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8/31/26  GRAB A WORKSHEET FROM THE FRONT OR BACK!

COMP 311:
Computer Organization!

Lecture 4: Loads + Stores, Accessing Memory!




Logistics Update

* First written assignment is due tonight!
* You will need to do a short reading/tutorial
* It will show you how to use our miniRISC-V simulator ©

* First quiz next class!
* First ~35 minutes of class
» Seating chart will be posted before

» Office hours posted on course webpage



Quiz Topics &

- RISC-V Basics
Registers, operands, and instruction syntax LQ\
Read vs. written registers >é" \((
R-type vs. I-type instructions
Arithmetic and immediate instructions’:g %
Shift instructions "/__&7 g \[\QQ)(

* 211 Review
* Binary <> decimal <» hexadecimal
« Signed vs. unsigned interpretation
* Two’s complement

» Basic overflow reasoning

* Memory

Bytes, words, and addresses

lw and sw

Base + offset addressing

Simple array accesses

Tracing register and memory changes

Be able to...
* Trace a short sequence of RISC-V instructions
« Determine register values after execution
+ Reason between simple C expressions/array accesses and RISC-V




Plan for Class Today

* 3:35-3:50: R + | type Instruction
Review

* 3:50-4:20: Loads and Stores
« 4:20-4:25: BREAK
* 4:25-4:50: Accessing Memory

/Guiding Question ©\

How does a program
access data that does

. not fit in registers?




UNIT 1: PROGRAMMING THE MACHINE

R-TYPE VS. I-TYPE
INSTRUCTIONS




Reminder: How are programs turned into machine &
code?

% High-level language c=a+b

’

\;/\7(
L oM \ ssembly ‘ﬁg add x5, x4, x3 ?ﬁ_y

!

!

Machine Code 00000000001100100000001010110011
ll://—, — \/J

6

\L/




Translating from C to RISC-V

c = a + b;
NN R |
X5 X8 x9
add(ij) x8, x9



Translate this line from C to RISC-V

—_— Y

STRERTIES

x14 x15 x16 x17 x18
W

You may use additional registers in your solution

ad . Kl <3, <X/ e

o >(/C}//)</<7 X/
Sls x 18 w19, X b



Translate this line from C to RISC-V (O

— b+ Q+ld - e
a b + + d ;
P Prig- e

x14 x15 x16 x17 x18

‘_,]//_ Wﬂ
XS

X
add x14, x15, x16 Aadc;.d(zs\/Q__,>x15, x16

add x14, x14, x17 or sub@ x17, x18
sub x14, x14, x18 add x14, x5, x6

)




: RV32|
6/ —_ Integer Computation Loads and Stores
E J v add Emmediate}

byte
lgg'd halfword
subtract store word
and
o= Emmediate} 10ad /2t unsigned
exclusive or | \© = halfword [ =

shift left 1ogical | -~ Miscellaneous instructions
shift right arithmetic immediate} fence loads & stores

shift zight ogical fence.instruction & data
load upper immediate

: b k
add upper immediate to pc environment % ﬁ }
set 1less than {— . }{: . } read & clear bit
S immediate/ |unsigned J control status registef read & set bit {T _ }
Control transfer -~ = immediate

read & write
equal b - -
1_>ramch{£0t gqual} \P 'E J &7 e

branch Jareater than or gqual} _ }
- less than unsigned

jump and link ) —
2UMp and ! {register}

Figure 2.1: Diagram of the RV 32l instructions. The underlined letters are concatenated from left to right to
form RV32I instructions. The curly bracket notation { } means each vertical item in the set is a different
variation of the instruction. The underscore _ within a set means that one option is simply the instruction
name so far without a letter from this set. For example, the notation near the upper left-hand corner
represents the following six instructions: and, or, xor, andi, ori, xori.




