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CS 355 Computer Architecture
Introduction

Text: Computer Organization & Design, D A Patterson, J L Hennessy
Chapter 1-1.5 except 1.3
Objectives:  The Student shall be able to:

· Define: server, supercomputer, embedded system, personal computer.

· Define: assembler, bit, nibble, byte, word, half word, double word.

· Define semiconductor, transistor, VLSI, wafer, chip, yield

· Define CPU, multiprocessor, multicore, core, DVD, DRAM, SRAM, ROM, cache, LAN, WAN, compiler, instruction set architecture, motherboard.
· Describe the memory hierarchy from fast to slow.

· Convert between nano, pico, micro, milli, kilo, mega, giga, tera to solve hardware speed, time, size problems.

· Describe the difference between assembly language in RISC versus CISC machines, and embedded versus traditional machines.
Class Time:


Intro to Class & Syllabus


1 hour


Computer Types, Performance, H/W

1 hour

Inside a Computer



1 hour


Lab:  Performance



1 hour


Homework Lab:  Crossword Puzzle

½ hour


Total





4 hours

Introduction to Computer Architecture
Types of Computers

Embedded Computer:  Performs single function on a microprocessor

· Embedded within a product (e.g. microwave, car, cell phone)

· Objective: Low cost, low power, high reliability
· Increasingly written in a hardware description language, like Verilog or VHDL

· Processor core allows application-specific hardware to be fabricated on a single chip.

Desktop Computer:   Designed for individual use

· Also called personal computer
Pesonal Mobile Device (PMD): Portable handheld computer

· Includes tablets or smart phone

· Touch-sensitive screen or audio input replaces keyboard

· Costs $ hundreds.

Server: Runs large, specialized program(s)

· Shared by many users: more memory, higher speed, requires reliability
· Accessed via a network using a request-response (client-server) interface

· Example: File server, Database server, Web server

· Cloud Computing: Giant data centers with hundreds of thousands of servers.

Supercomputer:  Massive computing resources and memory

· Tens of thousands of processors within single system
· Terabytes of memory 

· Program uses massive processors simultaneously

· Rare due to extreme expense: $10s-100s million
· Applications:  Weather forecasting, military simulations, oil exploration, protein structure determination.

What types of applications are concerned about:

· Memory?

· Processing speed?

· Usability?

· Maintainability?

Computer Architect must balance speed and cost across the system

· System is measured against specification

· Benchmark programs measure performance of systems/subsystems

· Subsystems are designed to be in balance between each other
Creating Chips
Semiconductor: Conducts electricity poorly

Silicon Ingot:  Made of silicon: substance found in sand. 

· Size= 8-12  by 12-24 inches
Wafer:  Silicon crystal ingot is sliced into 0.1-inch blank wafers

Processing:  Add materials to wafers: conductor, insulator, or transistors: (on/off) switch

Diced:  Wafers are cut into smaller components called dies or chips
Yield:  Wafers/dies are tested providing a % success rate.  Failures are discarded

Bonding:  The chip is connected to the input/output pins of a package

Integrated Circuit = chip: A device containing up to millions of transistors
· Moore’s Law: Integrated circuit resources double every 18-24 months.

Very Large Scale Integrated Circuit (VLSI): A chip containing hundreds of thousands to millions of transistors

Computer chassis vocabulary:

· Motherboard: Holds the processor, system bus, various interfaces and connectors

· Expansion slot: openings on the motherboard where other boards can be plugged in.
· Cage or Chassis: Holds multiple boards

· Backplane: Contains bus interface for boards to communicate

· 3D Packaging: Transistors interconnect above, beside, below (3D)

Inside a Computer

Computer components include:

· Input:  keyboard, mouse, network, disk

· Output: printer, video screen, network, disk

· Memory: registers, cache, DRAM, magnetic disk, optical disk
· Processor: Intelligence: Includes Datapath and Control
Processor
Central Processing Unit (CPU) or Processor:  Intelligence

· Data Path:  Worker:  Performs arithmetic operations using registers

· Control:  Intelligence: Directs flow of information through the processor & memory

Multiple processors now required to increase processor speed

· Multiprocessor: Multiple Processors in same computer

· Multicore:  Multiple Processors (or cores) in same chip.  E.g., quadcore =4 cores

· Previously computer engineers made processors (hardware) faster

· Now programmers must make software processing faster (via parallel processing)

Bus: Connects the CPU, Memory, I/O Devices

· Bits are transmitted between the CPU, Memory, I/O Devices in a timeshared way

· Serial buses transmit one bit at a time.

