Problem 1 (24 points)

Provide short answers to the following questions.

A. An operation OP has the following characteristics:

e OP Latency = 7 cycles
e OP Cycles/issue = 2

Derive a lower bound on the computation time (in cycles) for the following computation
x[0] OP x[1] OP x{2] OP .,. OF x[n-1]

Lower bound: :fiﬁ"_l)é cycles

B. Consider the following program adding two vectors of length n:

void vectorsum{double *x, double xy, double +z, int n)
{

int i;
for (i = 0; i < n; i++)
z[1i] = x[i] + y[il;

}

If we assume a CPU that can complete 1 addition every cycle, this computation will
take at least n cycles. Assume that z,y, 2 are all in a cache. The bandwidth between
this cache and the CPU is 1 double/cycle. Derive a lower bound on the computation
time (in cycles) based on this information.

Lower bound: __ 2" __ cycles

C. What is the advantage of write back caches? _
Minirhizgs writel 1o memord when thece are many wites

to the same memory locakon .

D. A system with 32-bit physical addressing mode, has a 2-way set associative cache with

a capacity of 64KKB and block size of 32B. Derive how the address is divided:
Ry

¢ How many bits are used for block offset? _b__

i

¢ How many bits are used for the set index? _\9

¢ How many bits are used for tag? _ ©

Lo L
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E. For what type of cache will there never be a conflict miss?

Fu\\u\ assoGate. cache,

F. Why is loop unrolling often useful in improving the performance of numerical code?

It enables ofther optimizalions , for emmpla
Scaolar veplacement or feassouation

G. Consider the following ¢ code:

double » func(const double N, double *x, int size){
for (i=1; i<size ; i++)
x[il={(x[i]/size)*N;

|

The previous loop can be optimized as follows:

double » func{const double N, double *x, int size) |
double tmp = N/size;
for (i=1l; i<size ; i++)

x[1] = x[i]*tmp;

]

gee will not perform this optimization. What could be the reason?

F\oahr\j Pom‘l‘ mulhp\\coT\o}\ 's nol associative. .

H. Two algorithms A; and Aj solve the same numerical problem and involve only floating
point additions and multiplications. A; has higher performance (measured in flop/s)
than A,. Which algorithm is faster and why?

One. cannsl Sad . A ould (eqoire. move
O?QFO‘\'\O(’\S ond hernve be Slower .
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Problem 2 (22 points)

Consider the following Matlab function implementing a fast Fourier transform (FFT). The
input and output are both vectors of length n.

% x and y are vectors of length n
function vy = f£ft (x)
n = length{x};

% allocate the result y which is a column vector
y = zeros(n,1);

% base case

if n == G« =0
1} = i -
y (1} x (1} M =0Q

return
end

m n/2; % ignore in the cost computation

¥y(l:m) = x{l:im) + X(m+1l:n); S N CleiS

y{m+lin) = x{(l:m) x{m+l:in);

% compute_constants(m) returns a list of m constants
% the internal cost of this function can be igpored

y{m+l:n) = y(m+l:n).+compute_constants (m); 3 !l YY\U&*S
2.

tl = £E€E(y(1l:m));
t2 fft{y(m+l:n});

y(l:2:n) = tl;
y(2:2:n) t2;
raturn

Il

The goal is to compute the floating point cost of this function (use the next page):

A. Compute the number of additions (subtractions also count as additions) required for
size n.

Number of additions: A lO 2 N

B. Compute the number of multiplications for size n.

L n log, n
Number of multiplications: 2~ 32'

Show the derivation.
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The formula fi, = ca® + 357 a’s,_; solving fo = ¢, fv = afi_1 + si, k > 1 may be helpful.

