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1 Data representation  

1.1 Bits and bytes  

1.1.1 Basics 

- All modern computer systems use base two to represent numbers, text, or any other kind of in-

formation. The binary systems has some advantages: 

o Easy to store with bi-stable elements. 

o Reliably transmittable on noisy and inaccurate wires. 

- The smallest piece of information is the bit, but generally, information is encoded in bytes or 

groups of bytes. One byte contains 8 bits. 

- The whole memory organization is byte-oriented. Programs can refer to what is known as virtual 

addresses. Conceptually, they are a very large array of bytes, but the implementation is some-

what complicated (see later chapters). 

- Every machine has a word size, the nominal size of integer-valued data, including addresses. To-

day standard personal computers use either 32 or 64 bits, whereby the former limits addresses 

to 4 GiB. 

- Even though the word size of a machine is fixed, multiple data formats are supported. Usually 

this includes both fractions and multiples of the word size, and is always an integral number of 

bytes. 

1.1.2 Byte ordering  

Multiple bytes within multi-byte words can be ordered in different fashions. The two most popular to-

day are 

- Big endian: Least significant byte has lowest address.  

- Little endian: Least significant byte has highest address. 

On the right-hand side, one can see the representation of the value 0x1234567  at address 0x100 .  

1.1.3 Strings in C 

Strings in C are represented as character array, each character encoded in ASCII format. All strings are 

zero-terminated, which means that the final character is 0 (0x00 , as opposed to 0x30  for the character 

άлέύΦ Because the data is organized in single byte quantities, byte ordering is not an issue. Therefore, 

text-files are generally platform independent, except for different conventions of line termination char-

acter(s). 

1.1.4 Machine-level code representation  

- Programs are encoded as sequence of instructions, each representing a simple operation 

(arithmetic operation, read/write memory, conditional branch). 

- Instructions are encoded as bytes or sequences thereof 

o Reduced instruction set computer (RISC), like Alpha, Sun, PowerPC 

o Complex instruction set computer (CISC), most modern personal computers 
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- There are different instruction types and encodings for different machines, mostly not binary 

compatible. 

1.1.5 C ɀ Bit -wise and logical operations  

- Various bit-level operations are avŀƛƭŀōƭŜ ƛƴ /Σ ŀƴŘ Ŏŀƴ ōŜ ŀǇǇƭƛŜŘ ǘƻ ŀƴȅ άƛƴǘŜƎǊŀƭέ Řŀǘŀ ǘȅǇŜ 

(like long, int, short or char). The arguments are viewed as bit vectors, and the operation is ap-

plied bit-wise. 

o & bit-wise AND 

o |  bit-wise OR 

o ^  bit-wise XOR 

o ~ bit-wise NOT 

- There are also three logical operations, which can be applied to any numeric data type. 0 is 

viewed as false , anything else is take as true . The return value of such an operation however 

is always 0 or 1, and lazy-evaluation applies. 

o && logical AND 

o ||  logical OR 

o !  logical NOT 

- And last, there are two shift operations, both left and right. The left shift, x << y , shifts x  by y  

positions to the left, filling the free bits with zeros. For the right shift on the other hand, there 

are two possible variants: the logical shift (filling ǿƛǘƘ лΩǎύ ŀƴŘ ǘƘŜ ŀǊƛǘƘƳŜǘƛŎ ǎƘƛŦǘ όǊŜǇƭƛŎŀǘŜ ǘƘŜ 

sign bit). 

1.2 Intergers  

1.2.1 Encoding integers  

- Unsigned  

ὼϽς 

- ¢ǿƻΩǎ ŎƻƳǇƭŜƳŜƴǘ 

ὼ Ͻς ὼϽς 

1.2.2 Numeric ranges  

- Unsigned values 

o ὟὓὭὲ  π with representation 000..0  

Ὗὓὥὼ ς ρ with representation 111..1  

- ¢ǿƻΩǎ ŎƻƳǇƭŜƳŜƴǘ ǾŀƭǳŜǎ 

o ὝὓὭὲ ς , binary 100..0  

o Ὕὓὥὼ ς ρ, binary 011..1  

- Note that signed values have an asymmetric range, because ȿὝὓὭὲȿ Ὕὓὥὼρ. 
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- One can define two mapping ὄςὟὼ and ὄςὝὼ that convert a binary sequence ὼ to its inte-

ger representation (either signed or unsigned). For nonnegative values: ὄςὟὼ ὄςὝὼ 

- Obviously these mappings are bijective, and thus one can define their inverse Ὗςὄὲ and 

Ὕςὄὲ. 

