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Logistics 

  TA Office Hours: Monday 9-11, Wednesday 15-17 room P1549 
  My Office Hours: Thursday 13-15, room P1240 

  First Lab Tutorial: Tuesday November 1st 15.15-17.00 P2244 
  Logic Tutorial: Thursday/Friday November 10/11th time TBD 
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The Big Picture 

  Assembly Language 
  Interface the architecture presents to 

user, compiler, & operating system 
  “Low-level” instructions that use the 

datapath & memory to perform basic 
types of operations 

  arithmetic: add, sub, mul, div 
  logical: and, or, shift 
  data transfer: load, store 
  (un)conditional branch: jump, 

branch on condition 

assembly language program 
  

 
 

ALU 

   
  
 

C ontr ol  
 L o gic 

Register File Program Counter 

Instruction register 

Memory Address Register 

from memory 
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Instruction Set Architecture Overview 

  Architecture = what’s visible to the program about the machine 
  Not everything in the deep implementation is “visible” 

(Remember the special registers: program counter, data address register) 

  Microarchitecture = what’s invisible in the deep implementation 
(Remember x86 looks ugly on the outside but is converted to simple “micro operations” on 
the inside to make it easier to implement.) 

  A big piece of the ISA = assembly language structure 
  Primitive instructions, execute sequentially, atomically 
  Issues are formats, computations, addressing modes, etc 

  We do one example in some detail:  MIPS 
  The benefit of a RISC machine is that it is pretty simple 
  Can learn the assembly language without too much memorization 

(regular, simple, clear) 

   5 AMD’s latest 8-core Bulldozer Processor 

The ISA lies…but you can trust it 
  Presents a simple view of the processor 

  Atomicity – instructions execute one at a time 
  Sequential – instructions execute in order 
  Memory is a flat array – can access anything easily 
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Today’s Menu 

  Other ISA issues 

  Addressing modes 
  Procedure calls 
  Array vs. pointers 

  MIPS Architecture Summary 
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Addressing Modes (not all are in MIPS!) 

Addressing mode  Example  Meaning 

Register Add R4,R3 R4 ← 	
R4+R3 

Immediate Add R4,#3 R4  ← 	
R4+3 

Displacement  Add R4,100(R1) R4  ← 	
R4+Mem[100+R1] 

Register indirect Add R4,(R1) R4  ← 	
R4+Mem[R1] 

Indexed / Base Add R3,(R1+R2) R3  ← 	
R3+Mem[R1+R2] 

Direct or absolute Add R1,(1001) R1  ← 	
R1+Mem[1001] 

Memory indirect Add R1,@(R3) R1  ← 	
R1+Mem[Mem[R3]] 

Auto-increment Add R1,(R2)+  R1  ← 	
R1+Mem[R2]; R2  ← 	
R2+d 

Auto-decrement Add R1,–(R2) R2  ← 	
R2–d; R1  ← 	
R1+Mem[R2] 

Scaled Add R1,100(R2)[R3] R1  ←	
 R1+Mem[100+R2+R3*d] 
Questions:  Why auto-increment/decrement? Scaled? (hint: think arrays) 

  Which does MIPS support?    8 

MIPS Addressing Modes 

  Example: 
 
 addi R1, R0, 10 
 
 

1 .   I m m e d i a t e   a d d r e s s i n g (I-Format) 

o p r s r t I m m e d i a t e 

8 0 1 10 
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MIPS Addressing Modes 

  

R e g i s t e r s 
R e g i s t e r 

2 .   R e g i s t e r   a d d r e s s i n g (R-Format) 

o p r s r t r d .   .   . f u n c t 

  Example: 
 
 add R2, R0, R1 
 
 0 0 1 2 0 32 

   10 

MIPS Addressing Modes 

W o r d 

M e m o r y 

R e g i s t e r 

3 .   B a s e   a d d r e s s i n g (I-Format) 

o p r s r t A d d r e s s 

+ 

  Example: 
lw R1, 100(R2) 
 
 

2 1 100 35 

Add 16 (signed) 
bits to the address. 
We can access +/- 

32,000 (whats?) 
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MIPS Addressing Modes 

M e m o r y 

W o r d 

4 .   P C - r e l a t i v e   a d d r e s s i n g (I-Format) 

o p r s r t A d d r e s s (16 bits) 

