
3/19/20

© Stetten 2012

Divide by 3 counter

304

State machine repeats in 
at most 2n cycles for n bits.

Horowitz and Hill, p .514

Avoiding Ripple - Synchronous Counter

If  the previous digit and all the digits before it 
are 1, then you change state.

305
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Binary Encoder

This is actually a
“Read Only Memory” 
or ROM, addressed by 
separate lines for 0-5 
and returning those 
values as binary 
numbers.

306

Binary Decoder

307

Performs the opposite function from the binary encoder: 
activates a single line corresponding to a particular 

binary number at the input.
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Binary Decoder

308

binary
number

in

only one
output high

at a given time

Simple Computer

309

address bus data bus
put diodes here for program:
ROM (Read Only Memory)

only one of  these 
lines high at a 
given time (sequential)

Central Processing Unit
(CPU) performs actions
based on “Op Codes” 
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Central Processing Unit (CPU)

• CPU recognizes binary numbers and does specific 
tasks.  

• For example, the number 5 could be decoded to activate  
a circuit to perform binary addition between two 
numbers.

• These machine-specific “operational codes” (op codes) 
form a “machine code” language for a given hardware 
platform, specific to a manufacturer (e.g. Intel).

• The numbers to be added and the resulting sum could 
be stored in specialized locations in the CPU known as 
“registers,” or they could be at addresses in memory 
specified in the program just after the op code.

310

Each Purkinje cells is 
addressed by >100,000 
parallel fibers in the 
cerebellum.

311• http://thebrain.mcgill.ca

Memory Addressing in the Cerebellum 
Parallel fibers 
= address bus.

Purkinje cell dendrites
= decoders.
THESE CAN LEARN!
(by synapses changing)

Purkinje cell axons
= data bus.
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Tri-State: a new kind of  digital output

312

• Three output states instead of  two: 
1, 0, and “off ” (high impedance)

• Permits 2 outputs to share same wire

Now let’s replace diodes in memory with gates, 
so we can change what is in the memory and learn.   
To read and write on the same data bus, we need…

control input can 
disconnect

output entirely

Random Access Memory (RAM) can 1earn!

313
address bus control bus single data bus

read and write

can now read and write on the same data bus.
AND gate acts as switch:
One input lets other input 
pass or not.

1 bit of
RAM

stored in
flip-flop

Decoder selects 
a particular bit
by its address.
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• Originally RAM was only used to store data.

• Big step: putting the program itself  into RAM (Von 
Neuman 1949) replaces programming with diodes.

• Also introduction of  special Op Codes:
– “Go To” sets program counter to any location.
– “If ” tests something and controls program counter 

based on the result.

– “Go Sub” jumps to a new section of  code (subroutine)
– “Return” jumps back. 

– “Stack” (first-in-last-out memory) stores return address, 
so subroutines can call other subroutines.

– Leads to inevitable “stack overflow.”

314

Power-on condition
• State machines (computers) need an unambiguous 

power-on condition, an initial state.

• A crash is generally an unintended state, from which a 
power reset may be required.

• Some part a computer memory must be non-volatile,.
– ROM  (read only memory – write at the factory)

– PROM (programmable ROM - write once at home)

– EPROM (erasable PROM – erase with UV light and rewrite)
– EEPROM (electronically EPROM – rewrite electronically)

• Basic Input/Output System (BIOS) 
– stored in EEPROM, bootstraps the operating system

– thus “flashing” (rewriting) the BIOS” is risky
315
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Other Additions to Basic Computer

• CPU becomes more complex
– Internal “registers” (one-word memories) to hold 

numbers for immediate operations

– Input-Output (I/O) lines

– hardware clocks and counters

• Hardware Interrupt
– ability to send the Program Counter to special 

location in response to hardware event

– old value stored on a stack, as in Go Sub

– leads to less reliable systems because of  stack

316

Interrupt Priority -
• Margaret Hamilton: lead Apollo flight software designer.

