CS211
Computer Architecture

Class Checkpoint

*What have discussed up until now & why:

® C Programming language
Dlgltal LOgiC * More low-level then Java.

* Better idea about what'’s really going on.
® Covered data representation

* Computers manipulate data. How is this data stored and
manipulated?

*Topics
* Transistors (Design & Types)
® Covered Machine-Level representation of programs

* Logic Gates
(assembly lanaguage - x86)
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¢ Combinational Circuits
* Computers don’t work on C code (or Java). Need instructions closer to

* K-Maps hardware.

® What’s next? Processor Design... how does machine

Fil & Tables b d f H . .
jgures & tables borrowec rom instructions actually make the processor work?

« http://www .allaboutcircuits.com/vol_4/index.html

But first... Transistor: Building Block of Computers

*Microprocessors contain millions of transistors
*Before we go into processor design, we’re going to cover some
topics in Digital Logic.

* Intel Pentium 4 (2000): 48 million

* 1BM PowerPC 750FX (2002): 38 million

* IBM/Apple PowerPC G5 (2003): 58 million
*Book covers this only sparingly, we’re going to go into a bit more

detail. . . .
*Logically, each transistor acts as a switch

*Combined to implement logic functions
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Specifically: * AND, OR, NOT

* Transistors ) . A
*Combined to build higher-level structures
* Logic gates
* Adder, multiplexer, decoder, register, ...
* Combinational & Sequential Circuits

’ *Combined to build processor
* Flip-Flops




Simple Switch Circuit n-type MOS Transistor

*Switch open:
*MOS = Metal Oxide Semiconductor

* two types: n-type and p-type

* No current through circuit
* Light is off

oV, is+2.9V °n-type

* when Gate has positive voltage, Gate
short circuit between #1 and #2

(switch closed)

out !

+  eswitch closed:
2 gy / Vout e Short circuit across switch

¢ Current flows

* when Gate has zero voltage,
open circuit between #1 and #.
(switch open)
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* Lightison
® V,, is 0V

Switch-based circuits can easily represent two states:
on/off, open/closed, voltage/no voltage.

Terminal #2 must be
connected to GND (0V).

Inverter (NOT Gate)

In=0
In ~|j Out
Truth table

p-type MOS Transistor

*p-type is complementary to n-type

* when Gate has positive voltage, #1
open circuit between #1 and #2 1

* when Gate has zero voltage,
short circuit between #1 and #2 #

(switch closed)
Gate =1

(switch open) I/
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In Out In Out
| | In=1
ov] 29V 0 1

29V ov 1 0

Terminal #1 must be
connected to +2.9V.




@2010 Badri Computer Architecture Assembly |1 @2010 Badri Computer Architecture Assembly |1

A=0
B=1-

NAND Gate (AND-NOT)
0
Note: Parallel structure on top, serial on bottom

Note: Serial structure on top, parallel on bottom.

NOR Gate
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| Add inverter to NOR.

‘Add inverter to get NAND. ‘

OR Gate
AND Gate

A
B




Basic Logic Gates Symbols XOR: truth table A*B

® )
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2 0 0 0 i

NOT > >

S =3

= 0 1 1 =

A A 3 3
A+B +B g g

B B A 5 1 0 1 s
> >

A A

OR NOR & 1 1 0 u
=3 =3

< <

AB= A &B + A&B

AND ﬁ:)i>iope NAND
ad
B A®B

DeMorgan's Law More than 2 Inputs?

*Converting AND to OR (with some help from NOT) *AND/OR can take any number of inputs.

*Consider the following gate: ¢ AND =1ifall inputs are 1.

A:j}_ = To convert AND to O
AB .
B (or vice versa),

invert inputs and outp

* OR=1ifanyinputis 1.
* Similar for NAND/NOR.
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L orw ~ T T A
ABlABlA»BlKE B
oofl1 1] 1 0 . / ¢ ABC
011 of o 1 (a:z[)fmc
10[0 1| o 1 Same as A+B! \ A
110 of o 1 E ABC




Building Functions from Logic Gates Half adder

* A half adder is used to add just two bits.

*Combinational Logic Circuit ® The result consists of two bits: a sum (the right bit) and a

* output depends only on the current inputs carry out (the left bit)
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* stateless ¢ Here is the circuit and its block symbol S5)
*Sequential Logic Circuit — )
* output depends on the sequence of inputs (past and present)
* stores information (state) from past inputs
X Y ¢S c
0+0 =00
A . . L 0+1 =01
*We'll first look at some useful combinational circuits, 140 =01 \‘( -
then show how to use sequential circuits to store information. 1+1 =10
Cc S
l l
2 =
Full Adder = Four-bit Adder (carry-ripple adder) =
*Add two bits and carry-in, g o
produce one-bit sum and carry-out. -§ A, B, A, B A, B A, B, §
ABCnlSEH | - [ 1 [ [ | 8
A B o0 olo 5_ A B A B A B A B I?E_
0 0 11 sy Full < Full ¢ Full ¢ Full < 7
H—Ft — —h. . o1 0108 Adder Adder Adder Adder g
01 1f0 ?, c. S G s G 8 c s 2
173 173
10 0|18 ‘ ‘ | | 2
3 3
1 0 1[0 WA [=a
= CWI SJ S} SI‘I =
11 0 |o & =
11 1|1
Disadvantage: Delay through N-1 Stages
C.. s




Carry Save adder Carry Save adder

*Compute Sum and Carry independently *Delay reduced compared to Carry ripple adder

