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Recall: Memory Hierarchy
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Why do we need Memory Hierarchies?

Some fundamental properties of computer
systems
e Fast storage technologies cost more per byte,
have less capacity, and require more power
(heat!).
e The gap between CPU and main memory
speed is widening.

e Locality comes to the rescue!
These fundamental properties of hardware and software

suggest an approach for organizing memory and
storage systems known as a memory hierarchy.
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Fundamental idea of a memory
hierarchy

e  For each k, the faster, smaller device at
level k serves as a cache for the larger,
slower device at level k+1.

e Because of locality, programs tend to
access the data at level k more often than
they access the data at level k+1.

(Ideal): The memory hierarchy creates a large pool of
storage that costs as much as the cheap storage near
the bottom, but that serves data to programs at the
rate of the fast storage near the top.



Caching in Memory Hierarchy

Cache Type What is Cached? Where is it Cached? Latency (cycles) Managed By

Registers 4-8 bytes words CPU core 0 Compiler

TLB Address translations On-Chip TLB 0 Hardware MMU

L1 cache 64-byte blocks On-Chip L1 4 Hardware

L2 cache 64-byte blocks On-Chip L2 10 Hardware

Virtual Memory 4-KB pages Main memory 100 Hardware + OS

Buffer cache Parts of files Main memory 100 0S

Disk cache Disk sectors Disk controller 100,000 Disk firmware

Network buffer cache  Parts of files Local disk 10,000,000 NFS client

Browser cache Web pages Local disk 10,000,000 Web browser

Web cache Web pages Remote server disks 1,000,000,000 Web proxy server
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Cache Example #1: Tag-Index-Offset Breakdown

Cache Size: 1 MB

Block Size: 64 Bytes

4-way Set-Associative

36-bit byte-addressable address
space.

Complete the TIO address

breakdown:
Tag Index Offset

36-12-6 12 6



Cache Example #2: TIO Breakdown

Assume a system with the following properties:

e Cache Size: 16 KB

e Line Size: 32 Bytes

e Direct Mapping
What would be the values of each of the three fields for the following
addresses?

Address Tag Index Offset

0x00B248AC

0x5002AEF3

0x10203000

0x0023AF7C




Cache Example #2: TIO Breakdown

Assume a system with the following properties:

What would be the values of each of the three fields for the following addresses?

Cache Size: 16 KB
Line Size: 32 Bytes

Direct Mapping

Address Tag Index Offset
0x00B248AC | 0x2C9 0x45 0xC
0x5002AEF3 | 0x1400A 0x177 0x13
0x10203000 | 0x4080 0x180 0x0
0x0023AF7C | Ox8E 0x17B 0x1C




Cache Simulator

Simulates usage of Cache

o Step-by-step explanation
e Adjustable system parameters

e Cache hits, misses, counts and
history

e Physical Memory and Cache
Memory can be visualized
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https://courses.cs.washington.edu/courses/cse351/cachesim/

~ Systesn Parameters:

Address wideh (6 v birs
Cachesize:  [16 +] bytes
Blocksize: 02 ® 4 O Shyes

Assocatnity: O 1 ® 2 O 4 way(s)
Weite it [WisBack v/

Write Miss: [ Wekte-adocads v |
Replacement: Loast Racanty Used |

| Resat System |
[ Explan

- Manual Memory Access: ~ History:
(Neat | Addr- Ox 23 > Wiean) = )

GExplan - Addr Ox , Byte: Ox

.m' X

Read: @22
selit addreas into 110 breskdown,

me«&6, C= 16
K=4, E=2
Write back
Write-allocate
Eviction: LRU

Physical Memory
[0]0]= === |m=]==] | ixo0j20|f6lefleala2|5e|9f|1a
0]0]=|=={=m]==]==] oxoija2]d0j4fic4({a0|0c|£7{27
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—System Parameters: ~Manual Memory Access: ~— Hintory:
Address mdth (6 v/ bits [ Nt | Adde: 0x 23 Vo
Cachesaze: (16 v bytes B Explan I Addr 0x . Bare Ox .
Block size -_'2 L F] L 8 byres "

