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Plan of this Course 

• A Bluffers Guide to  
  Computer Architectures
• Assembler and Machine Code
• Basic Code Generation
• Optimizations
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von Neumann Architecture
• Basic Model does back to a Technical     
  Report by John von Neumann 1946

• CPU, ALU, 

• words & adresses, 
  for data and programs

• slow memory, fast registers, 
  i.e. load and store ops

• 2s-complements for numbers,
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Central Processing Unit

Control Unit

Arithmetic/Logic Unit

load store

Memory Mgt Unit

Transfer Lookahead Buffers

fence/flush

von Neumann Architecture
• A more recent architecture model:

• core the same 


SDRAM memory 

fence/flush

 
Time Mgr

 
Power Mgr

Interrupts

 
IO-Controller

Direct 
Memory 
Access

Interrupts
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von Neumann Architecture

• Current ARM variants (MX,    Apple):

• multi-cores basically the same 

• but graphical processing units,

• … neural engines, 

• … and lots of stuff.
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Compilation to  

Assembly Languages  
(Reminder)
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En réalité c’est 

encore trop simple … 
(clang LLVM)
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The Core : Computer Architecture 
• Instruction Sets Architectures (ISA ’ s) 
  are reflected directly in  
  assembly languages
• There are typically different processors 
  “implementing” a particular ISA (- family)
• Nowadays, we see 3 major ISA families:

• X86 (Intel and AMD processors)
• ARM (lots of vendors, e.g. Apple)
• RISC-V (open source, getting traction  …)

• … plus virtual machine ISA’s like LLVM or JVM
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An Example ISA: ARM Cortex 7
• Sources:

• The ARM Cortex Manual: 
   

• A youtube manual by “JoeTheProfessor”: 
 

https://developer.arm.com/
documentation/dui0552/a/the-cortex-
m3-processor/programmers-model/core-
registers?lang=en

Tutorial Cortex M7 https://
www.youtube.com/watch?
v=JmpQ79h_0eA&list=PL3hGN8
2ZNBxi111hEdE0VhGVP_jMhN9c
O&index=5

https://www.youtube.com/watch?v=JmpQ79h_0eA&list=PL3hGN82ZNBxi111hEdE0VhGVP_jMhN9cO&index=5
https://www.youtube.com/watch?v=JmpQ79h_0eA&list=PL3hGN82ZNBxi111hEdE0VhGVP_jMhN9cO&index=5
https://www.youtube.com/watch?v=JmpQ79h_0eA&list=PL3hGN82ZNBxi111hEdE0VhGVP_jMhN9cO&index=5
https://www.youtube.com/watch?v=JmpQ79h_0eA&list=PL3hGN82ZNBxi111hEdE0VhGVP_jMhN9cO&index=5
https://www.youtube.com/watch?v=JmpQ79h_0eA&list=PL3hGN82ZNBxi111hEdE0VhGVP_jMhN9cO&index=5
https://www.youtube.com/watch?v=JmpQ79h_0eA&list=PL3hGN82ZNBxi111hEdE0VhGVP_jMhN9cO&index=5
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An Example ISA: ARM Cortex 7

+ one special purpose register, the 
(application) program status register (A)PSR:

N Z C V Q

N negative

Z zero

C carry 
V overflow 
Q saturation                      
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An Example ISA: ARM Cortex 7
• Attention: 2s complement calculations !!!

in int: rubbish.

in unsigned int: ok!
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An Example ISA: ARM Cortex 7
• Control Flow Operation 
     (Ops that influence R15 (pc) in a way)
• Branch (B <label>),  
  Branch indirect (BX <Rn>),
• Conditional branches  
             BLE <label>, BNE <label>   
    (depends on status register APSR)

