g\, _XN_ _“N N+ |

Then we will construct an equivalent upper-triangular system UX = Y:

(1) (€Y [€)] M . A @ 7

ayy dyp dyy o dpy X1 aI N+l
2) 2) 2) ?2)

0 ay; a7 - ayy X2 A N+1
3) 3 3)

vx=| 0 0 a3y - azy Bl = | By | =Y.

(N) (N)

0 0 0 - ayy|[*™] |aynt

Step 1. Store the coefficients in the augmented matrix. The superscript on ar(i)

means that this is the first time that a number is stored in location (r, ¢):

(D 1) (D (€))] (D ]

ayy A a3 ot Ay | Ap Ny
(e8] (€8] (D) (1) (D)

Ay Gy dpy - Gy | Aynyg
[€)] 1) (D (D (D)

Az Az A3z 0 A3y | A3y
IO M |

Ay1 Ay2 An3z " QNN | NN+

Step 2. If necessary, switch rows so that aﬁ) # 0; then eliminate x| in rows 2
through N. In this process, m, is the multiple of row 1 that is subtracted from row r.

forr =2: N
o =l o)
ay = 0;
forc=2:N+1
o = al? —mpr v all

end
end
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The new elements are written ag) to indicate that this is the second time that a

number has been stored in the matrix at location (r, ¢). The result after step 2 is

- (D (D (D (€8] (D T

ayp A 43 o Ay | 99N
) 2) 2) 2)

0 ay ay - ay | a3y
2) 2) 2) 2)

0 a3 a3 - agy | a3y
2) 2) 2) )

0 ayny ay3 -+ ayy | ayn4

Step 3. If necessary, switch the second row with some row below it so that

ag) # 0; then eliminate x» in rows 3 through N. In this process, m,, is the multi-

ple of row 2 that is subtracted from row r.

forr=3:N
2),
myy = afz)/“éz);
3 =0

forc=3:N+1

3 2 2
argc) = a}EC‘) — Mm% aéc);

end
end
The new elements are written ag) to indicate that this is the third time that a num-
ber has been stored in the matrix at location (r, ¢). The result after step 3 is

(D (D (€Y (D (€Y ]

ayy Gy Ay s Ay | Ay
(2) (2) 2) (2)

0 ay ayy - ayy | ayyyy
3) (3) 3

0 0 azy - azy | a3y
3) (3) 3)

0 0 ay3 - ayy | ayni

Step p + 1. This is the general step. If necessary, switch row p with some row

beneath it so that ag;,) # 0; then eliminate x, in rows p + 1 through N. Here m,), is

the multiple of row p that is subtracted from row r.

forr=p+1:N

ey = a1

A5 =0,
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forc=p+1:N+1

(p+1) (P) .
Qre = GQre — Myp *¥dpc s

end
end

The final result after xy_; has been eliminated from row N is

D (D (N (D (€8] n

ajpp 4 43 o Ay | 91N
) ?2) 2) 2)

0 ay; ayy - ayy | a3y
3) 3) 3)

0 0 a3 -+ a3y | a3y4
Ca ™ |

0 0 0 - ayy | ayyy

The upper-triangularization process is now complete.

Since A is nonsingular, when row operations are performed the successive matrices
are also nonsingular. This guarantees that a ,Ei) # 0 for all k in the construction process.
Hence back substitution can be used to solve UX = Y for X, and the theorem is

proved. °

Pivoting to Avoid a},’;,) =0

If al(f;,) = 0, row p cannot be used to eliminate the elements in column p below the

main diagonal. It is necessary to find row k, where a,ﬁl’;) # 0 and k > p, and then in-

terchange row p and row k so that a nonzero pivot element is obtained. This process is

called pivoting, and the criterion for deciding which row to choose is called a pivoting

strategy. The trivial pivoting strategy is as follows. If 01(777) # 0, do not switch rows.

If aif;,) = 0, locate the first row below p in which algﬁ) # 0 and switch rows k and p.

This will result in a new element al(f;,) # 0, which is a nonzero pivot element.

Pivoting to Reduce Error

Because the computer uses fixed-precision arithmetic, it is possible that a small error
will be introduced each time that an arithmetic operation is performed. The following
example illustrates how use of the trivial pivoting strategy in Gaussian elimination can
lead to significant error in the solution of a linear system of equations.



