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A Typical Memory Hierarchy

By taking advantage of the principle of locality (BRT{4%)

Present much memory in the cheapest technology

at the speed of fastest technology r=iie
On_Chlp COmponents ---------------------- ; -:-;-:-;-‘-'; --------
Control _’_,-"
= ] Second Secondary
-I - |& Level Memory
Datapath [ 2 Cache (Disk)
Sl B (SRAM)
Speed (%cycles): '2’s 1's 10’s 100’s 1,000’s
Size (bytes): 100’s K's 10K’s M’s G'stoT’s
Cost: highest lowest

ﬁ’ TLB: Translation Lookaside Buffer
CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 2



RISC-V Reference Card

\ —, 4—\ —
Free & Openh RISC Reference Card @

Base Integer Instructions: RV321, RV641, and RV1281 RV Privileged Instructions
Category Name | Fimit RW32I Base +RV{ 64, 128} Category Nama RV mnemeonic
Loads Load Byte| I |LB rd,ral, imm CSR Access  Atomic RYW |CSRRW  rd,csr,rsl

Load Halfword| 1 |LB rd,ral, imm Atomic Read & Set Bit|CSRRE  rd,csr,rsel
Load Word| I (Lw rd,ral, imm Li{D|O} rd,rsl, imm Atomic Read & Clear Bit|CSRERC rd,csr,rsl
Load Byte Unsigned| [ (LBU rd,rsl, imm Atomic B/W Imm |CSRRWI rd,csr, imm
Load Half Unsigned| T (LAY rd,rsl,imm L{W|D}u rd; 5l imm Atomic Read & Set Bit Imm |[CSRRSI rd,csr, imm
Stores Store Byte | 5 |5B rsl,rs2,imm Aromic Read & Clear Bit Imm |CSRRCT rd, csr, imm
Store Halfword| 5 |SH rsl,rs2,imm Change Level Env. Call |ECALL
Store Word| 5 |5W r5l,rsd,imm  |S{D|0} ral,rs2, imm Environment Breakpoint |EBREAK
Shifts Shift Left | R [SLL  rd,rsl,rs2 SLL{W|D} &rd,rsl,rs2 Environment Return |[ERET
Shift Left Immediate| I |SLLI rd,rsl,shamt |SLLI{W|D} rd,rsl,shamt[Trap Redirect to Superviso{MRTS
Shift Right| R |SRL rd,ral,ral SRL{W|D} rd,rsl,rs2 Redirect Trap to Hypervisor | METH
Shift Right Immediate| I |SRLI rd,rsl,shamt |5RLI{W|D} rd,rsl,shamy|Hypervisor Trap to Supervisor|HRTS
Shift Right Arithmetic| R |sRA  rd,rsl,rs2 5RA{W|D} rd,rsl,rs52 |Interrupt Wait for InterrupfWEI
Shift Right Arith Imm| I |SRATI rd,rsl,shamt |SRAI{W|D} rd,rsl,shamt{{MMU Supervisor FENCE |SFEBCE.VM rsl
Arithmetic ADD| R |aDp  rd,rsl,rs2 ADD{W|D} rd,rsl,rs2
ADD Immediate| [ |ADDI  rd,rsl,imm ADDI{W|D} rd,rsl,imm
SUBtract| R |sUB  rd,rsl,rs2 SUB{W|D} rd,rsl,ra2
Load Upper Imm| U |LUTI  rd,imm Optional Compressed (16-bit) Instruction Extension: RVC
Add Upper Imm to PC| U |AUIRC rd, imm Category Name Frnt RV RVT equivalent
Logical ®OR | R |¥oR  rd,rsl,ra2 ILoads Load Word | CL |c.LW rd’,r8l’, imm LW rd’,rsl’,immed
XOR Immediate| I |XORI rd,ral,imm Load Word 5P| CI |C.LWSP rd,imm LW rd,sp,immydq
OR| R |oR rd,ral,ra2 Load Double| CL |C.LD rd’,ral’,imm LD rd’,ral’,imm*B
OR Immediate| [ |oRI rd,ral,imm Load Double SP| CI |Cc.LDSP rd,imm LD rd,sp,imm+E
AND| R [awp  rd,rsl,rs2 Load Quad| CL |c.Lg rd',rsl’,imm LO rd’,rsl’, imm*16
AND Immediate| [ [aypr  rd,rsl,imm Load Quad SP| CI |C.LgsP  rd,imm L rd,sp,imm*16
Compare Set<| R |SLT «rd,rsl,rs2 Stores Store Word | C5 |C.5wW rsl',rs2 , imm |SW rsl',rs2',imm*4
Set = Immediate| I |SLTI rd,rsl,imm Store Word 5P| C55 |C,8WSF  rs2,imm 5W rs5,sp,imm*4
Set < Unsigned| R [SLTU rd,rsl,rs2 Store Double| C5 |c.8D rsl’,rs2’ imm |50 rsl’,rs2’,imm*B
Set < Imm Unslgned| T |SLTIU zd,rsl, imm Store Double 5P| CSS |C.5pSP  rs2, imm S0 rs2,sp,immvB
Branches Branch =| SB [BEQ ral,ra2, imm Store Quad| CS |c.80 ral',re?’, imm |50 ral’',ral’,ie=mv16
Branch +| SB |BME = rsl,rs2,imm Store Quad SP| C55 |C.5QSP  ra2,imm S0 ra?,ap,imm*16
Branch =| S8 |BLT  rsel,ra2,imm [Arithmetic  ADD| CR |C.ADD rd,rsl ADD  rd,rd,rsl
Branch =| SB |BGE ral,ra2,imm ADD Word| CR |c.ADDW rd,rsl ADDW rd,rd, imm
Orarmsk = | larianadl SR lor et wm Al wad A AN Tememeadi sk =1 AT amel A e ATPT amell sl i

