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Procedure Calling

« Procedure [subroutine]
— Tool for structuring programs
— Codereuse
— Pass values
— Return results
 Register Convention in Procedure Calling
— $a0 - $a3 : Parameter passing
— $v0 - $v1: Result returning
— $ra: Return address (automatically saved)
— Stack is used when more arguments and more results are involved

« Saved and unsaved registers by the callee (i.e. subroutine) in the procedure
calling

— Saved: $s0 - $s7
— Unsaved: $tO - $t9
« Procedure calling instruction
— jal
« Ending procedure
— jr $ra



Exercise of Procedure Calling




Usi ng Stack for save/retrieve




Procedure calling (p8l1l) pl/2

B pB1.asm - Notepad

File Edit Format “iew Help

#pBl.asm

#Procedure calling exercise

#Fimplements a leat example

# int leaf_example (int g, int h, int i, int jJ

# i

# int T

# f =0 +h) - G+ 32

# return f;

# 1

#azsumes:

# f 45 in %$s0 and g, h, i and j are in registers %ald through %a3

#

# the temprariy result of 3t0 <--- 3%a0 + %$al will be sawved in the stack
# the temporary result of 3tl <----%a2+ %a3 will be saved in the stack

# The result %0 will be sawved in the stack

.data O0x10010000

.asciiz "wnThe wvalue of £ is: " #string to print
LEext
main: #main has te be a global label
addu $=7, %zero, %ra #zave the return address to main
addi =0, %zero, -1 #nitialize 3s0 to -1
addi a0, 3zero, & g =
addi $al, %zero, -20 #h = -20
addi $a2, %zero, 13 #i = 13
addi $a31, %zero, 1 #i =
jal lTeat_example #call the function Teaf_example
add $=0, Jzero, w0 #zet T to the computed walue

#Mow print out F

ori w0, 3zero, 4 #orint_str (swstem call 4)

Tud $a0, O0x1001

or $al, %al, %=zero # takes the address of string as a
sywscall

or v, Jzero, 1 #orint_int (system call 1)

add $ad, 3zero, 3Is0 #put wvalue to print in Jal

swscall



Procedure calling (p81) p2/2

#zual stuff at the end of the main

addu
jr
add

Lalobl
leat_example:

addi

SW

SW

S
add

Assignment
— Revise the code so that it receives the values of g, h, i, and | from

keyboard

fra, 3zero, $s7 #restore the return address
fra #return to the main program
fzero, 3zero, 3zero #nop

leat_example

J=p,
tl,
1t
$=0,
$t0,
ftl,
1=0,
T,
$=0,
0,
%tl,
5P,
fra

f=p, -1Z
B 3sp)
4(3=p)

0 3=p)
$al, 3%al
faZ, 3%a3
$t0, $t1
$=0, %zero
0C3=pd
4(3=pd

2 3=p)
fsp, 12

#make space on the stack Tor three items
#zave register $tl

#save register $t2

#zave register 3%s0
#register 3t0 contains g +
#register $tl contains 1 +
# = (g +h) - G + 32
#returns T

#restore register 3s0
#restore register 3t
#restore register $tl
#adjust the stack before the return
#return to the calling program

A
]




Nest ed Procedur es

Possible Conflicts
— Argument Register Values
— Return Address values
One Solution?

— Caller: Push any argument registers ($a0 - $a3), temporary
registers ($t0 - $t9) that are need after call to stack. Upon return,
restore the registers from the stack.

— Callee: Push the return address ($ra) and saved registers ($s0 -
$s7) to stack

Example (p.83) - recursive procedure that calculates factorial
Int fact (int n)

{
1 f (n<l) return (1);
else return (n* fact (n-1));
}
Argunment n ---> $a0

Ret urn Address ($ra)
Qutput f --> $s0

10



Factorial Calculation Details (1)
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Factorial Calculation Details (2)
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Factorial Calculation Details (3)

l —_
' - T EN )
_@—gﬁ_l N: D (‘iaﬂ) l‘ rlj"" i Kﬁ;;i.'“_:;_ ;1‘, ) W .
ST ALK | - h
M e 10 |l Fad

- | 74 -

gt — R -
- S— - lll'i-\._.h + Lq
T T

(¢turn to 4,

13



Factorial Calculation Details (4)
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Factorial Calculation Details (5)
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Nest ed Procedure Calling (p.83)

