COMP311.:
COMPUTER ORGANIZATION!

Lecture 16: Loads, Stores, Memory
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Plan for today....

e Last class, we introduced pipelining basic circuits / toy examples.
e Our goal is to be able to design a pipelined RISC-V CPU.
e Things we still need to learn:
o The assembly instructions required for reading/writing to memory
o The RISC-V memory model
o How programs are stored in memory and executed
o How to break the execution of a single instruction into stages




RISC-V Resources. We are getting into the thick of it now!

o Kaki posted a “reading”. Please do this before next class!
e Chapter 2 of the RISC-V reader/”Mona Lisa Book”

o I will give you p. 15-16 of this book on the next quizzes and on the final as a
reference sheet (on the next slides, too)

e Play around with the simulator!! Leonard built this!
o The best way to learn is by doing in this setting. (Think of other times you
have learned a programming language ©)

e If you want even more details, you can read Andrew Waterman’s

PhD dissertation
o https:;//people.eecs.berkeley.edu/~krste/papers/EECS-2016-1.pdf




Quick Review and Some Details: I-type Data Processing

ALU instructions with a register and an ;
Immediate operand —+ PC
N u n Ackdr
Rd - register file write address Instruction
Rs1 - register source operand Memory
Imm12 - 12-bit immediate operand ... o0 . lwawor
oo Aol [—|RAL4:0] S
: 001 - SLLI S . RB[4:0] el
Adds a mux to the B input of the ALU o10-SLTI . WE
- 12-bit immediate value is (et —F DA[31:0] DB[31:0]
sign-extended 20-bits oo ‘




Why Built-in Constant operands?

(Immediates)

31|3O|29|28|27|26|25|24|23|22|21|20 19.18.17.16.15 14|13|12 11.10. 9 i 8 . 7 6 54 3 2 10
I'type: I I I | i|mr|nl|2 L1 1 | rSl fu|nC|3 rd O O 1 O O 1 1
e Alternatives? Why not? Do we have a choice? é )

Supporting immediates
directly avoids a huge
number of memory

O put constants in memory (was common in older ISAS)

e SMALL constants are used frequently (50% of operands)

|
o In a Ccompiler (gcc) 52% of ALU operations involve a constant  \_ accesses: J
O In a circuit simulator (spice) 69% involve constants
© eg,B=B+1:C=W&®0xff; A=B-1;
How large of constants
e |SA Design Principle: o are o e ot
Make the common case easy p e
Make the common case fast operands:




é )
If you use only addi and

- shifts, you can technically
B Igger CO nSta ntS build any 32-bit constant.
\_ V.
We can load any 32-bit constant using a series of instructions é )
Load a small chunk, shift
addi X106, x0,0x123 it up, add another chunk,
slli x16,x10, 12 , Five Instructions, i shift again, add again...
there a better way?
addi x18, x10, Bx456 i; - y
slli x10,x10,12
addi X108, x10, 0x78

But there there_is a special instruction for constructing large constants., called "Load Upper
Immediate" 6luitui uses a new instruction format call the U-type. lui can be used as part
of a two-instruction sequence to construct any 32-bit constant

31302928272625242322212019181716151413121110 9 8 7 6 54 3 2 10
LI I 1T 1T 1T 1T 1T T 1 I I L I I

; U-type: Imm20 rd O|1|1|011|1|1

lui x10,0x12345 # encoded as 0x12345537

Key idea: ISA designers realized this pattern
was common so it deserved HW support!




The miniRISC-V ISA

31302928272625242322212019181716151413121110 9 8 7

R-type: func7 FSQ rs j_ fu ncl3 rd

QO |o
= |o

O |w
@NIN
= |~
= |o

31I3OI29I28I27|26|25|24|23|22|21|2O 19|18|17|16|15 14|13|12 11.10. 9 i 8 | 7 6 5 3 2
l-type: o, , immi2 rsl [func3 rd 0[0|1/0|0|1|1
31|3OI29I28I27|26|25 24 23 22 21 20 19 18 17 16 15 14|13|12 11I10I 9 : 8 : 7 6 5 3 2 10
B/S-type: |, .MM, rs2 rs1 |wne3 | imms | [0[1]0j0jo4]1
31|3OI29I28I27|26|25|24|23|22|21|20I19I18I17Il6|15|14|13|12 11|10| 9 i 8 | 7 6 5 3
Imm20 rd O|11{1/0/1|1j1

