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Assembly Programming: Procedures

CS 245 Assembly Language Programming

Assembly Programming: Procedure Calls

 

Text: Computer Organization and Design, 4th Ed., D A Patterson, J L Hennessy
Section 2.8, B.5-B.6
 

Objectives:  The Student shall be able to:

· Define segment types: text, static data, dynamic data, stack, and describe when a Java program uses each.
· Draw a map of a program’s memory.

· Describe usage of a stack, including describing all types of information retained on the stack
· Write recursive (and other type) functions in assembly language with correct usage of registers and stacks.

· Call a procedure with arguments – using stack or registers

· Describe how buffer overruns could result in security problems

 

Class Time:


Architecture, Procedure Calls, Stacks

1 hour


Exercise 1




2 hours


Frame Pointers



0.5 hours


Exercise 2




0.5 hours

            Total                                                                4 hours

            

Procedure (or Method) Calls

Steps to call a procedure:

1. Place parameters where procedure expects them 

· Place in stack and/or $a (or $v) registers

2. Transfer control to procedure 

· Usually call jal instruction, which saves return address in $ra

3. Acquire storage resources for the procedure 

· Push space onto stack for local variables, arguments, return address, save registers

· Push return address (and frame pointer) on stack

· Save off any $s registers that will be modified

4. Perform procedure logic
5. Place result where calling program can access it 

· Usually in a $v register: $v0 or $v1
6. Return control to instruction following call to procedure

· Restore registers: ($fp,) $ra and $s saved registers

· Pop stack: restore $sp register
· Return to where $ra points

Procedure Call Conventions 

MIPS Register Conventions

Registers used in calling and returning from procedure

$a0-$a3: Arguments (or parameters) for the procedure

· If more parameters exist, push onto stack

$v0-$v1:  Return value(s)

$ra: Return address

Conventions for registers used in performing procedure:

Calling functions do not want their registers stomped on during the procedure call.  So…

$t0-$t9:  Temporary Registers do not need to be saved, but can change

$s0-$s7:  Saved Registers do need to be saved – their values cannot be changed.

Save $s registers by storing them on the stack.

Jump Conventions

Instructions for jumping to a routine (never expecting to return):


b
-

# branch to local address


j  
target

# 28 bits to define destination memory address


jr 
$rs

# Jump to address in Register $rs.

Want to return to calling function?  Use a Jump-And-Link instruction to call a procedure:


jalr 
$rs,$rd  
# Jump to address in $rs.  Save off return address in $rd


jal 
target

# 28-bit dest. memory address.  Save return address in $ra

When you want to return use the Jump-Register instruction:


jr  
$ra

How to Program a Simple Procedure Call:

Passing parameters:  First 4 parms passed in $a0-$a3.  Remainder stored on stack

Jal instruction jumps to called routine and saves return address into $ra

Calling sequence:

Option 1: Moving parameters to $a registers:


lw
    $a0,argument


jal 
    Routine

Option 2: Pushing arguments on stack:

        sw     $a0,-4($sp)

        jal     Routine

# procedure call to routine

Called Routine:

# define routine: assumes passing arg on stack
        addi    $sp,$sp,-8

# make room on stack for return address and 1-word arg.
        sw      $ra, 0($sp)

# save return address


……



# do routine’s logic


lw
     $ra, 0($sp)

# reload return address


addi    $sp,$sp,8

# change back stack pointer

jr    
     $ra


# return to calling routine
Example: Increment() with $a arguments

# increment.s 

# MIPS program which includes a procedure 
#    to increment a number
# Susan Lincke


.data

numbr:  .word
24

numad1: .word
0


.text   


.globl main   

main:


lw
$a0,numbr

# numad1 = increment(number)


jal
incr


sw
$v0,numad1


li   $v0, 10        # exit


syscall                       

######################################

#
Increment(): Increments a number and returns it
# Calling sequence:  

#    lw   $a0,number   

#
jal
incr

#

# Returns: $v0: incremented number

#

# Stack Usage:

#
0($sp) = return address
######################################

incr:




# $v0 = increment($a0=number)


addi
$sp,$sp,-4

# stack.push(4)



sw
$ra,0($sp)