1.2.3 Casting / unsigned vs. signed  

- C allows conversation (both implicit and explicit) from signed to unsigned and vice versa. The re-

sult has the same bit representation, just the interpretation changes. The conversation can be 

written as: 

ὝςὟὲ ὄςὟὝςὄὲ  

- In C, by default constants are considered to be signed integers. If one needs an unsigned con-

ǎǘŀƴǘΣ ǘƘŜǊŜ ƛǎ ǘƘŜ ά¦έ ǎǳŦŦƛȄ ŀǎ ƛƴ 4294967259U . 

- If expressions are mixed (both signed and unsigned), signed values are implicitly casted to un-

signed. This also holds for comparison operators, and thus some surprising results might occur: 

0 >  - 1, but 0U <  - 1. 

- Unsigned numbers should not just be used because a variable is non-negative. On some ma-

chines, C compiler might generate less efficient code, and it is easy to make some nasty mis-

takes. On the other hand, when performing modular arithmetic unsigned integers are the right 

choice. The same holds if the extra bit worth of range is really needed. 

1.2.4 Addition  

- CƻǊ ŀƴȅ ǘǿƻΩǎ ŎƻƳǇƭŜƳŜƴǘ ƛƴǘŜƎŜǊ Ȅ ƛǘ ƘƻƭŘǎΥ ~x + 1 == - x . This follows from the observa-

tion that x +  ~x = - 1 = 111..1 . 

- Unsigned addition is a function that implements modular arithmetic: 

ί ὟὃὨὨ όȟὺ ό ὺ άέὨ ς  

- Unsigned addition forms an Abelian group, with the following properties: 

o closed:    π ὟὃὨὨ όȟὺ ς ρ 

o commutative:   ὟὃὨὨ όȟὺ ὟὃὨὨ ὺȟό 

o associative:  ὟὃὨὨ ὸȟὟὃὨὨ όȟὺ ὟὃὨὨ ὟὃὨὨ ὸȟόȟὺ 

o additive identity: ὟὃὨὨ όȟπ ό 

o additive inverse:  ὟὃὨὨ όȟὟὅέάὴ ό π with Ὗὅέάὴ ό ς ό 

- ¢ǿƻΩǎ ŎƻƳǇƭŜƳŜƴǘ ŀŘŘƛǘƛƻƴ has identical bit-level behavior as unsigned addition. The numbers 

ŀǊŜ ŀŘŘŜŘΣ ŘǊƻǇǇƛƴƎ ǘƘŜ ƘƛƎƘŜǎǘ ƻǊŘŜǊ ŎŀǊǊȅ ōƛǘ ŀƴŘ ǘǊŜŀǘƛƴƎ ǿƘŀǘΩǎ ƭŜŦǘ ŀǎ ǘǿƻΩǎ ŎƻƳǇƭŜƳŜƴǘ ƛn-

teger.  

ὝὃὨὨ όȟὺ

ό ὺ ςȟ ό ὺ ὝὓὭὲ ÎÅÇÁÔÉÖÅ ÏÖÅÒÆÌÏ×
ό ὺȟ                ὝὓὭὲ ό ὺ Ὕὓὥὼ 

ό ὺ ςȟ ό ὺ Ὕὓὥὼ ÐÏÓÉÔÉÖÅ ÏÖÅÒÆÌÏ×
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- ¢ǿƻΩǎ ŎƻƳǇƭŜƳŜƴǘ ŀŘŘƛǘƛƻƴ ƛǎ ƛǎƻƳƻǊǇƘƛŎ ǘƻ ǳƴǎƛƎƴŜŘ ŀŘŘƛǘƛƻƴ ǿƛǘƘ 

