The Fundamentals of Computer Architecture
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The kernel provides a common environment for applications




Systems Software

Compilers, Linkers, Assemblers

High-level Language

swap(int v[], int k)
{
int temp;
temp = v[k];
v[ik] = v[k+1l];
vik+1l] = temp;
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Assembly Language

swap:
multi $2,
add S2,
1w S15,
1w Sl6,
SwW Sle6,
SW S15,
jr S31

$5,4

$4,52
0(52)
0(52)
0(52)
4(52)

PPC601FD-080-2

Machine Language

00000000101000100000000100011000
00000000100000100001000001000010
10001101111000100000000000000000
10001110000100100000000000000100
10101110000100100000000000000000
10101101111000100000000000000100
00000011111000000000000000001000

Assembler J

==z= PowerPC 601

Compilers abstract the hardware



Base 10 (decimal) versus Base 2 (binary)

0 0
1 1
2 10
3 11
4 100
5 101
6 110
7 111
8 1000
9 1001
10 1010
11 1011
12 1100
13 1101
14 1110
15 1111
16 10000
17 10001
18 10010
19 10011
20 10100
99 1100011
100 1100100

101 1100101



Base 10 (decimal) versus Base 2 (binary)

1110101

26 25 24 23 22 21 20
Convert to Decimal:

1x26 + 1x2° + 1x2% + 0x23 + 1x2?2 + 0x2! + 1x2¢
64 + 32 + 16 + 0 + 4 + 0 + 1

117



Base 10 (decimal) versus Base 2 (binary)
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99
100
101

00000000000000000000000000O0O0Q0OO0OO0O
0000000000000000000000000O0O0O0Q0OO0OO01
0000000000000000000000O0O0OC0O0O0O0QOO0O10
00000000000000000000O00O0O0OC0O0O0O0Q0O0O11
0000000000000000000000000O0O0O0Q0O100
00000000000000000000000000000101
0000000000000000000O0O0O0O0O0O0O0O0O0Q0O110
0000000000000000000O0OO0O0O0OCO0O0O0O0O111
00000000000000000000000000001000
00000000000000000000000O00O0O0O0O1001
0000000000000000OOO0O0OOO0O0OOO0OO1010
00000000000000000000000O0O00O0O0O0O1011
0000000000000000000000O0O0O00O0O0O0O1100
000000000000000000O0O0OOO0O0OOO0O0O1101
0000000000000000000O0O00O0O0OCOO0O0O1110
0000000000000000OOOO0OOO0O0OOO0OO1I111
0000000000000000000000000O0O0O10000
00000000000000000000000000010001
0000000000000000000O0OOO0O0O0OO0O10010
0000000000000000000O0O0O0O0O0O0O0O0O10011
00000000000000000000000000010100
00000000000000000000O00O0O0OO1100011
00000000000000000000000001100100
0000000000000000000000O0O0O001100101
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http://www.theverge.com/2011/11/23/2582677/thailand-flood-seagate-hard-drive-shortage
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HT PHY, link 2

HT PHY, link 3
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Storing code and data

Speed

-—

 Disk access time: 5-20 milliseconds
« Memory access time: 50—-70 nanoseconds— 100,000 times faster

« The cost per gigabyte of disk is 30 to 100 times less expensive than memory



1011010101010000

10110101010100000110100100100101011000101011010101010000011010010010010101100010...

Memory: RAM - Random Access Memory

32-bit computer: address fields are 32 bits wide

allows 232 possible addresses, or 4Gb

machines are now 64-bit, allowing memories up to 264




Name a1 0 v
P P AT GPR O
GPR 1
GPR 2
GPR 3

GPR 4

| GPRS

GPR 6

GPR 7

CS Code segment pointer

SS Stack segment pointer (top of stack)
DS Data segment pointer O

ES Data segment pointer 1

FS Data segment pointer 2

GS Data segment pointer 3

Instruction pointer (PC)
Condition codes

10110101010100001011010101010000

Registers have a fixed size and a fixed count

Some registers are ‘general purpose’ some are specialized



an instruction format

Translating a MIPS Assembly Instruction into a Machine Instruction

Let’s do the next step in the refinement of the MIPS language as an example.
We’ll show the real MIPS language version of the instruction represented
symbolically as

add $t0,$s1,$s2

first as a combination of decimal numbers and then of binary numbers.

The decimal representation is

| 0 17 18 8 0 32

Each of these segments of an instruction is called a field. The first and last fields
(containing 0 and 32 in this case) in combination tell the MIPS computer that
this instruction performs addition. The second field gives the number of the reg-
ister that is the first source operand of the addition operation (17 = $s1), and the
third field gives the other source operand for the addition (18 = $52). The fourth
field contains the number of the register that is to receive the sum (8 = $t0). The
fifth field is unused in this instruction, so it is set to 0. Thus, this instruction adds
register $51 to register $s2 and places the sum in register $t0.

