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In the modern era of high-level programming languages and sophisticated integrated development environments
(IDEs), the internal mechanics of computer hardware often remain obscured. However, for the senior engineer,
system architect, or performance-driven developer, understanding the underlying structure of a computer system is
not merely academic—it is a functional necessity. A Programmer's View of Computer Architecture provides the
essential bridge between abstract algorithmic logic and the physical execution of instructions. By focusing on the
MIPS (Microprocessor without Interlocked Pipelined Stages) RISC (Reduced Instruction Set Computer)
architecture, we can dissect the critical interface where software meets silicon.

The Conceptual Divide: Computer Architecture vs. Computer Organization

Before diving into the technicalities of assembly language, it is vital to distinguish between two frequently conflated
terms: Computer Architecture and Computer Organization. As highlighted in seminal texts by Goodman and
Miller, architecture refers to the attributes of a system as seen by the programmer. This includes the instruction set,
the number of bits used to represent data types, I/O mechanisms, and techniques for addressing memory. It is the
"abstract model" of the machine.

In contrast, computer organization involves the operational units and their interconnections that realize the
architectural specifications. To use a manufacturing analogy: the architecture defines the car’s controls (steering
wheel, pedals, dashboard indicators), while the organization defines the engine’s internal mechanics, the
transmission type, and the fuel injection system. A programmer interacts with the architecture to produce functional
software, but the organization determines the efficiency and speed with which that software runs.

The Core Components of the Von Neumann Model

Regardless of the specific architecture, most modern systems follow the foundational Von Neumann model,
consisting of three primary components:

¢ The Central Processing Unit (CPU): The "brain" that executes instructions. It contains the Control Unit (CU)
and the Arithmetic Logic Unit (ALU).

« Memory Unit: The hierarchy of storage (registers, cache, RAM) that holds both data and the instructions being
executed.

¢ Input/Output (I/0) System: The interface through which the computer communicates with the external world.

The RISC Philosophy and the MIPS Instruction Set

The MIPS RISC architecturerepresents a paradigm shift in computing that began in the 1980s. The philosophy
behind RISC is simple: by reducing the complexity of the instruction set, the hardware can be made to execute
each instruction much faster. Unlike CISC (Complex Instruction Set Computer) architectures like x86, which may
have hundreds of instructions of varying lengths, MIPS uses a small, highly optimized set of fixed-length (32-bit)
instructions.

Key Principles of MIPS Design



1. Simplicity Favors Regularity: Keeping instruction sizes constant simplifies the fetching and decoding process.

2. Smaller is Faster: Using a limited number of registers (32 general-purpose registers in MIPS) ensures lower
latency in data retrieval compared to accessing main memory.

3. Make the Common Case Fast: Instructions that are used most frequently (like addition or loading data) are
optimized for single-cycle execution.

4. Good Design Demands Good Compromises: Balancing the number of registers against the need for
instruction bit-space.

Comparison: RISC vs. CISC Architectures



Feature RISC (e.g., MIPS, RISC-V, ARM) CISC (e.g., x86, VAX)

Instruction Length Fixed (typically 32-bit) Variable (1 to 15 bytes)

Instruction Set Size Small and Simple Large and Complex

Memory Access Load/Store Architecture only Instructions can operate on memory
directly

Registers Large number (32+) Limited number (8-16 traditionally)

Pipelining Highly efficient and easy to implement Cpmplex due to variable instruction
sizes

The Programmer's Model: Registers and Memory Addressing

In the MIPS architecture, the programmer views the processor as a collection of 32 general-purpose registers,
each 32 bits wide. These registers are named and numbered (e.g., $s0-$s7 for saved values, $t0-$t9 for temporary
values). Understanding these registers is paramount for writing efficient Assembly Language Programs (ALP).

The MIPS Register Set
e $zero ($0): Hardwired to the value 0. Any write to this register is discarded.
e $at ($1): Reserved for the assembler for synthetic instructions.
* $v0-$v1 ($2-$3): Used for expression evaluation and function return values.
e $a0-$a3 ($4-$7): Used to pass the first four arguments to functions.
e $ra ($31): Holds the return address for function calls.

Memory in MIPS is byte-addressable, meaning every 8-bit byte has a unique address. However, instructions and
word-sized data (32 bits) must be aligned on 4-byte boundaries. This alignment is a classic example of how

architecture affects software design; unaligned memory access can lead to significant performance penalties or
hardware exceptions.

The Anatomy of MIPS Assembly Language

Assembly language acts as the human-readable representation of machine code. Using mnemonics,
programmers can direct the hardware with precision. As noted in the works of Britton and Gries, mastering
assembly requires understanding the specific instruction formats used by the processor.

MIPS Instruction Formats
MIPS instructions are divided into three types, each occupying exactly 32 bits:

* R-Type (Register): Used for arithmetic and logical operations. Structure: [Opcode (6) | rs (5) | rt (5) | rd (5) |
shamt (5) | funct (6)].

« |-Type (Immediate): Used for loads, stores, and conditional branches. Structure: [Opcode (6) | rs (5) | rt (5) |
Immediate/Address (16)].

