NMAIO57 — Linear algebra 1
Tutorial 11 - with solutions
Linear maps

Date: December 15, 2021 TA: Denys Bulavka

Problem 1. Decide and justify whether the following real functions are linear maps

(a) fi(z) =0,

(b) fa(z) =1,

(c) fs(x) = 2z,
(d) falz) =2 +1,
(e) fs(z) =22
Solution:

Recall the definition of a linear map. For vector spaces U, V over a field F, a
map f: U — V is linear if for all z,y € U and a € F:

(i) flz+y) = fl@)+ f(y),
(i) flax)=af(z).

We will verify the conditions from the definition for the given maps.

(a) Forallz,y e RaaeR
(i) filz+y)=0=04+0= fi(z) + fi(y) a
(ii) filox) =0=a0 = afi(z).
Both conditions hold and f; is linear.

(b) Analogously for fo:

(i) The first condition is not satisfied since

flet+y)=1#2=1+1= fo(z) + f2(y).

(ii) There is no need to compute any further but we will check also the
other condition

folax) = fo(w) =1# a=al = afy()

and for all a € R, neither the second condition holds.
The map is not linear.

(c) Forall zZ,y e Raa eR



(i) falr+y) =2(x+y) = 2(x) + 2(y) = fs(z) + fs(y) and
(i) f3(ax) =2ax = a2z = afs(z).
Both conditions hold and the map is linear.

(d) Tt is a linear map. The check is similar to f3 above.

(e) The map is not linear. Neither of the conditions hold. For example:
Q) fslz+y) =(z+y)* =2+ 22y +y* # 22 +y* = f5(z) + f5(y).

Problem 2. Decide and justify whether the following transformations of R? are linear maps

(a) f6((331,£€2)T) = (v1 + T2, 71 — 952)T7

(b) fr((z1,22)T) = (x1 — @2, 11 — 32) 7.

Solution:
We proceed similarly to the above problem.

(a) The map fg is linear. For all (x1,22)7, (y1,y2)" € R? and o € R:

(1) fo((zr,22)" + (Y1, 92)") = fo((x1 +yr, 20 + 1)) = (21 +y1 + 22 +
Yo, 1+ Y1 — T2 — ya)t = (1 + zo, 21 — Ta)T + (y1 + yo, 1 — y2)T =
fo((z1,22)") + fo((y1,92)") and

(i) fo(a(zy, z2)T) = fo((azy, axs)?) = () + axg, axy — aze)? = ax) +
Ty, 11 — 12)T = afs((x1,12)7).

(b) The map f7 is linear. Analogous to fs.

Note that we could have also used matrix representation of the maps and rely
on properties of matrix product.

Problem 3. For the transformation fg : R? — R? defined above, find the matrix [fg] Ko, K, Of
f6 w.r.t. the standard basis Ky = {e; = (1,0)7,e5 = (0,1)7} of R2.

Solution:
Using the definition of a matrix of a linear map w.r.t. bases of the domain and
range we get

liases = (el Uslenlie) = (o0l Ua0.0e) = (5 )

Alternatively, we could have used the theorem about computation of a linear
map using [fs]k, .k, and derive the same result from the definition of f.

Problem 4. Consider the basis By = {(—1,0,3)7,(2,-2,2)7,(0,1,—-3)T} of R3. Find the
matrix of f: R* — R?® w.r.t. the basis By (i.e., [f]5,.5,) if you know that f maps
the basis vectors as follows (note that all vectors are scaled by a factor of 2):
f(( ]' O 3) ) (_27076)T7
f((27 -2 2) ) (47 _47 4)T7
f((()? 17 ) ) (07 27 _6)T



Problem 5.

For x with coordinates [z]z, = (1,2, —1)", use the matrix [f]p, p, to compute

the coordinates [f(z)]p, of the image of z under f w.r.t. By.

Solution:

We will construct the matrix F' = [f]|p, p, using its definition. To compute the
first column of F', we map the first basis vector z; = (—1,0,3)7 to f((—1,0,3)T) =
(—2,0,6)T and compute the coordinates of the image w.r.t. basis B;. Thus, we
need to solve a linear system Az = b with the matrix

1
r1 T2 I3 f(fEl) ~ 0 -2 1 0 ~ 0
0

O = O
— o O
S O N

where the basis vectors from B; form the columns of A and f(z;) is the right
hand side b.

Note that we can compute all the vectors “in parallel]” by manipulating the
following block matrix

By, By, Bu, | f(z1) f(x2) f(zs) | ~ | =1 22 @3] f(x1) flz2) fla3)

-1 2 0(-2 4 0 1 002 00
~ 0O -2 1[0 —4 2 ~1 01 0[]0 20
3 2 -3,6 4 -6 00 1/0 0 2

We can read off the result from the right block of the RREF, i.e.,

F= [f]Bl,Bl =

S O N
o NN O
N OO

On a high level, it makes sense that the matrix is a multiple of the identity
matrix, as the map simply takes the basis vectors in B; and scales them by a
factor of two.

We can compute the coordinates of f(z) w.r.t. By using [z|p, = (1,2, —1)T as
Flalg, = [fl.p2]5, = [f(@)]5, = (2,4, -2)".

For the linear map f from the previous problem, find the matrix [f]p, 5, of f
w.r.t. the bases

By ={r;=(-1,0,3)", 2o = (2,-2,2)", 25 = (0,1, -3)"} and
By ={y = (=1,1,0)" 5o = (0,1, 1), y5 = (1,0, 1)"}.