ὝὃὨὨ όȟὺ ὟςὝὟὃὨὨ ὝςὟόȟὝςὟὺ  

And forms also a group, with the following properties 

o closed, commutative, associative, 0 is additive identy 

o every element has an additive inverse 

Ὕὅέάὴ ό
όȟ ό ὝὓὭὲ

ὝὓὭὲȟ ό ὝὓὭὲ
 

1.2.5 Multiplication  

- Unsigned multiplication behaves modular just like addition: 

Ὗὓόὰὸ όȟὺ όϽὺ άέὨ ς  

- In ǘǿƻΩǎ complement multiplication, the product could require up to ςύ-bits, but the in the re-

sult the high order ύ bits are discarded. And as with addition, signed and unsigned multiplica-

tion have the same bit-level behavior. 

- Multiplication with a power of 2 can be done with shifts: u << k gives όϽς 

- The same can be done for division of unsigned numbers: u >> k  gives  

- Division for signed numbers is slightly more complicated, because the same code as for un-

signed numbers would give wrong results for negative number. Instead of rounding towards ze-

ro, rounding occurs towards Њ. For negative ὼ we would want  , but compute it 

as , or in C: (x+(1<<k) - 1) >> k  

1.2.6 Properties of integer arithmetic  

- Unsigned multiplication with addition forms a commutative ring with the following properties: 

o addition is commutative group 

o closed under multiplication 

o multiplication is commutative 

o multiplication is associative 

o 1 is the multiplicative identity 

o Multiplication distributes over addtion 

- ¢ǿƻΩǎ ŎƻƳǇƭŜƳŜƴǘ ŀǊƛthmetic is isomorphic to the unsigned arithmetic. 

- While integer arithmetic obeys ordering properties, ōƻǘƘ ǳƴǎƛƎƴŜŘ ŀƴŘ ǘǿƻΩǎ ŎƻƳǇƭŜƳŜƴǘ 

arithmetic do not! 

1.3 Floating point numbers  
- Floating point numbers are stored in the IEEE standard 754. 

1.4 Arrays  

1.4.1 Basic prin ciple  

- T A[L] : Array of data type T and length L (contiguously allocated region of L*sizeof(T)  

bytes) 

- C does not check bounds, so out of range behavior is implementation-dependant. 
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1.4.2 Nested arrays  

- Row-major ordering of all elements is guaranteed 

- T A[R][C ] : Array of data type T, R rows and C columns (contiguously allocated region of 

R*C*sizeof(T)  bytes) 

- Address of A[i][j]  is A+(i*C+j)*sizeof(T)  

- Advantages: C compiler handles doubly subscripted arrays, and the generated code is very effi-

cient 

- Disadvantages: Only works if you have a fixed array size 

1.4.3 Multi -level arrays  

- Array of arrays: type* arr[] = {arr1, arr2, arr3};  

- Accessing an element requires two memory reads, a first one to get the starting address of the 

row array, and a second to access the element within this row. 

1.4.4 Dynamic nested arrays  

- Advantages: Can create matrix of arbitrary size. 

- Disadvantages: Index computation explicitly, and accessing single elements is costly (multiplica-

tion) 

1.5 Structures  and Unions  

1.5.1 Concept of structres  

- Contiguously allocated region of memory 

- Refer to members within structures by names 

- Members may be of different types 

- Alignment 

o hŦŦǎŜǘ ǿƛǘƘƛƴ ǎǘǊǳŎǘǳǊŜ Ƴǳǎǘ ǎŀǘƛǎŦȅ ŜƭŜƳŜƴǘΩǎ ŀƭƛƎƴƳŜƴǘ ǊŜǉǳƛǊŜƳŜƴǘ 

o Overall structure placement: Initial address and structure length must be multiple of k 

bytes, where k is the largest alignment of any element. 

1.5.2 Unions 

- Overlay union elements and allocate according to largest element 
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2 Machine-level programming  

2.1 Basics 

2.1.1 !ÓÓÅÍÂÌÙ ÐÒÏÇÒÁÍÍÅÒȭÓ ÖÉÅ× 

- Programmer-visible state 

o EIP (Program counter): Address of next instruction 

o Register file: Heavily used program data 

o Condition codes: Store status information about most recent arithmetic operation 

o Memory: byte addressable array containing code, user data, some OS code, the stack, 

etc.  

