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▪ 

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

1 of 246 5/16/2025, 11:52 PM



▪ 

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

2 of 246 5/16/2025, 11:52 PM



 

while (i < 10){

    A[i] = A[i] + 2;

    i = i + 1;

}

i = i + 1

 

while (i < 10){

    A[i] = A[i] + 2;

    i = i + 1;

}
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Processor

Data are transferred

Block or line
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Hit rate

Miss rate

Hit time

Miss penalty
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5.2 Memory technologies
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Processor

Cache

Main memory

Disk

Head

Current technology

SRAM

DRAM

Magnetic disk

Memory
hierarchy

* Flash memory used in 
personal mobile devices
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Bank

Row

 Pre 

 Act 

  Rd/Wr  

Column

Buffers
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The time required to move the head
to the desired track.

The time required for the desired
sector to rotate under the head.

The time required to transfer a
block of bits.


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5.3 The basics of caches
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00
0

00
1

01
0

01
1

10
0

11
0

10
1

11
1

Cache (8 entries)

00001 00101 01001 01101 10001 10101 11001 11101

Memory

X moduloCache index = 8

= 100012 modulo 10002
= 0012
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DataTagVIndex

000

001

010

011

100

101

110

111

Y

Y

Y

11101 two miss

10000 two miss 11 two Memory (11001     )two

00 two Memory (00100     )two

hit

Memory reference: 

10 two Memory(10111     )twoY

10111 two

Invalid 
data

10 two Memory (10000     )two

N

N

N

N

 (fetched from memory)
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A value is read from the cache and
modi�ed. The modi�ed value is
written to the cache and the
corresponding memory location.

A value is read from the cache and
modi�ed. The modi�ed value is


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written to the cache and to a queue
that stores the value while waiting
to be written to the corresponding
memory location.

A value is read from the cache and
modi�ed. The modi�ed value is
written to the cache. The modi�ed
value is only written from the cache
to memory when the cache block is
replaced.
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5.4 Measuring and improving cache
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Block

0

1

2

3

4

5

6

7

Tag Data

Set

0

1

2

3

Tag DataTag Data

Set

0

1

One-way set associative
(direct mapped)

Two-way set associative

Tag Data Tag DataTag Data Tag Data

Eight way set associative (fully associative)

Four-way set associative

Tag Data Tag DataTag Data Tag Data Tag Data Tag DataTag Data Tag Data
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for (int j = 0; j < n; ++j) {

   double cij = C[i + j * n];               /* cij = C[i][j] */

   for(int k = 0; k < n; k++ )

      cij += A[i + k * n] * B[k + j * n];   /* cij += A[i][k]*B[k][j] */

   C[i + j * n] = cij;                      /* C[i][j] = cij */

}

N N B N A

N C

A B x i j k
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N

N N

N N N i A

B B C

N N N

BLOCKSIZE BLOCKSIZE BLOCKSIZE

do_block

si sj sk A B C

do_block BLOCKSIZE

B C

C do_block

BLOCKSIZE

do_block

1 #define BLOCKSIZE 32

2 void do_block (int n, int si, int sj, int sk, double *A, 

3                double *B, double *C)
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4 {

5    for (int i = si; i < si+BLOCKSIZE; ++i)

6        for (int j = sj; j < sj+BLOCKSIZE; ++j)

7            {

8                double cij = C[i + j*n]; /* cij = C[i][j] */

9                for(int k = sk; k < sk+BLOCKSIZE; k++)

10                   cij += A[i+k*n] * B[k+j*n]; /* cij+=A[i][k]*B[k][j] */

11               C[i+j*n] = cij; /* C[i][j] = cij */ 

12           }

13 } 

14 void dgemm (int n, double* A, double* B, double* C) 

15 { 

16    for (int sj = 0; sj < n; sj += BLOCKSIZE)

17        for (int si = 0; si < n; si += BLOCKSIZE) 

18            for (int sk = 0; sk < n; sk += BLOCKSIZE)

19                do_block(n, si, sj, sk, A, B, C); 

20 } 

2 N BLOCKSIZE N

BLOCKSIZE

A B
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do_block()
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5.5 Dependable memory hierarchy
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two
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5.6 Virtual machines

▪ 

▪ 

▪ 

▪ 
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5.7 Virtual memory
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Mechanisms that prevent multiple
processes that use the same
hardware from interfering with
each other.

