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SIS - Projects

-HEZEH (10%) - 23, HI%E
— Project 1 (20%) - Lexical Analysis b
- Project 2 (20%) - Syntax/Semantic Analysis
— Project 3 (20%) - IR Generation

— Project 4 (30%) - Code Optimization
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Target Code Generation[H trfUE A B

e What we have now

— Optimized IR of the source program Source Code

o And, symbol table R § oo =
;' Lexical Analysis :
* Target code  Token Stream]
| Syntax Analysis  Front End
— Binary (machine) code ~ (Analysis)
. Syntax Tree" ‘
- Assembly code | Semantic Analysis
s of d : ._Syntax Tree
. P CCIIZIZITIIZIITIZCZZIZIC WE---CCCICDIZIIIIIL .
Goals of target code generation T Intermediae ] -
— Correctness: the target program must . [KCode ?Re”eratm“
preserve the semantic meaning of the source v 1
3 Optimization . Back End
program | IR . (Synthesis)
— High-quality: the target program must make | Code Generation |
effective use of the available resources of the v
‘ Target Code

target machine RSt

— Fast: the code generator itself must runs
) efficiently
O fakeks 4 WK




Translating IR to Machine Code[##%]

* Machine code generation is machine ISA dependent”

— Complex instruction set computer (CISC): x86
- Reduced instruction set computer (RISC): ARM, MIPS, RISC-V

e T |
N/

* Three primary tasks

— Instruction selection[+5 4 1 HY] Y
o Choose appropriate target-machine instructions to implement the IR
statements

— Register allocation and assignment[ 2717 2873 fic ]
o Decide what values to keep in which registers

— Instruction ordering[{5 & H: 7]
o Decide in what order to schedule the execution of instructions

* CPU M52
@ tuxs 5 Dide



https://zhuanlan.zhihu.com/p/363765166

Stack Machine[#k=it2#1)

* A simple evaluation model[—“~{a] B Y]
— No variables or registers
— A stack of values for intermediate results

* Each instruction[f5&11:4%]
— Takes its operands from the top of the stack[#& i B EE/E 4]
— Removes those operands from the stack[ M\ #% 1 #2 B #1541

— Computes the required operation on them{[it %]
— Pushes the result on the stack[R 11545 - AL]
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Optimize the Stack Machine

* The add instruction does 3 memory operations  push7

_ ush 5
— Two reads and one write to the stack de

— The top of the stack is frequently accessed

* ldea: keep the top of the stack in a register (called

accumulator) [ F 27 17 23]
— Register accesses are much faster

e The “add” instruction is now
— acc €& acc + top_of stack

— Only one memory operation acc 7 5 |y A 12

alEad

stack

acc <7  acc « 5 acc « acc + top_of_stack
push acc pop

(@) T X2 7 Djud:




From Stack Machine to RISC-V

 The compiler generates code for a stack machine with
accumulator
— The accumulator is kept in RISC-V register a0
— Stack machine insts are implemented using RISC-V insts and registers

— We want to run the resulting code on the RISC-V processor (or
SImU|atOr) Egg 12626 J—Stacktop

* The stack is kept in memory Tl
— The stack grows towards lower addresses (standard convention)
— The address of next stack location is kept in a register sp
o The top of the stack is now at address sp + 4

— A block of stack space, called stack frame, is allocated for each
function call

o A stack frame consists of the memory between fp which points to the base
of the current stack frame, and the sp

o Before func returns, it must pop its stack frame, and restore the stack

f
(g
https://www.d.umn.edu/~rmaclin/cs5641/Notes/L19 CodeGenerationl.pdf 4
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The RISC-V Architecture[42#4]
* Load/store architecture : 4 RISC

— Only load and store instructions can access memory

— All other instructions access only registers

o E.g., all arithmetic and logical operations involve only registers (or
constants that are stored as part of the instructions)

* Each instruction is 32 bits long in memory
* Byte addressable memories with 64-bit addresses

* Only immediate and displacement addressing modes (12-
bit field)
— Absolute: via the /ui instruction (i.e., x0-offset)
— PC-relative: via auipc, jal and br* instructions