Asociativaty. 1 ® 2 O 3 way(s)
Wrvte Hit !mM 'v:. - Tag Index \w - Cache Hie  Cache Misses
VoM [iisi ) o T N
Replacement: | Least Recanty Used v |
LRaset Systom Cookdng fac Tag 4.7\ RIS :
L Explain Invalld CLine & chosen for replacesent. i} Lusd ||

m=2¢8, C=186
K=4, E=2
Write back
Write-allocate
Eviction: LRU

. [Ba3EI02]AE Bl EA[EE]eS

oxoicdl4aif6i48 (1265|7263
“xo:le9|36lae|32|0d!37 [beles

Jxo0d3latiadi711e2123]9¢]59



~— Hintory:

» A0s2)) e N

— System Parameters: ~ Masual Memory Access:
Address mdth (6 v bits [t | Adde 0x 23
Cachessze:  [16 v tates @ Explam W Addr Ox . Baee Ox
Block mze: D2 % 5 0 Sytes e
Amociativity. 1 # 2 0§ way(s) e TR | P NS e =
Write Hit [Vﬂlo—bl'&- .,} : N_ . Lmlﬁm . Cache His  Cachie Misses
Write Miss:  [Wiite-alocatn v S e i I RS
Replacemest: |Least Recanty Used v St 8 .
Iralid Line O chosen f ) . -
-B”M C'I'a:l "“t\:"oc“::: f::-(::.rr;.:t sddress
CiExplain o0,

m=2¢8, C=18
=4, =2
Write back
Write-allocate
Eviction: LRU

rngu
OISk 548

s

. ERE

| 0]0]={==f==f=e]-m] |

g ) Py
ca 4a bl

.-1:

et

[ R T 11 ]

Jx20le9]36lae(32]0di37 bl
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Physical Memory
ox0:[20]f6leflealaz[Se[9f1a]
Jxcla2|d0l4ficq[a0i0c|£7]27]
tx1ojb8(bdilalcal35195/cb(80
ox1:[84]3f]02]4f[8e£3[£6eS]

4811a6f|7e]63

ox1:[93]dcIb8[7a[3b]1a[b2]0c]
xirid3la6ladl7]1e2123/9¢]59)



System Parameters:
Addeess width: | G VJ bis
Cochemze: (16 v bytes

Block sze D2 ® 4 0 Shytes
Associamary: O ] ® 2 O Sways)
Wete He  [Wetaback  v]
Write Miss: [ Vete-allocats |
Replacement. | Least Recorty Usod v
[ Resat Syssem |
OEsplem

~ Mangal Memory Access:

[Rasd | Addr: 023

~ History:

| R(Ex23) = M

G Explue | Wete Addr Ox

| Bure: 08

o

~ Tag  lodex Ofiet  CacheHim Cache Misses
¢ xm i ﬂ ._“

Sx20.

Data: ox4d

~ Simulation Messages:

LRY statvses wpdated,

‘-
g
£

maeg, C=18
K= 4, E=2
Write back
Write-allocate
Evicrion: LRU

Physical Memory

cwooj20]f6leflealaZ|Se9f 1)

“x0-(a2|d0i4fic4[a0]0c|£7]27

“x1:|b8|bd|{lalcal35/95/cbi80

©x1:|84|3£]02/4f[8e|f3|f6e5)
ceojedl4a ,,i',"._. alé b
ox::[09]36]ae132[0d]37 [belcl)
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Cache Simulator: Writing 0x13 at 0x22

~ System Parameters:
Address width: [ v buts
Cachesize: |16 | bytes
Block size (02 ® 4 O Sthwies
Associativaty: () ] ® 2 () 4 way(s)
Wiite Hit [Wre back v |
Wrate Miss W‘rthalocd. 3 \; {
Replacemem ununxJQUudv
| Reset System |
[ Explain

~ Manpual Memory Access:

Addr: Ox 23
B Explain | Next | Addr. 0x 22

100 0 1

. Byte: 0x 13

Tag  Index Offset  CocheHits Cache Misses
JERY) s e

~ History:

R{Ox23) = 1
» W{0x22, 0x13%) = ?