U-type : 11 1 1 I 1 I 1 | v ¥ ;[ 1 1 1 1

Four key instruction formats (each one has a corresponding opcode!):

1) ALU with two register operands

2 ) ALU with a register and an immediate operand. (LOADS HAVE DIFF OPCODE!)
3) Stores and Branches

4) Jumps and large constants (LUI, AUIPC)




Load and Store Instructions

RISC-V is a “Load/Store architecture”. That means that only a specific class of
instructions are used to reference data in memory. As a rule, data is loaded
into registers first, then processed, and the results are written back using
stores. Load and Store instructions have their own format:

31302928272625242322212019181716A5m3"ﬂ£.4.110 9 8 7 6/1_4 3

-—3 I'type: I I I|mr|n 1|2 [ I IS 1 L fu|nC|3 rd
— - 000-LB
001 - LH

pes of loads
' from memory. Load a word, a
010 -LW [=— ~~  half-word, or a byte. Bytes
100 - LBU and half-words can be either
101 - LHU J signed or unsigned
31 30 29 28|27|26|25 24 23 22 21 20 19 18 17 16 15 14|13|12 11I10I 9 : 8 : 7. 6 5 4 3 2 10
I I | T T T T T T T T
Stype: [, T, , | rs2 rs1 [fune3 | imm5, O]1]0|00L{1
000 -SB \ There are three types of
' stores to memory. Store a

distinguish signed and

001 -SH ~ word, a half-word, or a byte.
010 - SW i

There is no need to

unsigned.



Load Word (Iw)

m Used to read 4 bytes (one word) of data from memory

m lw rd, offset(rsl)
- rs1 Is a registerthat holds a memory address
- offsetisa 12 bitimmediate value
- The loaded word will be stored in rd

R[rd] = M[R[rs1] + offset]




Store Word (sw)

m Used to store 4 bytes (one word) of data to memory
B Sw rs2 offset(rsl)

- rsl is a register that holds a memory address
— offset is a sighed 12-bit immediate value
- rs2 is the value that will be written at this address

M[R[rs1] + offset] = R[rs2]

10



Load Word vs Store Word

m Load Word
- Reads 4 bytes (one word) from memory

m Store word
- Writes 4 bytes (one word) to memory

11



Loads and stores are the only\ (" To access memory, we need )
instructions that touch two pieces of |r]1fo: a base&
memory in RISC-V (everything address coming from a reg
Data Tra nSfer else in registers) small offset encode in the
. J \_ instruction Y,
T
Load/Store instructions using a base register e/
and an immediate offset *— PC_ ]
. Asdr |
Rd - loaded register Instruction
Rs1 - stored register memery
RS2 - base reg|Ster e £ | WA[4:0] r.TI
Imm212 - 12-bit immediate load offset I e e
Imm7:lmmb5 - 12-bit immediate store fnc3 e
Offset %EE&U *—1 DA[3:1'U] DB[31;DJ
Widens mux to the ALU’s B input o =orcmn [
func3
gy . . 000 - 5B
- 12-bit immediate value is o -
zero-extended 20-bits ¥ oot
Note: opcode shown is just first
5 bits (6-2 on previous slide) e
Data [
Memory -




( )

For a load, rsl is the base
register and rd is where the

(" For a store, rs1is still the )
base register, but now rs2
provides the value being

Data Transfer loaded value will go. written. Stores split their
\ y, \ immediate across 2 fields /
]
Load/Store instructions using a base register e/
and an immediate offset —& PC__ ]|
Rd - loaded register instructon
Rs1 - stored register o
Rs2 - base register Temn | fwaeo o
Imm12 - 12-bit immediate load offset om0 o onrol ]
Imm7:Immb - 12-bit immediate store func3 - lwe
Offset %EE&U *—1 DA[3:1'U] DB[31;0]
Widens mux to the ALU’s B input oot =100 |22
func3
o - 5 o 000 - SB
- 12-bit immediate value is S
zero-extended 20-bits




(" The (sign-extended) im mediate 4 _ _ N
needs to be routed to the ALU, The ALU is now going to be
so the mux feeding the ALU’s B adding the base register and
Data Transfer input has to widen. Earlier, only the offset to compute the
\ reg values went in y \ memory address y
R
Load/Store instructions using a base register e/
and an immediate offset — PC__ ]|
Rd - loaded register instructon
Rs1 - stored register o
RS2 = base reg|Ster e < | WA[4:0] r.TI
Imm12 - 12-bit immediate load offset I e e
Imm7:lmmb5 - 12-bit immediate store fnc3 e
Offset %EE&U *—1 DA[3:1'U] DB[31;DJ
Widens mux to the ALU’s B input seodo 1000 |2
func3
o - . o 000 - SB
- 12-bit immediate value is ot =34
zero-extended 20-bits




