Caches (1)
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Today’s Goals

* What are caches?

* DRAM vs. SRAM

* Principle of Locality

* Memory Hierarchy Revisited
 Direct Mapped Caches

Our Final Exam is on
Saturday 5/17/2025 at 2:00pm
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Programs Are Constantly Accessing Memory

C Code RISC-V Assembly Code
int n = 1@@; main: addw  a5,ad,ab
. . . addi. sp,sp,-u8 sw a5,-2u(s0)
int main (int argc, charx argv[]) 1 s ra uo(sp) W a5, -20(s0)
int j_, m = n, sum = O, sgd s0,32(sp) addiw a5,a5,% :
. I . addi sO,sp,us8 sw a5,-20(s0
for (i = Lii=sm i+) { o a5 a0
sum += 1, sd al,-u48(s0) check:
} Sw a5,-36(s0) 1w a5,-20(s0)
lui a5,0x12 mv ad,ab
¥ w a5,16(a5) w a5,-28(s0)
Sw a5,-28(s0) sext.w a4, ad
. Sw zero,—-24(s0) sext.w a5,ab5
Load/Store Architectures: i a5, 1 bge  a5,al,loop
. . Sw a5,-20(s0) 1i a5,0
» Read data from memory into registers ; heck hy 20 a5
o i i loop: 1d ra,uo(sp)
Mamp.UIate it lw a5,-2u4(s0) 1d s0,32(sp)
* Storeit back to memory mv al,as addi sp,sp,u8
1w a5,-20(s0) ret
Gornell Bowers IS (rv gcc -std=c23 sum.c -o sum)

Computer Science



Programs Are Constantly Accessing Memory g

instructions

transfer
memory!
C Code RISC-V Assembly Code
int n = 100; maaiu?lc:l' sp,sp,-U8 :ddw Zg,aglﬁge)
° ° ° 1 1 1 W 1
int main (int argc, charx argv[]) 1 sd  ra uo(sp) W a5,-20(s0)
int j_, m = n, sum = O, sd s0,32(sp) addiw a5,a5,1
: . . ddi 0 u8 5,-20(s0
for (1=1;1 = m; it) { ddi S0, i
sum += 1, sd al,-u48(s0) check:
sw a5,-36(s0) 1w a5,-20(s0)
3
lui a5,0x12 mv ad,ab
¥ w a5,16(a5) w a5,-28(s0)
Sw a5,-28(s0) sext.w a4, ad
. Sw zero,—-24(s0) sext.w a5,ab5
Load/Store Architectures: 1i a5, 1 bge  a5,al,loop
. . 5,-20(s0 13 5,0
 Read data from memory into registers 3 eheck (s0) W a0'a5
o i i loop: 1d ra,uo(sp)
Mamp.UIate it lw a5,-24(s0) 1d s0,32(sp)
* Storeit back to memory mv al,as addi sp,sp,u8
1w a5,-20(s0) ret
Gornell Bowers IS (rv gcc -std=c23 sum.c -o sum) 4
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Single-Cycle RISC-V Datapath

FETCH DECODE EXECUTE MEMORY WRITEBACK

\ J
|

Clock frequency must be slow enough for the
very slowest instruction to complete in 1 cycle
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1 Stage # 1 Cycle

Gray indicates
that the stage
didn’t do

anything

1d:

beq:

Single-cycle ¢

1 looooooooooong clock cycle

I I I I
I I I
0 1 2 3

Cycle
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1 Stage # 1 Cycle

1d:

Multi-cycle
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1 Stage # 1 Cycle

1d:

Pipelined
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Memory is far away from the CP
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The Need for Speed

CPU Pipeline

Cornell Bowers GIS
Computer Science
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The Need for Speed
CPU Pipeline

) V. 4P 4P 4P

* Many stages take ~1 cycle...
* Integer addition
* Shifting
* But not all do:
* Integer multiplication & division (3-15 cycles)
* Accessing memory (Hundreds of cycles)

Xk

Cornell Bowers CIS
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The Need for Speed

CPU Pipeline

T+ &

* Many stages take ~1 cycle...
* Integer addition
* Shifting
* But not all do:
* Integer multiplication & division (3-15 cycles)
* Accessing memory (Hundreds of cycles)
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Caches!
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Memory Hierarchy
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Registers

Cache

Data Memory
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DRAM vs. SRAM

Cornell Bowers CIS
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Dynamic Random-Access Memory (DRAM)