- Turning C into object code 

o C source files (p1.c) are compiled by the compiler (gcc) 

o Asm files (p1.s) are then assembled by the assembler (as) 

o Object files (p1.o) are linked with static libraries (.a) by the linker (ld) 

o The resulting program (p) can then be executed 

- Assembly characteristics 

o Only minimal data types are available: Integer data of 1,2 or 4 bytes (data, pointers) or 

floating point data of 4, 8 or 10 bytes. No arrays or structures. 

o Primitive operations: Arithmetic operations, operations to transfer data between 

memory and registers, transfer control operations. 

- Disassembling object code 

o objdump ïd p  

o useful tool for examining object code 

2.1.2 Assembler  

- Intel/Microsoft format 

o lea eax, [ecx+ecx*2]  

o sub esp, 8  

o Constants not preceded by $, denote hex with h at the end 

o Addressing format shows effective address computation 

- GAS/Gnu format 

o lea (%ecx,%ecx,2), %eax  

o subl $8, %esp  

o Operand size indicated operator suffix 

2.2 Instructions  

2.2.1 Moving data  

- movl src, dest  

o move 4-ōȅǘŜ όάƭƻƴƎέύ ǿƻǊŘ 

- Operand types 

o Immediate: constant integer data (e.g. $0x400, $-43) 
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o Register: one of eight integer registers (e.g. %eax, %esp) 

o Memory: four consecutive bytes of memory, various address modes. 

o Important: It is not possible to move data between two memory locations with one in-

struction. Any other combination is possible. 

- Addressing modes 

o D(Rb,Ri,S)   <->  Mem[Reg[Rb]+S*Reg[Ri]+D]  

o D: constant displacement, encoded with 1, 2 or 4 bytes 

o Rb: Base register (any of the eight integer registers) 

o Ri: Index register (any, except for %esp) 

o S: Scale, only 1, 2, 4 or 8 

2.2.2 Address computation instruction  

- leal src,dest  

o src  is address mode expression 

o Sets dest  to address denoted by expression src  

- Uses 

o Computing addresses without doing memory references (pointer arithmetic) 

o Computing simple arithmetic expressions 

2.2.3 Some arithmetic operations  

- addl, subl, imull, sall, sarl, shrl, xorl, andl, orl  

- incl, decl, neg l, notl  

2.2.4 Condition codes  

- Single bit registers 

o CF: carry flag 

o ZF: zero flag 

o SF: sign flag 

o OF: overflow flag 

- Implicitly set by arithmetic operations like addl , not set by leal  however. 

- Explicitly set by compare instruction cmpl  or testl . 

- Reading condition codes is possible with setX  instructions. 

2.3 IA32 Stack 
- Region of memory managed with stack discipline 

- Grows toward lower addresses 

- Register %esp indicates lowest stack address, i.e. the address 

of the top element 

2.3.1 Push/pop  

- pushl src  

o Fetch operand at src , decrement %esp by 4 and write operand to the address given by 

%esp. 
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- popl dest  

o Read operand at address given by %esp, increment %esp by 4 and write to dest . 

2.3.2 Procedure control flow  

- Procedure call: call label  

o Push return address (address of the instruction beyond call ) on stack and jump to 

label . 

- Procedure return: ret  

o Pop address from stack and jump to that address. 

- Stack-based languages (such a C, Java) support recursion. The state for a given procedure must 

be stored somewhere (arguments, local variables, return pointer). 

- Stack is allocated in frames, containing local variables, return information, and some temporary 

space. 

- These frames are allocated in a so-ŎŀƭƭŜŘ άǎŜǘ-ǳǇέ ŎƻŘŜ ǿƘŜƴ ŜƴǘŜǊƛƴƎ ŀ ǇǊƻŎŜŘǳǊŜ ŀƴŘ ŘŜŀƭƭo-

cated at the end. 