For a load, the computed h - h

address from ALU goes to Write back mux selects it so it

data memory, returns a 32 bit :
Data Transfer ol goes in R
\_ Y, \ )
» . - » i T
Load/Store instructions using a base register e/
and an immediate offset *—fF _PC__|
. Akt |
Rd - loaded register Instruction
Rs1 - stored register o
Rs2 - base register i R Y .
Imm12 - 12-bit immediate load offset SN e MRS
Imm7:lmmb5 - 12-bit immediate store fnc3 e
Offset %EE&U *—1 DA[3:1'U] DB[31;0]
Widens mux to the ALU’s B input ot 01000 [ B
func3
o - 5 o 000 - SB
- 12-bit immediate value is ] .
zero-extended 20-bits ¥ osonott




( )

For a store, the address still
comes from the ALU.

Instead of sending memory’s
output back to registers, we
send rs2’s value into memory

Data Transfer

\_ ) o at that address. p
* T
Load/Store instructions using a base register e/
and an immediate offset —& PC__ ]|
Rd - loaded register instructon
Rs1 - stored register memory
Rs2 - base register i R Y o
Imm12 - 12-bit immediate load offset om0 o onrol ]
Imm7:Immb - 12-bit immediate store func3 - |we
Offset %EE&U *—1 DA[3:1'U] DB[31;0]
Widens mux to the ALU’s B input N
func3
o - 5 o 000 - SB
- 12-bit immediate value is S
zero-extended 20-bits




( )

Funct3 encodes the type of
access: byte, halfword, word.

This datapath diagram
doesn’t show all masking and
sign-extension logic for clarity

Data Transfer

\_ ) L of high-level flow p
. j
Load/Store instructions using a base register e/
and an immediate offset —& PC__ ]|
Rd - loaded register instructon
Rs1 - stored register o
Rs2 - base register i R Y o
Imm12 - 12-bit immediate load offset om0 o onrol ]
Imm7:Immb - 12-bit immediate store func3 - |we
Offset %EE&U *—1 DA[3:1'U] DB[31;0]
Widens mux to the ALU’s B input N
func3
o - 5 o 000 - SB
- 12-bit immediate value is S
zero-extended 20-bits




Load and Store Options

RISC-V's load and store instructions are versatile. They provide a wide range of
addressing modes. Only a subset is shown here.

1w

1b
1w

SW

. A— Rd ¢ Memory[Rs +imm12]
rd ) imm12 ( 'S ) /8 Rd is loaded with the contents of memory at the address found by adding the

contents of the base register, Rs, to the supplied constant

A Rd ¢ sign_extend(Memory[Rs - 4])
rd , -4 ( IS ) 0 Offsets can be either added or subtracted, as indicated by a negative sign. The byte is
signed-extend to fill the 32 bits of

g Y
\
r d ) ( r's ) ‘/g If no offset is specified it is assumed to be zero

rd,12(rs

! ( ) A — The contents of a register hold the address of the either the data
/8 value or a base address for a composite type (structure, object,

rd ) ( rs ) array, or a stack)

18



Load Word Encoding
I-Type, but slightly different opcode!

source register destination

immediate (rs1) functs register (rd) opcode

0000011

31 20 19 15 14 12 11 /7 6 o)

Iw rd, imm212(rsl)

1. Compute address
2. Load data from memory
3. Store data into register file

R[rd] € M[R[rs1] + SignExt(imm12)

19



Store Word Encoding
S-type

source register | source register

immY7 opcode

31 25 24 20 19 15 14 12 11 /7 6 0

Sw rs2, imm(rsl)

M[R[rs1] + SignExt(Imm)] = R[rs2]

opcode = 0b0100011

20



Translate the following instructions into machine code
lw x5, Ox20(x7)

source register destination

immediate (rs1) functs register (rd) opcode

31 20 19 15 14 12 11 / 6 o)

sw x20, -12(x9)

source register | source register

immY7 funct3 opcode

31 25 24 20 19 15 14 12 11 /7 6 0

21



Translate the following instructions into machine code
Iw x5, Ox20(x7) 0x0203A283

source register destination

immediate (rs1) functs register (rd) opcode

000000100000 00111 010 00101 0000011

31 20 19 15 14 12 11 /7 6 o)

sw x20, -12(x9) OxFF44AA23

source register | source register

immY7 funct3 opcode

1111111 0100011

31 25 24 20 19 15 14 12 11 7 6 0

22




ACCESSING MEMORY




Memory

m The register file only contains 32, 32-bit registers

-  We saw pipeline registers last time, but the programmer doesn’t have access
to these!