* Main Memory is DRAM

Latency:
* First Word: 10 ns (~30-40 cycles)
* Successive: 0.5ns - 1ns

Cost: $3/GiB
1 Gibibyte (GiB) = 227 bytes
1 Gigabyte (GB) =107 bytes
Size: Measured in GB (e.g., 16 GB)

Cornell Bowers CIS ~ PantheralLeo1359531, CC BY 4.0 <https://creativecommons.org/licenses/by/4.0>, via Wikimedia Commons
Computer Science Open Grid Scheduler / Grid Engine, CCO, via Wikimedia Commons
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Dynamic Random-Access Memory (DRAM)

 Each cell has a transistor and a
capacitor to store one bit

» Capacitorcharged=1
e Capacitorempty =0
 Capacitors lose charge over time...

* Periodically refreshes

» Data gets rewritten every few
milliseconds

* DRAM is volatile
* Data loss occurs when power is lost

Cornell Bowers CIS ~ PantheralLeo1359531, CC BY 4.0 <https://creativecommons.org/licenses/by/4.0>, via Wikimedia Commons
Computer Science Open Grid Scheduler / Grid Engine, CCO, via Wikimedia Commons
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Static Random-Access Memory (SRAM)

* Registers and caches are SRAM

* Uses logic (flip-flops!) to store
data

* Latency: ~0.5ns

* Cost: $SSS/GB
e Size: Measured in MB

 SRAM is volatile

» Data loss occurs when power is 7, TR P
lost T

| Cornell Bowers CIS
“t¥ | Computer Science

Satyamfifa, Public domain, via Wikimedia Commons 19



DRAM vs. SRAM

Dynamic Random-Access Memory Static Random-Access Memory

(DRAM) (SRAM)

 Used for main memory  Used for registers and caches
* Dense and cheap ($3/GB) * Small and expensive ($1000s/GB)
* DRAM is dynamic * SRAM is static

 Uses capacitors to store bits  Uses logic gates (flip-flops!)

* Chip needs to internally refresh data

periodically

* Slow and energY'inEffiCient e Fast and energy-efficient

Cornell Bowers CIS
“t¥ | Computer Science
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Storage / Disk / Secondary Memory

» Attached as a peripheral 1/O device: non-volatile

» Solid-State Device (SSD)

* 40-100us (~100k processor cycles)
* 50.05-0.5/GB
 Usually flash memory

* Hard-Disk Drive (HDD)

e Time access: <5-10ms (10-20M processor cycles)
« 50.01-0.1/GB
* Usually mechanical

Gornell Bowers C'|S Jacek Halicki, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons 21
Computer SCIE“CG Evan-Amos, CC BY-SA 3.0 <https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia Commons
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Caches!
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Principle of Locality

Locality Locality Locality

Si== | Cornell Bowers CIS

2% | Computer Science
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Principle of Locality

Cornell Bowers GIS
Computer Science
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Principle of Locality

Temporal Locality

If you need something,
you’ll likely need it
again, soon.

Cornell Bowers CIS
“t¥ | Computer Science

1
Spatial Locality

If you need something,
you’ll likely need

something else located
nearby, soon.

25
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Locality of Data

Cornell Bowers GIS
Computer Science

oL WNERE

int total = 0;

for (int 1 = 1; i < n; i+) {
total += al[il;

3

return total;

26



Locality of Data

oL WNERE

int total = 0;

for (int i = 1; i < n; i+) {
total += a[i];

¥

return total;

total has good temporal
locality because it will be
accessed again and again
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Locality of Data

int total = 0;

for (int 1 = 1; i < n; i+) {
total += a[il;

3

return total;

I

total hasgood temporal  Accesses to a have good
locality because it will be spatial locality because
accessed again and again a[i+1] is accessed soon
afteralilis =

oL WNERE
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Locality of Code

1 total = 0;

2 for (i =1; i< n; i+) {
3 n——;

1 total += al[il;

5 1}

6

return total;

Q1: Which line of code has the best temporal locality?

Q2: Which line of code has the best spatial locality?

Cornell Bowers GIS
Computer Science
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Your Life is Full of Locality

gty RO e || | Please take one minute
= A e I to think about an

& Tiracet Y U oo of tocality in
L NN P

everyday life, one
minute to discuss with
your neighbor, and 30
seconds to add to the
word cloud.