The miniRISC-V ISA

31302928272625242322212019181716151413121110987654321 0
I T T T I I
R-type: func? rs2 rs1 fulncl3 rd {|0[1{1/0]0[1[1
#b—- e—
-
313029 28 27 26 25 24 2322 21 2019 181716 151413121110 9 8 7 6 5 4 3 2 1
I T T T I I I I I I I T T T T | T T T T T
(Arithmetic) I-type*: Ly mmi2 rs1 |func3 rd  [0]0{1|0|0(1
—— ——
31302928272625242322212019181716151413121110987654321 0
1T 1T T 1 I I I I .I LI
B/S-type: | .., rs2 rs1 funcd | imm5 0[1]0|0]0|1(1
am—
31|30|29|28l27|26|25|24|23|22|21|20|19|18|17|16|15|14|13|12 11.10. 9 i 8 . 7 6 5 4 3 1
U-type: L1 1 1 1 ] L1 IImrlnzl0 L1 1 1 11 1 ] rd O 1 1 O 1

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

‘6’ 1) Arithmetic, Logical or Shift Instruction with two register operands
2 ) Arithmetic, Logical or Shift Instruction with a register and an immediate operand. (LOADS are also |-type! Diff opcode)
3) Stores and Branches
4) Jumps and large constants (LUI, AUIPC)

11



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

imm[31:12] rd 0110111 U lui
imm[31:12] rd 0010111 U auipc
imm[20]10:1|11]19:12] rd 1101111 T jal
imm[11:0] sl 000 rd 1100111 I jalr
imm[12]10:5] 152 sl 000 imm[4:1|11] 1100011 B beq
imm[12]10:5] 152 sl 001 imm[4:1|11] 1100011 B bne
imm[12]10:5] 152 sl 100 imm[4:1|11] 1100011 B blt
imm[12]10:5] 152 sl 101 imm[4:1|11] 1100011 B bge
imm[12]10:5] 152 rsl 110 imm[4:1|11] 1100011 B bltu
imm[12]10:5] 152 sl 111 imm[4:1|11] 1100011 B bgeu
imm[11:0] sl 000 rd 0000011 7
imm[11:0] sl 001 rd 000001
imm[11:0] sl 010 rd 0000011
imm[11:0] sl 100 rd 0000011
imm[11:0] sl 101 rd 0000011
imm[11:5] 152 sl 000 imm[4:0] 0100011
imm[11:5] 152 sl 001 imm[4:0] 0100011 S sh
imm[11:5] 52 sl 010 imm[4:0] 0100011 S sw 31 30 2524 21 20 19 15 14 1211 8 7 6 0
imm[11:0] rsl 000 rd 0010011 | Iaddi \ funct? | rs2 | sl | funct3 | rd | opcode | R-type
imm[11:0] sl 010 rd 0010011 Islti
imm[11:0] rs1 011 rd 0010011 | I'sltiu ‘ imm[11:0] | rsl | funct3 | rd | opcode | I-type
imm[11:0] sl 100 rd 0010011 I xori
imm([11:0] rsl 110 rd 0010011 | Iori \ imm[11:5] ] 152 | sl | funct3 | imm[4:0] | opcode | S-type
imm[11:0] sl 111 rd 0010011 I andi
0000000 shamt s 0ol rd 0010011 | Tslli [imm(12] | imm[10:5] | 1s2 [ sl | funct3 | imm[41] [imm[11] ]| opcode | B-type
0000000 shamt sl 101 rd 0010011 Isrli
0100000 shamt sl 101 rd 0010011 I srai -
0000~ | rs2 sI 000~ 0110011 | Radd | imm(31:12] | rd | opeode | U-type
0100000 152 sl Oou rd 0110011 R sub - - - .
5909000 ol ol 001 = 010011 R sll | imm([20] | imm[10:1] | imm[11] | imm[19:12] ] rd | opcode | J-type
0000000 152 sl 010 rd 0110011 Rslt
0000000 12 sl 011 rd 0110011 Rsltu Figure 2.2: RISC-V instruction formats. We label each immediate subfield with the bit position (imm[x]) in
0000000 s2 sl 100 rd 0110011 R xor the immediate value being produced, rather than the bit position in the instruction’s immediate field as is
0000000 152 sl 101 rd 0110011 Rsil usually done. Chapterexplains how the control status register instructions use the I-type format slightly
0100000 1s2 1sl 101 rd 0110011 Rsra differently. (Figure 2.2 of Waterman and Asanovi¢ 2017 is the basis of this figure).
0000000 152 sl 110 rd 0110011 Ror
0000000 152 sl 111 rd 0110011 R and
0000 pred succ 00000 000 00000 0001111 I fence
0000 0000 0000 00000 001 00000 0001111 I fence.i
000000000000 00000 000 00000 1110011 Iecall
000000000001 00000 000 00000 1110011 I ebreak
csr sl 001 rd 1110011 I csrrw
csr sl 010 rd 1110011 Tesrrs
csr rsl 011 rd 1110011 I csrre
csr zimm 101 rd 1110011 Iesrrwi
csr zimm 110 rd 1110011 Icsrrsi
csr zimm 111 rd 1110011 I csrrei ;