Nombes of addihons"
Ga = 2la, +00 < Ac=2A, t2"°
P\o= O

Ae = 2p- ’\'Zkl AsO

Ae = ¥4 s
= 22
| =3

Py K
= 25 = k-2
3

Cin = n ‘Ojl (n)

(\{umb@r O‘g W\UthIICQ'hOﬂSS

Ma= M, + 1My > Me = 2Mey 1 27
Mo = O

Me = 2 Me+ 2F % M= O
- . - /
Me = 2 o5 gFT

VEO

_ -1 lp-—_(. = k-2
i=o
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Problem 3 (24 points)

Consider a direct mapped cache of size 64K with block size of 16 bytes. You will calculate
the miss rate for the following code using this cache. Remember that sizeof {(int) ==

4. Assume that the cache starts empty and that the local variables i,

3 and

computations involving them take place completely within the registers.

Note: It helps to draw the cache. Provide some detail so we see how you did it.

A. Now consider the following code to copy one matrix to another. Assume that the srec

matrix starts at address 0 (i.e., src[0] [0] is mapped to the first element of the first
cache block) and that the dest matrix immediately follows it.

void copy_matrix(int dest [ROWS] [COLS], int src[ROWS] [COLS])

{
int i, §;
for (i = 0; 1 < ROWS; i++)

o Every blodk
conlaings 4 elemenls

for (j = 0; j < COLS; j++)
dest[i][3] = srclil [3); ° The cache stores
} ) 129 x 129 etements
1
1. What is the cache miss rate if ROWS = 128 and COLS = 1287
Miss rate = _ 100 % X
2. What is the cache miss rate if ROWS = 128 and COLS = 1927
Miss rate = _ 25 %
3. What is the cache miss rate if ROWS = 128 and COLS = 2567
Miss rate = 100 9
¥ For cos L and 3 ¢ Tor case 2.
Cathe Mom Cadvre,
srC 1‘__1 ST HKAL 1[ e 1 1
dett e[ W %
— g L

K QLCesses
o— memorj - cadre ma]:?wﬂ.

Jest Till}] and scc LiIGyT 6 of 11

are mopped To the same

Yok .
NMigs rafe = 100% |

dost V16T and src DLy

ace mapped To different

blocks

TOTO‘ MASEES = \o\'o\ acceses
Block si2e

=/4 TTal acceses



B. Now consider the following two implementations (one is on the next page) of a
horizontal flip and copy of the matrix. Again assume that the src matrix starts at
address 0 and that the dest matrix immediately follows it.

void copy_n_flip_matrixl(int dest [ROWS] [COLS], int src[ROWS] [COLS))
[
int i, j;
for (i = 0; i < ROWS; i++)
for (j = 0; j < COLS; j++)
dest [i] [COLS - 1 - j) = src[i][]];
}

}
]

1. What is the cache miss rate if ROWS = 128 and COLS = 1287
Missrate = _ 25 %
2. What is the cache miss rate if ROWS = 128 and COLS = 1927
Miss rate = __ 25 4
s For case 1
Cache _ :
sm'i\ﬂ‘ = z dest LiJlcots-4-\] and srctl][J]
> ﬁ' Y Gre mos)?ed Yo diffecent
blocks.
dedl; KX Mig rare =299%
x Yor case 2
L Cache dest TiJTco-4-31 and sefill1
aa | % & m Gre mapped fo diffecent
— | 4L blocks.
- A B0 Miss rate = 259,
des] LT
=L - - -
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void copy_n_flip matrix2 (int dest [ROWS] [COLS], imt src[ROWS)] [COLS])
{
int i, j;
for (j = 0; j < COLS; j++)
for (i = 0; i < ROWS; i++)
dest [1] [COLS - 1 - j] = src[i](3];
}

]

1287

128 and COLS

1. What is the cache miss rate if ROWS
Missrate = __ 25 @

2. What is the cache miss rate if ROWS
Missrate = __ 15 %

128 and COLS = 1927

¥ Tor cose 1:

o Mem Cac\f\Q,
o : There is 1o conflich
¥
* Miss rate = 25°-
deﬁo ,}({ v
¥
s
—_— 1 1
% For cose 2
There are 0O Conflichs
e e In 2 of the fofel nomber
Sre f r =
x_ _ _ _ _L of awcesses , Ond hence
1 AR T h
Conflict gf_ 77 /i 1 ef every I of these
] QCesses 1 G rmss |
No GW_ el f | Thesie aie onflicks 10
= T 21 Ponfich of accesses , and hence,
Query of Yhese accesses
(S A wiss
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Problem 4 (30 points)