P C (program counter) + 

  Example: 
beq R1, R2, 100 
 
 

1 2 100 4 

Add 16 (signed) 
bits to the address. 
We can jump +/- 

32,000. 
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MIPS Addressing Modes 

M e m o r y 

W o r d 

5 .   P s e u d o d i r e c t   a d d r e s s i n g (J-Format) 

o p A d d r e s s (22 bits) 

P C : 

  Example: 
j 10000 
 
 

10000 2 

Just replace the 
lower 22 bits with 

the address. 
No adding. 
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Procedure calls 

  Procedures or subroutines: 
  Needed for structured programming 
 
main() { 

for (j=0; j<10; j++)  
        If (a[j] == 0) 
   a[j] = update(a[j], j); 

} 
 

  Steps followed in executing a procedure call: 
  Place parameters in a place where the procedure (callee) can access 

them 
  Transfer control to the procedure 
  Acquire the storage resources needed for the procedure (e.g., registers) 
  Perform desired task 
  Place results in a place where the calling program (caller) can access 

them 
  Return control to the point of origin 

Caller: main() 
Callee: update() 
Parameters: a[j], j 
Results: (stored in) a[j] 
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Saving Caller Context 

  Procedure body: 
  f = (g + h) - (i + j) implemented as: 
    add $t0,$a0,$a1    ; g = $a0, h = $a1 
  add $t1,$a2,$a3    ; i = $a2, j = $a3 
  sub $s0,$t0,$t1 
 

  If the caller (e.g., main()) uses registers $t0,$t1,$s0, they would 
have to be saved on the stack so they are not overwritten by the 
callee 

  The callee does not know which registers the caller is using! 
(Could have multiple callers) 

  The caller does not know which registers the callee will use! 
(Could call multiple sub-functions.) 

  MIPS has a convention on who saves what. 
  Divided between the callee and the caller 
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Saving Registers Convention on MIPS 

  Conventions 
  This is an agreed upon “contract” or “protocol” that everybody follows 
  Specifies correct (and expected) usage, and some naming conventions 
  Established part of architecture 
  Used by all compilers, programs, and libraries 
  Assures compatibility 

  We agree that the callee saves some registers if it uses them: 
  $s0-$s8 (s=saved) 
  $sp/$fp 
  $ra 
  (plus a few other special-purpose ones) 

  Caller must save anything else it uses 
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MIPS Register Conventions 

$0 
$at 
$v0 
$v1 
$a0 
$a1 
$a2 
$a3 
$t0 
$t1 
$t2 
$t3 
$t4 
$t5 
$t6 
$t7 

R0 
R1 
R2 
R3 
R4 
R5 
R6 
R7 
R8 
R9 
R10 
R11 
R12 
R13 
R14 
R15 

Constant 0 
 
Reserved Temp. 
 
Return Values 
 
 
Procedure 
arguments 
 
 
 
Caller Save 
Temporaries: 
May be  
overwritten 
by called 
procedures 

 
 
 
Callee Save 
Temporaries: 
May not be 
overwritten by 
called pro- 
cedures 
 
 
Caller Save 
Temp 
 
Reserved for 
Operating Sys 
Global Pointer 
Callee Save 
Stack Pointer 
Frame Pointer 
Return Address 
 

R16 
R17 
R18 
R19 
R20 
R21 
R22 
R23 
R24 
R25 
R26 
R27 
R28 
R29 
R30 
R31 

$s0 
$s1 
$s2 
$s3 
$s4 
$s5 
$s6 
$s7 
$t8 
$t9 
$k0 
$k1 
$gp 
$sp 
$fp 
$ra 
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Resources Involved 

  Transferring the control to the callee: 
 
jal ProcedureAddress      ; jump-and-link to the procedure address 
                                                 ; the return address (PC+4) is saved in $ra 
 

  Returning the control to the caller: 

jr $ra                                    ; instruction pointed to by $ra is executed next 
 