[ ] pB3.asm - Notepad

File Edit Formak Wiew Help

#pE3d.asm

Fimplements a recursiwve wersion of M
# Read the number N from kewvboard

# Main prodram:

# wolid main()

#L dint M, T3

# printf("snFactorial Calculation™~n'l;
# printfC"Enter MWD YD

# scantC("%d", MD;

# f = Ffact{mMd;

# printfC"wnn !l = A", TI;

# Feturn;

#1

# int factlint nJ

# L

# 1T n o=« 12

# return 1;

i . else return (n ¥ fact{(n-122;

# main assumes:
# f dis in 350 and N dis in 3s1]

main
.data Q10010000
.asciiz "wnFactorial Calculation™shn' #Fharnner
.data Ox10010020
.asciiz "“nEnter M " #Read keyw walue n
.data Dx10010030
sascidiz "hwan!l o= #Rezsult
et
# addu $=7, %zero, 3Ira #=zawve the return address in a global register
o Fv0, $zero, 4 #print string
Tui Fal, O=x1001
ori $a0., %a0d, O #%$a0= 10010000
swscall #'Factorial Calculation®
again: o 3D, Fzero, 4 #print str
Tui Fal, O=1001
o Fal, %ald, OQ=0020 #F3al0= 10010020
swscall #'Enter N
o Fv0, %zero,s #Integer Read

swscall __6



Nest ed Procedure Calling (p.83)-Conti.

B 3R 3R

fact:

L1l:

or
or

jal

ar

o

Tui

or
swscall
or

or
syscall

]

addu
jr
add

Lolob

addi
S
S
=1t
beg
addi
addi
jr

addi
jal
Twi
Twi
addi
mu 1
jr

=1, Fzero,
fal, 3$zero,
fact

=0, Jzero,
v, Jzero,
$al, 0Ox1001
$a0, 3%a0,0x0

v, Jzero,
fal, $zero,

again

fra, Jzero,
fra

fzero, Jzer
fact
$=p, 3=p, -8
fra, 4(%spd
$al, 0C%sp)
$t0, %al, 1
$t0, Izero,
v, Jzero,
f=p, 3=p, 8
fra

$al, %a0, -1
fact

$al, 0C%spd
fra, 4(%sp)
$=p, 3=p, 8

$ 0 #3=1 <---nN
$s1 #zet the parameter ($a0) for N
#Call procedure FACT
$ 0 #3=0 «—--Fwl= factin)
4 #orint_str (swstem call 4
030
#IIN! — 1
1 #Interger Print
$=0
#output T
#lsual stuff at the end of the main
§=7 #restore the return address
#return to the main program
o, Jzero #nop
#Procedure
#malke space on the stack for two 1tems
#zawve the return address on the stack
#zawve the argument n on the stack
#set (F.e. $t=1) if $al«l) to test for n < 1
L1 # It (3t=0 iz not egaual to 0) then jump to L1
1 #otherwise return 1

w0, $al, Fw0

fra

# (just pop the saved items off stack since n
# and return)

#when n == 1:  decrement the argument
#call factin-17

#restore the walue of argument n
#restore the return address

#release the save area on the stack
#n¥fact(n-137

#return

17



Codi ng Exercise (p.123) - Bubble Sort

« Bubble Sort
— Simplest way of sorting array of objects
— Maybe slowest too

— Compare neighboring two objects, and swap them if the order in
in the wrong way

for (i=0; i<n-1; i++) { /* nunmber of array is n */

for (j=0; j<n-1-i; j++)
I f (a[j+1] < a[j]) { /* conpare the two nei ghbors */
trp = afj]; [* swap a[j] and a[] +1] !
a[]] = a[]+1];
a[] +1] = tnp;
}
}
e Passes

— Each pass moves the biggest number to the end of the array

18



Bubbl e Sort

Exercise (p.123) - conti

ﬂ{:ﬁ‘ls"'{ fass (F)

(5 & j L0/ (gféiyfn—r)-é

[j=003] (7=7]

)
(E|1 N Cj=0 ) [+:4)
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Bubbl e Sort Code (1)

! p123.asm - Notepad

File Edit Formak Yew Help

#olZ23.asm (bubble sort)
#Bubble Sort of 10 number array
#orint output numbers in ascending order

for (i= ; 1{H -1; 1++) I
For C3=0; j=n- 1 1 44D
it CA[J+1] <AL310 1
tmp=AL]1];
AL]]l=A0l]1+1];
ALJ+1]=tmp;

4
n -- the size of array ($ald
i --%=0
j -- 3s1
Base address of A[] ---(%s2)
tmp -- 3t0
. -- J=4
.data 010010000
.asciiz "wnBubble sortiyn' #string to print
.data DxlDOlDGZO
.asciiz "wnType 10 numbers of array to sortyn'
.data DxlﬂﬂlDGSG