• Apollo 11 guidance computer became overloaded with 
interrupts three minutes before first moon landing.

• Her software prioritized interrupts, avoiding abort.

317

https://en.wikipedia.org/wiki/
Margaret_Hamilton_(scientist)
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Intel 80286 CPU – IBM PC 1982

134,000 

transistors

2.6 million

instructions 

per

second

318

Other Processing Units and Architectures
• MPU (Mathematics Processing Unit)
– Higher functions (multiply, exponent, trig, log)

• GPU (Graphical Processing Unit)
– Array processing (many computations in parallel)

– Display buffer (store image while computing next)

– Geometric transformations (rotate, translate, scale)

– Texture mapping (interpolate image onto new grid)

– Occlusion computation (Z-buffer)

– GPU now programmed for other purposes using a 
special array processing language, e.g., CUDA.

319
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Higher-Level Languages
(All are built on Machine Code)

• ASSEMBLER
– English (ASCII) version of  machine code, 

largely one instruction for each op code.
– Specific to the particular CPU.
– Fastest code, if  well written.

• COMPILER
– Abstract language converted by a “compiler” 

into machine code before running . 
– e.g., Fortran, C, C++.
– Not machine specific.  Different compilers for 

each type of  CPU.  Big breakthrough!
– Generally fast code.

320

Grace Hopper 
(Amazing Grace)

• Wanted to program in a 
human language rather than 
numbers.

• Conceptualized machine-
independent languages 

• First compiler 1952, 

• Coined the phase 
“debugging” when a moth 
was found in her computer

• Rear Admiral, US Navy

321http://fivethirtyeight.com/features/the-queen-of-code/
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Higher-Level Languages
• INTERPRETER
– Program is “Interpreted” at run-time.
– e.g. JAVA (first compiled to machine-independent 

Java Virtual Machine (JVM) byte-codes
– Good for web applets (JAVA) where interpreter runs 

on the local client.
– Permits interaction in real time (MATLAB, Python).
– Slower than compiled code.

322

ASSEMBLER

COMPILER

INTERPRETER

faster 
running
on the
machine

more 
human
oriented

Object Oriented Programming
• C++, Java, etc.

• Each Class of  Object contains public 
functions and private variables.

• Expedites larger programs  by modularizing:
– Proliferation of  global variables avoided.

– Access and manipulation of  variables protected.

– Inheritance of  shared features in classes avoids 
redundancy in code.

• Application Programming Interface (API)
– Set of  libraries (classes) presenting an interface 

to underlying systems for the programmer.
323
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• Graphical User Interface (GUI)
– Replaced ASCII standard input/output in C/C++

–Microsoft Foundation Classes (MFC)

– Cocoa for Apple.

– GUI built into Java

• Embedded systems
– Stand-alone microprocessors 

– Running in appliances, cars, thermostats, etc.

– Increasingly includes wireless communications 
(“Internet of  Things”)

324

• Web-based languages
– HTML

– Java applets

• Server Side Applications
– Dynamically generates webpages

– Structured Query Language (SQL)

– Active Server Pages (ASP)

• “Apps”
– iPhones and iPads

– Android

• Cloud-based computing
– Is this the future?

325

Scott Guthrie 
Executive VP Microsoft

“father” of  ASP
Head of  Cloud and AI
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Graphical Programming

• Program not inputted as ASCII, but rather 
by dragging and connecting icons.

• e.g., LabView.

• “Easier” for non-programmers.

• Lacks full power (granularity) and exactness 
of  representation of  real programming 
language.

326

• IDE’s replace the original UNIX Method of  a 
“make” file, listing where all the resources were 
stored.

• An IDE is an application providing 
comprehensive facilities for software development

• e.g., Visual Studio (Microsoft), Xcode (Apple) 
and Eclipse (open source, cross-platform)

• Each IDE stores its environment differently:
– A recent advance is the open software CMake, which 

can translate a project from one IDE to another. 

327

Integrated Development Environment (IDE)