This instruction can also be represented as fields of binary numbers as
opposed to decimal:

| 000000 10001 10010 | 01000 00000 100000
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits




Base 10 (decimal) versus Base 2 (binary)

0O o Ul WD P O

NP HRFRRPRRRRRRBRP
O VW oOJOU B WNRFR OV

99
100
101

00000000000000000000000000O0O0Q0OO0OO0O
0000000000000000000000000O0O0O0Q0OO0OO01
0000000000000000000000O0O0OC0O0O0O0QOO0O10
00000000000000000000O00O0O0OC0O0O0O0Q0O0O11
0000000000000000000000000O0O0O0Q0O100
00000000000000000000000000000101
0000000000000000000O0O0O0O0O0O0O0O0O0Q0O110
0000000000000000000O0OO0O0O0OCO0O0O0O0O111
00000000000000000000000000001000
00000000000000000000000O00O0O0O0O1001
0000000000000000OOO0O0OOO0O0OOO0OO1010
00000000000000000000000O0O00O0O0O0O1011
0000000000000000000000O0O0O00O0O0O0O1100
000000000000000000O0O0OOO0O0OOO0O0O1101
0000000000000000000O0O00O0O0OCOO0O0O1110
0000000000000000OOOO0OOO0O0OOO0OO1I111
0000000000000000000000000O0O0O10000
00000000000000000000000000010001
0000000000000000000O0OOO0O0O0OO0O10010
0000000000000000000O0O0O0O0O0O0O0O0O10011
00000000000000000000000000010100
00000000000000000000O00O0O0OO1100011
00000000000000000000000001100100
0000000000000000000000O0O0O001100101



1854, “a Mathematical language

THE LAWS
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dealing with the questions of logic”

THOUGHT

True
False

AND operation: * or &

A * B

True
False
False
False

©C O KR
* ok ok ok
O~ O K

Boolean Logic / Boolean Algebra

NOT operation:

False

OR operation: + oOr
A + B

True
True
True
False

+ + + +
[

O O
O L O

True



Boolean logic, ctd.

AND gate OR gate
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http://hyperphysics.phy-astr.gsu.edu/hbase/electronic/trangate.html



How does computation happen?

Addition: 6 + 7

i=6
J =7
g =1+ 7J;

lw $t0, 4($s3)
lw S$tl, 8(S$Ss3)
add $t0, S$tl, S$t2
sw S$St2, 48(S$Ss3)

10100001110000100010101000001100
10101001010000000010101000001001
01100001100010000010100001101000
00011001110000010010101011001000



Binary Addition

0000 0000 0000 0000 0000 0000 0000 0111i,0 = 7ten
0000 0000 0000 0000 0000 0000 0000 01104, = Otep

0000 0000 0000 0000 0000 0000 0000 11014,

AEAEAEAE

1?’ten

(Carries)
1] «— A

0 «— B

-(0) 0

(0) 0

Inputs Outputs
A B Carryln CarryOut Sum

0) 1

0

(1) 1

0

(1) o

0

0
0
0
0
1
1
1
1

—_ |22 OO0 | |O| O

4 | O 1O O

A | |2 | O] 10 |0

)
1
0
1
0
0
1

|



Binary Addition, ctd.

Carryln
Inputs Outputs
A B Carryln CarryOut Sum o— »
0 0 0 0 0 a -~ » )
0 0 1 0 1
0 1 0 0 1 g
> 12 >
1 0 0 0 1
1 0 1 1 0 e )_
1 1 0 1 0 b 7=¢—>
1 1 1 1 1

\
CarryOut = (b * Carryln) + (a * Carryln) + (a * b) CarryOut



Binary Addition, ctd.

Inputs Outputs
A B Carryln CarryOut Sum

0 0

0
0
0
0
1
1
1
1

—A | A | OOl = |2 1O O

~|lo|lo|l=|o|=|=~|O

— Ol 1Ol O |
N | A |21 OO 10O

Sum=(a-b- Carryln)+ (a-b- Carryln) + (a- b - Carryln) + (a - b - Carryln)




Binary Addition, ctd.

0000 0000 0000 0000 0000 0000 0000 01114, =
0000 0000 0000 0000 0000 0000 0000 01104, =

7ten
6ten

0000 0000 0000 0000 0000 0000 0000 11014, =

13ten

Operation

Y

\ |

Carryin

Y

a0 — Carryln
ALUO
b0 CarryOut
\ \

al —, Carryln
b1 ALU1
CarryOut

\ J Y

a2 ., Carryln
ALU2
b2 CarryOut

a3l —»
b31—»

Lol

Y

ResultO

Result1

Result2

Result31



Cost per Raw Megabase of DNA Sequence

Moore's Law

National Human Genome
Research Institute

genome.gov/sequencingcosts

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

e Some people say it takes 18 months and others say 24

e Some interpret the law to be about the doubling of
processing power, not the number of transistors.

o A self-fulfilling prophecy than an actual law, principle or
observation: power constraints / parallelism
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Lithography
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Gigabses per run (log scale)

10000

1000

100

10

0.1

0.01

0.001

0.0001

0.00001

SOLID

Developments in High Throughput Sequencing
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