B R R o s S

.asciiz

.data 0x10010100

.space 10 #allocate 10 word spaces
Ltext



Bubbl e Sort Code (2)

main:
or $al, %zero, 10 #%al=n=10
#Read 10 numbers
Tud fal, 0x1001
or $al, 3a0, 0x0100
or $s2, %a0, %zero #3tZ is the base array addr
#string
or fvd, %$zero, 4 #print_str (swvstem call 4)
Tu fal, 0x1001
or a0, %a0, %zero # takes the address of string :
syscall
or v, $zero, 4 #print_str (system call 4)
Tu fal, 0x1001
or $al, 3a0, 0x0020 # takes the address of string
syscall
#count the numbers entered in (k: O - 97
or $s5, %52, %zero #z5% points memory now
or =4, 3zero, 0O
Keepread:
or w0, $zero, S #read input (b)
syscall #rnow type-in is in wi
or $=1, %zero, $uwi #3=1
S W $=1, 0(%=52
addi  $s4. 54,1
s1ti §t3. a4, 10
beq $t3, %zero, Readone
addi $s5,%3s5, 4
J Keepread

21



Bubbl e Sort Code (3)

Readone:
ord =0, 3Jzero, O #i=0
addi =3, 3al, -1 #n-1
#row sort part Couter Toop)
# for i
Outer: slt $t0, 3=0, J=3 #f 1<(n-1) then 3t0=1
beg $t0, Fzero,exitl #f not, exitl
#row inner loop
# for j
sub $t1, 3=3,3s0 #t1 for max j which is (n-1)-1
or $=1, $zero, O #1=0
Inner: slt $t0, $s1, 3t1 #FT ] <«(n-1-1) then $t0=1
begq $t0, 3zero, exit? #T not, exit’
#Mow check if AlJ+1]<Al]]
#get A[]]
#rdd %4 to the base address
=17 6, 3s1, 2 #rl=%4
add $t2, 3s2, 3t6
T $t3, 003t2D #2071
T $rd, 403t20 #r[7+1]
#Compare
1t $t0, $t4, $t3 #T $td<3t3, then $t0=1
begq $t0, 3zero, exit] #
#Mow Swap
S $t4, 003t2D
SW $t3, 4(3t2)
exiti:
addi $s1, 3s1,1 #1=1+1
i Inner
exitd:
add] $=0, 3s0, 1
j Outer

22



Bubbl e Sort Code (4)

exitl:
#print out
#count the numbers entered in (k: O - 93
# ori $=2, %$a0, O #%322 has the original based addr
o $=4, 3zerc, O
Keept:
o $v0, 3zero, 1 #print -
Tw $tl, 0C3s2) ** Console
or $a0, 3$zero, $til k
syscall 3
#:1ash : $ Bubble Zort
ori v, dzero, 4 #print_s1
W $20° 01001 ggpe 10 numbers of arravy to sort
or $a0, $a0, Ox0050 it
syscall 1
add] =4, 3=4,1 910
51t $t3, 3=4, 10 34
beg $t3, 3zero, exitd 23
addi $=2,%:2, 4 1z
i Keept Eh
#lsual stuff at the end of the main 88
exitd: 33
j mai h 1-12-23-723-33-°34-40-006-88.790.7
Bubble Sort
Type 10 numbers of array to =ort

23



| nserti on Sort

e it inserts each item into its proper place

 moving the current item past the already sorted items
and repeatedly swapping it with the preceding item

e Twice as efficient as bubble sort

int i, |, tnp;
for (i=1; i < array_size; i++) {
tnp = Ali ];
] =1,
while ((j > 0) && (Alj-1] > tnp)) {
ALl = Aj-1];
=1 -1
}
Alj] = tnp;

24



Insertion Code lllustration
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Project 1 - Insertion Code

« Read 10 numbers from keyboard
e Sort them by Insertion Sort algorithm
 Print the sorted numbers in the order

 Use only core MIPS instructions (no pseudo-
Instruction)

 Showing each step would earn extra points
« Due: in 2 weeks

26



Overview of MIPS

 simpleinstructions all 32 bits wide
e very structured, no unnecessary baggage
 only three instruction formats

R op rs rt rd shant | funct
| op rs rt 16 bit address
J op 26 bit address

 rely on compiler to achieve performance
— what are the compiler's goals?

 help compiler where we can



Addresses in Branches and Jumps

e |Instructions:

bne $t 4, $t 5, Label Next instruction is at Label if $t4 °
$t5
beq $t 4, $t5, Label Next instruction is at Label if $t4 = $t5
j Label Next instruction is at Label
 Formats: :
| op rs rt 16 bit address
J op 26 bit address

e Addresses are not 32 bits
— How do we handle this with load and store instructions?