• Compare and Branch: CBZ <Rn>,<label>:    
           CMP     Rn, #0    
                     BEQ     <label> Does not change APSR !
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Putting Together an Example: 
(generated by ‘Compiler Explorer’: https://godbolt.org/)

symbolic  
labels for  
addresses

2- and 3 operands 
+ registers 

+ direct values  
+ offsets

memnonic 
operation 
codes

https://godbolt.org/
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Specifying Code Generation
• Specifying the target assembler AST  
     datatype reg = r0 | r1 | r2 | r3 | r4 | r5 | r6 | r7 | sp | lr | pc 
 
           datatype opcode = MOV | MVN | MOVW | MOVT | LDR | STR  
                                       | ADD | SUB | MUL | UDIV | SDIV  
                                       | B | BX | BLE | BEQ | BNQ | CBX | CMP 
          datatype varg = none                                   (“---")    
                                 | direct nat                             ("# _") 
                                 | register2 reg reg                 ("_,_") 
                                 | register_indirect reg            ("[_]") 
                                 | register_indirect_offset reg nat ("[_,_]") 
 
          datatype com = label nat ("⟨L _⟩”) 
                                 | branch opcode nat ("⟨_ L _⟩") 
                                 | instruction opcode reg varg ("⟨_,_,_⟩")
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Specifying Code Generation
• Specifying the target assembler AST  
     datatype reg = r0 | r1 | r2 | r3 | r4 | r5 | r6 | r7 | sp | lr | pc 
 
           datatype opcode = MOV | MVN | MOVW | MOVT | LDR | STR  
                                       | ADD | SUB | MUL | UDIV | SDIV  
                                       | B | BX | BLE | BEQ | BNQ | CBX | CMP 
          datatype varg = none                                   (“---")    
                                 | direct nat                             ("# _") 
                                 | register2 reg reg                 ("_,_") 
                                 | register_indirect reg            ("[_]") 
                                 | register_indirect_offset reg nat ("[_,_]") 
 
          datatype com = label nat ("⟨L _⟩”) 
                                 | branch opcode nat ("⟨_ L _⟩") 
                                 | instruction opcode reg varg ("⟨_,_,_⟩")
• SAMPLE:  [⟨MOV,r3,#5⟩,⟨ADD,r5,r3,r4⟩,⟨L 2⟩,⟨ADD,r5,r3,r4⟩,⟨BLE,r5,[r3,4]⟩]
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         Codeout : expr ⇒ com list

• Attribution for the case of a local variable: 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                Codeout (e) = [⟨MOV,r7, Envin (e)(a)⟩] 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    e = LVAR a: 
               Labout(e) = Labin(e) 
                Codeout (e) = [⟨MOV,r7, Envin (e)(a)⟩] 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Specifying Code Generation
• Specifying the translation

• Attribution for the case of an And: 
    e = And a b :   
                  Labout(e)   = Labin(b)     ∧  
                  Labin(b)    = Labin(e)+1 ∧  
                  Envin(a)    = Envin(e)     ∧  
                  Envin(b)    = Envin(e)     ∧  
                  Codeout(e) = Codeout (a)  
                                @ [⟨CMP,r7,#0⟩]  
                                @ [⟨BEQ L Labin(e)+1⟩] 
                                @ Codeout (b)    
                                @ [⟨L Labin(e) + 1⟩]                                     
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• Attribution for the case of an And: 
    e = And a b :   
                  Labout(e)   = Labin(b)     ∧  
                  Labin(b)    = Labin(e)+1 ∧  
                  Envin(a)    = Envin(e)     ∧  
                  Envin(b)    = Envin(e)     ∧  
                  Codeout(e) = Codeout (a)  
                                @ [⟨CMP,r7,#0⟩]  
                                @ [⟨BEQ L Labin(e)+1⟩] 
                                @ Codeout (b)    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Specifying Code Generation
• Specifying the translation

• Attribution for the case of an Or: 
    e = Or a b: 
                  Labout(e)   = Labin(b) ∧  
                  Lab⇩i⇩n(b)    = Labin(e)+1 ∧  
                  Env⇩i⇩n(a)    = Envin(e) ∧  
                  Env⇩i⇩n(b)    = Envin(e) ∧  
                  Codeout(e) = Codeout (a)  
                                @ [⟨CMP,r7,#0⟩]  
                                @ [⟨BNQ L Labin(e)+1⟩] 
                                @ Codeout (b)    
                                @ [⟨L Labin(e) + 1⟩]                                     
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Specifying Code Generation
• Specifying the translation

