CHAPTER 8 O.S. Support

Operating System
- systems programs
- manages computer system resources (process, memory,
device, file)

Function - .
{conveniencc to the users
efficient resource management

O.S. services user
o program creation — editor, debugger ;a{,p}"
o program execution J;“ﬁsf{’; . el
o access to I/O devices (Ex. int 21h)

e
o access to files | Hadware |
0 system access

o error detection and response

0 accounting

0.5. system degigner

Types of O.S.
(1) Batch - IBM_ S/360 Supervisor | 121K
., __.,_:ff G
(ﬁ‘ﬁrs—z_‘“ /ma'l User Jop 52K
_ / Tons J

cpu utilization is low - cpu wait for I/O completion

(2) Multiprogramming — 197 0’s
- multiple jobs (compute-bound, I/O bound)
. job scheduling (process scheduling)
. memory management

(3) Time-sharing



Table 8.1 Sample Program Execution Attributes

JOB1 JOB2 JOB3
Type of job Heavy compute Heavy I/O Heavy I/O0
Duration 5 min 15 min 10 min
Memory required S0M 100M 80M
Need disk? No No Yes
Need terminal? No Yiess No
Need printer? No No Aes

user memory

e | 13
: Fabe [ k
256M T O
v | L

Table 8.2 Effects of Multiprogramming on Resource Utilization

Uniprogramming  Multiprogramming

Processor use 22% 43%

Memory use 33% 67%

Disk use 33% 67%

Printer use 33% 67%

Elapsed time 30 min 15 min
Throughput rate 6 jobs/h 12 jobs/h
Mean response time 18 min 10 min
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(a) Uniprogramming

Figure 8.6 Ultilization Histograms

(b) Multiprogramming



8.2 Process Scheduling

Note. Process is subject to schedule.
- compile, link, run
- interrupt is not a process

Long-term Scheduling (Job Scheduling)

- degree of multiprogramming
- job queue (disk)
- infrequent decision

Short-term Scheduling (Process Scheduling)

- dispatcher
- frequent, fine-grained decision

Process State Diagram

_hmeout
@ew)—""">(ready)—2:rthes (Funning)- <= >(halt
%ﬁ _ ' (exiv)
OCCUn :

/\\__f\' q Itin w.gu'*h'rg
(Lilocked)

Process Control Block

Process id

State

Priority
Program counter
Memory pointers

Context data

I/0 staus

Accounting




Operating system

| Service handler |

| Scheduler |

Operating system
P g5y \\\ bty 2
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= In =
— control —~
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| Scheduler ]

| Service handler |

Operating system

| Service handler J

| Scheduler I

| Interrupt handleﬂ ] Interrupt handlerJ | Interrupt handler |
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Figure 8.9 Scheduling Example




Service call v Service
from process o call
| handler (code)

 Operating sys

Interrupt
from process

Interrupt

Interrupt
from /O
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Pass control

to process

Figure 810 Key Elements of an Operating System for Multiprogramming
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Figure 8.11 Queuing Diagram Representation of Processor Scheduling



Scheduling Algorithm

Performance criteria

1. CPU utilization
40-90%
Throughput - short job preferred
Turnaround time
Waiting time
Response time — interactive case

PENCES

Scheduling algorithm

1. FCFS

2. Shortest-job-first

3. Priority

4. Round-robin : time quantum

Example: Job Burst time Priority

1 6 10
2 3 20
3 8 30
4 i 50
Turnaround time
o ot 3 S JEEE
: i | _ G+ 9+ +24
FCFS | T; I Jz Js Ja | 4
G L? ;rlr .‘;‘
i U g 1] St L
349116424
%) F ‘ Ja 21 :]-4 T 3 g p ==
- 3 q al 6 24
— 2 3 6
TS5+ 18424
Priovity Ja 1 Ty T =T N RN
T 5 I8 - ;-
L 3 TR Lu- 2 Fai 3 F
s ' 14 7 42+24
RR (4) > ag. Ts ' T 'J,‘ F | Js R TR G
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Memory Management

. cpu speed >> I/O speed > cpu idle

Methods to increase performance

(1) Swapping |
If all processes are in wait state, then O.S. brings another
process from the intermediate queue, or long-term queue
Kicked-out process is placed in intermediate queue

Disk storage
/J.--'-'-_-_—__‘_-h-\_‘\
\““‘-——-_...__--“/
Intermediate _ Main memory
queue Operating
i system
! B
[ Completed jobs
I al
Long-term queue ] and user sessions
P