A technique where main memory is
used as a cache for secondary
storage.

The process of mapping a virtual
address to a physical address.

An address that corresponds to a
location in virtual space.

A virtual memory miss.


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▪ 

▪ 

The TLB, or translation-lookaside
buffer, is a special _____ that keeps
track of recently used translations.

Each TLB entry includes the
physical page address, tag, and
_____ .

A TLB has _____ number of entries
as a page table.

A TLB entry is replaced using a
_____ scheme.


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Occurs when two virtual addresses
access the same page.

A cache that is accessed by a
physical address.

A cache that is accessed by a
partially or completely virtual
address.


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lw $1, 0($1)

$1
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mfc0

mtc0
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Context
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$k1

$k1 $k0 $k1

TLBmiss:

   mfc0  $k1, Context   # copy address of PTE into temp $k1

   lw    $k1, 0($k1)    # put PTE into temp $k1

   mtc0  $k1, EntryLo   # put PTE into special register EntryLo

   tlbwr                # put EntryLo into TLB entry at Random

   eret                 # return from TLB miss exception

tlbwr EntryLo

Random Random
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A cache for a cache.

A cache for main memory.

A cache for disks.

A cache for page table entries.



5.8 A common framework for memory
hierarchy
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A miss caused when multiple
blocks attempt to occupy the same
set.

A miss caused by attempting to
access a block that has never been
in the cache.

A miss caused when a cache does
not have the space to hold all of the
required blocks.
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5.9 Using a �nite-state machine to control a
simple cache
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5.10 Parallelism and memory hierarchies:
Cache coherence
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De�nes when written values will be
returned by a read.


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De�nes what values can be
returned by a read.

Method that ensures writes to a
location are seen in the same order
by all processors.
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5.11 Parallelism and memory hierarchy:
Redundant arrays of inexpensive disks
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Mirroring

Bit-interleaved parity

Striping

P+Q redundancy


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Distributed block-interleaved parity
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5.12 Advanced material: Implementing cache
controllers

cache_tag_type valid

dirty [TAGMSB:TAGLSB]
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package cache_def;
// data structures for cache tag & data

parameter int TAGMSB = 31; // tag msb 
parameter int TAGLSB = 14; // tag lsb

//data structure for cache tag 
typedef struct packed {

bit valid; // valid bit 
bit dirty; // dirty bit 
bit [TAGMSB:TAGLSB] tag; // tag bits

}cache_tag_type;

//data structure for cache memory request 
typedef struct {

bit [9:0]index; // 10-bit index
bit we; // write enable 

}cache_req_type;

//128-bit cache line data
typedef bit [127:0]cache_data_type;

// data structures for CPU<->Cache controller interface

// CPU request (CPU->cache controller) 
typedef struct {

bit [31:0]addr; // 32-bit request addr
bit [31:0]data; // 32-bit request data (used when write)
bit rw; // request type: 0 = read, 1 = write
bit valid; // request is valid

}cpu_req_type;

// Cache result (cache controller->cpu) 
typedef struct {

bit [31:0]data; // 32-bit data
bit ready; //result is ready 

}cpu_result_type;

//---------------------------------------------------------------------- 
// data structures for cache controller<->memory interface

// memory request (cache controller->memory) 
typedef struct {

bit [31:0]addr; // request byte addr
bit [127:0]data; // 128-bit request data (used when write)
bit rw; // request type : 0 = read, 1 = write
bit valid; // request is valid