¢ J-Type (Jump): Used for unconditional jumps. Structure: [Opcode (6) | Target Address (26)].
The Execution Cycle (Pipelining)

One of the most powerful features of the MIPS architecture is its 5-stage pipeline. Pipelining allows multiple



instructions to be processed simultaneously at different stages of execution. The five stages are:

IF (Instruction Fetch): The CPU fetches the instruction from memory using the Program Counter (PC).
ID (Instruction Decode): The instruction is decoded, and registers are read.

EX (Execute): The ALU performs the required operation.

MEM (Memory Access): If necessary, data is read from or written to main memory.

WB (Write Back): The result is written back to the destination register.
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Mathematical Modeling of Processor Performance

To evaluate the efficiency of an architecture or a specific piece of assembly code, we use the CPU Performance
Equation. This formula is a cornerstone of the technical analysis found in Patterson and Hennessy’s "Computer
Organization and Design."

Execution Time = Instruction Count x CPI x Clock Cycle Time
Where:

« Instruction Count: The total number of instructions executed in a program. This is determined by the compiler
and the ISA.

¢ CPI (Cycles Per Instruction): The average number of clock cycles required to execute an instruction. In an
ideal RISC pipeline, CPl is close to 1.

¢ Clock Cycle Time: The inverse of the clock frequency (e.g., a 1GHz clock has a cycle time of 1 nanosecond).

By analyzing these variables, a programmer can determine whether to optimize the algorithm (reducing Instruction
Count) or the low-level code structure (improving CPI through better cache usage or avoiding pipeline hazards).

Practical Implementation: Writing and Assembling Code

Translating high-level logic into assembly involves several stages. Modern tools like the NASM or MARS(MIPS
Assembler and Runtime Simulator) provide environments for testing these concepts. The process generally follows
this workflow:

The Software Translation Hierarchy

1. High-Level Language: C/C++ or Java code (e.g.,a=b +c;).

Compiler: Translates the high-level code into assembly language (e.g., add $s0, $s1, $s2).
Assembler: Converts assembly mnemonics into binary machine code (object files).

Linker: Combines object files and libraries into a single executable.

Loader: Loads the executable into memory for the CPU to run.
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Example: Array Summation in MIPS Assembly

Consider a simple task: summing an array of integers. The assembly code might look like this:

li $t0, O # Initialize sum =0
li$t1, 0 # Initialize index i=0
loop:

Iw $t2, 0($a0) # Load word from array address

add $t0, $t0, $t2 # sum += arrayfi]

addi $a0, $a0, 4 # Move to next array element (4 bytes)

addi $t1, $t1, 1 # i++

blt $t1, $al, loop # if i In this snippet, we see the load/storenature of RISC. Data must be loaded into a register



(Iw) before an arithmetic operation (add) can be performed. This contrasts with x86, where an add instruction could
potentially pull data directly from memory.

Pipeline Hazards and Troubleshooting

While pipelining increases throughput, it introduces hazards—situations where the next instruction cannot execute
in the following clock cycle. Understanding these is critical for low-level troubleshooting.

1. Structural Hazards

Occur when the hardware cannot support the combination of instructions set to execute in the same cycle (e.g., if a
single memory unit is needed for both instruction fetch and data access).

2. Data Hazards

Occur when an instruction depends on the result of a previous instruction that is still in the pipeline. Solutions
include Forwarding (passing the result directly from the ALU to the next stage) or Stalling(inserting a "bubbles" or
NOP instructions).

3. Control Hazards

Occur when the pipeline makes the wrong decision on a branch prediction. In MIPS, this is often handled using a
Branch Delay Slot, where the instruction immediately following a branch is always executed, regardless of
whether the branch is taken.

System Integration: Operating Systems and MIPS

As discussed in Dominic Sweetman’s "See MIPS Run," the marriage of MIPS with open-source operating systems
like Linux highlights the architecture's versatility. The interaction between the architecture and the OS involves:

¢ Exception Handling: How the CPU responds to errors (e.g., overflow) or system calls.

< Memory Management: Utilizing the Translation Lookaside Buffer (TLB) for virtual-to-physical address
translation.

¢ Interrupts: Handling asynchronous events from I/O devices.

The Evolution Toward RISC-V and Modern Computing

While MIPS served as the academic and industrial gold standard for decades, the industry is currently shifting
toward RISC-V. RISC-V is an open-standard ISA that builds upon the MIPS legacy but offers a modular design.
The principles learned from studying MIPS—fixed instruction lengths, register-to-register operations, and pipelining
—are directly applicable to RISC-V. This evolution ensures that a programmer’s understanding of architecture
remains relevant as we move toward more specialized and energy-efficient computing cores.

Ultimately, the study of computer architecture transforms the computer from a "black box" into a transparent, logical
machine. By mastering the MIPS RISC model, programmers gain the ability to write code that is not just functional,
but optimal. They learn to appreciate the constraints of the hardware, the elegance of the instruction set, and the
profound impact of low-level design on high-level software performance. Whether optimizing a real-time embedded
system or developing the next generation of cloud-scale applications, the technical insights provided by a
programmer’s view of architecture are indispensable.
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