132 CHAP.3 SOLUTION OF LINEAR SYSTEMS AX = B

Example 3.17. The values x; = xp = 1.000 are the solutions to

1.133x1 + 5.281x, = 6.414

(12)
24.14x; — 1.210x = 22.93.

Use four-digit arithmetic (see Exercises 6 and 7 in Section 1.3) and Gaussian elimination
with trivial pivoting to find a computed approximate solution to the system.

The multiple m; = 24.14/1.133 = 21.31 of row 1 is to be subtracted from row 2 to
obtain the upper-triangular system. Using four digits in the calculations, we obtain the new
coefficients

al) = —1.210 - 21.31(5.281) = —1.210 — 112.5 = —113.7
al? = 2293 -2131(6.414) = 22.93—136.7 = —113.8.

The computed upper-triangular system is

1.133x1 +5.281x, = 6.414
—113.7xy = —113.8.

Back substitution is used to compute x, = —113.8/(—113.7) = 1.001, and x| = (6.414 —
5.281(1.001))/(1.133) = (6.414 — 5.286)/1.133 = 0.9956. ]

The error in the solution of the linear system (12) is due to the magnitude of the
multiplier my; = 21.31. In the next example the magnitude of the multiplier mo; is
reduced by first interchanging the first and second equations in the linear system (12)
and then using the trivial pivoting strategy in Gaussian elimination to solve the system.

Example 3.18. Use four-digit arithmetic and Gaussian elimination with trivial pivoting
to solve the linear system
24.14x1 — 1.210xp = 22.93

1.133x; + 5.281x2 = 6.414.

This time my; = 1.133/24.14 = 0.04693 is the multiple of row 1 that is to be subtracted
from row 2. The new coefficients are

aé? =5.281 — 0.04693(—1.210) = 5.281 + 0.05679 = 5.338
al? = 6.414 — 0.04693(22.93) =6.414—1.076 = 5.338.

The computed upper-triangular system is

24.14x1 — 1.210xp = 22.93
5.338x2 = 5.338.

Back substitution is used to compute x» = 5.338/5.338 = 1.000, and x; = (22.93 +
1.210(1.000))/24.14 = 1.000. [ ]
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The purpose of a pivoting strategy is to move the entry of greatest magnitude to
the main diagonal and then use it to eliminate the remaining entries in the column. If
there is more than one nonzero element in column p that lies on or below the main
diagonal, then there is a choice to determine which rows to interchange. The partial
pivoting strategy, illustrated in Example 3.18, is the most common one and is used in
Program 3.2. To reduce the propagation of error, it is suggested that one check the
magnitude of all the elements in column p that lie on or below the main diagonal.
Locate row k in which the element that has the largest absolute value lies, that is,

|akp| = max{|app|, |ap+lp|’ cee |61N71p|, |aNp|},

and then switch row p with row k if kK > p. Now, each of the multipliers m,, for
r=p-+1,..., N will be less than or equal to 1 in absolute value. This process will
usually keep the relative magnitudes of the elements of the matrix U in Theorem 3.9
the same as those in the original coefficient matrix A. Usually, the choice of the larger
pivot element in partial pivoting will result in a smaller error being propagated.

In Section 3.5 we will find that it takes a total of (4N3 +9N? —7N) /6 arithmetic
operations to solve an N x N system. When N = 20, the total number of arithmetic
operations that must be performed is 5910, and the propagation of error in the compu-
tations could result in an erroneous answer. The technique of scaled partial pivoting
or equilibrating can be used to further reduce the effect of error propagation. In scaled
partial pivoting we search all the elements in column p that lie on or below the main
diagonal for the one that is largest relative to the entries in its row. First search rows p
through N for the largest element in magnitude in each row, say s,:

(13) sp = max{la,pl, larp+1ls ..., lapnl}  for r=p, p+1, ..., N.

The pivotal row k is determined by finding

(14) |akp| — max { |app| |ap+]p| . |aNp| } .

Sk Sp Sp+1 SN

Now interchange row p and k, unless p = k. Again, this pivoting process is designed
to keep the relative magnitudes of the elements in the matrix U in Theorem 3.9 the
same as those in the original coefficient matrix A.
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