}mem_req_type;

// memory controller response 
typedef struct {

cache_data_type data; // 128-bit read back data
bit ready; // data is ready

}mem_data_type;
endpackage
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dm_cache_data

dm_cache_tag

posedge(clk) data_req.we tag_req.we
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/*cache: data memory, single port, 1024 blocks*/ 
module dm_cache_data(input bit clk,

input cache_req_type data_req, // data request/
command, e.g. RW, valid 

input cache_data_type data_write, // write port 
(128-bit line)

output cache_data_type data_read); // read port
timeunit 1ns; 
timeprecision 1ps;

cache_data_type data_mem[0:1023];
  

initial begin
for (int i = 0; i < 1024; i++)

data_mem[i] = '0; 
end

assign data_read = data_mem[data_req.index];

always_ff @(posedge(clk)) begin 
if (data_req.we)

data_mem[data_req.index] <= data_write; 
end

endmodule

/*cache: tag memory, single port, 1024 blocks*/ 
module dm_cache_tag(input bit clk, // write clock

input cache_req_type tag_req, // tag request/
command, e.g. RW, valid 

input cache_tag_type tag_write, // write port
output cache_tag_type tag_read); // read port

timeunit 1ns; timeprecision 1ps;

cache_tag_type tag_mem[0:1023];

initial begin
for (int i=0; i<1024; i++) 

tag_mem[i] = '0;
end

assign tag_read = tag_mem[tag_req.index];

always_ff @(posedge(clk)) begin 
if (tag_req.we)

tag_mem[tag_req.index] <= tag_write; 
end

endmodule
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/*cache finite state machine*/

module dm_cache_fsm(input bit clk, input bit rst,
input cpu_req_type cpu_req, // CPU request input 

(CPU->cache)
input mem_data_type mem_data, // memory response 

(memory->cache)
output mem_req_type mem_req, // memory request 

(cache->memory)
output cpu_result_type cpu_res // cache result 

(cache->CPU)
);

timeunit 1ns; 
timeprecision 1ps;

/*write clock*/
typedef enum {idle, compare_tag, allocate, write_back}

cache_state_type;

/*FSM state register*/ 
cache_state_type vstate, rstate;

/*interface signals to tag memory*/ 
cache_tag_type tag_read; // tag read result 
cache_tag_type tag_write; // tag write data 
cache_req_type tag_req; // tag request

/*interface signals to cache data memory*/
cache_data_type data_read; // cache line read 

data 
cache_data_type data_write; // cache line write 

data
cache_req_type data_req; // data req

/*temporary variable for cache controller result*/ 
cpu_result_type v_cpu_res;

/*temporary variable for memory controller request*/ 
mem_req_type v_mem_req;

assign mem_req = v_mem_req; // connect to output 
ports 

assign cpu_res = v_cpu_res;

always_comb begin
/*-------------------------default values for all 

signals------------*/ 
/*no state change by default*/
vstate = rstate;
v_cpu_res = '{0, 0}; 
tag_write = '{0, 0, 0};

/*read tag by default*/
tag_req.we = '0;

/*direct map index for tag*/ 
tag_req.index = cpu_req.addr[13:4];
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tag_req cpu_req [ ];

/*read current cache line by default*/ 
data_req.we = '0;

/*direct map index for cache data*/ 
data_req.index = cpu_req.addr[13:4];

/*modify correct word (32-bit) based on address*/ 
data_write = data_read;

case(cpu_req.addr[3:2])
2'b00:data_write[31:0] = cpu_req.data; 
2'b01:data_write[63:32] = cpu_req.data; 
2'b10:data_write[95:64] = cpu_req.data; 
2'b11:data_write[127:96] = cpu_req.data;

endcase

/*read out correct word(32-bit) from cache (to CPU)*/ 
case(cpu_req.addr[3:2])