We consider a computer with a direct-mapped cache with 256 sets. Each cache block fits
16 bytes, i.e., 2 doubles. Also, the computer has 4KB pages and one TLB with 256 entries.
Consider the following program which performs some computation on one column of a 2D
array.

typedef double data([512]([512]

// K is the (positive) number of iterations

// *res will contain the result; ignore in the analysis

void important_algorithm(data a, int col, int K, double sres)
{

ror (1 20 K # The cache stores
or (i = 0; i < K; i++)
for (j = 0; 3 < 512; j++) S\ 6‘61’\’\6(\\'&

access_compute({al[j]icol], res);

A. Determine

(a) the number of cache misses, - 512K

(b) the types of occuring cache misses, -—>» Cold and con Fii ct .

(c) the number of TLB misses —r S5(2. K »
of the above program. Only consider the array a in this analysis. For simplicity you
can assume that the column of a that you consider is cache-aligned, i.e., a[0] [col] is

mapped to the first element of the first cache block. Assume an empty cache and empty
TLB. Again, it helps to draw the cache. Also, show some detail so we know how you

did it.
(a) Afray Q- Cache AW atyd CcoLd are
SiZ
( 2%
_.___|__v_,_,___7'
S

()

TL® accesses jump 512 doubles or 4 e
Therefore , €ach Qless 1s g new page .
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B. Because the programmer was not happy with the performance, she came up with an
idea to change the way the data is stored. Specifically, she introduced a new data type

typedef betterdata[512][513]

and copied using the function

void copy(data a, betterdata b)
[
int i, 3;
for (i = 0; i < 512; i++)
for (j = 0; j < 512; j++)
b[1][]] afil [31:
b[i][512] 0;

}

This technique is called zero-padding. Determine the number of cache misses when the
program important_algorithm is applied to this new data type (betterdata
instead of data}. Again, it helps to draw the cache. Also, show some detail so we
know how you did it. a[0] [col] is again mapped to the first element in the first

cache block.
Cache:
Pevay o g=0  JeL =z

Ol olo
{
N
4

blz.

|

e

-
e
P

YV

No reuse .
Cache misses = SI2 kK
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C. Since the performance of the zero-padded version was still not as good as expected, the
programmer decides to buy a computer with twice the cache size (1024 doubles instead

of 512). Three cache options are available. Determine in each case the number of cache
misses of important algorithm (still working with betterdata):

(a) Twice the cache block size —; S (2 K-

(b) Twice the number of sets —» S| 2_

(c) Two-way set associative —y S| 2.

Again, it helps to draw the cache. Also, show some detail so we know how you did it.

(o) Lot (v)
1211 1\ 21 1 Some Scenarno® Cache Alods donl
- X 1%elemerﬁs nMap . overtap. A b\oct\f-
56 : o the same block . __1_40 per element o
\ J-\ T3 | The blodke i f G\ .
‘ overwriffen eveqy ; S0 There will be
J e . ‘ Cache, WMSSES
—————"  (odhe mises:BiRE z N List iteralior
4-dodoles 5 \ (ache mises= 512
(c) Cacke B
[T ) 2 consecotive elements of col
ﬁ' 2% S Gre  mapped to +he same, <€V index
e {l ! st J‘r\nej wn . shred N Fhe 2 woys
\ " Cadhe  misses =912 .

D. With the (proper choice of) new cache the number of cache misses got indeed reduced.
But by how much did the number of TLB misses get reduced and why?

The number 01[ TLS misses does ol d\onﬂ(_, |
Fach elemenl of Cot s maf?ed 1o Qd{ﬁ(erer\T ?aje,.
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