Cornell Bowers CIS
Computer Science
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Memory Hierarchy

Cornell Bowers CIS

Computer Science



Memory Hierarchy

1 cycle Intel Haswell
128 bytes Processor, 2013

S
P
E 4 cycles
; < 64 KB
<

& 12 cycles
b S / L2 Cache \2 ” iB
E 36 cycles
R 2-20 MB
/:E\ Main M 50-70 ns
: aln Memory 512 MB - 4GB
E
S

. 20-50 ms
Disk (SSD) 16 GB -4 TB

32

Cornell Bowers CIS
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Terminology
Cache hit

e dataisinthecache
« HitTime:timeittakesto access the cache

* Hit Rate (%hit): # cache hits / # cache accesses

Cache miss

e dataisnotinthecache

« Miss Penalty: extra time it takes to retrieve data from lower memory

 Miss Time: time it takes to access the cache (Hit Time) and retrieve data
from lower memory (Miss Penalty)

e Miss rate (%omiss): # cache misses / # cache accesses

Cornell Bowers GIS
Computer Science

33



Memory Hierarchy
Average Memory Access Time (AMAT)

1 cycle Intel Haswell
128 bytes Processor, 2013

4 cycles
AMAT =4 + 5% x 100 B4 0N 64 KB

12 cycles
256 KB

36 cycles

2-20 MB

. 50-70 ns
Main Memory 512 MB - 4GB

: 20-50 ms
Disk (SSD) 16 GB -4 TB

34

AMAT = Hit Time + Miss Rate X Miss Penalty

AMAT =9 cycles

| Cornell Bowers CIS
“t¥ | Computer Science




Single-Core Memory Hierarchy

ON CHIP

Processor

Regs

L1 Cache
L2 Cache 12

L3 Cache

Main
Memory

Main Memory

Disk (SSD)




Memory Hierarchy by the Numbers
CPU clock rates ~0.33ns - 2ns (3GHz-500MHz)

Memory Transistor Accesstime Accesstimein $perGIB Capacity
technology count* cycles in 2012

SRAM 6-8 transistors 0.5-2.5ns 1-3 cycles $4k 256 KB
(on chip)

SRAM 1.5-30 ns 5-15 cycles $4k 32 MB
(off chip)

DRAM 1 transistor 50-70ns  150-200 cycles x10-x20 8 GB

(needs refresh)
SSD (Flash) 5k-50k ns Tensof  x0.75-x1 512 GB
thousands
Disk 5M-20M ns Millions x0.05-x0.1 4TB

*Registers,D-Flip Flops: 10-100’s of registers

Cornell Bowers GIS
Computer Science




Direct-Mapped Caches

Your first cache!

Si== | Cornell Bowers CIS

2% | Computer Science



MEMORY

16 Byte Memory aaer IESE

1111

* Byte-addressable memory ﬂf,f

* 4 bit memory addresses 1100
1011

1010
1001
1000
load 1100 > x1 0111
0110
0101
0100
0011
0010

Cornell Bowers CIS 0001
Computer Science 0000
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MEMORY

4-Byte, Direct-Mapped Cache adar [N

1111 P

CACHE 1110 0

index index m 11 N

XXXX 11 D &Cache entry 1100 M

10 C = row 1011 L

B = (cache) line 1010 K

00 A = (cache) block 10 )

Block Size: 1 byte 1000 |

Direct mapped: 311(1) :

11

* Each address maps to 1 cache block o1 -

* 4 entries 2 2 index bits (2" = n bits) 0100 c

Indexed with LSB: 0011 D

* Supports spatial locality 0010 ¢

00 B
Cornell Bowers CIS

=ty | Computer Science 0000 A




Analogy to a Spice Rack

Spice Rack Spice Wall
(Cache) (Memory)
Index Spice Compared -

A to spice ";
B [(Q E] (B §
C | * Smaller =
D * Faster :
£ * More =
" costly =
(per oz.)
Z

m=e | Cornell Bowers CIS 40
&9 | Computer Science




Analogy to a Spice Rack

Spice Rack Spice Wall

Compared

to spice
wall:

 Smaller

Hm

T U

* Faster

* More
costly
(per oz.)

Cornell Bowers GIS
Computer Science
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MEMORY

4-Byte, Direct-Mapped Cache adar [N

1111
CACHE 1110

e TR :oindex X
1101 1100
1011

1010
10

1000
0111
0110
01

0100
address = tag + index 0011

0010

Cornell Bowers CIS 00
2 | Computer Science 0000

(@)

10| 00
00

o0| 00

o

=

Tag: minimalist label/address

>l (ol mNn|O|IT|—|—«| X[ | =ZZ|0|




MEMORY

4-Byte, Direct-Mapped Cache adar [N

1111

taglindex 1

1101 1100
1011

1010
10

1000
0111
0110
01

0100
0011
0010

Cornell Bowers CIS 00
2 | Computer Science 0000

00
00
00

O

10

o

Ol o Of O

prg

00

One last tweak: valid bit

>l wWlolg m ||| —| | X[ =Z|1 20|




Let’s Do Some Examples!