2'b00:v_cpu_res.data = data_read[31:0]; 
2'b01:v_cpu_res.data = data_read[63:32]; 
2'b10:v_cpu_res.data = data_read[95:64]; 
2'b11:v_cpu_res.data = data_read[127:96];

endcase

/*memory request address (sampled from CPU request)*/ 
v_mem_req.addr = cpu_req.addr;

/*memory request data (used in write)*/ 
v_mem_req.data = data_read;
v_mem_req.rw = '0;

tag_req.we

case(rstate)

idle compare_tag

v_cpu_res.ready

allocate

write_back
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//------------------------------------Cache FSM------------------------- 
case(rstate)

/* idle state */
idle : begin

/* If there is a CPU request, then compare cache tag */ 
if (cpu_req.valid)

vstate = compare_tag;
end 

/* compare_tag state */
compare_tag : begin

/* cache hit (tag match and cache entry is valid) */
if (cpu_req.addr[TAGMSB:TAGLSB] == tag_read.tag &&

tag_read.valid) begin 
v_cpu_res.ready = '1;

/* write hit */
if (cpu_req.rw) begin

/* read/modify cache line */ 
tag_req.we = '1; 
data_req.we = '1;

/* no change in tag */ 
tag_write.tag = tag_read.tag; 
tag_write.valid = '1;

/* cache line is dirty */ 
tag_write.dirty = '1;

end

/* xaction is finished */
vstate = idle; 

end

/* cache miss */ 
else begin

/* generate new tag */
tag_req.we = '1;
tag_write.valid = '1;

/* new tag */
tag_write.tag = cpu_req.addr[TAGMSB:TAGLSB]; 

/* cache line is dirty if write */ 
tag_write.dirty = cpu_req.rw;

/* generate memory request on miss */
v_mem_req.valid = '1;

/* compulsory miss or miss with clean block */
if (tag_read.valid == 1'b0 || tag_read.dirty == 1'b0)

/* wait till a new block is allocated */ 
vstate = allocate;

else begin
/* miss with dirty line* /

                  /* write back address */
v_mem_req.addr = {tag_read.tag,

cpu_req.addr[TAGLSB-1:0]}; 
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cpu_req [ ]};
v_mem_req.rw = '1;

/* wait till write is completed */
vstate = write_back;

end 
end

end

/* wait for allocating a new cache line */ 
allocate: begin

/* memory controller has responded */ 
if (mem_data.ready) begin

/* re-compare tag for write miss (need modify correct 
word) */ 

vstate = compare_tag;
data_write = mem_data.data;

/* update cache line data */
data_req.we = '1; 

end
end

/* wait for writing back dirty cache line */ 
write_back : begin

/* write back is completed */ 
if (mem_data.ready) begin

/* issue new memory request (allocating a new line) */ 
v_mem_req.valid = '1;
v_mem_req.rw = '0;
vstate = allocate; 

end
end 

endcase
end

always_ff @(posedge(clk)) begin 
if (rst)

rstate <= idle; //reset to idle state 
else

rstate <= vstate; 
end

/* connect cache tag/data memory */ 
dm_cache_tag ctag(.*); 
dm_cache_data cdata(.*); 

end module

rst
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5.13 Real stuff: The ARM Cortex-A8 and Intel
Core i7 memory hierarchies
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5.14 Going faster: Cache blocking and matrix
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multiply

A B C

do_block

1 #include <x86intrin.h>

2 #define UNROLL (4)

3 #define BLOCKSIZE 32

4 void do_block (int n, int si, int sj, int sk,

5                double *A, double *B, double *C)

6 { 

7    for ( int i = si; i < si + BLOCKSIZE; i += UNROLL * 8 )

8       for ( int j = sj; j < sj + BLOCKSIZE; j++ ) {

9          __m512d c[UNROLL];

10         for ( int r = 0; r < UNROLL; r++ )

11            c[r] = _mm512_load_pd(C + i + r * 8 + j * n); //[ UNROLL];