# stack[0] = return address


addi
$v0,$a0,1


# return_value = number++


lw
$ra,0($sp)


addi
$sp,$sp,4


# stack.pop(4)


jr
$ra



# return
Example: Increment() passing arguments on stack
# increment.s 

# MIPS program which includes a procedure 
#    to increment a number
# Susan Lincke


.data

numbr:  .word
24

numad1: .word
0


.text   


.globl main   

main:


lw
$a0,numbr

# numad1 = increment(number)


sw
$a0,-4($sp)


jal
incr


sw
$v0,numad1


li   $v0, 10        # exit


syscall                       

######################################

#
Increment(): Increments a number and returns it
# Calling sequence:  

#    sw   $a0,-4($sp)   # store number on stack

#
jal
incr

#

# Returns: $v0: incremented number

#

# Stack Usage:

#
4($sp) = number passed as argument

#
0($sp) = return address
######################################

incr:




# $v0 = increment($a0=number)


addi
$sp,$sp,-8

# stack.push(8)



sw
$ra,0($sp)

# stack[0] = return address


lw
$t0,4($sp)

# number = stack[4]


addi
$v0,$t0,1


# return_value = number++


lw
$ra,0($sp)


addi
$sp,$sp,8


# stack.pop(8)


jr
$ra



# return

Memory Architecture


Address Space:

Text Segment:  Program code.  

Currently executing instruction is pointed to using the Program Counter register.
Specify in assembly with the ‘.text’ directive 

Data Segment:  Includes:

Static Data:  Memory allocated with .asciiz or .word

Dynamic Data:  Memory allocated with ‘new’

· Data Segment is pointed to, sometimes with the global pointer register: $gp

lw   $v0, heading
# actual instruction: lw $v0, 0x8020($gp)

Specify with the ‘.data’ directive
Reserved:  Contains instructions and data important for the operating system, e.g., interrupt vectors.

Stack Segment:  Used to implement function calls
Procedure call data pushed onto stack 
Each function call pushes a frame onto stack consisting of:

· Calling parameters (not fitting into $a0-$a4)

· Often: Return address, Frame pointer
· Saved registers: $s registers used in function

· Local variables declared in function

Stack pointer: contained in register $sp

Frame pointer: Previous value of stack pointer to restore

Traditional (Formal)  Stack Usage in Procedure Call:

1. Save procedure call arguments (in MIPS only if > 4 arguments)

2. Save frame pointer in stack.  

3. Update Frame Pointer with Stack Pointer.  Stack Pointer = Frame Pointer + space.

4. Save return address if $ra will change: If another procedure is called $ra will change
5. Save $s registers that will be used

6. Allocate local variables that do not fit in registers (Register usage is faster).
Note:  All storage must be created by changing the stack pointer

· Stacks grow into smaller addresses.

· Pushing: Subtracting from the stack pointer for the size of memory needed

· Popping:  Adding to the stack pointer for the size of memory being returned.


 SHAPE  \* MERGEFORMAT 


Activation Record or Frame:  Stack memory allocated for a procedure call instance

Frame Pointer points to the first (highest) word of a procedure
Stack pointer points to the last (lowest) word of a procedure
Lab 4: Working with Procedures

HexCnvrt is a utility that takes a byte storing a binary number, converts it to hexadecimal encoded as ASCII, and prints it.  It does this by printing the top nibble of the byte, then by printing the bottom nibble of the byte.

If you look carefully at the code, the print code is redundant, since it is coded twice.  This code could instead be turned into a procedure, by cutting the code out, giving it a label such as PrtNbl and then implementing a jal to jump and link to the code.  The jal actually saves the return address in register $31, which is known as the return address register, $ra.

Step 1: Eliminate all redundant code, putting it in the PrtNbl routine at the bottom of the code.  Be sure to use the instruction jal to jump to the label and execute it.


jal
PrtNbl

#  PrintNibble(nibble)

At the bottom of the PrtNbl routine, you want to jump back to the caller.  Include a jr $ra to get back:


jr
$ra

# return

Run this to ensure that the code actually successfully still works.

Question: What is in the $ra the two times you call the code?  What instruction does this point to?