• Attribution for the case of an Or: 
    e = Or a b: 
                  Labout(e)   = Labin(b) ∧  
                  Lab⇩i⇩n(b)    = Labin(e)+1 ∧  
                  Env⇩i⇩n(a)    = Envin(e) ∧  
                  Env⇩i⇩n(b)    = Envin(e) ∧  
                  Codeout(e) = Codeout (a)  
                                @ [⟨CMP,r7,#0⟩]  
                                @ [⟨BNQ L Labin(e)+1⟩] 
                                @ Codeout (b)    
                                @ [⟨L Labin(e) + 1⟩]                                     
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  (advantage: control flow simple, 
   sometimes type-info hampers view 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   optimisation potential) 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Optimising Code Generation

• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Constant Propagation (as “peephole optim.”) 
 
   
                                        

MOV   R<x>,    #<a>

MOV   R<x>,    #<b> MOV   R<x>,    #<a+b>
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• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Constant Propagation (as “peephole optim.”) 
 
   
                                        

MOV   R<x>,    #<a>

MOV   R<x>,    #<b> MOV   R<x>,    #<a+b>

*
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Optimising Code Generation

• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Constant Propagation (as “peephole optim.”) 
 
   
                                        

MOV   R<x>,    #<a>

MOV   R<x>,    #<b> MOV   R<x>,    #<a+b>

*

* no label, no ref to R<x>, a+b < 2^16
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  by transforming patterns of assembly code:
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Optimising Code Generation

• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Branch Propagation (as “peephole optim.”) 
 
   
                                        

MOV   R<x>,    #<y>

MOV   R<x>,    #<y>
L<a>

BEQ,BNQ       L<a>
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• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Branch Propagation (as “peephole optim.”) 
 
   
                                        

MOV   R<x>,    #<y>

MOV   R<x>,    #<y>
L<a>

BEQ,BNQ       L<a>

MOV   R<x>,    #<y>

L<a>
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Optimising Code Generation

• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Branch Propagation (as “peephole optim.”) 
 
   
                                        *

* no label, no ref to R<x>

MOV   R<x>,    #<y>

MOV   R<x>,    #<y>
L<a>

BEQ,BNQ       L<a>

MOV   R<x>,    #<y>

L<a>
BEQ,BNQ       L<a>
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Optimising Code Generation

• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Branch Propagation (as “peephole optim.”) 
 
   
                                        *

* no label, no ref to R<x>

MOV   R<x>,    #<y>

MOV   R<x>,    #<y>
L<a>

BEQ,BNQ       L<a>

MOV   R<x>,    #<y>

L<a>
BEQ,BNQ       L<a>

This even works if the 
types are different in  
the source language !
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MUL   R<x>,  R<y>,  #0x2 ADD   R<x>,  R<y>,  R<y>



1/10/24 B. Wolff  -  ET4-Compil CodeGeneration

Optimising Code Generation

• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Classic: Arith ops optimisation: 
 
   
                                        

MUL   R<x>,  R<y>,  #0x2 ADD   R<x>,  R<y>,  R<y>



1/10/24 B. Wolff  -  ET4-Compil CodeGeneration

Optimising Code Generation

• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Classic: Arith ops optimisation: 
 
   
                                        

MUL   R<x>,  R<y>,  #0x2 ADD   R<x>,  R<y>,  R<y>



1/10/24 B. Wolff  -  ET4-Compil CodeGeneration
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• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Classic: Arith ops optimisation: 
 
   
                                        *MUL   R<x>,  R<y>,  #0x2 ADD   R<x>,  R<y>,  R<y>



1/10/24 B. Wolff  -  ET4-Compil CodeGeneration

Optimising Code Generation

• For sake of demonstration, we do it low-level, 
  by transforming patterns of assembly code:

• Classic: Arith ops optimisation: 
 
   
                                        *MUL   R<x>,  R<y>,  #0x2

In some architectures, 
this is mapped to SHL 
(shift-left)

ADD   R<x>,  R<y>,  R<y>
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Tutorial Cortex M7 https://www.youtube.com/watch?
v=JmpQ79h_0eA&list=PL3hGN82ZNBxi111hEdE0VhGVP_jMhN9cO&index=5 

https://www.cl.cam.ac.uk/events/cl75/posters/f/acjf3-screen.pdf

https://godbolt.org/
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