- Two special pointer help stack management: 

o Stack pointer %esp indicates stack top 

o Frame pointer %ebp indicates start of current frame 

2.3.3 IA32/Linux stack frame  

- /ǳǊǊŜƴǘ ǎǘŀŎƪ ŦǊŀƳŜ όάǘƻǇέ ǘƻ ōƻǘǘƻƳύ 

o Parameters for function about to call 

o Local variables 

o Saved register context 

o Old frame pointer 

- Caller stack frame 

o Return address (pushed by call-instruction) 

o Arguments for this call 

2.3.4 Register saving conventions  

- Caller save (%eax, %edx, %ecx) 

o Caller saves temporary in its frame before calling (callee can freely use this registers) 

- Callee save (%ebx, %esi, %edi) 

o Callee saves temporary in its frame before using (caller is guaranteed that contents stay 

the same after a procedure call as before) 

- Special: %ebp (base pointer), %esp (stack pointer) and %eax (return value). 
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3 Sequential processors  

3.1 Instruction set architecture  

3.1.1 Assembly language view  

- Processor state (registers, memory, ..) 

- Instructions and how they are encoded 

3.1.2 Layer of abstraction  

- Above: How to program machine (processor executes instructions in a sequence) 

- Below: What needs to be built (various speedup tricks, like parallel execution) 

3.1.3 Instruction set architecture, ISA  

- Contract between software side (compilers, assemblers) and processor architects 

3.2 Y86 processor  

3.2.1 Processor state  

- Program registers: same 8 registers as with IA32, each 32 bits 

- Condition codes: OF, CF, ZF, SF 

- Program counter: indicates address of next instruction 

- Memory: byte-addressable storage array, little-endian 

3.2.2 Instruction  encoding  

- 1 to 6 bytes of information, can determine length of instruction from first byte. 

3.2.3 Registers 

- Each register has a 4-bit ID (from 0 to 7: eax, ecx, edx, ebx, esi, edi, esp, ebp; ID 8 is used to de-

ƴƻǘŜ άƴƻ ǊŜƎƛǎǘŜǊέύ  
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3.2.4 Instr uctions  

- Arithmetic operations: addl, subl, andl, xorl  

- Move operations: rrmovl, irmovl, rmmovl, mrmovl  

- Jumps: jmp, jle, jl, je, jne, jge, jg  

- Stack operations: pushl, popl  

- Subroutine calls: call, ret  

- Miscellaneous: nop, halt  

3.3 Sequential implementation  

3.3.1 Stages 

- Fetch: Read instruction from memory 

- Decode: Read program registers 

- Execute: Compute value or address  

- Memory: Read or write data 

- Write Back: Write program registers 

- PC: Update program counter 

3.3.2 Limitations  

- Too slow to be practical 

- Hardware units only active for a fraction of clock cycle (much idle time) 

3.4 Pipelined implementation  

3.4.1 Problems  

- Register overhead: The deeper the pipeline, the bigger the overhead of loading registers 

- Data dependencies: Operations may depend on result of preceding ones 

- Predictions may be wrong 

3.4.2 Adapting SEQ hardware to PIPE 

- Stages in SEQ occur in sequence, one at a time 

- Adding pipeline register: Between two stages registers are needed to hold intermediate values 

- All values pass through all stages, even when not explicitly needed 

- Feedback paths: Branch information (jump taken or not, target address), etc. 

- Safe prediction strategy 

o LƴǎǘǊǳŎǘƛƻƴǎ ǘƘŀǘ ŘƻƴΩǘ ǘǊŀƴǎŦŜǊ ŎƻƴǘǊƻƭ όƴŜȄǘ t/ ƛǎ Ǿŀƭtύ 

o Call and unconditional jumps (next PC is valC) 

o /ƻƴŘƛǘƛƻƴŀƭ ƧǳƳǇǎκǊŜǘǳǊƴ ƛƴǎǘǊǳŎǘƛƻƴǎΥ ŘƻƴΩǘ ǘǊȅ ǘƻ ǇǊŜŘict 

3.4.3 Dynamic nops  

- If instructions follow too closely after one that writes registers, dynamically insert nops. This 

nops are called bubbles. The instruction that cases this is called stalling instruction. 

o Stalling instruction is held back in decode stage 

o Following instruction stays in fetch state 
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o Bubble injected into execute stage 

3.4.4 Data forwarding  

- wŜƎƛǎǘŜǊǎ ŀǊŜƴΩǘ ǿǊƛǘǘŜƴ ǳƴǘƛƭ completion of write-back stage, but source operands read from 

register file in decode stage. 