Figure 2.3: RV32I opcode map has instruction layout, opcodes, format type, and names. (Table 19.2 of
[Waterman and Asanovié¢ 2017] is the basis of this figure.)



R-Format Operations

- add '

* sub O @ K J m |

* AND

% Ol |po |\

* SLT (set on less than) —

* SLTU (Unsigned) ?\) -
» SLL (shift left logical)

- SRL (shift right logical) /QJ\QV —+ / NE

> SRA (shift right arithmetic) L C\A 5o Xl

OQ 13



R-format vs I-format Instructions

» R-format
» Used for operations between two registers

 |-format

» Used for operations between a register and an immediate
value
* in other words, if you want to use a constant that is not in a register

QAA

14



R-Format vs I-Format Syntax &

R-Format I-Format

op rd, rs1, rs2 op rd, rs1, immediate

R[rd] = R[rs1] op R[rs2] R[rd] = R[rs1] op immediate

writes to rd writes to rd

15



I-type Data Processing

Instructions that process one register and a constant:

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 1514 13121110 9 8 7 6 5 4 3
1T 1T T 1 I L I I I T T T I I T T 1

2
I-type: imm12 rs fulnc|3 rd 010111010

- ADDI
- SLLI
- SLTI

Notice there is no SUBI
instruction. Why?

- SLTUI
é, - XORI
- SRLI/SRAI

- ORI
- ANDI

andi x5,x10,255

I-type instructions

have the following template: Is encoded as:
0000 1111 1111 0101 0111 0010 1001 0011
OPfunc3
rd, rs1,imm12 Ox0ff57293

16



Last time...

r— Moving to a higher-level of
abstraction!
0x003202b3 ) add x5, x4, x3

Disassembly

17



Last time... &

Moving to a higher-level of

abstraction!
0x003202b3 E— { add x5, x4, x3 }

Disassembly

Moving to a lower-level of

abstraction!
{addi x5, X0, X12J - Ob0000 0000 1100 0660

Yoo 0010 16061 0011

Assembly

We used our 32-bit instruction
templates to help us © 18




UNIT 1: PROGRAMMING THE MACHINE

Load and Store
Instructions!




The miniRISC-V ISA

I
31302928272625242322212019181716151413121110987654321
I T T T I I

R-type: |, "ner rs2 rs1 fulncl3 rd  |0[1[1]0[0|1
31 .30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 151413121110 9 8 7 6 5 4 3 2 1

1T 1T T 1 I L I I I L T I I — 1 T 1
(Arithmetic*) I-type: Ly gy fmi2 rs1 [func3 rd |0]0|1]0[0|1
31302928272625242322212019181716151413121110987654321

1T 1T T 1 I I I I .I LI

B/S-type: | .., rs2 rs1 func3 | imm5 ~[0]1]0|0]0]1]1

31|30|29|28l27|26|25|24|23|22|21|20|19|18|17|16|15|14|13|12 11.10. 9 i 8 . 7 6 5 4 3 1
U-type: L1 1 1 1 ] L1 llmrInZ(l) L1 1 1 11 1 ] rd O 1 1 O 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)