S

(2) Virtual Memory

Partitioning : fixed-size vs. variable-size

Fixed-Size Partitioning : equal-size vs. unequal-size

Ex. Job1-TM |
Job2-3M :

Job 3 -6M 10 Job 1
Job 4 -6M B TS _
; —anternal  fragmentoaon
4 Job 2
! . i n}ernal “fragmentaticn
410 «external fragmentation
4 || éé—external fragmentation

'
¥ B e T )



Variable -s1ze  Partitioning (Dyyamic pavtiticing)

‘o Buddy system
¢ Boundary-tag method

Operating M Operating’
system system
Proce;ss 1
& 56M
J
(a) (b)
Operating -Operating
~system “system -
Process1 |+ 20M : Prdcéss'l-'
 Process 4
14M REREEl
Process3 [ 18M | Process3
4M
(e) ®

Figure 8.14 The Effect of Dynamic Partitioning
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Variable-Partition — Fragmentation

Allocation Strategies

(1) Best-fit algorithm
- use the smallest hole possible to leave the largest holes available
for future scheduling
(2) First-fit algorithm

- allocate memory from the first hole that can satisfy the request

Example. Memory size =36 :
First-fit Best-fit

P s L
Job  Size Action i
i2 A
A 12 start i
B 8 start E e
C 10  start Nlevs il
sl
B 8 stop A, %
D 4  start 5 :
io &
o) 4
Sl vzrizrriril)

Nete.  which method perfoms better ?



Virtual Memory

- paging (segmentation)
 Demand Paging

. Disk
T S
— =
| e
i
B e
ST
: —ipsi | E
Tl [

virtual memory

e page fault
e thrashing

. 1qb2 Atlas

Main memory

P,

P,

e

} working set

real memory

Page table maps virtual (logical) address to real (physical) address.

e page Page Table
. Frame £ [Valid | Dirty
- a) 2 / o]
/ - B
o 5 ;

—> Should be rewviten 4o disk when repface.’c? ;




(1) Direct Mapping

Free Frame List

Process A
Page 0

Page
Page
Page

W N =

(a) Before

13
14
15
18
20

In
Use

In
17 Use

In
19 Use

21

16

FIGURE 8.15. Allocation of free frames

. Page Relative address

Free Frame List
20
Page 0
2 of A
e T
of A
A Page 2
Page 0 1D of A
Page 1
Page 2 In
Page 3 16 Use
- s h
B S L
Process A 18 Page 3
Page Table of A
13 In
19
Use
2".-
21
(b) After
Main
memory
Page 0
of A

Frame Relative address 3

-number  within page numhi:‘ within frame
Logical [ : Physical [o-= T -
address | L |30 ~ address | 14]30

: A
13
> 14
= b s
318
Process A

page table

DisK/niemary

Figure 8.16 Logical and Physical Addresses

Page 3
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QQ) Associafive Mapping

~-TLB

Return to
faulted instruction

Y

Page fault
handling routine

Figure 8.18 Operation of Paging and Translation Lookaside Buffer (TLB)

[FURHS7]




Yes (Now have frame.)

 Use P as index
_into page table |

Yes (Now have frame)

Offset

Restart access

FIGURE 6.20 Putting It All Together: The TLB, Page Table, Cache, and Main Memory
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Page Replacement Policy
e FIFO

e LRU

Example 5 pages, 3 frames
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Chapter 9 Computer Arithmetic

Integer Representation

(1) Sign-Magnitude Method

+18 =10/0010010
-18 = (10010010

Drawbacks —

(2) Two’s Complement Method

Ex.

(-3) in 8-bit number system

+3 00000011
complement 11111100

add 1 11111101 (=-3)
5-3=5+(3)

S 00000101
-3 11111101 +

1 00000010 (=2
ignore

Note. No subtractor is necessary.

Note: If two numbers are added and they are both positive or both

negative, then overflow occurs iff the result has the opposite sign.