m We can’t store all of our data in the register file. So where does it all go?

m /nthe main memory

24



RISC-V Memory Model

Used to manage function
calls and local variables StaCk

Used for dynamic memory T
allocation

Dynamic data

Variables allocated at Static data

compile-time

Programs Text

Reserved for the 0S Reserved

25



RISC-V Datapath

4

Only reaches out to memory
when a load or a store
happens!

)

y,

26



Memory vs. Register File

m So what’s the point of the register file?

m Itis MUCH, much..! faster to access the register file

m We'll store the values that we are currently working with in the register file

4 Memory )
1. large
2. takes longer to
access
3. not part of the CPU
\_ ,

Register File
1. small
2. quick access
3. part of the CPU

~\

27



5 90 100 40 11

O 1 2 3 4

Above is an integer array whose base address is 0x00004000.

The size of an int is 4 bytes.
Assume x10 = 0x00004000.
What is the value of x11 after executing the following instruction?

lw x11, 0(x10)




5 90 100 40 11

O 1 2 3 4

Above is an integer array whose base address is 0xO0004000.
The size of an int is 4 bytes.

Assume x10 = 0x00004000.
What is the value of x11 after executing the following instruction?

lw x11 0(x10)

®




5 90 100 40 11

O 1 2 3 4

Above is an integer array whose base address is 0xO0004000.
The size of an int is 4 bytes.

Assume x10 = 0x00004000.
What is the value of x12 after executing the following instruction?

1w x12, 4 (x10)




5 90 100 40 11

O 1 2 3 4

Above is an integer array whose base address is 0xO0004000.
The size of an int is 4 bytes.

Assume x10 = 0x00004000.
What is the value of x12 after executing the following instruction?

1w x12 4 (x10)

90




5 90 100

40

11

O 1

Above is an integer array whose base address is 0xO0004000.

The size of an int is 4 bytes.
Assume x10 = 0x00004000.

What is the value of x12 after executing the following instructions?

addi x10, x10,

1w x12,

8 (x10)

4

32



*

5 90 100 40 11

O 1 2 3 4

Above is an integer array whose base address is 0xO0004000.
The size of an int is 4 bytes.

Assume x10 = 0x00004000.
What is the value of x12 after executing the following instructions?

addi 10 x10 4
1w x12 8(x10)

40

£l




5 90 100 40 11

O 1 2 3 4

Above is an integer array whose base address is 0x0O0004000.
The size of an int is 4 bytes.

Assume x10 = Ox00004000 and x7 = 8.

What are the contents of the array after executing the following
instruction?

sw x/7, 12(x10)




5 90 100 40 11

O 1 2 3 4

Above is an integer array whose base address is 0Ox00004000.
The size of an int is 4 bytes.

Assume x10 = Ox00004000 and x7 = 8.

What are the contents of the array after executing the following
instruction?

sw x/7, 12(x10)

5 90 100 8 11

O 1 2 3 4

£59



Storing Arrays in Memory

Stack
m We will store our statically allocated arrays in l
the static data segment
m To store data in the static data segment, we
use an assembler directive. T
— The miniRISCV assembler and
simulator provides a set of directives for Dynamic data

allocating space for data and initializing

variables Static data

Fib: .word 1,1,2,3,5,8,13,21 # first 8 Fibonacci numbers

masks: .word 0x000000ff,0x0000££f00,0x00££0000,0x£f£f000000# byte masks Text
Name: .string'"Leonard" # O-terminated string (8 bytes)
array: .space 20 # 20 uninitialized words

Reserved




Load Address

m How do you get the address of the array into a register?
— with an instruction called load address (la)

m lard Label

- places the address of Label in rd

m This is actually a pseudoinstruction

Loads the address of the label into Reg/rd]. It is typically implemented using the
two instruction sequence:

auipc rd, label
( addi rd, rd, label

A pseudoinstruction is a “fake”
assembly instruction that doesn’t
existin HW, but assembler expands
into one or more real RISC-V
instructions!