  Special registers used for procedure calling: 
  $a0 - $a3 : four argument registers in which to pass parameters 
  $v0 - $v1 : two value registers in which to return values 
  $ra : one return address register to return to the point of origin 
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Example 
add $a0, $t0, 2   ; set up the arguments 
add $a1, $s0, $zero 
add $a2, $s1, $t0 
add $a3, $t0, 3 
 
addi $sp, $sp, -4   ; adjust the stack to make room for one item  
sw $t0, 0($sp)   ; save $t0 in case the callee uses it 
 
jal leaf_example   ; call the leaf_example proceedure  
 
lw $t0, 0($sp)   ; restore $t0 from the stack 
addi $sp, $sp, 4   ; adjust the stack to delete one item 
 
add $t2, $v0, $zero  ; move the result into $t2 

C
al

le
r 

C
al

le
e 

leaf_example:   ; calculates f=(g+h)-(i+j)  
    ; g, h, i, and j are in $a0, $a1, $a2, $a3 

 
 addi $sp, $sp, -4   ; adjust the stack to make room for one item  
 sw $s0, 0($sp)   ; save $s0 for the caller  
 
 add $t0,$a0,$a1     ; g = $a0, h = $a1 
 add $t1,$a2,$a3     ; i = $a2, j = $a3 
 sub $s0,$t0,$t1 
 
 add $v0,$s0,$zero   ; return f in the result register $v0 
  
 lw $s0, 0($sp)   ; restore $s0 for the caller  
 addi $sp, $sp, 4   ; adjust the stack to delete one item 
 jr $ra    ; jump back to the calling routine 

Questions: 
1)  What resources does 

the caller use? 

2)  What resources does 
the callee use? 

3)  What does the caller 
need to save? 

4)  What does the callee 
need to save? 
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Example 
add $a0, $t0, 2   ; set up the arguments 
add $a1, $s0, $zero 
add $a2, $s1, $t0 
add $a3, $t0, 3 
 
addi $sp, $sp, -4   ; adjust the stack to make room for one item  
sw $t0, 0($sp)   ; save $t0 in case the callee uses it 
 
jal leaf_example   ; call the leaf_example proceedure  
 
lw $t0, 0($sp)   ; restore $t0 from the stack 
addi $sp, $sp, 4   ; adjust the stack to delete one item 
 
add $t2, $v0, $zero  ; move the result into $t0 

C
al

le
e 

C
al

le
r 

leaf_example:   ; calculates f=(g+h)-(i+j)  
    ; g, h, i, and j are in $a0, $a1, $a2, $a3 

 
 addi $sp, $sp, -4   ; adjust the stack to make room for one item  
 sw $s0, 0($sp)   ; save $s0 for the caller  
 
 add $t0,$a0,$a1     ; g = $a0, h = $a1 
 add $t1,$a2,$a3     ; i = $a2, j = $a3 
 sub $s0,$t0,$t1 
 
 add $v0,$s0,$zero   ; return f in the result register $v0 
  
 lw $s0, 0($sp)   ; restore $s0 for the caller  
 addi $sp, $sp, 4   ; adjust the stack to delete one item 
 jr $ra    ; jump back to the calling routine 

Caller uses $t0, $s0, $s1. 
 
$t0 is not saved, so the caller 
has to save it. What about $s0, 
$s1? 

After the call, the caller restores 
$t0. 

Result is in $v0. Why did we not 
save $t2? 
 
Callee finds its arguments in 
$a0-$a3. 
 

Callee uses $s0, so it must save 
it. What about $s1? 

Results are placed in $v0. 

Callee must restore $s0. 
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MIPS Register Convention 

Name Register 
number 

Usage Preserved 
on call? 

$zero 0 constant 0 N/A 
$v0-$v1 2-3 values for results and 

expression evaluation 
no 

$a0-$a3 4-7 arguments yes 
$t0-$t7 8-15 temporaries no 
$s0-$s7 16-23 saved yes 
$t8-$t9 24-25 more temporaries no 

$gp 28 global pointer yes 
$sp 29 stack pointer yes 
$fp 30 frame pointer yes 
$ra 31 return address yes 
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Memory Stacks in General 

  Useful for stacked environments/subroutine call & return even if 
operand stack not part of architecture 

Stacks that Grow Up vs. Stacks that Grow Down: 

a 
b 
c 

0  Little 

inf.  Big 0  Little 

inf.  Big 

Memory 
Addresses 

SP 

Next 
Empty? 

Last 
Full? 