12         

13         for( int k = sk; k < sk + BLOCKSIZE; k++ )

14         {
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15            __m512d bb = _mm512_broadcastsd_pd(_mm_load_sd(B + j * n + k));

16            for (int r = 0; r < UNROLL; r++)

17               c[r] = _mm512_fmadd_pd(_mm512_load_pd(A + n * k + r * 8 + i), bb, c[r])

18         }

19

20         for ( int r = 0; r < UNROLL; r++ )

21            _mm512_store_pd(C + i + r * 8 + j * n, c[r]);

22      }

23   }

24

25 void dgemm (int n, double* A, double* B, double* C)

26 {

27    for ( int sj = 0; sj < n; sj += BLOCKSIZE )

28       for ( int si = 0; si < n; si += BLOCKSIZE )

29          for ( int sk = 0; sk < n; sk += BLOCKSIZE )

30             do_block(n, si, sj, sk, A, B, C);

31 }
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do_block
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5.15 Fallacies and pitfalls
©zyBooks 05/16/25 23:11 2475274

Jaheim Attri
FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

193 of 246 5/16/2025, 11:52 PM



©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

194 of 246 5/16/2025, 11:52 PM



©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

195 of 246 5/16/2025, 11:52 PM



©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

196 of 246 5/16/2025, 11:52 PM



▪ 

▪ 

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

197 of 246 5/16/2025, 11:52 PM



©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

198 of 246 5/16/2025, 11:52 PM



5.16 Concluding remarks
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5.17 Historical perspective and further reading
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The computer for which the term
translation-lookaside buffer was
coined.

Replaced by the 32-bit VAX
because of too little address space.

First computer to employ two level
memory hierarchy.

The �rst _____ implementation was
based on tunnel diode memory, the
fastest form of memory available
at the time.

The �rst RISC architecture to
transition from 32-bit addressing to
64-bit addressing.


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The �rst personal computer.

A timesharing system that
incorporated the good ideas from
MULTICS and left out the more
complex features.

First timesharing system

The operating system that
Microsoft provided to IBM.

Berkeley Software Distribution

Berkeley timesharing system that
added paging virtual memory
hardware to the SDS 920 computer
and had a new operating system.


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5.18 Self study
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5.19 Exercises



for (I = 0; I < 8; I++)

   for (J = 0; J < 8000; J++)

      A[I][J] = B[I][0] + A[J][I];


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for I = 1:8

   for J = 1:8000

      A(I,J) = B(I,0) + A(J,I);

   end

end



0x03, 0xb4, 0x2b, 0x02, 0xbf, 0x58, 0xbe, 0x0e, 0xb5, 0x2c,0xba, 0xfd














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<index, tag, data>

<0, 3, Mem[0xC00]-Mem[0xC1F]>
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

0x03, 0xb4, 0x2b, 0x02, 0xbe, 0x58, 0xbf, 0x0e, 0x1f, 0xb5, 0xbf, 0xba, 0x2e, 0xce
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0, 1, 2, 3, 4, 2, 3, 4, 5, 6, 7, 0, 1, 2, 3, 4, 5, 6, 7, 0.
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

struct entry {

   int srcIP;           // remote IP address

   char URL[128];       // request URL (e.g., "GET index.html")

   long long refTime;   // reference time

   int status;          // connection status

   char browser[64];    // client browser name

} log [NUM_ENTRIES];
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topK_sourceIP (int hour);









©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

245 of 246 5/16/2025, 11:52 PM

http://www.cs.wisc.edu/multifacet/misc/spec2000cache-data/
http://www.cs.wisc.edu/multifacet/misc/spec2000cache-data/


⇒ ⇒

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

©zyBooks 05/16/25 23:11 2475274
Jaheim Attri

FIUEEL4709CSpring2025

zyBooks https://learn.zybooks.com/zybook/FIUEEL4709CSpring2025/chapter/5/print

246 of 246 5/16/2025, 11:52 PM