1011 Multiplicand (11)
x1101 Multiplier (13)
10711 :
0000
1011
| 1011 e
| 10001111 Product (143)

Partial products

Figure 9.7 Multiplication of Unsigned Binary Integers



Multiplicand

n-Bit Adder

Add Shift and Add
Control Logic

Shift Right

' Qn_] L] L] L] Qu
Multiplier

(a) Block Diagram

=) A 0 M
0 0060 1.03 1011 Fnitial Valtes
0 1011 1181 1011 Add } First
0 0101 1116 iLoll Shift Cycle
Second
0 06016 - 1111 1011 Shift } ¢
0 1101 d1il 1011 } Third
0 08110 A1l E 101l Shlft Cycle
T . 060601 1111 . 1011 } Fourth
0 1000 1111 QL1 Shlft Cycle

(b) Example from Figure 9.7 (product in A, Q)

Figure 9.8 Hardware Implementation of
Unsigned Binary Multiplication




TART

C,A<0 b
M < Multiplicand |
Q < Multiplier |
Count < n

Shift right C, A, Q [§

Count < Count — 1{

Figure 9.9 Flowchart for Unsigned Binary Multiplication



A Q O M

0000 6011 0. 0111 Tnitial Values
1001 @ 0011 0 0111 A < A - M} First
1100 1001 1 0111 shift Cycle
_ Second
1110 0100 1 0111 Shift } cUie
0101 0100 1. 0111 A - 1 M}_ Third
6010 10190 0. 0111 o ift Cycle
0001 018l 0 p1ll it } Fourth
Cycle

Figure 9.13 Example of Booth's Algorithm (7 x 3)




START )

A = 0, Q_l = 0
M < Multiplicand |
Q < Multiplier |

Arithmetic Shift

Right: A,Q,Q_; |
Count <~ Count — 1}

Figure 9.12

Booth's Algorithm for Twos Complement Multiplication



Booth’s algorithm - continued

énd of yun bt’ﬁ ming of run

Ex. 00_@111@

Note. it 5 g o o

Ex. (7)x (-3)
A Q

0000 1101

Q
0 Initial
1001 1101 0
1100 1110 1 shift
1
0
0
1
1

0011 1110
0001 1111

1010 1111
1101 0111

il 0|

shift

shift
shift

AEC A-M
Fivet cycle

AE A+M

Secand cycle
ACA-M } Thvd eycle

} Fouy th Cycfe,



00001101 =—— Quotient
Divisor — 1011 /1001001 1 <~—— Dividend

1011
Partial 001110
Remainders 1__0 1 l
_ g0l
1011

100 =——— Remainder

FIGURE 9.15. Division of unsigned binary integers

f START )

Y

A0

M < Divisor
Q « Dividend
Count < n

Shift Left
A, Q

A«—A-M

No Yes

Q0
Q"{_.l A«A+M

g

Count « Count -1

1

FIGURE 6.16. Flowchart for unsigned binary division

A Q
0aee . 0Itl

0000 1110
1101
0000 1110

0001 1100
1110
0001 1100

0011 1000
0000
0000 1001

0001 0010
1110

0001 0010 -

(@ (7)+(3)

A Q
1111 1001

118157 0010
0010
1111 0010

1110 oloaa
0001 _
1110 0100

1100 1000
1111
1111 7 1001

1117 0010
0010
1111 0010

(€Y Cry<(

Remainder in A

No Loty = Quotient in Q

M = 0011
Initial Value

Shift
Subtract
Restore

Shift
Subtract
Restore

Shift
Subtract
SetQ,=1
Shift
Subtract
Restore

M=0011
Initial Vafue
Shift
Add
Restore
Shift -
Add
Restore

Shift
Add
SetQ,=1

Shift
Add
Restore



. A Q M =0011
0000 0111 Initial Value

0000 1110 Shift
et A L Subtract
0000 1110 Restore

0001 1100 Shift
START 1110 Subtract
0001 1100 Restore.

\d 0011 1000 Shift

0000 Subtract
A 0
M:Divisor 0000 1001  SetQ,=1
. Q « Dividend : 0001 0010 Shift
Count < n 1110 Subtract

0001 0010 Restore

¥

@ @)+ @)

Shift Left

A Q M = 0011
1111 1001 Initial Value

1111 0010 Shift
0010 Add
1111 0010 Restore

1110 0100  Shift
0001 Add
1110 0100  Restore

1100 1000 Shift
1111 Add
1111 1001 SetQ,=1

1 kalal 0010 Shift
0010 Add
1113 2010 Restore

Count « Count—1

l _ @QEN+@) ¢
® Dividend gk Divisore| sign e} ch2ad
No Yes Quotient in Q 25 conplement of & is Lne comeet e ,
?
Count « 07 END Remainder in A

FIGURE Flowchart for = signed binary division



Floating-Point Numbers

+E
+S x B
i 89 Bl
S [Biased 127 Mantissa
Exponent
-127 ~ +128
10100
Ex. 1010001 x 2 = 010010011 10100010...
-10100
- 11010001 x 2 = 101101011 10100010...