First time:      $ra=


instruction=


Second time: $ra=


instruction=

Step 2: Parameters are normally passed in the $a0-$a3 registers.  This procedure requires one parameter: the index.  Pass that in $a0 in the calling sequence (before the jal).  Then use whatever register you want in the procedure for index.

Add comments at the top of the PrtNbl routine indicating:


########################################


# PrintNibble(Nibble):  This procedure prints a nibble

# Register convention:  (how registers are used)


# Calling sequence: 
lw
$a0,nibble


#


jal
PrtNbl


########################################
Note that this indicates that $a0 should have nibble in it, not that you need to use this code.

Save this file off as lab4a.asm.

Step 3: Using a stack:  Save off the return address register ($ra) on the stack.  Also we will pass index as an argument on the stack.  Replace the calling sequence in the comments as follows, and save the file as lab4b.asm.  Here is the calling sequence:


# Calling sequence: 
lw
$a0,nibble


#


sw
$a0,-4($sp)


#


jal
PrtNbl

Within the PrtNbl routine, you need to allocate the stack for the two variables: $ra and the nibble passed as an argument.  As shown, nibble is saved as a word (but you can do it otherwise, if you select to.)

Question: How many bytes are needed for the stack to store nibble and $ra (assuming each is one word large)?

Let’s draw what the stack will look like:






old $sp (before call)

	4($sp)
	Nibble

	0($sp)
	Return address







  new $sp  (after call)

We need to add some more comments to reflect the stack use:


# Stack usage:   4($sp) = binary nibble


#

0($sp) = return address

At the top of the PrtNbl routine, allocate the space for the PrtNbl activation record (or the bytes allocated as you calculated in the previous question.)  Stacks grow down, so you would allocate it as a negative number:


addi
$sp,$sp,-N
# push N bytes on the stack

This pushes onto the stack by moving the stack pointer from the old $sp location to the new $sp location.

At the bottom of the procedure deallocate the memory by popping the stack:


addi
$sp,$sp,N
# pop N bytes off the stack.

This pops the stack by moving the stack pointer from the new $sp location back to the old $sp location.

Once the stack memory has been pushed, you can fetch index off the stack at 4($sp):


lw
$s0,4($sp)

At the top of PrtNbl, save off the $ra to the stack:


sw
$ra,0($sp)

At the end of PrtNbl, restore the return address:


lw
$ra,0($sp)

Try running the code.  If it works, call me over.  Otherwise debug a little before calling me over!

Factorial Program

########################################################
# This program prints a factorial number – no frame pointer used
#

# The call to syscall has the following parameters:

#   $a0: thing to be printed

#   $v0: Mode

#       1=integer

#       4=null-terminated string

# Register Convention:

#       None

# Stack Convention:

#       0(SP) = Return Address

########################################################

        .data

prompt: .asciiz "Enter Value: "

        .text

        .globl main

main:

        addi    $sp,$sp,-4

        sw      $ra, 0($sp)

#                               

#  print("Enter value");

        li      
$v0,4

        la      
$a0,prompt

        syscall

#                               

#  count = read_int

        li      
$v0,5

        syscall

#                               

#  total = factorial(count);

        sw      $v0,-4($sp)

        jal     
Fact

#                               

#  print_int(total);

        move    
$a0,$v0

        li      
$v0,1

        syscall

#                               

#  return

        lw      $ra, 0($sp)

        addi    $sp,$sp,4

        jr      
$ra

############################################
# Factorial Function

# Calling Sequence:

#       -4(SP) = 

# Register Use:

#       $s0 = Count

# Returns:

#       $v0 = 

# Stack use:

#       8(SP) = 

#       4(SP) = 

#       0(SP) = 

############################################

Fact:                         


# int Factorial(int count)

        addi    $sp,$sp,-12

        sw      $ra, 0($sp)

        sw      $s0, 4($sp)

        lw      $s0, 8($sp)

#                               


# {

#                               


#       total = 1;

        li      
$v0,1

#                               


#       if (count > 1)

        slt     
$t0,$s0,1

        bne     
$t0,$zero,fac7

#                               


#               total=count*Factorial(count-1)

        addi    $a0,$s0,-1

        sw      $a0,-4($sp)

        jal     
Fact

        mul     
$v0,$s0,$v0

#                               


#       endif

#                               


#       return total

fac7:   lw  $ra, 0($sp)

        lw      $s0, 4($sp)

        addi  $sp,$sp,12

        jr      
$ra

#                               


# }

[0x00400024]
0x23bdfffc   addi $29, $29, -4               ; 21: addi
$sp,$sp,-4

[0x00400028]
0xafbf0000   sw $31, 0($29)                  ; 22: sw
$ra, 0($sp)