~ Simulation Messages:

Write: Oxi) »t addresy 0x22

m=26 C=18
K=4, E=2
Write back
Write-allocate
Eviction: LRU

V DT Cache Data

} (0[0]=]|==]==]==]==] &  o0x

] 1) 5 e ey ey e

ot

" | BRI

Oxs

Physical Memory

~:[a2]d0]af[ca]a0]0c[£7]27]
21 0[b8Ibd[1alcal35195/cb[80]

no[e9]36]/ae[32]0d[37 [belch!
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 System Parameters:
Addeess width: (6 v/ bas

Cechemze: (16 v ttes
Block sze 02 ® 4 0 Bbytes
Associanvity: O 1 ® 2 O 3 way(s)
Wirate Hi (Weastack  v|

Wrate Masy. M shscats v

Replacement. | Loast Recontly Used v |

~ Mamual Memory Access:

. Byte Ox 1) » Wox22, @) = !

B Expiain [ Newt | Addr Ox 22

=S R

-~ Historyz

Roud)) = N

Mrite: Oulf ot sddress ox22
Spiit adéress {nto TIO Breakdows,

m=6,C=1%
Key{d, £=2
Write back
Write-allocate
Eviction: LRO

/DT Cache Data

| BOFE=====1=]
: lg_ml-l-l—-l-l-l"a
BRI |

Physical Memory
xoc[201£6]eflealaz]5elSf[1a]
ox:[a2]d0[4£[c4]a0]0c[£7]27]
1+ [b8Ibd[1a[cal35]95]cb[80]
Ux1°|B413£102/4£(Beif31£6(e5
inotledidalf6]48{1a 6f 7 63
ox:+[e9]36]ae[32]0d[37[bc[c3]
veo+[d3]a6lad[71[e212315¢[59]




~System Parameters:

Address mdth [6 v bits
Cachesaze:  [16 v byies
Block suze: D2 %40 S
Amociativity: O 1 # 2 O 3 way(s)
Wrte Hit  [Wikeback v/

Write Miss: | Wite-abocams v

~ Mamual Memsory Access:
Haar Adde W?J
QExplain | Next | Addr: 0x 22

1 S0 T

. Bvie Ox 13

~ Tag lndex Offir  CocheHin Cache Muses

~— Hivtory;

ALOWIN) = M
» N(0x2T, Ox1Y) « 1

Replacemess [Least Rucenty Used v

[Reset System |
L Explain

—Simulation Messages:

Split address into TI0 bresidown,
Cheching Set 0
Lochinag for Yag 4... HIT In Line 0!

m=2¢§, C=10%
K=4, 2 =2
Write back
Write-allocate
Eviction: LRU

[BIol=I==

ixi:b8ibd|lalcai35(95/ebi80]

ixiviB4[3f|02]4f[Be|f3|f6leS
inorledl4alf6(48/1al6f 763
ix:ele9i36lae(32/0d4[37 [belcd

0x:0{93]dc|b817al3bl1alb2]0c
txirld3la6lad|71]e2]2319¢i59)




~ System Parameters: ~ Manual Memsory Access: -~ History;
Addressmdih (6 v bins [Read | Adde 0X23 | o) = N
Cachesze:  [16 v bytes BExplain | Wiite | Addr 0622 | Bwee 013 | { W(ex22, 9x13) =
Blocksize: )2 % 4 O Sbytes [Frush | ["
Awociativity: O 1 @ 2 O 4 way(s) = o s T S .
Write Hit  [Wisback v - Tag Index Offier  CacheHmv Cache Miwes
Write Miss: [ Wine-atocan ] a0 e er. N S
Replacernent. | Loast Recartly Used v
LLoest eedy — Simulatson Messages:
[Reset Systom Chacking Set 0 -
J too:.h:‘foo Yag 4... M1Y in Line 0! S
1 Explain LAY statuses updated. . l‘,’!‘_.x r:—:m

Write back) set Dirty Mc,

m=25, C=18%
Ke=4§, E =2
Write back
Write-allocate
Eviction: LRU

Physical Memory
tnocj20ifelefleala2|Sel9f 1a)

vxorla2|doj4f|c4la0|0c|£7(27
7« - [b8Ibd[1alcal35]95[cbl80]
(xio|B4I3£102]4f Be|f3(f6 5
ixoilcdldalf6l48/1al6f(7el63

tx:0|d3a6lad]71]e2({23]9¢|59]



Recall: General Caching Concepts: 3 Types of Cache Misses

Cold (compulsory) miss

o Cold misses occur because the cache starts empty and this is the first reference to the block.
Capacity miss

o Occurs when the set of active cache blocks (working set) is larger than the cache.