\- )

37




4 - )
Load Address CAUCSs an nstructon we wil alk

immediate to the PC. Let’s review

m How do you get the address of the array into a register? HIMEIL LN F(E 'esx é ert';tr?d to program

— with an instruction called load address (la) \_ Yy,

m l|ard Label
- places the address of Label in rd

m This is actually a pseudoinstruction

Loads the address of the label into Reg/rd]. It is typically implemented using the
| two instruction sequence:

auipc rd, label
( \_’—2 addi rd, rd, label
A pseudoinstruction is a “fake”
assembly instruction that doesn’t
exist in HW, but assembler expands

into one or more real RISC-V
instructions!

\- )

38




Program Counter (PC)

m The Program Counter (PC) is a 32-bit register
m The PCis not inside of the register file!!!
m The datapath executes one instruction per clock cycle

m On every clock cycle, PC is incremented by 4 to fetch the next instruction

>Program
Counter




Program Counter (PC)

4+ 32

Increment the PC by 4 on every clock cycle

C

Adder

40



Program Counter (PC)
Example: Current PC = 0xO0004010

—_—

32

Adder

CEal




Program Counter (PC)
Example: Current PC = 0xO0004010

32

4 —~4 32 0x00004014

Adder

2 \[OXOOOO4010
)

0x00004014

On the next rising edge of the clock, PC will become 0x00004014

42




32

4 —L

|
—L Address
PC

Adder

32

PC holds the address of the
Instruction currently being

executed

32

Instruction

Instruction
Memory

—~— |nstruction
32

43



Storing Code in Memory

m Code is stored in the text segment

m o store code in the text segment, we use the
text directive

Stack

T

Dynamic data

\ ¥

Static data

Text

Reserved

44



PIPELINING




Recall: Pipeline Registers

m Inserted between stages of execution to hold intermediate
values.
- Ex: ALU operands that were decoded!

m These registers are not visible / programmable by the user

— Not part of the 32 general purpose registers
m Allow the synchronization of execution of multiple
operations (AKA: instructions)

— Different stages operate on different instructions in
each clock cycle

a7



Recall: Pipeline Registers

) 4 ) 4 )
COMB COMB COMB
LOGIC o REG L, ogic REGL L [ocic +REG
BLOCK #1 #1 || prock#2 | | #2 | | BLock#3 | | #3
J \_ J \_ J

[ CLOCK ]7
\

48




Y=A+B+C+D+EF

m Let's compare two circuits that perform the operationY=A+B+C+ D + EF

Al
1|
el = [ 7 e A= i =
cBH— 7
1 |
om| I = r =& |
1o |
E[©} I £ [o} 1
1"3 ] ] ° 1—E D ]
A = | =
FEHA—] FRHH— ]
1| 1 |
= =
Stage X Stage Y
J 9 Stage X Stage Y Stage Z
2-stage Pipeline 3-stage Pipeline

49



Two Stage Pipeline

1. What is the longest combinational path?

- Multiplier

- 1200ps
2. What is the min clock period?

* Clock-to-q delay + longest combinational delay

e 20ps + 1200ps = 1220ps
3. |Ifthe clock period is at least the min period, how many clock cycles does it

take to perform one operation?

- two

4. If we run this circuit at the minimum clock period, how long will it take to
complete 10 operations?

- Final result is available at t = (1220ps)(10+1) = 13420ps

50



Three Stage Pipeline

1. What is the longest combinational path?

—  Multiplier

- 1200ps
2. What is the min clock period?

* Clock-to-q delay + longest combinational delay

e 20ps + 1200ps = 1220ps
3. Ifthe clock period is at least the min period, how many clock cycles does it

take to perform one operation?

- three

4. If we run this circuit at the minimum clock period, how long will it take to
complete 10 operations?

— Final result is available at t = (1220ps)(10+2) = 14640ps

51



Review: Performance Metrics

What is the latency of an operation in the 2-stage pipeline?
What is the latency of an operation in the 3-stage pipeline?
Is the throughput higher in the 2-stage or 3-stage pipeline?

What is the speedup of completing 10 operations on the 2-stage pipeline vs
2-stage pipeline?



Performance Metrics

m What is the latency of an operation in the 2-stage pipeline?
- (1220ps)(2) = 2440ps
m What is the latency of an operation in the 3-stage pipeline?
- (1220ps)(3) = 3660ps
m [s the throughput higher in the 2-stage or 3-stage pipeline?
- 2 stage pipeline
m What is the speedup of completing 10 operations on the 2-stage
pipeline vs 3-stage pipeline?
- 13420ps/14640ps =.9167

m [he two-stage pipeline is faster
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