https://www.arch.cs.titech.ac.jp/lecture/CA/RISCVGreenCanrd. pdf
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RISC-V instruction set simulator

e venus is a RISC-V instruction set simulator built for education.
* https://venus.kvakil.me/

) )i - sample sequence 1
« https://github.com/kvakil/venus mple seq
addi x1, x0, 1
Editor Simulatol addi X2, X@, 1@
m Step Pre Reset Dump Registers Memor add X3, Xl, X2
— D sample sequence 2
0x00200113 addi xzz =0 2 addi =2, x0, 2 (x2)
o [ addi x1, xe, 1
——— addi x2, x0, 10
(xa) L: addi x1, x1, 1
t0 000000000 bne Xl, X2_, L
(x5)
o sample sequence 3
o lui x1, 0x123
(x:;l. 000000000 or‘i Xl > Xl_’ 6X456
DU sw x1, 32(x@)
(x10) 1w X2, 32(Xe)
console output - SR lb X3 , 32 ( X@)
b x4, 33(x0)

P g 1b x5, 34(x@)
E CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



little-endian, big-endian

In a lLittle-endian configuration, multibyte stores write the least-significant register byte al
the lowest memory byte address, followed by the other register bytes in ascending order of their
significance. Loads similarly transfer the contents of the lesser memory byte addresses to the
less-significant register bytes.

In a big-endian configuration, multibyte stores write the most-significant register byte at the
lowest memory byte address, followed by the other register bytes in descending order of their
significance. Loads similarly transfer the contents of the greater memory byte addresses to the
less-significant register bytes.

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH
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The Memory Hierarchy: Why Does it Work?
\
» Temporal Locality (FFEIHIBFTE, Locality in Time): %\%

— Keep most recently accessed data items closer to the
processor

» Spatial Locality (ZEHIBEFTE, Locality in Space):
— Move blocks consisting of contiguous words to the upper
levels

Lower Level
To Processor | Upper Level Memory
Memory

Block X

From Processor
> Block Y

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 7




Cache
\
« Two questions to answer (in hardware):

« QIl: How do we know if a data item is in the cache?
« Q2: If it is, how do we find it?
« Direct mapped

* For each item of data at the lower level, there is exactly one
location in the cache where it might be - so lots of items at
the lower level must share locations in the upper level

* Address mapping:
(block address) modulo (# of blocks in the cache)

* First, consider block sizes of one word

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 8



Caching: A Simple First Example

Cache

Index Valid Tag

00

01
10
11

Q1: Is it there?