20



Load and Store Instructions &

RISC-V is a “Load/Store architecture”. That means th a specific class of instructions are
used to reference data in memory. As a rule, data i§ loaded into registers first, then processed,
and the results are written back usi@ Load a ore instructions have their own

format;

31 30 29 28 27 26 25 24 23 22 21 20191817161514131211 10 9 8

T T | | | T T | T T T
. imm12 func3 (/
I'type- I N I (NN (N NN TN HNN AN NN | rS1 [ rd
000 -LB
001 -LH ' from memory. Load a word, a
010 - LW -~ half-word, or a byte. Bytes
100 - LBU and half-words can be either
101 - LHUJ signed or unsigned
31|30|29|28|27|26|25 24.23.22.21.20 19|18|17|16|15 14|13|12 11|‘I0I 9 : 8 : 7 6 54 3 210
. imm7 func3 imm>5
S'type- I I R r32 rS1 L 1 L1 | | 0100011
000 - SB \ There are three types of
001 - SH ' stores to memory. Store a
/word, a half-word, or a byte.
010 - SW .
There isno need to
distinguish signed and

unsigned.



Only reaches out to memory
when a load or a store

instruction happens!
RISC-V CPU
Store
~
ALU
T Memory
File R0

22



Load Word (Iw) (I

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

1w rd, Géffset(rsl X g m }O Z

* rs1 Is a register that holds a memory address _
- of fset is a 12 bit immediate value

* The loaded word will be stored in rd ’#@

—
R[rd] = M[R][rs1] + offset] Q/—" S
O E

xS & (KT
ad v ;




Store Word (sw)

* Used to store 4 bytes (one word) of data to memory
*sw rs2 offset(rsl)

* rs1 is a register that holds a memory address
- offset is a signed 12-bit immediate value
* rs2 Is the value that will be written at this address

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

24



Load Word vs Store Word

» Load Word
» Reads 4 bytes (one word) from memory

» Store word
* Writes 4 bytes (one word) to memory

* Both:

* Require a base address coming from a reg & small
offset encoded in the instruction

25



Load and Store Options &

r— RISC-V's load and store instructions are versatile. They provide a wide

range of addressing modes. Only a subset is shown here.

~ 22" Rd ¢ Memory[Rs + imm12]

. 2
lw rd,imm12(rs ? /h 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

*?/ Rd ¢ sign_extend(Memory[Rs - 4])

b rd,-4(rs) Offsets can be either added or subtracted, as indicated by a negative sign. The byte is
1w rd, (rs) *ined-extend to.fiII the.3:2 b.its. of
/g If no offset is specified it is assumed to be
zero
sw rd 12 ( rs ) A/’S‘/ The contents of a register hold the address of the either the data
sh rd, ( rs ) value or a base address for a composite type (structure, object,

array, or a stack)

26



Load Word Encoding (I

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 0
W
| 2B

1. Compute address Iw rd’ imm? 2(I‘S1 )

2. Load data from memory R[rd] € M[R[rs1] + SignExt(imm12)

3. Store data into register file

27



Store Word Encoding

— S-type

. source reqister | source reqister
immY/7 9 9

e 2 (rs2) 1 (rs1) funct3 ~ - immd

opcode

31

25 24 20 19 15 14 12 11

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

opcode = 0b0100011

7

28




Translate the following instructions into machine

7- e

code

J

>

destination
register (rd)

imm?7

source register
2 (rs2)

source register
1(rs1)

11177/ ) O10C

O\ 6o\

funct3

Ol

(O | DD

31

25 24

dce\w

20 19 ~_— 15 14
oa 2 A

12 11 7

LS



Translate the following instructions into machine

code
Iw X5, OX20(X7) 0x0203A283
- - ist destination
immediate Sourc(ersrf)gls ’ funct3 register (rd) O??_?de
000000100000 | 00111 | 010 | 00101 | 0000011
31 20 19 15 14 12 11 7 6 0
sw x20, -12(x9) OxFF44AA23
im7 sourge(rrsezg;ister sour$e(r;e1g;)ister funct3 imm5 opcode
1111111 10100 01001 010 10100 0100011
31 25 24 20 19 15 14 12 11 7 6

30




UNIT 1: PROGRAMMING THE MACHINE

Accessing Memory




Memory &

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

* There be other reqgisters in the hardware, i.e., pipeline registers, but the
programmer doesn’t have access to these!