Si== | Cornell Bowers CIS

w2 | Computer Science



MEMORY

Ex #1: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 5
index Tag Data tag|index 11 N
0 1101 1100 M
10 | © XX X 1011 L
0 XX X 1010 K
00 | O 11 X 10 J
1000 |
0111 H

Lookup:
: load 1100 0110 G
1. Checkindex 01 =
2. Check tag 0100 E
3. Check valid bit 0011 D
0010 C
Cornell Bowers C1S 00 B
%2 | Computer Science 0000 A




MEMORY

Ex #1: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 5
index Tag Data tag|index 11 N
0 1101 1100 M
10 | O XX X 1011 L
0 XX X 1010 K
00 | 1 11 M 10 J
1000 |
0111 H

Lookup:
. load 1100 MISS 0110 G
1. Checkindex 01 =
2. Check tag 0100 E
3. Check valid bit 0011 D
0010 C
Cornell Bowers CIS 00 B
%2 | Computer Science 0000 A




MEMORY

Ex #1: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 0
taglindex 10| N
0 1101 1100 M
10 | O XX X 1011 L
0 XX X 1010 K
00 | 1 11 M 10 J
1000 |
0111 H
Lookup:

: load 1100 MISS 0110 G
1. Checkindex o1 -
2. Checkta 0100 E
&8 load 1100 ool E

3. Check valid bit
0010 C
Cornell Bowers C1S 00 B
%2 | Computer Science 0000 A




MEMORY

Ex #1: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 5
index tag|index 11 N
g 1101 1100 M
10 0 XX X 1011 L
0 XX X 1010 K
00 | 1 11 M 10 J
1000 |
0111 H
Lookup:

: load 1100 MISS 0110 G
1. Checkindex o1 -
2. Checkta 0100 C
&8 load 1100  HIT om0l E

3. Check valid bit
0010 C
Cornell Bowers C1S 00 B
%2 | Computer Science 0000 A




Caches (2)

CS 3410: Computer System Organization and Programming

Spring 2025

Cornell Bowers GIS [K. Bala, A. Bracy, G. Guidi, E. Sirer, A. Sampson, Z. Susag, and H. Weatherspoon]
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Today’s Goals

 Direct Mapped Caches
 Larger Blocks

* Fully Associative Caches
* Replacement Policies

* Set-Associative Caches
 Cache Characteristics

S=sry | Cornell Bowers CIS

¢ | Computer Science



MEMORY

4-Byte, Direct-Mapped Cache adar [N

1111 P
CACHE 1110 5
taglindex 10 [TR
11 1100 M
10 1011 L
1010 K
00 10 J
1000 I
R 0111 H
address = tag + index
. 0110 G
Index: index of cache block 01 F
Tag: minimalist label/address of block 33:: [E)
Valid Bit: whether block is meaningful 0010 c
gresty | Cornell Bowers CIS 00 5
Computer Science 0000 A




MEMORY

Ex #1: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 o
index Tag Data tag | index 11 N
0 1100 1100 M
10 0 XX X 1011 L
0 XX X 1010 K
00 0 11 X 10 J
1000 |
0111 H

Lookup:
i load 1100 0110 G
1. Checkindex 01 =
2. Check valid bit 0100 E
3. Checktag 0011 D
0010 C
Cornell Bowers CIS 00 B
“Ey | Computer Science 0000 A




MEMORY

Ex #1: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 o
index Tag Data tag | index 11 N
0 1100 1100 M
10 0 XX X 1011 L
0 XX X 1010 K
00 1 11 M 10 J
1000 |
0111 H

Lookup:
i load 1100 MISS 0110 G
1. Checkindex 01 =
2. Check valid bit 0100 E
3. Checktag 0011 D
0010 C
Cornell Bowers CIS 00 B
“Ey | Computer Science 0000 A




MEMORY

Ex #1: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 0
index Tag Data ta_g | index 11 N
0 1100 1100 M
10 | O XX X 1011 L
0 XX X 1010 K
00 | 1 11 M 10 J
1000 I
0111 H
Lookup:

: load 1100 MISS 0110 G
1. Checkindex 01 =
2. Check valid bit 0100 E
load 1100 0011 -