Conflict miss

o Most catches limit blocks at level k+1 to a small subset (sometimes a singleton) of the block
positions at level k.

m E.g. Blocki at level k+1 must be placed in block (i mod 4) at level k.

o Conflict misses occur when the level k cache is large enough, but multiple data objects all
map to the same level k block.

m E.g. Referencing blocks 0, 8, 0, 8, 0, 8, ... would miss every time.
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Cache Example #3: Effective Access Time

Find the EAT for a system with the following properties:

e (Cache access time: 10 ns
e Cache miss rate: 1%
e Main Memory access time: 200 ns

EAT=T___+(1-HitRate)* T

che Memory

=10+ 0.01 *200
=10+ 2
=12 ns



Locality in Programs

Principle of Locality:

e Programs tend to use data and
instructions with addresses near or
equal to those they have used
recently.

e Temporal locality:
o  Recently referenced items are likely

be referenced in the near future.

e  Spatial locality:
o Items with nearby addresses tend to

be referenced close together in time.

% voc
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int matn{){
int L = 0
Int square_sum
for (% 0,

0 00 06
00 00
0 00 00 00
<hnaineBx2f>
4(%rbp) ,Neax
Ox4(%rbp) Seax
X, 0xc(%rbp)
~Oxc(Nrbp) ,Neax
Xeax, -1:1-2\1:\(P_|£v:!
,"Ox4(%rbp)
(%rbp)
32d <nain+Bxibdb>

SOx0 ,Xeax
xrbp

Xax Nax

Temporal or Spatial Locality?



Locality in Programs

Principle of Locality:

e Programs tend to use data and
instructions with addresses near or
equal to those they have used
recently.

e Temporal locality:
o  Recently referenced items are likely

be referenced in the near future.

e  Spatial locality:
o Items with nearby addresses tend to

be referenced close together in time.

% voc
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int matn{){
int L = 0
Int square_sum
for (% 0,

0 00 06
00 00
0 00 00 00
<hnaineBx2f>
4(%rbp) ,Neax
Ox4(%rbp) Seax
X, 0xc(%rbp)
~Oxc(Nrbp) ,Neax
Xeax, -1:1-2\1:\(P_|£v:!
,"Ox4(%rbp)
(%rbp)
32d <nain+Bxibdb>

SOx0 ,Xeax
xrbp

Xax Nax

Temporal or Spatial Locality?

Both!



Recall: Spatial Locality in Arrays

int sumarraycols(int a[M] [N])

{

(a)

Address 0 4 8

int 1, j, sum = O; Contents i apy am

for (j = 0; j < N; j++) Access order I 3 5

12

-

a0

R

.

16

an

4

20

ayz

for (i = 0; 1 < M; i++)
sum += a[i] [j];
return sum;

(b)

order
Good Locality?

No! (Stride-N pattern)



Recall: Spatial Locality in Arrays

(a)

int sumarrayrows(int a[M] [N])

{
int i, j, sum = O;
for (i = 0; i < M; i++)
for (j = 0; J < N; j++)
sum += a[i] [j];
return sum;
}

Good Locality?

Address 0 El S 12 16 20
Contents apy ag  ay @y ap  ap
Access order | 2 3 4 5 6
(b)

order



Recall: Spatial Locality in Arrays

int sum3dd(int a[M][HIIN]){
int sum;
for(int L = 0; L < M; L++)
for(int j = 0; J < M; j+%)
for(int K = 0; k < M; ke+)

sun += alk][1}it]);

return sum;

Good Locality?

No!



Locality in Data

int Af16][106], B[18][18]), C[18][10];

for(int { 0; L < 10; 1++){
for(int J = ©; J < 10; j++){
for(int k = 8; k < 10; k++){
CiL1[k] = CL1[k] + A[LI[3] * BLII(k]);
J

Good Locality?



Locality in Data

int A[10][18], B[18][18], c[18][18];

int temp;

for{int L = 0; 1 < 10; 1++¢){

for (int i 8; § < 10; j+o){
for (int k » 8; Kk < 10; ke++){
C[LI[k] = C[L1[k]) + temp * B[II[K]

How about this one?