— Register offset: via jalr, addi and all memory instructions
@ T1x2 ° IR




The RISC-V RegistersZEF] o s

Register Symbolic L.
e 32, 64-bit general purpose registers m/w/ i
32 integer registers
(GPRS) + PC x0 Zer Always zero
- called x0, ..., x31 (xOis hardwiredto " ° W Human-friendly

sp Stack pointer ~ symbolic names in

the value O) ! x3 gp Global pointer ~ @ssembly code
o x0 can be used as target reg for any inst ** P bl ol

Wh r | | | r 1 x5 t0 Temporary / alternate return address

ose result is to be discarded 1 —
° 32 64_b|t ﬂOatIng pOInt regISterS _ x8 s0/fp Saved register / frame pointer
/ ] . x9 s Saved register
FPRS (eaCh Can hOld a 32‘b|t Slngle x10-11 a0-1 Function argument / return value
.« . x12-17  a2-7 Function argument

precision or a 64-bit double T

precision Value) x28-31 t3-6 Temporary
— Ca”ed fO’ fl} e f31 Name ABI Mnemonic Meaning

* A few special purpose registers
(example: floating pOint Status) f12:ﬂ7 sz:f; Azuu::::gis:rusm —

f18 - 27 fs2 - fsl1 Saved Registers

r -
1 0 f28 - 31 ft8 — ftll Temporary Registers VW Hhﬂ LZ




RISC-V Instructions[#s 4

* All RISC-V instructions are 32 bits long, have 6 formats
— R-type: instructions using register-register
- |-type: instructions with immediates, loads
— S-type: store instructions
- B-type: branch instructions (beq, bge)
— U-type: instructions with upper immediates
- J-type: jump instructions (jal)

31 25 24 20 19 15 14 12 11 76 0

| funct7 | rs2 | rsl | funct3 | rd | opcode | R
| imm{[11:0] | rsl | funct3 | rd | opcode |
| imm[11:5] | rs2 | rsl | funct3 | imm([4:0] | opcode | S
| imm[12]10:5] | rs2 | rsl | funct3 | imm[4:1]11] | opcode | B
| imm(31:12] | rd | opcode | U
| imm[20(10:1|11] | imm[19:12] | rd | opcode | J

11 Qﬂtz
https://riscv.org/wp-content/uploads/2018/05/13.15-13-50-Talk-riscv-base-isa-20180507.pdf U&
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Example RISC-V Instructions

* la regl addr
— Load address into regl
* liregimm
- reg & imm
* lwregl offset(reg2)
- Load 32-bit word from address reg2 + offset into regl
* swregl offset(reg2)
— Store 32-bit word in regl at address reg2 + offset

* add regl reg2 reg3 SR Mo a, el S
- regl & reg2 + reg3

addi rd, rd, symbol[11:0]
auipc rd, symbol[31:12]

1{b|h|w|d} rd, symbol 1¢blh|w|d} rd, symbolC11:e1(rd) Load global
P auipc rt, symbol[31:12]
myv regl regz s(blhluld) rd, sybol, rt  2PC Tt SIS Store global
lird, imm addi rd, x0, imm #reg=imm-+0
regl <- regz mv rd, rs addird, rs, 0

sltrdrslrs2
—rd & (rsl<rs2)?1:0

17 _ ’nﬂ
https://cs.sfu.ca/~ashriram/Courses/CS295/assets/notebooks/RISCV/RISCV CARD.pdf VIH z
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Example RISC-V Assembly

 The stack-machine code for 7 + 5 in RISC-V:

Stack-machine RISC-V Comment
acc<-7 lia0 7 Load constant 7 into a0
push acc sw a0 O(sp) Copy the value to stack
addi sp sp -4 Decrement sp to make space
acc<-5 lia0 5 Load constant 5 into a0
acc <- acc + top_of_stack lw t1 4(sp) Load value from sp+4 into t1
add a0 a0 tl Add a0+t1=5+7
pop add spsp 4 Pop constant 7 off stack
1oe—— [ Stack top acc 7 5 P 12
1492 66
1488 22 | 7 7 /
1484 f—
stack
) — SP

acc « 7 acc < 5 acc < acc + top_of_stack
push acc pop

(&) 13 i




A Small Language

* A language with integers and integer operations

P—>D;P|D

D - def id(ARGS) = E;

ARGS - id, ARGS | id

E->int|id|ifE;=E,then E;else E,
| E,+E, | E,-E, | id(E,,...,E,)