+E
Note. Normalized: + 1.bbb..b *2
Base: Either 2 or 16 (IBM S/370)

Expressible numbers in 32-bit word

(1) 2’s complement integers

T / P / Lo
‘/ i 'f/ 'f//u//f //////f//:’/f'
31 3
= 0 2=
3 5
) : : g -5}3 o
(2) Floating-point numbers o §\
@ E = N
/S / 4 :‘ Cé’ N
& ===
P o T @2
IEEE Standard
i & 23 . 38
' oy ~; 38
Single form || Biased a7 e 8 =6
S
Double form Spse - [ o0f 308
\S] B [ ;1&-:{-.131' FW'FFGH S T S A e e I {O% = i i




Floating-point Arithmetic

Addition and Subtraction
1. Check for zero

Align the significands  // smaller number is shifted right

Add or subtract the significands

Bowo

Normalize the result /7 shift left tntil most-significant digit is nonzevo,

Example. (decimal, 3 significands)

123 + 4.56

Notalized: = 123 x 100 + 456.¢ 10

Align 123 x 10
: 2
‘12 0.0456 x 10

12756 x 10

truncate: 1.27 x 10:l
round: 1.28 x 102



Rounding Policy

- Round to nearest number (default)

Example.
23
1 ..xxx|100010... roundup
(2) .xxx]01 1010, truncate

Case of tie: ..xxx[10000..

Solution.
.xx1/10000... roundup
+xx0(10000... truncate




Floating-point addition and subtraction (z < x t y)

SUBTRACT

J

Change
Signof Y

B
G

Increment
Smaller
Exponent

Y

Add
Signed
Significands

i

Shift
Significand
Right

RETURN

Shift
Significand

Right

Report
Overflow

Y ~ Exponent

{

Increment
Exponent

Results
ormalized?

N

Shift
Significand
Left

Y

Decrement
Exponent

Report
Underflow

i

Y

{ RETURN )

Round
Result

RETURN




MULTIPLY

Add
Exponents

Subtract
Bias

Exponent
Overflow?

Significands

v

Normalize

Round

v

( RETURN )

FIGURE 9.23. Floating-point multiplication (z « x x y)

Report
Overflow

Report
Underflow




10. Instruction Sets: Characteristics and Functions

(Programmer)

register, memory structure

” . Instruction set | [[
t ’ functional requirement for CPU

{ IE! ac!ixgg,}

Instruction cycle

5 'Opcrﬁud

C&tore. . ©

; Operé!id
fetch . -

Ix!.slru.é_:tinn
‘fetch - oo

Instfuéﬁon
“operation:
decoding

~Data &
- operation

Instruction
address
calculation

Instruction complete,
fetch next instructicn

Return for string
or vector data

Instruction format

opcode | rl |r2
opcode | r m |

Op code (symbolic representation: mnemonics)

Machine 1 Machine 2 Machine 3

Load LOAD L
Store STOR ST ° -
Add ADD A s
Subtract SUB S :
Multiply MUL M
Divide DIV D

Instruction type

Data processing - arithmetic, logical
Data storage - load, store
Data movement - read, write

Control -  test, branch



Number of addresses

3-address instruction op A,B,C A< BopC
2-address instruction op A,B A€ AopB
1-address instruction op A AC< ACop A
0-address instruction ~ op T& (T-1)opT

Note. Stack computer: Burroughs B5000
Most computer systems use 2 or 3 address instructions.

Instruction Set Design

Issues:
e Operation repertoire
e Data type - integer, float, decimal, character, logical, ...
e Instruction format: length, #addresses, field size, ...
e Registers — no. of registers, kind (general, floating-point, ...)
e Addressing mode — direct / indirect
Y=(A-B)/ (C+D*E) > Y= AB-CDE*+/ (postfix)
(a) 3-addr (c) 1-addr (d) 0-addr
SUB Y,A,B LOAD D PUSH A
MPY T,D,E MPY E PUSH B
ADD T,T,C ADD C SUB
DIV Y,Y,T STOR Y PUSH C
LOAD A PUSH D
(b) 2-addr SUB B PUSH E
MOV Y,A DIV Y MPY
SUB Y,B STOR Y ADD
MOV T,D ) DIV
MPY T.E POP Y
ADD T,C :

DIV Y,T



Types of Operands

o Address — unsisned integer

e Numbers
. integer (fixed-point)
. real (floating-point)

. decimal
0 0000
1 0001
) 1001
Example.