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

* In the main memory

32



RISC-V Memory Model

— Used to manage function
calls and local variables _ StaCk — é\V\ }
l £n 2
Used for dynamic memory T A J ) DL
allocation _ M
Dynamic data
Variables allocated at Stati C d ata

compile-time
l
Programs G:D C O A‘Q’ |

Reserved for the OS Reserved

33




RISC-V CPU

ALU

T

Register
File

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

Memory

34



Memory vs. Register File

» So what's the point of the register file?
* Itis MUCH, much..! faster to access the register file

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

Memory Register File
1. large
1. small
2. takes longer to :
aCCess 2. quick access
3. not part of the CPU £ PR @ CiFl

N / N /

35



~L s

S 5 90 | 100 | 40 11
2
Do = 0 1

* 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)

36



5 90 100 | 40 | 11

0 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?

1w x11 0(x10)

5

37



90 100 | 40 | 11

1 2 3 4

OoN V@

 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 x12 after executing the following instruction?

@le, 4 (X@

— &
5
0

38



5 90 100 | 40 | 11

0 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 x12 after executing the following instruction?

1w x12 4 (x10)

90

39



(x oo O Povy 8§51 00 ocFDC 1y Fol O 8

7 -

o 90 | 100 /40 11
Z@ 1 ° / -

G\ o\ TN

e

* Above is an integer array whose base address is 0x00004000.
* The size of an int is 4 bytes. -

» Assume x10 = 0x00004008. 7
. What is the value oFx12 after executing the following instructions?

—> addi x10, x10, 4
S 1w x12, 8(x10)

g

40



&

5 90 100 | 40 | 11

0 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 x12 after executing the following instructions?

addli x10 x10 4
lw x12 8(x10)

40

41



O RO s

5 | 90 | 100 | 49~ 11 o

VN G N 77 =2
 Above is an integer array whose base address | 4000.

 The size of anintis 4 bytes.
 Assume x10 = 0x00004000 and x/7 = 8.
« What are the contents of the array after executing the following

instruction?
q

—>> sw(x7, /12 (x10)

R —

42



90

40

11

Above is an integer array whose base address is 0x00004000.
The size of anint is 4 bytes.
Assume x10 = 0x00004000 and x7 = 8.

What are the contents of the array after executing the following

instruction?

0

1

sw X/,

100
2

3

12 (x10)

4

90

8

1

100
2

3

43



Storing Arrays in Memory

- Stack
- We will store our statically allocated l
arrays in the static data segment
 To store data in the static data
segment, we use an assembler T

dlrectlve.. | Dynamic data
* The miniRISCV assembler and

simulator provides a set of directives for :
allocating space for data and initializing Static data

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

masks: .word 0x000000ff,0x0000££f00,0x00££0000,0xff000000# byte masks

Name: .string "Leonard" # O-terminated string (8 bytes)
Carray: .space 20 _) # 20 uninitialized words

‘ Reserved

44



4 )

Load and Stores in actiQn Array access in C 2 in RISC-V:
compute addr, load value, then
use it!
— . S y

An example of how loads and stores are used to access arrays. What C code produced this?

Hints: Assembly:
» sizeof(int) in C is 4 bytes. addi x31,x0, 10
: . ddi 5,x0,0
© What does slli x6, x5, 2 do to the value in X5? | 10op: 111 x6 x5.2
Why might that be useful before a load? 1w x6,values(x6)
. : : 1w X7 ,sum(x0)
Ins:[’E[ruct'l?ons that help us with the loop dd X7 %7 X6
patern swW X7, sum(x0)
- Which instructions access memory? addi  x3,x35,1
_ blt x5,x31, loop
- What does the add x7, x7, x6 suggest is *halt: jal x0,halt <&

happening repeatedly?

) sum: .word 0
» Use the simulator! Use the docs! values: .word 1,3,5,7,9,11,13,15,17,19

53
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