Addresses in Branches

e |Instructions:

bne $t 4, $t 5, Label Next instruction is at Label if $t4£$t5
beq $t4, $t5, Label Next instruction is at Label if $t4=$t5
e Formats:
| op rs rt 16 bit address

« Could specify aregister (like lw and sw) and add it to address
— use Instruction Address Register (PC = program counter)
— most branches are local (principle of locality)

« Jump instructions just use high order bits of PC
— address boundaries of 256 MB

29



summary

MIPS operands

Name Comments

Example

32 registers

$s0- $s7, $t0-$t9, $zero,
$a0- $a3, $vO0-$vi, $gp,

$fp, $sp, $ra, S$at

Fast locations for data. In MIPS, data must be in registers to perform
arithmetic. MIPS register $zero always equals 0. Register $at is
reserved for the assembler to handle large constants.

Memory[0], Accessed only by data transfer instructions. MIPS uses byte addresses, so
230 memory [Memory[4], ..., sequential words differ by 4. Memory holds data structures, such as arrays,
words Memory[4294967292] and spilled registers, such as those saved on procedure calls.
MIPS assembly language
Category Instruction Example Meaning Comments
add add $s1, $s2, $s3  [$sl = $s2 + $s3 Three operands; data in registers
Arithmetic subtract sub $s1, $s2, $s3 $s1 = $s2 - $s3 Three operands; data in registers
add immediate addi $s1, $s2, 100 |$sl = $s2 + 100 Used to add constants
load word lw $s1, 100($s2) $s1 = Memory[$52 + 100]{word from memory to register
store word sw $sl, 100($s2) Memory[$S2 + 100] = $s1 |Word from register to memory
Data transfer |load byte I'b $sl1, 100($s2) $s1 = Memory[$s2 + 100]|Byte from memory to register
store byte Sb_ $s1, 100($s2) Memory[$s2 + 100] = $s1 |Byte from register to memory
load upper immediate | Ui $s1, 100 $s1 = 100 * 2° Loads constant in upper 16 bits
branch on equal beq $s1, $s2, 25 |[if@®sl == $s2)goto Equal test; PC-relative branch
PC +4 + 100
branch on not equal [bne $s1, $s2, 25 if (sl !'= $s2)goto Not equal test; PC-relative
Conditional PC+4+100
branch set on less than slt $s1, $s2, $s3 [if($s2 < $s3) $sl=1; Compare less than; for beq, bne
else $s1 =0
set less than slti  $s1, $s2, 100 [if($s2 < 100) $s1=1; Compare less than constant
immediate else $s1 =0
jump j 2500 go to 10000 Jump to target address
Uncondi- jump register jr $ra goto $ra For switch, procedure return
tional jump  |jump and link jal 2500 $ra = PC + 4; go to 10000 |For procedure call

30



1. Immediate addressing

| op I rs I rt | Immediate

2. Register addressing

Registers

|op|rs | rt | rd |...|funct|
|

3. Base addressing

Register

| op | rs | rt | Address

Memory

| Register

4. PC-relative addressing

[ raiwod]

Word

| op | rs | rt | Address

Memory

| PC

Word

5. Pseudodirect addressing

| op | Address

Memory

| PC

Word

31



Alternative Architectures

 Design alternative:
— provide more powerful operations
— goal is to reduce number of instructions executed

— danger is a slower cycle time and/or a higher CPI

—“The path toward operation complexity is thus fraught with peril.
To avoid these problems, designers have moved toward simpler
instructions”

 Let’'s look (briefly) at IA-32

32



A - 32

« 1978: The Intel 8086 is announced (16 bit architecture)

« 1980: The 8087 floating point coprocessor is added

« 1982: The 80286 increases address space to 24 bits, +instructions
« 1985: The 80386 extends to 32 bits, new addressing modes

e 1989-1995: The 80486, Pentium, Pentium Pro add a few instructions
(mostly designed for higher performance)

« 1997: 57 new “MMX” instructions are added, Pentium Il
e 1999: The Pentium lll added another 70 instructions (SSE)
e 2001: Another 144 instructions (SSE2)