3. Checktag
0010 C
Cornell Bowers CIS 00 2
%2 | Computer Science 0000 A




MEMORY

Ex #1: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 0
index Tag Data tag|index 11 N
0 1100 1100 M
10 | O XX X 1011 L
0 XX X 1010 K
00 1 11 M 10 J
1000 |
0111 H
Lookup:

. load 1100 MISS 0110 G
1. Checkindex o1 -
2. Check valid bit 0100 E
load 1100 HIT o011 -

3. Check tag
0010 C
Cornell Bowers C1S 00 B
%2 | Computer Science 0000 A




MEMORY

Ex #2: 4-Byte, Direct-Mapped Cache o TN

1111 P
CACHE 1110 0
taglindex ~ 10r[ W
0 1100 1100 M
10 | 0 1011 L
0 1010 K
00 | O 10 J
. o 1000 |
Hit or Miss? 0111 .
Lookup:

. load 1100 0110 G
1. Checkindex 01 =
2. Check valid bit load 1101 0100 E
3. Check ta 0011 D
: load 0100 0010 ¢
. 00 B

sz | Cornell Bowers CIS
C%ﬁfput%esriience load 1100 0000 A
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Reducing Cold Misses

by Increasing Block Size »%«

Leveraging Spatial Locality g; ég ’%‘
S=sry | Cornell Bowers CIS




MEMORY

Increasing Block Size SO pata

1111 P

CACHE 1110 @)

tag| index|of Fset 1101 [N

0 0 1101 1100 M

10 | 0 0 E|F 1011 L

0 0 C|D 1010 K

00 | O 0 A|B 1001 J

1000 |

. 0111 H

Block size: from 1 byte to 2 bytes 0110 -
Block offset: least significant bits indicate 0101 F
where you live in the block 0100 E
0011 D

0010 C

==y | Cornell Bowers CIS 0001 5
& | Computer Science 0000 A




MEMORY

Ex #3: 8-Byte, Direct-Mapped Cache -« mETEER # .

1111 P
CACHE 1110 o
tag| index | of Fset 1101 [N
11 | 0 1101 1100 M
10 | O 1011 L
0 1010 K
00 | O 1001 J
. . 1000 |
Hit or Miss?
0111 H
Lookup:
C ind load 1100 0110 G
1. neck index 0101 .
2. Check tag load 1101 0100 E
3. Check valid bit 0011 D
load 0100 0010 C
0001 B
&t | Cornell Bowers OIS
| G e Lload 1100 o000 R .




Fully Associative Cache

Any address, any entry

Si== | Cornell Bowers CIS

w2 | Computer Science



MEMORY

8-Byte, Fully Associative Cache W bata

1111 P
CACHE 1110 0
tagloféset 1101 [N
0 1 1100 M
010 b 1101
0 [ 000 A|B 1011 -
0 | 001 C|D 1010 K
0 | o011 G|H 1001 J
1000 |
0111 H
* Any address, any entry 0110 G
* 4-bit addresses 0101 F
* 2-byte blocks 0100 E
0011 D
0010 C
Gornell Bowers CIS 0001 5
2 | Computer Science 0000 A




MEMORY

8-Byte, Fully Associative Cache W bata

1111
1110

Ta Data tag | offset 1101

1101 1100
1011

1010
1001

o o 71000
Hit or Miss? 0111

load 1100 0110
1. Checktag 0101

2. Check valid bit load 1101 0100
0011

load 0100 0010

0001
Cornell Bowers CIS
Computer Science load 1100 0000

CACHE

OO | O O K=
oQ

>l wWlolg m ||| —| | X[ =Z|1 20|

For every entry:
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Replacement Policy

Which entry should we evict?

* Least-recently used (LRU): Evict block that last used longest ago
* Lots of bookkeeping

* Not most-recently used (NMRU): Randomly pick block that isn’t
the most recently accessed one
* Worse decisions, but cheaper

Only in

» FIFO: replace oldest line SEEOCENE

caches!

63

Cornell Bowers CIS
“t¥ | Computer Science




Pros & Cons of Full Associativity

Pros:
* No more conflicts!
* Excellent utilization!

Cons:

* Need to search all entries on
every access

* Expensive

Cornell Bowers GIS o4
Computer Science
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Set-Associative Cache

The best of both worlds!

Si== | Cornell Bowers CIS

w2 | Computer Science



MEMORY

Set-Associative Cache 2 TR

1111 P
Way 1 Way 2 1110 0
index Y Tag Data vV Tag Data 1101 N
11]0 XX X | X 0 XX X | X 1100 M
0| o0 XX X | X 0 XX X | X 1011 L
o . , 1010 K
Divide cache into groups of size 2¥ (ways) 1001 I
21 _

¢ —=2" K sets 1000 |
2 o o 0111 H
« Ways within each set are associative 0110 .
4-bit add gy .