[0x0040002c]
0x34020004  ori $2, $0, 4                       ; 25: li
$v0,4

[0x00400030]
0x3c041001  lui $4, 4097 [prompt]       ; 26: la
$a0,prompt

[0x00400034]
0x0000000c  syscall                               ; 27: syscall

[0x00400038]
0x34020005  ori $2, $0, 5                       ; 29: li
$v0,5

[0x0040003c]
0x0000000c  syscall                               ; 30: syscall

[0x00400040]
0xafa2fffc     sw $2, -4($29)                  ; 32: sw
$v0,-4($sp)

[0x00400044]
0x0c100018  jal 0x00400060 [Fact]      ; 33: jal
Fact

[0x00400048]
0x00022021  addu $4, $0, $2                ; 35: move
$a0,$v0

[0x0040004c]
0x34020001  ori $2, $0, 1                       ; 36: li
$v0,1

[0x00400050]
0x0000000c  syscall                               ; 37: syscall

[0x00400054]
0x8fbf0000   lw $31, 0($29)                   ; 39: lw
$ra, 0($sp)

[0x00400058]
0x23bd0004  addi $29, $29, 4               ; 40: addi
$sp,$sp,4

[0x0040005c]
0x03e00008  jr $31                                 ; 41: jr
$ra

Fact:
[0x00400060]
0x23bdfff4  addi $29, $29, -12              ; 58: addi
$sp,$sp,-12

[0x00400064]
0xafbf0000  sw $31, 0($29)                   ; 59: sw
$ra, 0($sp)

[0x00400068]
0xafb00004  sw $16, 4($29)                  ; 60: sw
$s0, 4($sp)

[0x0040006c]
0x8fb00008  lw $16, 8($29)                   ; 61: lw
$s0, 8($sp)

[0x00400070]
0x34020001  ori $2, $0, 1                       ; 64: li
$v0,1

[0x00400074]
0x2a080001  slti $8, $16, 1                    ; 66: slt
$t0,$s0,1

[0x00400078]
0x15000005  bne $8, $0, 20 [fac7-0x00400078]; 67: bne
$t0,$zero,fac7

[0x0040007c]
0x2204ffff    addi $4, $16, -1                 ; 69: addi
$a0,$s0,-1

[0x00400080]
0xafa4fffc     sw $4, -4($29)                  ; 70: sw
$a0,-4($sp)

[0x00400084]
0x0c100018  jal 0x00400060 [Fact]      ; 71: jal 
Fact

[0x00400088]
0x72021002  mul $2, $16, $2                ; 72: mul
$v0,$s0,$v0

[0x0040008c]
0x8fbf0000   lw $31, 0($29)                  ; 75: lw
$ra, 0($sp)

[0x00400090]
0x8fb00004  lw $16, 4($29)                  ; 76: lw
$s0, 4($sp)

[0x00400094]
0x23bd000c  addi $29, $29, 12           ; 77: addi
$sp,$sp,12

[0x00400098]
0x03e00008  jr $31                                ; 78: jr
$ra

REGISTERS

PC      = 00400070   EPC     = 00000000   Cause   = 00000000   BadVAddr= 00000000

 Status  = 3000ff10   HI      = 00000000   LO      = 00000000





 General Registers

R0  (r0) = 00000000   R8  (t0) = 00000000   R16 (s0) = 00000001  R24 (t8) = 00000000

R1  (at) = 00000000   R9  (t1) = 00000000   R17 (s1) = 00000000  R25 (t9) = 00000000

R2  (v0) = 00000001  R10 (t2) = 00000000  R18 (s2) = 00000000  R26 (k0) = 00000000

R3  (v1) = 00000000  R11 (t3) = 00000000  R19 (s3) = 00000000  R27 (k1) = 00000000