Concluding Observations

Programmer can optimize for cache performance

e How data structures are organized
e How data are accessed
o  Nested loop structure
o  Blocking is a general technique

All systems favor “cache friendly code”

e Getting absolute optimum performance is very platform specific
o  Cache sizes, line sizes, associatives, etc.

e Can get most of the advantage with generic code
o  Keep working set reasonably small (temporal locality)
o  Use small strides (spatial locality)



Callgrind

LR
f——

https://valgrind.org/


https://valgrind.org/

Code Profiling

e A code profiler is a tool to analyze a program and report on its
resource usage

o "resource" could be memory, CPU cycles, network bandwidth, and so on

e The program is run under control of a profiling tool
e During application development, a common step is to improve runtime
performance

using profiling tools.
e To not waste time on optimizing functions which are rarely used, one needs
to know in which parts of the program most of the time is spent.

e Some example:
o Callgrind, GProf, JConsol, CLR



Valgrind

the Valgrind framework supports a variety of runtime analysis
tools

e memcheck
o detects memory errors/leaks

e massif
o reports on heap usage
e helgrind

o detects multithreaded race conditions
e callgrind/cachegrind
o profiles CPU/cache performance



Callgrind/cachegrind

e The Valgrind profiling tools are cachegrind and callgrind
e The cachegrind tool simulates the L1/L2 caches and counts

cache misses/hits.

e The callgrind tool counts function calls and the CPU instructions executed within
each call

and builds a function callgraph

e The callgrind tool includes a cache simulation feature adopted from cachegrind,
so you can actually use callgrind for both CPU and cache profiling.



Basic Usage of Callgrind

e First, we need to compile our program with debugging enabled

O gcc —-g —-ggdb name.c -0 name.out
e You first need to run your program under Valgrind and explicitly request the callgrind tool (if

unspecified, the tool defaults to memcheck)

valgrind --tool=callgrind [possible options] name.out
program-arguments

e The result will be stored on the files callgrind.out.PID, where PID will be the process identifier.

Process identifier——

==22417== Events 5 1 g

==22417== Collected : 7247606 / Number of Instruction read (Ir)
==22417==

==22417== refs: 7,247,606



Basic Usage of Callgrind

Counting instructions with callgrind

The callgrind output file is a text file, but
its contents are not intended for you to
read yourself.
You can properly read the output
using
callgrind annotate

0 callgrind annotate --auto=yes
callgrind.out.PID
The --auto=yes option report counts for

each C statement

Do not forget to replace PID by
the actual number.

Sorts a 1000-member array using selection

sort

. void swap(int =a, int *b)

3,000
3,000
4,000
3,000
2,000

{
int tmp = *3;
«a = #b;
«b = tmp;

¥

« int find_min(int arr{), int start, int stop)

3,000
2,000
2,005,000
4,995,080
6,178
1,000
2,000

4,085
9,000
7,014,178
10,000
15,000

2

{
int min start;
for{int i = start+l; i <= stop; ie++)
if (arr(i] < arriminl)
min i;
return min;
}
void selection_sort(int arrf], int n)
{
for (int i = 0; { < n; i++) {
int min find_min{arr, i, n-1);
=> sorts.c:find min (10@ex)

swap(&arr(i], &arrimin]);
=> sorts.c:swap (1000x)
}
)



Interpreting the results

e The Ir counts are basically the count of Vil BBIIE &, nk #h)
. . 3,000
assembly instructions executed. 3,000 int tmp = *a;
4,000 *3 = »b;
e By default, the counts are exclusive Sy o
« int find_min(int arr{), int start, int stop)
e The counts for a function include only the e h
. . . . ' int min stary;
| | u | | 2,005,000 for{int i = start+1; i <= stop; i++)
time spent in that function and not in the
functions that it calls. i R e R A
1,000 return min;
. . 2,008 }
e By using exclusive counts you can . void selection_sort(int arr(l, int n)
3 {
detect the bottlenecks. 4,005 for (int i = @; & < n; i++) {
9,000 int min find_min{arr, i, n-1);
7,914,178 == sorts.c:find _min (10€0x)
e Here, the work is concentrated in the loop to 10,000 swap(barrii], Sarrimin]);
. . 15,000 => sorts.c:swap (1000x)
find the min value s 3

2 )



Basic Usage of Callgrind

Adding in cache

simulation
e |nvoke valgrind --simulate-cache=yes
by

valgrind --tool=callgrind --simulate-cache=yes name.out args

e The cache simulator models a machine with a split L1 cache (separate
instruction 11 and data D1), backed by a unified second-level cache (L2).

e Similar to the previous example, callgrind_annotate should be used to
interpret the output.