(1) +12345 (IBM S/370)
unpacked decimal: F!1|F}2|Fi3 F'4 C5

packed decimal: 11 23 4i5 C
2) -314

unpacked decimal: lf 3|§F 1:D 4J

packed decimal: J-S 1 54__]);l

e characters
+ASCII - 7 bits
. EBCDIC - 8 bits

¢ logical data
. bit-level operations
. Assembly language (some high-level languages)



_Types__of Operations

TABLE 163 Common Instruction Set Operations

Type

Operation Name

Description

Move (transfer)

» Store
» Load (fetch)

Exchange

Transfer word or block from source to destination
Transfer word from processor to memory
Transfer word from memory lo processor
Swap contents of source and destination

Data Transfer Clear (reset) Transfer word of 0s to destination
Set Transfer word of 1s to destination
Push Transfer word from source to top of stack
Pop Transfer word from top of stack to destination
Add Computer sum of two operands ]
Subtract Compute difference of two operands |
Multiply Compute product of two operands _r il
Divide Compute quotient of two operands
Arithmetic Absolute Replace operand by its absolute value )
Negate Change sign of operand S UL
Increment Add 1 to operand St
Decrement Subtract 1 from operand "
AND
OR
NOT Perform the specified logical operation bitwise
(Complement)
Exclusive-OR
Test Test specified condition; set flag(s) based on outcome
Logical Compare Make logical or arithmetic comparison of two or more

Set Control Variables

;’ Shift
|_Rotate

* operands; set flag(s) based on outcome

Class or instructions to set controls for protection
purposes, interrupt handling, timer control, etc.

Left (right) shift operand, introducing constants at end

Left-(right) shift operand, with wraparound end

Jump (branch)
Jump Conditional

Jump to Subroutine

Unconditional transfer; load PC with specified address
Test specified condition; either load PC with specified

address or do nothing, based on condition
Place current program control information in known

location; jump to specified address

Return Replace contents of PC and other register from known
location
Transfer of Execute Fetch operand from specified location and execute as
Control instruction; do not modify PC
Skip Increment PC to skip next instruction
Skip Conditional Test specified condition; either skip or do nothing based
on condition
Halt Stop program execution
Wait (hold) Stop program execution; test specified condition
repeatedly; resume execution when condition is
satisfied
No operation No operation is performed, but program execution is
continued
Input (read) Transfer data from specified I/O port or device to
destination, e.g., main memory or processor register
Qutput (write) Transfer data from specified source to 1/O port or device
Input/Output  Start /O Transfer instructions to I/O processor to initiate /O
operation
Test /O Transfer status information from I/O system to specified
destination
Translate Translate values in a section of memory based on a
table of correspondences
Conversion  Convert Convert the contents of a word from one form to

another (e.g., packed decimal to binary)




Addresses Main Memory

4000
i ¥
Main —
4100 CallSUB 1
4101 Program \ \
SR i
4500 T
4600 CallSUB 2
4601 Subroutine
4650 Call SUB 2 SUB1
4651 SR
Return \ \
4800
Subroutine
SUB2
Return

FIGURE i07 Nested subroutines
Execution sequence

4601 4651
4101 4101 4101 4101 4101
L ] L ] [ ] L ] L ] L] L]
(a) Initial (b) After (c) After (d) After (e) After (f) After (g) After
Stack CallSUB 1 CallSUB 2 Return CallSUB 2 Return Return
Contents i

FIGURE i0.8 Use of stack to implement nested subroutines of Figure 0.7



h L(‘\ NG ae

Address Contents

101 0010 0010 0000 0001 101 LDA 201
102 0001 0010 0000 0010 102 ADD 202
103 ; 0001 0010 0000 0011 103 ADD 203
104 0011 0010 0000 0100 104 STA 204
201 0000 0000 0000 0010 2015 SATT D
202 0000 0000 0000 0011 202° " [DAT 3
203 0000 0000 0000 0100 203 DAT 4
204 0000 0000 0000 0000 204 DAT 0
(a) Binary Program (c) Symbolic Program
Address Contents Label Operation ~ Opened
101 2201 FORMUL LDA I
102 1202 ADD if
103 1203 ADD K
104 3204 STA N
201 0002 I DATA 2
202 0003 J DATA &
203 0004 K DATA 4
204 0000 N DATA 0
(b) Hexadecimal Program (d) Assembly Program