· Parallel buses transmit many bits simultaneously: one bit per line

One bus system:  Memory, CPU, I/O Subsystem on same bus

Two bus system: 

· One bus:  CPU((Memory

· One bus: CPU((I/O Subsystem

Example:  Universal Serial Bus (USB 3.1)

· Hot-pluggable: can be plugged and unplugged without damage to the system

· Operates from 1.5 Mb/sec to 10 Gb/sec

· Interface to computer peripherals, charge power. 

Memory Hierarchy: 
[image: image1]
Secondary Memory: Nonvolatile memory used to store programs and data when not running
· Nonvolatile: Does not lose data when powered off

· Includes: 

· Magnetic Disk: Access time: 5-15 ms

· Optical Disk:  CD (700 MB), DVD (4.7 GB), Blu-ray (BD=25 GB), BD DL=50 GB)
· FLASH:  Semiconductor memory, may attach via USB (2+ GB – 1 TB)
· Floppy and Zip:  Removable form of magnetic disk

· Tape: Sometimes used for backup OR duplicated disk
Magnetic Disk:  Movable arm moves to concentric circle then writes
· Disk diameter: 1 to 3.5 inches

· Latency:  Moving head to ‘cylinder’ or concentric track
· Rotation Time:  Rotating cylinder to correct location on ‘track’

· Transfer Time:  Reading or writing to disk on ‘track’: 5400-15k revolutions/min.
· Access time: 5-20 ms


Optical Disk:  Laser uses spiral pattern to write bits as pits or flats, 1 micron.
· Compact Disc (CD): Stores music
· Digital Versatile Disc (DVD): Multi-gigabyte capacity required for films (red ray)
· Blu-Ray Disk (BD): 25, 50, 100, 128 GB capacity, depending on number of layers
· Read-write procedure similar to Magnetic Disk (but optical write, not magnetic)
Flash Memory: Semiconductor memory is nonvolatile

· More expensive than disk, but also more rugged, faster latency, lower power.
· Good for 100,000-1M writes.

· Common in cameras, portable music players, memory sticks, PMDs.
Primary or Main Memory: Programs are retained while they are running.  Uses:
· Random Access Memory (RAM): Any memory location takes the same time to read; not read in order.

· Dynamic Random Access Memory (DRAM)

· Built as an integrated circuit, equal speed to any location in memory

· Access time: 50-70 ns.

· DIMM (Dual In-line Memory Module): Two rows of memory chips
· ROM (Read Only Memory) or EPROM (Erasable Programmable ROM): stores code
Cache:  Buffer to the slower, larger main memory.  Uses:

· Static Random Access Memory (SRAM) 
· Faster, less dense and more expensive than DRAM

· Uses multiple transistors per bit instead of the single transistor for DRAM
Registers:  Fastest memory within the CPU.

Input/Output

Mouse:  

· Electromechanical:  Rolling ball indicates change in position as (x,y) coordinates.

· Optical:  LED lights up surface below mouse.  Camera samples 1500 times per second. Optical processor compares images and determines distance moved.

Displays:

Raster Refresh Buffer or Frame Buffer: Holds the bitmap or matrix of pixel values.
· Matrix of Pixels: 1024 x 768 pixels to 2048 x 1536 pixels 
· Pixel: Dot; each color active pixel has 3 transistors
· Black & White: 1 bit per pixel

· Grayscale: 8 bits per pixel OR
· Color: (one method):  8 bits each for red, blue, green = 24 bits

Liquid Crystal Display (LCD): LCD pixel control or bends the light for the display.