R4  (a0) = 00000001  R12 (t4) = 00000000  R20 (s4) = 00000000  R28 (gp) = 10008000

R5  (a1) = 7fffef5c     R13 (t5) = 00000000  R21 (s5) = 00000000  R29 (sp) = 7fffef18

R6  (a2) = 7fffef60     R14 (t6) = 00000000  R22 (s6) = 00000000  R30 (s8) = 00000000

R7  (a3) = 00000000  R15 (t7) = 00000000  R23 (s7) = 00000000  R31 (ra) = 00400088
DATA

[0x10000000]...[0x10010000]   0x00000000

[0x10010000]

        
   0x65746e45  0x61562072  0x3a65756c  0x00000020

[0x10010010]...[0x10040000]  0x00000000

STACK

[0x7fffef18]

        0x00400088  0x00000002

[0x7fffef20]

        0x00000001  0x00400088  0x00000003  0x00000002

[0x7fffef30]

        0x00400088  0x00000004  0x00000003  0x00400088

[0x7fffef40]

        0x00000005  0x00000004  0x00400048  0x00000000

[0x7fffef50]

        0x00000005  0x00400018  0x00000000  0x00000000

[0x7fffef60]

        0x7fffefc9  0x7fffef8f  0x7fffef4e  0x7fffef3b

[0x7fffef70]

        0x7fffef0a  0x7fffeef3  0x7fffeecf  0x7fffeebb

Questions

1)  Diagram below what is pushed on the stack for each call of Fact.  Show what is at 0($sp) through 8($sp).  Note that when recursive calls are pushed onto the stack, these earlier procedure call stack frames should be at higher addresses.
2)  Document the header comments for Factorial function, listing the variables used in the calling sequence, stack, and $v0 return register. 

3)  Some lines are enlarged.  Add comments to describe what each enlarged command is doing.  You may do this in your own words.  (It does not need to be java-like.)
4)  The Program Counter (PC) register shows the next instruction to execute.  Go to the machine code listing to find out which instruction will execute next.


PC=




Instruction=

5)  The SP register shows the current value of the Stack Pointer.  List its value.


SP=

6)  Now look at the stack data storage.  First, circle the address of where the stack pointer points to.  Next, indicate below each word in the stack what is stored there.  (It should correspond to the format you documented previously.)  Finally, in the space below, indicate for each return address what the instruction is at the return address.  Does it return to the instruction after the ‘jal’?
7)  Considering what you can see on the stack, what was the initial value entered to the “Enter Value” prompt?  What should the result be?  Do you believe the proper result will print?


Enter Value=




Printed Result=

8)  Below, draw a layout of how memory is allocated.  Put 0 at the bottom of memory and show where all sections are located, including stack, program code and data.  Show the direction of where each section expands into.  You can do this by determining where the .data, .text, and stack sections begin.  Use the code listing on the previous pages to draw this configuration.
9)  For hacker status:  Assume the program is changed to pass parameters in a register.  What lines could be deleted and what would the new stack look like? 

########################################################
# This program calculates a factorial for an input integer – Uses a frame pointer (fp).

#

# The call to syscall has the following parameters:

#   $a0: thing to be printed

#   $v0: Mode

#       1=integer

#       4=null-terminated string

# Register Convention:  none
#      

# Stack Convention:

#   0($sp) = Saved Return Address

#   4($sp) = Saved Frame Pointer

########################################################


.data

prompt:
.asciiz "Enter Value: "


.text


.align 2


.globl main

main:


sw
$fp,-4($sp)


move 
$fp,$sp


addi
$sp,$sp,-8


sw
$ra, 0($sp)

#



#  print("Enter value");


li
$v0,4


la
$a0,prompt


syscall

#



#  count = read_int


li
$v0,5


syscall

#



#  total = factorial(count);


sw
$v0,-4($sp)


jal
Fact

#



#  print_int(total);


move
$a0,$v0


li
$v0,1


syscall

#



#  return


lw
$ra, 0($sp)


move
$sp, $fp


lw
$fp, -4($sp)


jr
$ra

############################################

# Factorial Function

# Calling Sequence:

# 
-4($SP) =
# Register Use:

#
$s0 = Count

# Returns:

#
$v0 = 
# Stack use:

#
12($SP) = 
#
8($SP) = 
#
4($SP) = 
#
0($SP) = 
############################################

#



# int Factorial(int count)

Fact:


sw

$fp,-8($sp)


move 
$fp,$sp


addi

$sp,$sp,-16


sw

$ra, 0($sp)


sw

$s0, 4($sp)


lw

$s0, 12($sp)