Little --> Big/Last Full 
 
POP:      Read from Mem(SP) 
               Decrement SP 
 
PUSH:    Increment SP 
               Write to Mem(SP) 

grows 
up 

grows 
down 

Little --> Big/Next Empty 
 
POP:      Decrement SP 
               Read from Mem(SP) 
 
PUSH:    Write to Mem(SP) 
               Increment SP 
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Stack Allocation in MIPS 

Low address 

High address 

Saved argument registers 
  

Saved return address 
 

Saved registers used  
by callee  

 
Local arrays and  

structures 

$sp 

$sp 

Before procedure call       During procedure call         After procedure call 

$sp 

Activation record 
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Nested Calls 

  Some machines provide a memory stack as part of the 
architecture (e.g., VAX, JVM) 

  Sometimes stacks are implemented via software convention 
  What are these resources? 

Stacking of Subroutine Calls & Returns and Environments: 

A: 
main() 

A 

A B 

A B C 

A B 

A 

 CALL B 

 B: 
 CALL C 
 C: 

 RET 

 RET 
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Summary of MIPS ISA 
MIPS operands

Name Example Comments
$s0-$s7, $t0-$t9, $zero, Fast locations for data. In MIPS, data must be in registers to perform 

32 registers $a0-$a3, $v0-$v1, $gp, arithmetic.  MIPS register $zero always equals 0.  Register $at is 
$fp, $sp, $ra, $at 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 $s1 = $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 $s1 = $s2 + 100 Used to add constants
load word lw  $s1, 100($s2) $s1 = Memory[$s2 + 100] Word from memory to register
store word sw  $s1, 100($s2) Memory[$s2 + 100] = $s1 Word from register to memory

Data transfer load byte lb  $s1, 100($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 lui $s1, 100 $s1 = 100 * 216 Loads constant in upper 16 bits

branch on equal beq  $s1, $s2, 25 if ($s1 == $s2) go to             
PC + 4 + 100

Equal test; PC-relative branch

Conditional

branch on not equal bne  $s1, $s2, 25 if ($s1 != $s2) go to             
PC + 4 + 100

Not equal test; PC-relative

branch set on less than slt  $s1, $s2, $s3 if ($s2 < $s3)  $s1 = 1;          
else $s1 = 0

Compare less than; for beq, bne

set less than 
immediate

slti  $s1, $s2, 100 if ($s2 < 100)  $s1 = 1;          
else $s1 = 0

Compare less than constant

jump j    2500 go to 10000 Jump to target address
Uncondi- jump register jr   $ra go to $ra For switch, procedure return
tional jump jump and link jal  2500 $ra = PC + 4; go to 10000 For procedure call
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Starting and Running a Program 

Assembly lang. program 

C program 

Compiler 

Assembler 

Obj.: Machine lang. module 

Linker 

Exec.: Machine lang. prog. 

Obj.: Library (machine lang.)  

Loader 

Memory 
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Starting and Running a Program 

Assembly lang. program 

C program 

Compiler 
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Compilers and ISA 

  Ease of compilation 
  orthogonality:  no special registers, few special cases, all operand modes 

available with any data type or instruction type 
  completeness:  support for a wide range of operations and target 

applications 
  regularity:  no overloading for the meanings of instruction fields 
  streamlined:  resource needs easily determined 

  Register Assignment is critical too 
  Easier if lots of registers are available 

  Complex instructions are very hard for compilers to use 
  Real world: DSPs and SSE are almost always hand-coded 
  Executing simple instructions fast is easiest (but not the most efficient) 
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Starting and Running a Program 

Assembly lang. program 

C program 

Compiler 

Obj.: Machine lang. module 

Assembler 
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The Assembler 

  Converts assembly language into machine language 
  Takes care of pseudoinstructions:  

  move $t0,$t1   add $t0,$zero,$t1  
  blt $s0,$s1,less  slt $t0,$s0,$s1 

   bne $t0,$zero,less 
 

  Object file contains: 
  Object file header 
  Text segment (machine language code) 
  Data segment (static and dynamic data) 
  Relocation information (absolute references) 
  Symbol table (external references) 
  Debugging information 
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Starting and Running a Program 

Assembly lang. program 

C program 

Compiler 

Assembler 

Obj.: Machine lang. module 

Exec.: Machine lang. prog. 

Obj.: Library (machine lang.)  