· Color active matrix LCD: Transistor switch per pixel controls current
· Also called ‘flat panel’

Touchscreen: Capacitors in screen react to electric impulses

· Humans are conductors of electricity

Networking:  Communications between computers

· Local Area Network (LAN):  A network which spans a small area: within a building

· Wired: E.g.: Ethernet: Typically 100 Mbps (million bits/second) to 40 Gbps (gigabits/second); up to 1 km long
· Wireless: E.g., IEEE 802.11:  1-100 Mbps

· Wide Area Network (WAN):  A network which extends hundreds of miles; typically managed by a communications service provider

· Optical fiber gives highest data rates
Network Interface Card (NIC) interconnects to motherboard via PCI slot.

Rate of Hardware Growth:  

· Moore’s Law:  IC Component density doubles every 1.5-2 years

· Processor performance increase:  22-50% per year

· Memory (DRAM) capacity improvement: 4x/3years: 1.33 per year growth
Introduction to Performance
	Normal: Power of 10: Networks, Time
	Power of Two Usage: Memory

	Exa (E)
	1018
	Exbi (EiB)
	260

	Peta (P)
	1015
	Pebi (PiB)
	250

	Tera (T)
	1012 = 1,000,000,000,000
	Tebi (TiB)
	240 = 1,099,511,627,776

	Giga (G)
	109 = 1,000,000,000
	Gibi (GiB)
	230 = 1,073,741,824

	Mega (M)
	106 = 1,000,000
	Mebi (MiB)
	220 = 1,048,576

	Kilo (K)
	103 = 1,000
	Kibi (KiB)
	210 = 1,024

	
	100 = 1
	
	20 = 1

	Milli (m)
	10-3 = .001
	
	

	Micro (μ or u)
	10-6 = .000,001
	
	

	Nano (n)
	10-9 = .000,000,001
	
	

	Pico (p)
	10-12 = .000,000,000,001
	
	


please never miss my Kind Mother Going To PETA Event

Usage:

· Powers of 10: Data communications, time, clock frequencies

· Power of 2: Memory: disk, DRAM, etc.
Memory units:

· Bit (b): 1 binary digit

· Nibble: 4 binary digits

· Byte (B): 8 binary digits

· Word:  Commonly 32 binary digits (but may be 64).

· Half Word:  Half the binary digits of a word

· Double Word:  Double the binary digits of a word

Common Use:

· 10 Mbps = 10 Mb/s = 10 Megabits per second

· 10 MiB = 10 Mebibytes

· 10 MIPS = 10 Million Instructions Per Second

Consider: Problems dealing with Rates

Rates are like Miles Per Hour (MPH): Distance/Time

If we know one rate: 65 MPH 

We can calculate how long to travel to a particular location 35 miles away:


65 Miles / 1 hour = 35 Miles / X time

We can calculate how long it will take to travel 1 mile:


65 Miles / 1 hour = 1 Mile / X time

We can calculate how far we can travel in X time (e.g. 1 minute):


65 Miles / 1 hour = X Miles / (1/60) hour OR

65 Miles / 60 minutes = X Miles / 1 minute

Remember: we need all our units to be identical!

Example Problems:

A disk operates at 7200 Revolutions per minute (RPM).  How long does it take to revolve once? Hint: when working with time, work in base 10: m=10-3 u=10-6 n=10-9

Revolutions =
7200 Revs  =
1 Rev

Second       
60 seconds  
x secs


7200/60 x = 1


120x = 1


x = 1/120 = 0.008,33 second = 8.33milliseconds or 8.33 ms

 A disk holds 600 GiB.  How many bytes does it hold?


600 GiB = 600 x 230 = 600 x 1,073,741,824 = 644,245,094,400 bytes
Hint: When working with memory, work with powers of 2: K=210, M=220, G=230
A LAN operates at 100 Mbps.  How long will it take to transfer a packet of 1000 bytes?  (Optimistically assuming 100% efficiency) Two ways of solving:

Q1: What is the rate of bytes/second?