#



# {

#



#
total = 1;


li

$v0,1

#



#
if (count > 1)


slti

$t0,$s0,1


bne

$t0,$zero,fac7

#



#
   total=count*Factorial(count-1)


addi
 
$a0,$s0,-1


sw

$a0,-4($sp)


jal 

Fact


mul

$v0,$s0,$v0

#



#
endif

fac7:

#



#
return total


lw
 
$ra, 0($sp)


lw

$s0, 4($sp)


move

$sp, $fp


lw

$fp, -8($sp)


jr

$ra

#



# }

MACHINE CODE

[0x00400024] 0xafbefffc  sw $30, -4($29)         ; 24: sw
$fp,-4($sp)

[0x00400028] 0x001df021  addu $30, $0, $29       ; 25: move $fp,$sp

[0x0040002c] 0x23bdfff8  addi $29, $29, -8       ; 26: addi
$sp,$sp,-8

[0x00400030] 0xafbf0000  sw $31, 0($29)          ; 27: sw
$ra, 0($sp)

[0x00400034] 0x34020004  ori $2, $0, 4           ; 30: li
$v0,4

[0x00400038] 0x3c041001  lui $4, 4097 [prompt]   ; 31: la
$a0,prompt

[0x0040003c] 0x0000000c  syscall                 ; 32: syscall

[0x00400040] 0x34020005  ori $2, $0, 5           ; 34: li
$v0,5

[0x00400044] 0x0000000c  syscall                 ; 35: syscall

[0x00400048] 0xafa2fffc  sw $2, -4($29)          ; 37: sw
$v0,-4($sp)

[0x0040004c] 0x0c10001b  jal 0x0040006c [Fact]   ; 38: jal
Fact

[0x00400050] 0x00022021  addu $4, $0, $2         ; 40: move
$a0,$v0

[0x00400054] 0x34020001  ori $2, $0, 1           ; 41: li
$v0,1

[0x00400058] 0x0000000c  syscall                 ; 42: syscall

[0x0040005c] 0x8fbf0000  lw $31, 0($29)          ; 44: lw
$ra, 0($sp)

[0x00400060] 0x001ee821  addu $29, $0, $30       ; 45: move
$sp, $fp

[0x00400064] 0x8fbefffc  lw $30, -4($29)         ; 46: lw
$fp, -4($sp)

[0x00400068] 0x03e00008  jr $31                  ; 47: jr
$ra
Fact:
[0x0040006c] 0xafbefff8  sw $30, -8($29)         ; 65: sw
$fp,-8($sp)

[0x00400070] 0x001df021  addu $30, $0, $29       ; 66: move $fp,$sp

[0x00400074] 0x23bdfff0  addi $29, $29, -16      ; 67: addi
$sp,$sp,-16

[0x00400078] 0xafbf0000  sw $31, 0($29)          ; 68: sw
$ra, 0($sp)

[0x0040007c] 0xafb00004  sw $16, 4($29)          ; 69: sw
$s0, 4($sp)

[0x00400080] 0x8fb0000c  lw $16, 12($29)         ; 70: lw
$s0, 12($sp)

[0x00400084] 0x34020001  ori $2, $0, 1           ; 73: li
$v0,1

[0x00400088] 0x2a080001  slti $8, $16, 1         ; 75: slti
$t0,$s0,1

[0x0040008c] 0x15000005  bne $8, $0, 20 [fac7-0x0040008c];76: bne $t0,$zero,fac7

[0x00400090] 0x2204ffff  addi $4, $16, -1        ; 78: addi
$a0,$s0,-1

[0x00400094] 0xafa4fffc  sw $4, -4($29)          ; 79: sw
$a0,-4($sp)

[0x00400098] 0x0c10001b  jal 0x0040006c [Fact]   ; 80: jal 
Fact

[0x0040009c] 0x72021002  mul $2, $16, $2         ; 81: mul
$v0,$s0,$v0

[0x004000a0] 0x8fbf0000  lw $31, 0($29)          ; 84: lw
$ra, 0($sp)

[0x004000a4] 0x8fb00004  lw $16, 4($29)          ; 85: lw
$s0, 4($sp)

[0x004000a8] 0x001ee821  addu $29, $0, $30       ; 86: move
$sp, $fp

[0x004000ac] 0x8fbefff8  lw $30, -8($29)         ; 87: lw
$fp, -8($sp)

[0x004000b0] 0x03e00008  jr $31                  ; 88: jr
$ra
…..