Callgrind Example

==1649%=—=
==1648%0=
=16499%9=
=1648%=—=
=1648%9=
=16499=
==1649%=—=
==16489=
==16499==
==16499==
==16489==
==1648%==
=]16499=
==16499=—=
==16489=—=
==16498%9=—=
=16499=
==1649%=

It sounds like we have a cache friendly code.

Events : Ir Or Dw Ilar Dlar Dilsw I2ar DZar D2sw

Collected : 71630866 4062243 537262 591 61@ 182 16 183 94

I refs:
I1 misses:
L2i misses:

I1 nmiss rate:
L2i miss rate:

D refs:
D1 misses:
L2d misses:

D1 miss rate:
L2d miss rate:

L2 refs:
LZ misses:
L2 miss rate:

7,163,066
591
16

2.8%

2.0%

4,599,585
792
197
2.9%
2.0%

1,333
213

8.8% (

(4,062,243 rd

'
(
{
(

{
{

\

618 rd
183 rd
9.8
e.e%

1,281 rd
119 rd
0.9%

+ 4 4+ 4+ 4+

+ 4+

537,262 wr)
182 wr)

94 wr)

e.8% )
0.8% )

182 wr)
94 wr)
8.8% )

Ir: | cache reads (instructions executed)

[1mr: I1 cache read misses (instruction wasn't in 11 cache but was
in L2)

I2mr: L2 cache instruction read misses (instruction wasn'tin 1 or
L2 cache, had to be fetched

Dr: D cache reads (memory reads)
D1mr: D1 cache read misses (data location not in D1 cache, but

in L2)
D2mr: L2 cache data read misses (location not in D1 or

L2) Dw: D cache writes (memory writes)

D1mw: D1 cache write misses (location not in D1 cache, but in L2)

D2mw: L2 cache data write misses (location not in D1 or
L2)



Callgrind Example

- Auto-annotated source: sorts.c

Ir

3,000
3,000
4,000
3,000
2,000

3,000
2,009

or

o
1,00
3,000
4,000
2,000

o0
1,000

Ow 1imr Dlar Disw I2ar O2er D2ww
« void swaplint sa, int =b)

1,000
1,000
1,000
1,000

1,000
1,000

2,005,000 1,002,000 580,500

op: Les)

4,905,000 2,097,000

in])
0,344
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o ANt find _mintint arcl], Int start, iInt st

1 « o9
° 0 1 int min = start;
for({int § = startel; 1 <= st

° 19 a if larrli] < arrim

ain = {;

return ming
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id solection_sort(int arrl), int &)

1 « o f
for (Int & » 0] L < n; bee) {
int min = find_minfare, 4, n

H 1 19 1 = sorts.cifind_min

svapléarriil, Garrisin});
| e« m> gOrts.ciavad {1000x)

Ir: | cache reads (instructions executed)

[1mr: 11 cache read misses (instruction wasn't in |1 cache
but was in L2)

[2mr: L2 cache instruction read misses (instruction wasn't in I1
or L2 cache, had to be fetched

Dr: D cache reads (memory reads)

D1mr: D1 cache read misses (data location not in D1 cache,
butin L2)

D2mr: L2 cache data read misses (location not in D1 or

L2) Dw: D cache writes (memory writes)

D1mw: D1 cache write misses (location not in D1 cache, but
in

L2)

D2mw: L2 cache data write misses (location not in D1 or L2)



Additional Points

e L2 misses are much more expensive than L1 misses, so pay
attention to passages with high D2mr or D2mw counts.

e Even a small number of misses can be quite important, as a L1
miss will typically cost around 5-10 cycles, an L2 miss can cost as
much as 100-200 cycles
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