. e 4-bit addresses
tag|index|offset 0100 E
1100 4-entry cache 0011 D
* 2-way set associative 0010 C
Cornell Bowers CIS e 2 byte blocks 0001 B
%8 | Computer Science 0000 A




MEMORY

8-byte, 2-way Set-Associative Cache o« ETEE % '

1111 P

Way 1 Way 2 1110 0

index Y Tag Data '} Tag Data 1101 N

1|0 0 1100 M

0| o0 0 1011 L

1010 K

tag|index|offset 1001 J

1100 . . 1000 |

Hit or Miss?
. 0111 H
Index into set

load 1100 0110 G

Search for tag 0101 F

across ways load 1161 0100 E

oo 0011 D

3. Check valid bit load 0100 0010 =

| 0001 B
{8 | Camputor Stionce load 1100 0000 A i




Cache Characteristics

Si== | Cornell Bowers CIS

w2 | Computer Science
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The Three C’s of Cache Misses

A Cold (Compulsory): never seen this cache line before

A Conflict: cache associativity is too low

~ . .
E Capacity: cache is too small

Cornell Bowers GIS
Computer Science
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Characterizing Misses

Was this
cache line
loaded
before?

Cold
Miss

Conflict
Miss

Cornell Bowers CIS
Computer Science
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Would this
have missed
in a fully
associative
cache?

=
==

Capacity
Miss
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Miss Rate vs. Block Size

Cachesizes: [J4K @16K (64K M 256K

Lower is
better!

. Block size
[Figure 5.11 from textbook]

Cornell Bowers CIS . . .
Computer Science  Bigger block size helps at first, but then, not so much. "
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Block Size Tradeoffs

* For a given total cache size,

Larger block sizes mean....
* fewer lines
* so fewer tags, less overhead
 and fewer cold misses (within-block “prefetching”)

* But also...
» fewer blocks available (for scattered accesses!)
* so more conflicts
 can decrease performance if working set can’t fitin cache
 and larger miss penalty (time to fetch block)

Cornell Bowers GIS
Computer Science
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Miss Rate vs. Associativity

1 KIiB

12% -

Lower is " 2 KiB
better! 9% -
4 KiB

4
Miss rate

39, - : 16 KiB
32 KiB , .
O 1 ] I |
One-way Two-way Four-way Eight-way
| Cornell Bowers CIS Associativity -

LUNTD,
& A
5 2
&)
2D )

Q6 A%
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Today’s Goals

 Direct Mapped Caches
 Larger Blocks

* Fully Associative Caches
* Replacement Policies

* Set-Associative Caches
 Cache Characteristics

S=sry | Cornell Bowers CIS

¢ | Computer Science



Caches (3)

CS 3410: Computer System Organization and Programming

Spring 2025

Cornell Bowers GIS [K. Bala, A. Bracy, G. Guidi, E. Sirer, A. Sampson, Z. Susag, and H. Weatherspoon]

Computer Science



Today’s Goals

* Review: Set-Associative Caches
* Review: Cache Characteristics

» Cache Performance

* Handling Stores

* Cache Conscious Programming

S=sry | Cornell Bowers CIS

Computer Science



MEMORY

Set-Associative Cache 2 TR

1111 P

Way 1 Way 2 1110 0

index 1101 N
[ln_lﬂ_ 1100 M
0jo | Xx | X|Xx JJo] XX | X[x ]| 1011 L
Divide 2" cache entries into m sets izf,: T
 Eachset has kways 1000 |

* Indexis usedto map each address to a set 0111 H

* Can store block in any way within set 0110 G

_ 0101 F

tag|index|offset * 4-bit addresses 0100 =
1100 4-entry cache 0011 D

* 2-way set associative 0010 C

ey | Cornell Bowers CIS e 2 byte blocks 0001 B
&9 | Computer Science 0000 A




Set-Associative vs. Direct-Mapped vs. Fully Associative

Way 1 Way 2
Set-Associative Address index Tag
e 2 sets 1101 1 ﬂ_
. 2ways — 0o xx | x|x |
?'T;;?apped Address
. 1way 1101 —

Fully Associative Way 1 Way 2 Way 3 Way 4
. 1set Address RAARLIAEELL: V Tag Data V Tag Data V Tag Data

. 4ways 1101 — [0 XXX | XIX | JO[ XXX | X|X | [O[XXX| X|X | [O]XXX| X|X_
78




Miss Rate vs. Block Size

Cachesizes: [J4K @16K (64K M 256K

Lower is
better!