- Trick: Pass values directly from generating instruction to decode stage (needs to be available at 

end of decode stage) 

- Forwarding sources: valE or valM 

3.4.5 Instruction reordering  

- Reordering instructions can help reduce data dependencies and therefore lead to speed-up. 
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4 Code Optimization  

4.1 Optimizin g compilers  
- Provide efficient mapping of program to machine: Register allocation, code selection and reor-

dering, eliminating minor inefficiencies. 

- 5ƻƴΩǘ ǳǎǳŀƭƭȅ ƛƳǇǊƻǾŜ ŀǎȅƳǇǘƻǘƛŎ ŜŦŦƛŎƛŜƴŎȅΦ 

- Have difficulties overcoming so-ŎŀƭƭŜŘ άƻǇǘƛƳƛȊŀǘƛƻƴ ōƭƻŎƪŜǊǎέ όe.g. potential memory aliasing or 

procedure side-effects). 

4.1.1 Limitations of compilers  

- Operate under fundamental constraints 

o Must not cause any change in the program behavior under any possible condition. 

o Often prevents it from making optimizations that would only affect behavior under 

pathological condition. 

- Most analysis is performed only within procedures; whole program analysis is too expensive in 

most cases. 

- Most analysis is based only on static information; difficult to anticipate run-time inputs. 

- When in doubt, compilers must be conservative. 

4.2 Machine independent optimizations  

4.2.1 Code motion  

- Move frequently executed code that always has the same result (e.g. moving code outside of 

loops). 

- Compilers do a good job with array code and simple loop structures. 

4.2.2 Reduction in strength  

- Replace costly operations with simpler ones (e.g. shift instead of multiplication, or instead of 

i*n  in a loop tmp += n ) 

4.2.3 Make use of registers  

- Reading and writing registers is much faster than reading or writing of memory. 

- Limitation: Compilers are not always able to determine whether variable can be held in register, 

e.g. with the possibility of aliasing. 

4.2.4 Share common sub-expressions  

- Reuse portions of expressions. 

- Compilers are often not very sophisticated in exploiting arithmetic properties. 

4.3 Optimization blockers  
- Procedure calls 

o Procedures may have side effects (alter global state) 

o Function may not return the same value each time for given arguments (depends on 

other parts of the global state) 
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o Linker may overload with different version (compiler cannot even look at most proce-

dures) 

o Warning: Compiler treat procedure calls as black boxes, so they are weak in optimizing 

in and around them. 

- Aliasing: Two different memory references may specify a single location. 

o Easy to happen in C, since address arithmetic is allowed. 

o Get in habit of introducing local variables (your way of telling the compiler that there is 

no aliasing) 

4.4 Machine dependent optimizations  

4.4.1 Pointer code  

- Sometimes it is faster to use pointer code. 

4.4.2 Loop unrolling  

- Combine multiple iterations into a single loop body 

- Amortizes loop overhead across multiple iterations 

- Finish extras at the end 

4.4.3 Parallelism  / parallel unrolling  

- Accumulate in multiple variables, and accumulate in the end. 

- Note: Combining operation must be associative and commutative. 

- This uses the pipelining of some functional units and removes data dependencies 

- Limitations: 

o Need lots of registers, only 6 usable integer registers are available, and they are also 

needed for pointers, loop conditions, etc. 

4.4.4 Branch  

- Branches are expensive. Misprediction on a Pentium III costs about 14 cycles. 

- Best to avoid at all, e.g. by using conditional moves. 
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5 The memory hierarchy  

5.1 Storage technologies  

5.1.1 Random access memory (RAM) 

- The basic storage unit is a cell (one bit), and RAM is packaged as a chip. Multiple chips form a 

memory. 