Q2: What is the rate of packets/sec?


bits =   100 Mb = 8 bits (per byte)

100 Mbits = 8000 bits (per packet)

sec  
 1 sec
     x sec


1 sec
              x sec


100,000,000x = 8



100,000,000x = 8000


x = 8/100,000,000 = 0.000,000,08 = 80ns
x = 8000/100,000,000=8/100,000


1000 bytes/packet x 80 ns = 80us

x = 0.000,08 = 80us

Hint: When working with data communications, work with powers of ten: K=103 M=106 G=109
What is Assembly Language?

High Level programming language:


double total = 0;


for (int j=0; j<nr_items; j++) {



total += item[j];


}


double tax = 0.07;


total +=  tax * total;


System.out.println(“Your total is $” + total);

A compiler converts the high level language into assembly language:


MIPS


80x86


ARM Corex-M3


lwi
$15, 0

mov
eax,0

CBZ
R1,quit


lw
$14,item
lea
ebx,Array
LDR
R3,[R2,#0x18]

loop:



mov
ecx,nbrElts
TST
R3,#0x80


add
$15,$14
jecxz  
quit

BZ
quit


addi
$14,4

add
eax,[ebx]
LDRB
R3,[R0],#1


…


…


…

The compiler calls an assembler, which converts assembly language into machine language (to store in a binary object file):


01010001100101001101010001010100


10011001000101001100110010010010


11001101100011000000011011100000


…

Compiler Advantages:

· Allows programmer to work in a more natural language: English & mathematics

· Improves programmer productivity

· Avoids hardware (or processor) specific programming: Compilers are portable

Therefore: Programming in Assembly is rare today.

Instruction Set Architecture (ISA): Interface between the hardware and low-level software

Abstraction:  Layers build on other layers

· Programmer deals with high-level language

· Computer Designer deals with ISA, multiplexers, decoders, registers.

· Logic Designer deals with the gate level: XOR, AND, NAND, flop-flops, etc.

Performance Exercise:

For each of the following questions, provide answers using metric notation.
1)  A system requires 1.5us to process each 128-byte data record in a database.  How long will it take to process a database containing 100 x 107 records?  How much disk space is required to store the database?

2)  What is the time interval between successive samples of an optical mouse camera operating at 1500 pictures a second?

3)  A high resolution screen has 2048x1536 pixels and uses a 24-bit red-green-blue display technique (i.e., 1 pixel=3 bytes).  How many bytes must the raster refresh buffer hold?  How fast must the line between the computer and the display be to send a complete display in 250 ms?  Provide your second answer in bps.  

Remember: memory uses base 2, networks use base 10.)
4)  A LAN operates at 100Mb/s (bits per second).  How long does it take to transmit one packet containing 1k bits?   How many packets can be transmitted in 1 second?  In one minute?

5)  If a magnetic disk is rotating at 10,000 Revolutions per Minute (RPM), how long does it take for the disk to rotate once?  Hint: Convert to RPS (RPSecond).  Assuming it takes half a revolution to access the desired data, what is the average rotation time?
6)  A DVD drive operates in Constant Linear Velocity mode (or at a constant speed) at 1.35 MiB per second.  When reading at the center of the disk, the disk rotates at 1600 revolutions per minute (RPM).  When reading at the far edge of the disk the rotation speed is 570 RPM.  How many bytes of data can the center and outside circle hold?

7)  How many 500MiB tapes will be required to back up a 120GiB hard drive?  How long will it take to back up the hard drive if the tape drive operates at 100MiB per minute?  Assume no time to change the tapes.
8)  The PowerPC 601 processor addresses a maximum of 232 bytes of memory.  If a machine instruction is always 32 bits long, how many instructions can be stored in memory?
CPU registers





Cache





Main Memory





Magnetic Disk





Tape





Fast, expensive, volatile





Slow, cheap, non-volatile