. Block size
[Figure 5.11 from textbook]

Cornell Bowers CIS . . .
Computer Science  Bigger block size helps at first, but then, not so much. 79
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Block Size Tradeoffs

* For a given total cache size,

Larger block sizes mean....
* fewer lines
* so fewer tags, less overhead
 and fewer cold misses (within-block “prefetching”)

* But also...
» fewer blocks available (for scattered accesses!)
* so more conflicts
 can decrease performance if working set can’t fitin cache
 and larger miss penalty (time to fetch block)

Cornell Bowers GIS
Computer Science
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Miss Rate vs. Associativity

1 KIiB

12% -

Lower is " 2 KiB
better! 9% -
4 KiB

4
Miss rate

39, - : 16 KiB
32 KiB , .
0 1 T T 1
One-way Two-way Four-way Eight-way

| Cornell Bowers CiS Associativity
Computer Science
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PollEverywhere

What does NOT happen when you increase the associativity of the
cache (holding cache size constant)?

A. Conflict misses decreases
B. Tagoverhead decreases
C. Hittimeincreases

Cornell Bowers GIS
Computer Science

82



LUNTD,
& A
5 2
&)
2D )

Q6 A%

ABCs of Caches

Cornell Bowers GIS
Computer Science

+ Associativity:
&dconflict misses ©
Whittime ®

+ Block Size:

&3cold misses ©
Wdconflict misses ®

+ Capacity:

Ldcapacity misses ©
Whit time ®
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Cache Performance
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Average Memory Access Time (AMAT)

t.,. = Hit Time + Miss Rate X Miss Penalty

avg

Hit Time: time to access the cache
Miss Rate: fraction of accesses that are misses

Miss Penalty: time it takes to retrieve data from lower memory structure

Cache Access: 1 ns

Example: Main Memory Access: 50 ns 1+0.05%X50=3.5ns
Hit Rate: 95%

Cornell Bowers CIS
“t¥ | Computer Science
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Which caches get what properties?

t.,. = Hit Time + Miss Rate X Miss Penalty

avg

Fast Design with

/ \ speed in mind
More Associative
L2 Cache Bigger Block Sizes
Larger Capacity
/ \ Design with miss

Big

rate in mind

Cornell Bowers CIS
“t¥ | Computer Science
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Example: AMAT w/ multiple caches

t,g = Hit Time + Miss Rate X Miss Penalty

L1 Cache: PRRRTRT -
* Latency: 1ns tag = thit T Yomiss X
2

e Miss Rate: 5%

L2 Cache:

e Latency: 10 ns =t + Yopiss X

e Miss Rate: 20%

Main Memory:
 Latency: 50 ns tavg | =50 NS

Cornell Bowers CIS
“t¥ | Computer Science
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Example: AMAT w/ multiple caches

t,e = Hit Time + Miss Rate X Miss Penalty
Ll CaChe: L1 L1 0 L1 L1
 Latency:1ns tavg = thit ¥ Yomiss X Tiiss
* Miss Rate: 5% =1ns+ 5% x‘zo ns \4
=2ns
L2 Cache:
 Latency:10ns t;\z,g - thizt + %rfiss X trfiss
- Miss Rate: 20% = 10 ns + 20% X _

Main Memory: :\ZOiI
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Latency: 50 ns tavg. =|50 ns \

Cornell Bowers GIS
Computer Science
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PollEverywhere

t,g = Hit Time + Miss Rate X Miss Penalty

You have a 1 GHz processor (1 cycle =1 ns). It has an L1 cache with a

1 cycle access time and a 50% hit rate, and an L2 cache with a 10 cycle
access time and a 90% hit rate. Your main memory has a latency of 100 ns.
Q: What is the average memory access time of this processor in ns?

A:5 B: 7 C:9 D:11 E:13

S=sry | Cornell Bowers CIS
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Performance Summary

Average memory access time (AMAT) depends on:

e Cache architecture and size
* Hit and miss rates
* Access times and miss penalty

Cache design is a very complex problem:
 Cachesize

 Blocksize (a.k.a., line size)

*  Number of ways of set-associativity (1, n, «)
 Replacement policy

*  Number of levels of caching, parameters for each

 Separate I-cache from D-cache, or unified cache
Write policy

Cornell Bowers GIS
Computer Science
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Handling Stores

Cornell Bowers CIS
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Lots of choices...