- Static RAM (SRAM) 

o Each cell is build by a six-transistor circuit 

o Retains value as long as its powered 

o Relatively insensitive to disturbances such as electrical noise 

o Very fast, very expensive 

- Dynamic RAM (DRAM) 

o Each cell stores bit with a capacitor and a transistor 

o Values must be refreshed every 10-100 ms 

o Sensitive to disturbances 

o Slower, but a lot cheaper 

- Conventional DRAM Organization 

o d x w DRAM: dw total bits organized as d supercells of w bits 

o Read: Row access strobe (RAS) selects a row, and this row is copied from DRAM to a row 

buffer. Then the column access strobe (CAS) selects a column, and the corresponding 

supercell is copied from the buffer to the data line. 

5.1.2 Nonvolatile memor y 

- Volatile memory (like DRAM and SRAM) loses its information if powered off. 

- Generic name for nonvolatile memory is read-only name (ROM). 

5.1.3 Disks 

- Disks consist of platters, each with two sur-

faces. Each surface consists of concentric 

rings called tracks. Each track consists of 

sectors separated by gaps. 

- Multiple tracks on different platters build a 

cylinder. 

- The capacity is the maximum number of bits 

that can be stored. 

o Capacity = (#bytes/sector) x (avg. #sec-

tors/track) x (#tracks/surface) x (#surfac-

es/platter) x (#platters/disk) 

- Disk access time: Taccess = Tavg seek + Tavg rotation + 

Tavg transfer 
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o Seek time: Time to position heads over cylinder containing target secter (e.g. 9ms) 

o Rotational latency: Time waiting for first bit of target sector to pass under r/w head 

o Transfer time: Time to read the bits in the target sector 

o Important: First bit in a sector is the most expensive, because the access time is domi-

nated by the seek time and the rotational latency. 

- Logical disk blocks 

o Modern disks present a simpler abstract view of the complex sector geometry. The set 

of available sectors is modeled as a sequence of b-sized logical blocks 

o The mapping between logical blocks and the actual (physical) sectors is maintained by 

the hardware/firmware 

o Allows controller to set aside some spare cylinders for each zone. 

- Reading a disk sector 

o CPU initiates a disk read by writing a command, logical block number and a destination 

memory address to a port (address) associated with the disk controller. 

o Disk controller reads the sector and performs a direct memory access (DMA) transfer in-

to main memory. 

o When the DMA transfer completes, the disk controller notifies the CPU with an inter-

rupt. 

5.1.4 Locality  

- Programs tend to reuse data and instructions new those they have used recently, or that were 

recently referenced themselves 

o Temporal locality: recently referenced items are likely to be referenced in the near fu-

ture. 

o Spatial locality: items with nearby addresses tend to be referenced close together in 

time. 
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5.2 Memory hierarchy  

 

5.2.1 Caches 

- A smaller but faster storage device that acts as a staging area for a subset of the data in a larger, 

slower device. 

- Data between levels is copied in block-sized transfer units. If a program needs an object d, which 

is stored in some block b, there are two possible cases: 

o Cache hit: Program finds b in the cache at level k. 

o Cache miss: b is not at level k, so the level k cache must fetch it from level k+1. 

- Types of cache misses: 

o Cold (compulsory) miss: Occurs because the cache is empty 

o Conflict miss: Most caches limit blocks at level k+1 to a small subset of block positions at 

level k. Conflict misses occur when the level k cache is large enough, but multiple data 

objects all map to the same level k block 

o Capacity miss: Occurs when the set of active cache blocks (working set) is larger than 

the cache. 

5.3 Linux memory layout  
- Stack: Runtime stack (8MB Limit) 

- Heap: Dynamically allocated storage (malloc, etc) 

- DLLs: Dynamically linked libraries (e.g. printf) 

- Data: Statically allocated data (e.g. strings in code) 

- Text: Executable machine instruction, read-only  
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6 Cache memories 
The typical bus structure looks as follows: 

 

6.1 Generic organization of caches  
- A cache is an array of sets 

- Each set contains one or more lines. 

- Each line holds a block of data. 

- The word at address A is in the cache, if the 

tag bits in one of the valid lines in set <set in-

dex> match <tag>. 

 

6.1.1 Summary of cache parameters  

Fundamental parameters 

Parameter Description 

S = 2s Number of sets 

E Number of lines per set 

B = 2b Block size in bytes 

m = log2M Number of physical (main memory) address bits 

 

 

  
