DATA

[0x10000000]...[0x10010000]  0x00000000

[0x10010000]                 0x65746e45 0x61562072 0x3a65756c 0x00000020

[0x10010010]...[0x10040000]  0x00000000


KERNEL DATA

[0x90000000]
 0x78452020  0x74706563  0x206e6f69  0x636f2000

[0x90000010]
 0x72727563  0x61206465  0x6920646e  0x726f6e67

[0x90000020] 
 0x000a6465  0x495b2020  0x7265746e  0x74707572

[0x90000030]
 0x2000205d  0x4c545b20  0x20005d42  0x4c545b20

…..


STACK

[0x7fffef40] 0x0040009c  0x00000001  0x7fffef60  0x00000000
[0x7fffef50] 0x0040009c  0x00000002  0x7fffef70  0x00000001
[0x7fffef60] 0x0040009c  0x00000003  0x7fffef80  0x00000002
[0x7fffef70] 0x0040009c  0x00000004  0x7fffef90  0x00000003
[0x7fffef80] 0x00400050  0x00000000  0x7fffef98  0x00000004
[0x7fffef90] 0x00400018  0x00000000  0x00000001  0x7fffeba6
[0x7fffefa0] 0x00000000  0x7fffeff2  0x7fffefe2  0x7fffefd4

[0x7fffefb0] 0x7fffefab  0x7fffef98  0x7fffef8c  0x7fffed57

[0x7fffefc0] 0x7fffed41  0x7fffecfc  0x7fffecdf  0x7fffecd4

[0x7fffefd0] 0x7fffeca2  0x7fffec9a  0x7fffec82  0x7fffec6a

[0x7fffefe0] 0x7fffec5b  0x7fffec35  0x7fffebf4  0x7fffebdd

[0x7fffeff0] 0x7fffebc6  0x7fffebac  0x00000000  0x00000000

REGISTERS

 PC=004000a0   EPC=00000000   Cause=00000000   BadVAddr=00000000

 Status=3000ff10   HI=00000000   LO=00000000

  



 General Registers

R0(r0)=00000000  R8(t0)=00000001  R16(s0)=00000000  R24(t8)=00000000

R1(at)=00000000  R9(t1)=00000000  R17(s1)=00000000  R25(t9)=00000000

R2(v0)=00000001  R10(t2)=00000000 R18(s2)=00000000  R26(k0)=00000000

R3(v1)=00000000  R11(t3)=00000000 R19(s3)=00000000  R27(k1)=00000000

R4(a0)=00000000  R12(t4)=00000000 R20(s4)=00000000  R28(gp)=10008000

R5(a1)=7fffef9c  R13(t5)=00000000 R21(s5)=00000000  R29(sp)=7fffef40

R6(a2)=7fffefa4  R14(t6)=00000000 R22(s6)=00000000  R30(s8)=7fffef50

R7(a3)=00000000  R15(t7)=00000000 R23(s7)=00000000  R31(ra)=0040009c

1)  Now look at this same code using a frame pointer.  How is this code different from the code you looked at previously?  How is the stack different?  Complete the procedure header documentation and label data in the stack.

Stack Segment





   Dynamic Data


Data Segment


Static Data





Reserved








Text Segment





0x1000  0000





0x400  0000





0x7fff ffffc





3





2





1





Frame Pointer





Stack





Stack Pointer





New Stack Ptr





Parameters


Return Address


Frame Pointerb


Saved Registers


Local Variables





Stack pointera





Frame Pointera





Frame Pointerb





Stack Pointerb





Stack Pointerc





Frame Pointerc





4





5





Oldest Call





Prev. Call