Compare the cache tag
to the high order 2
memory address bits
to tell if the memory
block is in the cache

g

Data

Main Memory

0000xx
0001xx
0010xx
0011xx
0100xx
0101xx
0110xx
0111xx
1000xx
1001xx
1010xx
1011xx
1100xx
1101xx
1110xx
1111xx

\

Two low order bits
define the byte in the
word (32bit word)

Q2: How do we find it?

Use next 2 low order
memory address bits —
the index - to determine
which cache block

(block address) modulo (# of blocks in the cache)
SC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



Direct Mapped Cache Example

 One word/block, cache size = 1K words \
Byte
3130 1312 11 210
./ offset
Hit Tag .20 10 Data
1 Index 4
Index Valid Tag Data
0
1
2
= |
1021 I
1022
1023
~~0 <132
@9 What kind of locality are we taking advantage of?

P CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 10



Example Behavior of Direct Mapped Cache

A
 Consider the main memory word reference string (word 2%
addresses) O12 3 4 3 4 15

Start with an empty cache - all blocks initially marked as not valid

Tag O miss 1 miss 2 miss 3 miss
00 | Mem(0) 00 |Mem(0) 00 | Mem(0) 00 | Mem(0)
00 |[Mem(1) 00 | Mem(1) 00 | Mem(1)

00 | Mem(2) 00 [ Mem(2)

00 | Mem(3)

4 Miss 3 hit 4 hit 15 miss
Olm Mem(0)- 01 | Mem(4) 01 | Mem(4) 01 | Mem(4)
00 | Mem(1) 00 | Mem(1) 00 | Mem(1) 00 | Mem(1)
00 | Mem(2) 00 | Mem(2) 00 | Mem(2) 00 | Mem(2)
00 | Mem(3) 00 | Mem(3) 00 | Mem(3) | 14000 [ Mem(3)

15

ﬁ, = 8 requests, 6 misses
CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 11



Another Reference String Mapping %\%
\

« Consider the main memory word reference string
O 4040420 4

0 Miss 4 miss 0 mMiss 4 miss
01 4 00 a 01
00 | Mem(0) 08 |Mem(0). ' Ut |[Mem(%)." 08 |Mem(0).4

0 miss op, 4miss . oo O miss. g 4 miss

A A . 0 .
Ot |Mem(&). 06~ |Mem(03. 0t |Mem(&4). 00 |Mem(0). "

= 8 requests, 8 misses

= Ping pong effect due to conflict misses - two memory
‘ﬁ locations that map into the same cache block

SC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 12



Direct Mapped Cache Example

 One word/block, cache size = 1K words \
Byte
3130 1312 11 210
./ offset
Hit Tag .20 10 Data
1 Index 4
Index Valid Tag Data
0
1
2
= |
1021 I
1022
1023
~~0 <132
@9 What kind of locality are we taking advantage of?

P CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 13



Direct Mapped Cache Example

_ w_adr Byte
w_hit 3130 ... 87 6 ... 210/ offset
y N
module m_cache_direct_mapped_32 (
input wire w_clk, .25 5 w_dout
input wire w_we,
input wire [31:0] w_adr,
input wire [4:0] w_wadr, :
input wire [57:0] w_wd, Index Valid Tag
output wire w_hit, 0
output wire [31:0] w_dout 1
)s 2
: ®
reg [57:0] mem [0:31]; " " >
integer i; initial for (i=0; i<32; i=i+1) mem[i] = O; w_lndex
. . . _ o, 29
wire [4:0] w_index = w_adr[6:2];
wire W_V; 30
wire [24:0] w_tag; 31 -
assign {w_v, w_tag, w_dout} = mem[w_index]; 25 \W tag
assign w_hit = w_ v & (w_adr[31:7]==w_tag); -
always @(posedge w_clk) if (w_we) mem[w_wadr] <= w_wd; W_V
endmodule

Af_a'

P CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



Multiword Block Direct Mapped Cache

Hit

A

Four words/b

3130 ... 1312 11 ...

43210

ock, cache size = 1K words

Byte

A

" offset

Tag 20

Index

.8

Block _offset

0
1
2

Ll
»

Index Valid Tag <

Data (4 word )

v

253
254
255

CJ

Aﬁf_a'

~

~4-20

What kind of locality are we taking advantage of?