For x with coordinates [z]z, = (1,2, —1)", use the matrix [f]g, p, to compute

the coordinates [f(z)]p, of the image of z under f w.r.t. Bs.



Problem 6.

Solution:

Again, we will construct the matrix [f]p, p, using its definition. The computation
is similar to the previous problem with the difference that we need to compute
the coordinates of the images of basis vectors from B; w.r.t. basis By. Thus, we
need to solve the following system

v Y2 ys| f(w) flze) f(x3) ~

-1 0 1}{-2 4 O 1 00[-2 -2 =2

~ 1 1 0] 0 —4 2 ~1 010 -4 -2 4

0 -1 16 4 —6 0012 2 =2
-2 =2 =2
The matrix is [flp, 5, = | -4 —2 4
2 2 =2

Finally, for the given vector z with coordinates [z]z, = (1,2, —1)T, we compute

[ (@)]B = [f]Bypolals, = (2,-12,8)".

For the bases B; and B, from the previous problem, find the change of basis
matrix [id], p, that transforms coordinates w.r.t. By into coordinates w.r.t. B.

For z with coordinates [z]5, = (1,2, —1), use the change of basis matrix [id] 5, p,
to compute the coordinates [x]p, of x w.r.t. Bs.

Solution:
We can proceed as above with the main difference that the transformation is the
identical transformation. We compute the change of basis matrix as follows:

-1 0 1}]-1 2 0 1002 -1 -1

~ 1 1 00 =2 1 ~(010-2 -1 2

0O -1 13 2 =3 0011 1 -1
2 -1 -1
The matrix is [id]g, 5, = [ -2 —1 2
1 1 -1

Finally, we transform the coordinates [z]5, = (1,2, —1)7 using the matrix [id] g, 5,
and we get

[id}Bl,BQ [x]Bl = [/ld('r”BQ = [I]BQ = (17 _674)T'
To check the result, we could also solve the corresponding system that computes
the coordinates of x w.r.t. By directly.



Problem 7.

Problem 8.

Problem 9.

How about transforming the coordinates [z]p, of & w.r.t. By into coordinates
w.r.t. B;? Find the change of basis matrix [id]p, p, that transforms coordinates
w.r.t. By into coordinates w.r.t. Bj.

For x with coordinates [z]|p, = (1,—6,4)T, use the matrix [id]p, 5, to compute
the coordinates [z]p, of © w.r.t. By.

Solution:
We simply need to swap the blocks of the matrix constructed in the previous
problem.

o 1 2 0|-1 0 1 100[123
Ill'gl’gylygygfv0—21110N010012
[ I I 3 2 =30 —-11 00 1|1 3 4
1 2 3
The matrix is [id]g, 5, = [0 1 2
1 3 4
The coordinates [z]p, are then computed as
[?:d}B%Bl [$]32 - [Zd(x)]Bl = [I]B1 - (17 2, _l)T'
Consider f: Z2 — Z32 defined by the matrix
1 31
flers=(2 2 1
4 0 3
w.r.t. the standard basis K3 of Z2 and the basis B = {(3,2,1)7,(1,3,4)7,(2,2,2)T}
of Z3.
Compute the matrix [f], r, of f w.r.t. to the standard basis K3 of Z3.
Solution:
Since f = f oid, we can compute
131\ /31 2\ /(111
froses = [lasclidliys = [flaw (idpr) =2 2 1) |2 3 2] =(1 20
4 0 3 1 4 2 1 30

Consider g: Z2 — 73 defined by the matrix
13
[g]K2,K3 =14 0
2 6

w.r.t. to the standard bases K, of Z2 and K3 of Z3.



Compute the matrix [g]p, 5, of g w.r.t. the bases By = {(1,4)",(3,1)"} of Z2
and Bs = {(1,1,2)7,(1,0,3)T, (6,0,5)T} of Z2.

Solution:
Note that g = id o g o id and we can compute

[9]32,33 = [id]Ks,Bs [g]K2,K3 [id}32,K2 = ([id]Bs,fﬁ)il[g]KzJQ [id]BmKw

where we can easily construct the last two change of basis matrices

1 3 1 16
[id]Bz,Kz = (4 1) 7[id]Bs,K3 =100
2 3 5

To complete the computation, we need to only compute the corresponding inverse
and multiply the matrices:

1 3\

4 1)

-1

[9]32733 =

N~ =
w O =
o O O
DN > =
oSS O W
ot O =~
S O Ot

Problem 10. Consider h: Z2 — Z3 defined by the matrix

4 3
[h]Bz,Bs =12 4

31
w.r.t. the bases By = {(4,3)",(1,4)"} of Z2 and By = {(1,1,1)7, (1,4,0)7, (4,0,1)"}
of Z3.
Compute the matrix [h]f, r, of h w.r.t. the standard bases K, of Z2 and K3 of
73.
Solution:

Similarly to above, note that h = id o h o id and we can compute

[h]KQ,K:s = [id]B:a,K?, [h]Bz,Bs [id]K2,B2 = [id]B37K3 [h]Bz,B3([id]B2,K2>_l

11 4 4 3 4 1)\ 3 2
=140 2 4 (3 4) =(2 3
1 01 3 1 2 3

Problem 11. For the linear maps f and h defined above, compute the matrix [f o h]k, k, of
the composed map foh: Z2 — Z2 w.r.t. the standard bases K, of Z2 and K3 of
Z3.

Solution:



Since we know both matrices, we can compute the required matrix as their
product:

1 11 3 2 2 3
[f © h]K2,K3 - [f]Ks,Ks [h]K2,K3 =(1 20 231=123
1 30 2 3 4 1