*101 101 *Add 3 Numbers and Produce two numbers S and C
*101 101 *Final result is S + shifted carry
*000 101-

*Thenadd S+ C 000
. 101-
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Decoder

Carry Save Adder Design

*n inputs, 2" outputs

* exactly one output is 1 for each possible input pattern

X Yo Z,
T T % Xox Yo Za 02 Vo2 Zig D‘ L
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e i A AD—LH‘AB:OO
Fa vV vy
et L, Ch s, Cn Snz Ci S,%° c:)_ 1, if AB=01
/ 2-bit
decoder } )
+ 1,ifAB=10
N Bit Carry Save Adder Block } i ABet
ifAB=




Decoder

*n inputs, 2" outputs

* exactly one outout is 1 for each

possible inout pattern

=p=

3 1, if AB=00
' “D— 1, ifAB=01
2-bit
decoder _D_ 1,ifAB=10
B— 1, ifAB=11
Multiplexer (MUX)

*n-bit selector and 2" inputs, one output

* output equals one of the inputs, depending on selector

A B c

D

S,

S,

ABCD

if $=00
if S=01 4-to-1 MUX
if $=10
ifS=11
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Selecting Memory

A0

256 x 8
RAM

256 x 8
RAM

256 x 8
RAM

256 x8
RAM

A8

2to4
decoder

A9

Circuit Design

Designing circuits is a process...
Have a good idea. What kind of circuit might be useful?
Derive a truth table for this circuit.

Derive a Boolean expression for the truth table.

P wnNPeE

Build a circuit given the Boolean expression

* Building the circuit involves mapping the Boolean
expression to actual gates. This part is easy.

* Deriving the Boolean expression is easy. Deriving a good
one is tricky.
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. () . ®
Converting Truth Table to Boolean N Converting Truth Table to Boolean N
= =

Expression S Expression ®
2 2

0 0

sensor ] sensor sensor <]
inputs g inputs inputs _g
AlB|C| Ouatput Q AlB|C| Oatput AlB|C| Output @
oloje| o > oloje| o olojo| o P
ofjoji| o 2 ofjoji| o ofo[1] o =
o|t]o] o T o[t|e] o o[1|o] o T
oft[a] 1 2 of [l v of1[1] 1 Re 2
Hole ¢ 3 tojo] o rofo] o 3
o1 1 > o1 1 o[t 1 >
[ifo] 1 a o] 1 T[ifo] 1 3
1IN0 g 1IN0 1IN0 3
z =

< <

*Given a circuit, isolate that rows in which the output of the circuil *Given a circuit, isolate that rows in which the output of the circuit should be true.

should be true. *A product term that contains exactly one instance of every variable is called a minterm.

) ® . 9
Converting Truth Table to Boolean 8 Converting Truth Table to Boolean 8
Expression o Expression ®

8 2
sensor § Ao A §
npts 3 Toputs
A|B|C| Ourpur § AlB|C| Owpar
olojo o 2 olojo o
ool o S olol1] o
ofifo] o @ o1l 0
oftfif 1 RBC = 1 g' oft]1] 1 RBC = 1
1olo| o @ 1lojo] o
tlofi] 1 RBC = 1 P4 o1 1 ABC = 1
tijo] 1 —\fac'—l 2 1ife] ABT = 1
L{I}1 1 ABC = 1 a AN 1 ABC = 1

=i

*Given the expressions for each row, build a larger Boolean ‘F.i-nally build the circuit.

expression for the entire table. * Problem: SOP forms are often not minimal.

® Thisis a sum-of-products (SOP) form. * Solution: Make it minimal. We’'ll go over two ways.




First Approach: Algebraic The Result

*Simply use the rules of Boolean logic

Fackoing B¢ out ol 1" and 4" o

sty vt a + % = 3
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b a AB Lpdis e "; Factosing A oul of 2 and 3 terms.
| reaa e BE + A + Be .
| Apphing ruleh + KB = A + Blo
| Gl . :.'-r- . the i + Bclem
T Fatoriny hout o 2 arel 3% terms 1 Distributing terire
. :'I - footranier s Fa = b4 80 B P Simplified resull
e ‘.‘" E o BB + BC & AC
:\I- ' Samplited resel
Karnaugh Maps or K-Maps 2 Variable K-Map
*K-maps are a graphical technique to view minterms and how _ _
B B B B

they relate.

[
[ ]
o
=l
I
I

*The “map” is a diagram made up of squares, with each square
representing a single minterm.

*Minterms resulting in a “1” are marked as “1”, all others are
marked “0”
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2 Variable K-Map
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2 Variable K-Map

|

B

il
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e
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o | *

A[B] Output B0 1
0|0 [i] n_
o1 1 ]_
1]0 0
101 1

Finding the “best” solution

AB| Dutput ABo1  aB01

ojo] o o

[ 1 1

1jo] 1

1)1 1= Qutput= A * B
Wreng output= AE &

*Grouping become simplified products.

*Both are “correct”. “A+B” is preferred.
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Simplify Example

3 Variable K-Maps

c
e,
BE Bc ac sz AND0 011110
x 0
A 1
R
B

* Note in higher maps, several variables occupy a given axis

* The sequence of 1s and Os follow a Gray Code Sequence.
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Simplify Example

3 Variable K-Maps

s

BE Bc ac st ANDO0 011110

A Q

A 1
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Out= ABC +ABC + ABC + AEC

C
AN00 011110

Q Q®
N nN
3 Variable K-Maps g 3 Variable K-Maps =
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Back to our earlier example..... Up... up... and let’s keep going
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*The K-map and the algebraic produce the same result.
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