* Example: program for computing the Fibonacci numbers:

def fib(x) = if x = 0 then O else
if x=1then 1 else
fib(x - 1) + fib(x - 2)

MG‘Z

https://www.d.umn.edu/~rmaclin/cs5641/Notes/L19 CodeGenerationl.pdf
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A Small Language (cont.

fibo:
# Argument n is in a@
1 #include<stdio.h> beqz a@, is_zero 0=
9 addi te, a0, -1 # Hack: If a@ == 1 then t0 == 0
3 typedef long long LL; beqz) £0; 1s_one F 0= gz
4 LL n, 1;
D L ietiiiirer e r e R R ae e eR Rt re e e Re e an R e neaennn % 0 &L 00 this Ehe hand way
6iLL fibo(LL n) { :
7: if (n == 0) addi sp, sp, -16 # Make room for two 64-Bit words on stack
4 return 0; sd a0, 0(sp) # Save original n
)i else if (n == 1) sd ra, 8(sp) # Save return address
5 return 1;
] ¢ else : addi a0, a0, -1 # Now n-1 in a@
return fibo(n - 1) + fibo(n - 2); jal fibo # Calculate fibo(n-1)
3 i} :
4ok : 1d to, 0(sp) # Get original n from stack
T A S S e s e —
16 n=5; addi a0, to, -2 # Now n-2 in a@
17 jal fibo # Calculate fibo(n-2)
18 printf("The fibonacci series is :\n");
19 for (1 =12 1 <= n: 1¥%) ¢ 1d to, 0(sp) # Get result of fibo(n-1) from stack
20 printf("%lld ", fibo(i)); add a0, a0, to # add fibo(n-1) and fibo(n-2)
21 )
22 } 1d ra, 8(sp) # Get return address from stack
addi sp, sp, 16 # clean up stack
def fib(x) = if x = 0 then O else
if x=1then 1 else S S
fib(x - 1) + fib(x - 2) Ls: Zeke:
is_one:
) ret
(@) FTux® - PG

https://github.com/scotws/RISC-V-Fibonacci/blob/master/fibonacci-naive.s



https://github.com/scotws/RISC-V-Fibonacci/blob/master/fibonacci-naive.s

Code Generation Considerations[Z &)

* We used to store values in unlimited temporary variables,
but registers are limited --> must reuse registers[ = & {4
A7 ]

* Must save/restore registers when reusing them[&- 1% 28 &
fE- ]
- E.g. suppose you store results of expressions in a0
- When generating E->E; + E,,
o E; will first store result into a0

o E, will next store result into a0, overwriting E;’s result
o Must save a0 somewhere before generating E,

@tuxs IR




Code Gen Considerations (cont.)

* Registers are saved on and restored from the stack

Note: sp - stack pointer register, pointing to the top of
stack

— Saving a register a0 on the stack:
addiu sp, sp, -4  # allocate (push) a word on the stack
sw a0, 4(sp) # store a0 on the top of the stack

— Restoring a value from stack to register a0:
lw a0, 4(sp) # load word from top of stack to a0
addiu sp, sp,4  # free (pop) word from stack

1500[ 166
1496] 99 — Stack tOp
1492[ 66
1488 22 |®
1484 e

() F o X % 17
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Stack Operations[##/E)

* To push elements onto the stack
— To move stack pointer sp down to make room for the new data
— Store the elements into the stack

* For example, to push registers t1 and t2 onto stack

* Pop elements simply by adjusting the sp upwards

— Note that the popped data is still present in memory, but data
past the stack pointer is considered invalid / undefined
sw t1, O(sp)

d1l
sw t2, -4(sp) wor word 1 word 1
sub sp, sp, 8 word 2 word 2 word 2
sp t1 P t1
sub sp, sp, 8 t2 2
sw t1, 8(sp) sp

sw t2, 4(sp)

18 Dhg:




Code Generation Strategy

* For each expression e we generate RISC-V code that:

— Computes the value of e into a0 (i.e., the accumulator)
— Preserves sp and the contents of the stack

* We define a code generation function cgen(e)
— |ts result is the code generated for e

* Code generation for constants

— The code to evaluate a constant simply copies it into the
register: cgen(i) =1lia0 i
o Note that this also preserves the stack, as required

19
https://www.d.umn.edu/~rmaclin/cs5641/Notes/L19 CodeGenerationl.pdf
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