« 2003: AMD extends the architecture to increase address space to 64 bits,
widens all registers to 64 bits and other changes (AMDG64)

e« 2004: Intel capitulates and embraces AMDG64 (calls it EM64T) and adds
more media extensions
e “This history illustrates the impact of the “golden handcuffs” of compatibility

“adding new features as someone might add clothing to a packed bag”

“an architecture that is difficult to explain and impossible to love”

33



|IA-32 Overview

« Complexity:

Instructions from 1 to 17 bytes long
one operand must act as both a source and destination
one operand can come from memory

complex addressing modes
e.g., “base or scaled index with 8 or 32 bit displacement”

e« Saving grace:

the most frequently used instructions are not too difficult to
build

— compilers avoid the portions of the architecture that are slow

“what the 80x86 lacks in style is made up in quantity,
making it beautiful from the right perspective”

34



|A-32 Registers and Data Addressing

 Registers in the 32-bit subset that originated with 80386

Name

EAX

ECX

EDX

EBX

ESP

EBP

ESI

EDI

EIP

EFLAGS

31

Cs

SS

DS

ES

FS

GS

Use

GPRO
GPR 1
GPR 2
GPR 3
GPR 4
GPR 5
GPR 6

GPR7

Code segment pointer

Stack segment pointer (top of stack)
Data segment pointer 0

Data segment pointer 1

Data segment pointer 2

Data segment pointer 3

Instruction pointer (PC)

Condition codes

35



|A-32 Register Restrictions

 Registers are not “general purpose” — note the restrictions below

Register
Dascription rastrictions

Feglster Indiract Addrass |12 In a reglster. not ESP or EBP Tw $s0,00ks1)
Easad moda with S-or 3240 Address |2 contants of base raglstar plus not ESP or EBP Tw $s0, 100041y #=16-bit
displacemsnt displacement. #displacement
Easa plus scaled Index Tha address |s Ease: any GPR mul dtd,4s2, 4
Base + (259 ¥ Index) Index: not ESF | add 4E0.4t0. 451
where Scale has thevalue 0, 1, 2, or 3. Tw 50,0040y
Basa plus scaled Index with Tha address |s Base: any GPR mul dti, 452,
8- 0F 32400t displacemeant Base + (2579 % Indax) + displacement Index: not ESP | add 0, 4t0.4s1
where Scale has thevalue 0, 1, 2, or 3. Tw ds0,10004t0y# =16-bit
#displacement

FIGURE 2.42 1A-32 32-bit addressing modes with register restrictions and the equivalent MIPS code. The Base plus Scaled Index
addrassing mode, not found in MIFS or the PowerPC, is insluded to avoid the multiplies by four {scale factor of 2) to turn an index in a register into a
byte address (see Figures 2.34 and 2.36). A scale factor of 1 is used for 16-bit data, and a scale factor of 3 for 64-bit data. Scale factor of O means the
address is not scaled. If the displacement is longer than 16 bits in the second or fourth medes, then the MIPS equivalent mode would need two more
instructions:a 101 to load the upper 16 bits of the displacement and an 3dd to sum the upper address with the base register 35 1. (Intel gives two dif-
ferent names to what is called Based addressing mode—Based and Indexed—but they are essentially identical and we combine them here.)

36



|A-32 Typical Instructions

Four major types of integer instructions:

— Data movement including move, push, pop

— Arithmetic and logical (destination register or memory)

— Control flow (use of condition codes / flags )

— String instructions, including string move and string compare

JE name if equalicondition code’ [EIP=name];
EIP-122 = name < EIP+122
JHP name EIP=name
Call name SP=5P-4: M[SP1=EI1P+5; EIP=name:
MOYVW EEE, [EDT+45] ER¥=M[EDOI+45]
PUSH ESI SP=5P-4: M[5P]=E=1
POp EDI EOI=M[5F]: SP=5F+4
ADD EAX FGTEE Ea¥=EAN+ETRR
TEST EDX, #47 Set conditlon code (Mags) with EDX and 42
MOV 5L MLEDI J=M[E=I]:
ECI=EDI+4; ESI=ESI+4

FAIGURE 243 Some typical IA-32 instructions and their functions. A list of frequent operations
appears in Figure 2.44. The CALL saves the EIP of the next instruction on the stack. {EIP is the Intel PC)

37



* Instruction complexity is only one variable

— lower instruction count vs. higher CPI / lower clock rate
 Design Principles:

— simplicity favors regularity

— smaller is faster

— good design demands compromise

— make the common case fast
« Instruction set architecture

— avery important abstraction indeed!
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