Is the data in
cache?

Should we
immediately
update main

memory?

Should we
bring it into
the cache?

Write- Write-back Write- No write-
through allocate allocate

Cached Write Policies Write Allocation Policies

Cornell Bowers CIS

Computer Science 72
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MEMORY

Write-back Caches adar [N

1111 P

CACHE 1110 o

index tag|index|offset 1101 N
1101 1100 M

10 1011 L

1010 K

00 1001 J
1000 |

Update main memory only when data is evicted 0111 H
* Minimize costly stores 0110 G
0101 F

Dirty Bit 0100 E
* Clean (0): in sync with main memory 0011 D
* Dirty (1): out of sync with main memory 0010 C
& | Gt v —%




MEMORY

Write-back Caches adar [N

1111 P
CACHE 1110 O
index tag|index|offset1101f N
M
11 1101 1199
10 1011 L
1010 K
00 1001 J
1000 |
Algorithm Updates: 0111 H
* When filling an entry, set dirty bitto 0 0110 G
* When storing to an entry, set dirty bitto 1 0101 =
* When evicting an entry, check dirty bit: 0100 E
* If clean, then do nothing. 0011 D
* If dirty, write data to main memory 0010 C
==y | Cornell Bowers CIS 0o °
Computer Science 0000 A




MEMORY

Example: Write-back Caches o pata

1111
CACHE 1110

LD V Dirty? bEICHIN tag|index|offset 1101

1101 1100
10 1011

1010
00 1001
1000
0111

load 1100 0110
0101

store ¢Z’, 1101 0100
0011

load 0100 0010

0001
#rem | Cornell Bowers GIS
Computer Science load 1100 0000

>l wWlolg m ||| —| | X[ =Z|1 20|




Cache Conscious Programming

Be nice to the cache, and the cache will be nice to you.

Si== | Cornell Bowers CIS
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Cache Conscious Programming

// H=6, W=10 1: A[0][0]
char A[H][W] 2: A[1][e]
for(x=0; x < W; x++) 3: A[2][0]
for(y=0; y < H; y++) 4: A[3][0]
sum += Alyl[x]; 5: A[u][0]
X 6: A[5][0]
© 1 2 3 456 728 9 7. A[0][1]
ot 8: A[11[1]
nls 4 byte
6 blocks

w Cornell Bowers CIS
“t¥ | Computer Science
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S

for(x=0; x < W; x++) : A[0][2]
X : A[0][5]

for(y=0; y < H; y++) : A[01[3]
: A[e][6]

© 1 2 3 45 6 78 9

OO\'IO\WFWNI—‘

4 byte

blocks

Cache Conscious Programming
// = : A[01[0] .
cha.:'l A[S] [\:“\1] n : AL0][1] 75% hit
sum += A[x]Ly]; : A[0][u]
: A[0]1[7]

w | Cornell Bowers CIS
“t¥ | Computer Science
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PollEverywhere

Choose the best block size for your cache among the choices given.
Assume that integers and pointers are all 4 bytes each and that the
scores array is 4-byte aligned.

a) 1byte
int scores[NUM STUDENTS] = 0O;
b) 4 bytes int sum = 0;
c) 8bytes for (i = 0; i < NUM STUDENTS; i+) {
d) 16 bytes sum += scores[i];
5
e) 32 bytes

Cornell Bowers CIS
“t¥ | Computer Science




PollEverywhere

Choose the best block size for your cache among the
choices given. Assume integers and pointers are 4 bytes.

a) 1byte typedef struct item_t {
int value;

b) 4 bytes struct item_t *next;

c) 8 aytes char *name;

) }oitem_t;
d) 16 bytes int sum = 0;
item_t *curr = head;
) 32 bytes while (curr = NULL) {
sum += curr—value;
curr = curr—hnext;

}

e

Cornell Bowers CIS 100
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PollEverywhere

Choose the best block size for your cache among the
choices given. Assume integers and pointers are 4 bytes.

a) 1byte typedef struct item_t {
b int value;

) Dytes struct item_t *next;
C bytes char *name;

) ¥ oitem_t;
d) 16 bytes int sum = 0;
item_t *curr = head;
) 32 bytes while (curr # NULL) {
sum += curr—value;
curr = curr—next;

¥

e

== | Cornell Bowers CIS
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Today’s Goals

* Review: Set-Associative Caches
* Review: Cache Characteristics

» Cache Performance

* Handling Stores

* Cache Conscious Programming
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