Linker 



   31 

The Linker 

  Avoids recompiling everything in case of a minor modification 

  Allows separate compilation and linking of separate modules 

  Steps: 
  Place code and data symbolically in memory: 

  All absolute references are relocated to reflect the module’s true 
location 

  Determine the address of data and instruction labels 
  E.g., “jal my_function”  “jal 0x0045a” 

  Patch both the internal and external references 
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Starting and Running a Program 

Assembly lang. program 

C program 

Compiler 

Assembler 

Obj.: Machine lang. module 

Linker 

Exec.: Machine lang. prog. 

Obj.: Library (machine lang.)  

Memory 

Loader 
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The Loader 

  Part of the OS 

  Steps: 
  Reads the executable file header to determine the text and data segment 

sizes. 
  Creates a memory address space. 
  Copies instructions and data from executable to memory space. 
  Copies parameters (if any) of the main program onto the stack. 
  Initializes machine registers and sets the stack pointer to the first free 

location. 
  Jumps to a start-up routine that copies parameters into the argument 

registers and calls main routine of the program. 
  When main routine ends, the start-up routine terminates execution with 

an exit system call. 
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Alternative Architectures 

    About MIPS as an ISA 
  It’s a simple/small ISA;   
  It emphasizes a small number of instructions, formats, address modes 

  Design alternative: 
  Provide more powerful operations, and many of them (complex) 

  E.g., add-and-multiply; add-and-shift; subtract-and-count-zeros 
  Goal is to reduce number of instructions executed 
  Danger is a slower cycle time and/or a higher CPI 

  Each instruction is more complex, so takes more hardware 

  Sometimes referred to as “RISC vs. CISC” 
  RISC:  Reduced Instruction Set Computing 
  CISC:  Complex Instruction Set Computing 
  Virtually all new instruction sets since 1982 have been RISC 
  CISC example was DEC VAX:  min code size, make asm easy 

 instructions from 1 to 54 bytes long! 
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Summary: ISA 

  Architecture = what’s visible to the program about the machine 
  Not everything in the deep implementation is “visible” 
  The name for this invisible stuff is microarchitecture or “implementation” 

(and it’s really messy…but fun.) 

  A big piece of the ISA = assembly language structure 
  Primitive instructions, execute sequentially, atomically 
  Issues are formats, computations, addressing modes, etc 
  Two broad flavors: 

 CISC:  lots of complicated instructions 
 RISC: a few, essential instructions 
 Basically all recent machines are RISC, but the dominant machine of 

today, Intel x86, is still CISC (though they do RISC tricks in the guts…) 

  We did one example in some detail:  MIPS  (from P&H Chap 3) 
  A RISC machine, its virtue is that it is pretty simple 
  Can “get” the assembly language without too much memorization 
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Example 
add $a0, $t0, 2   ; set up the arguments 
add $a1, $s0, $zero 
add $a2, $s1, $t0 
add $a3, $t0, 3 
 
addi $sp, $sp, -4   ; adjust the stack to make room for one item  
sw $t0, 0($sp)   ; save $t0 in case the callee uses it 
 
jal leaf_example   ; call the leaf_example proceedure  
 
lw $t0, 0($sp)   ; restore $t0 from the stack 
addi $sp, $sp, 4   ; adjust the stack to delete one item 
 
add $t0, $v0, $zero  ; move the result into $t0 

C
al

le
e 

C
al

le
r 

leaf_example:   ; calculates f=(g+h)-(i+j)  
    ; g, h, i, and j are in $a0, $a1, $a2, $a3 

 
 addi $sp, $sp, -4   ; adjust the stack to make room for one item  
 sw $s0, 0($sp)   ; save $s0 for the caller  
 
 add $t0,$a0,$a1     ; g = $a0, h = $a1 
 add $t1,$a2,$a3     ; i = $a2, j = $a3 
 sub $s0,$t0,$t1 
 
 add $v0,$s0,$zero   ; return f in the result register $v0 
  
 lw $s0, 0($sp)   ; restore $s0 for the caller  
 addi $sp, $sp, 4   ; adjust the stack to delete one item 
 jr $ra    ; jump back to the calling routine 

Caller uses $t0, $s0, $s1. 
 
$t0 is not saved, so the caller 
has to save it. What about $s0, 
$s1? 

After the call, the caller restores 
$t0. 

Result is in $v0. Why did we not 
save $t2? 
 
Callee finds its arguments in 
$a0-$a3. 
 

Callee uses $s0, so it must save 
it. What about $s1? 

Results are placed in $v0. 

Callee must restore $s0. 
 