N

4

~N
32

P (CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH
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Taking Advantage of Spatial Locality x
\

* Let cache block hold more than one word
O1 2 3 4 3 4 15

0 miss 1 hit 2 Miss
00 |Mem(1) [Mem(0) 00 |Mem(1) |Mem(0) 00 |[Mem(1) |[Mem(0)
00 [Mem(3) |Mem(2)

3 hit 01 4 miss ) 3 hit

00 |Mem(1) |Mem(0) 08 Mem\(‘lQ\5 Mem(0)~| |01 |Mem(5) |Mem(4)
00 |Mem(3) |Mem(2) 00 |Mem(3) |Mem(2) 00 |Mem(3) |Mem(2)

4 hit 15 miss

01 [Mem(5) [Mem(4) 1101 Mem(5)15Mem(4) th
00 |Mem(3) [Mem(2) 08. [Mem(3). |Mem(

eﬁ = 8 requests, 4 misses
CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 16




Handling Cache Hits (Miss is the next issue)

- Read hits (I$ and D$) Memory Memory
* this is what we want!

*  Write hits (D$ only) -

* allow cache and memory to be inconsistent

Lower Level 2%

Upper Level

Block X

LT ock ¥

write the data only into the cache block (write-back)

need a dirty bit for each data cache block to tell if it needs to be
written back to memory when it is evicted

* require the cache and memory to be consistent

always write the data into both the cache block and the next level in
the memory hierarchy (write-through) so don’t need a dirty bit

writes run at the speed of the next level in the memory hierarchy —
so slow! — or can use a write buffer, so only have to stall if the write

buffer is full

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 17



Write Buffer for Write-Through Caching

*| Cache

Processor DRAM

PR
—

el

write buffer

«  Write buffer between the cache and main memory
* Processor: writes data into the cache and the write buffer
* Memory controller: writes contents of the write buffer to
memory
* The write buffer is just a FIFO
« Typical number of entries: 4
* Works fine if store frequency is low
*  Memory system designer’s nightmare, write buffer saturation

 One solution is to use a write-back cache;
another is to use an L2 cache

~ =
! 18

P CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH



Handling Cache Misses x
\

« Read misses (I$ and D%$)

« stall the entire pipeline, fetch the block from the next level in the
memory hierarchy, install it in the cache and send the requested
word to the processor, then let the pipeline resume

*  Write misses (D$ only)

« Write allocate

 (a) single-word block: write the word into the cache updating both the
tag and data, no need to check for cache hit, no need to stall
« (b) multi-word block: stall the pipeline, fetch the block from next level

in the memory hierarchy, install it in the cache, write the word from the
processor to the cache, then let the pipeline resume

* No-write allocate — skip the cache write and just write the word to
the write buffer (and eventually to the next memory level), no need
to stall if the write buffer is not full

K CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH 19



Hardware debug
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ScalableCore system

CSC.T363 Computer Architecture, Department of Computer Science, TOKYO TECH




Verilator, the fastest Verilog/SystemVerilog simulator
\

Welcome to Verilator

Welcome to Verilator, the fastest Verilog/SystemVerilog simulator.
* Accepts Verilog or SystemVerilog
* Performs lint code-quality checks
* Compiles into multithreaded C++, or SystemC
* Creates XML to front-end your own tools

VERILATOR

Fast code001.v

* Outperforms many closed-source commercial simulators

= Single- and multithreaded output models

module main ();
initial begin

- | N . $write("hello, world¥n");
V”eBnidgn:?—l;\ VeBr:guiE Verﬂalor Vergatur VeriLntor Verllsﬂtar Veqlzntor $.F iniSh();
thread threads threads threads threads end
https://www.veripool.org/verilator/ endmodule

verilator --binary code@@l.v
obj_dir/Vcodeoo1l

code@0l.v:8: Verilog $finish
Simulation Repor t: Verilator 5.026 2024-06-15

Verilator: $finish at 1ps; walltime 0.001 s; speed 0.000 s/s
Verilator: cpu 0.000 s on 1 threads; alloced 121 MB