FIGURE f¢11. Computation of the formulaN =1+ J + K



10A STACK

Stack (LIFO list) implementation

< top (register)
< top-1 (register)

Usage
(1) sub-procedure call/return
(2) expression evaluation

<stmt> -> <assgn stmt> | <cond stmt> | <input stmt> | <while stmt> | ..
<assgn stmt> - <var> := <expr>

<expr> - <expr> + <expr> | <expr> * <expr> | <var>
<var> 2>al|b]|c

Ex. a+b*c¢ (infix)

. precedence: *>+, a+b*c 2> a+(b*c)

. associativity: left- or right-
a+b+c 2> (a+b)+c (left-associative)
a*kp*tc o a*k(hb**c) (right-associative)

postfix (reverse Polish):

abce*%

Advantage:

Expression in postfix can be easily evaluated with a stack.
See Fig 10.16

Note. Many compilers convert infix to postfix, then generate
machine code. See Fig 10.17



Stack General Registers Single Register

Push a Load G[1],a Load d
Pushb Subtract G[1], b Multiply e
Subtract Load G[2],d Add ¢
Pushc Multiply G[2], e Store f
Pushd Add G[2], ¢ Load a
Push e Divide G[1], G[2] Subtract b
Multiply Store G[1], f Divide f
Add Store £
Divide
Pop f
Number of Instructions 10 . 7 8
Memory Access 10op+6d 7op+6d 8op+8d

Figure|0.15 Comparison of Three Programs to Calculate f = (a — b)/(c + d X e).

Post §ix & A A DR i

lqovithm

Scan posthx expression £rpm  ieft to right,
1. If the element is a variable or constant, push it onto the stack.

2. If the element is an operator, pop the top two items of the stack, perfo
operation, and push the result. ‘ :

¢ | —ndxe+c-'_
a-b a-b | a-b —f v |
N

(a—h)/

dxe+c

Figure (016 Use of Stack to Compute f = (a —b)/(d X e +c).



Input

Output

Stack

(top om right)
AEBRCH(DEE)XE empty empty
FERC @ D BN B A empty
BXC+(D+E)XF A +
XC+(D+EyXFE AB +
C+(D+E)XF AB + X
+ (D +E)XF ABC oo
(D+ E)XF ABCX+ + !
IBEGR s 15 ABCX + + (
Bl AUB @ RD + (
E) X E ABCx+D +(+
}XF ABCX+DE +( +
XF" ABCX T E+ +
B ABCX+DE+ + X
empty ABCX+DE+F B
empty AB Gt DE il X empty

Figure 117 Conversion of an Expression from Infix to Postfix Notation.

JoriDtEI X E . ANEE N e gy |

[DITK63]. The infix expression is scanned from left to right. and the postfix expres-
sion is developed and output during the scan. The steps are as follows:

1. Examine the next element in the input.
2. If it is an operand, output if.
3. If it is an opening parenthesis, push it onto the stack.
4, Ifit is an operator, then
o If the top of the stack is an opening parenthesis, then push the operator.

e If it has higher priority than the top of the stack (multiply and divide have
higher priority than add and subtract), then push the operator.

» Else, pop operation from stack to output, and repeat step 4.

If it is a closing parenthesis. pop operators to the output until an opening
parenthesis is encountered. Pop and discard the opening parenthesis.

tn

6. If there is more input, go to step 1.
7. If there is no more input. unstack the remaining operands.

Figure 1017 illustrates the use of this algorithm. This example should give the
reader some feel for the power of stack-based algorithms.




@) L R -> 3! different ordering

@. L R = preorder
L. @ R = inorder
L R @0 = postorder

Note. Postorder
- - Reverse Polish notation
- Jan Fukasiewicz
- Parenthesis free

(+a*b o
@a+b * ¢
(@abc * +)

Note. « inorder + preorder - unique binary tree
e inorder + postorder - unique binary tree

Infix - Postfix
- using stack (Fig 10.17)
- using parenthesis

Little-Endian, Big-Endian
Ex. 12345678h 184 (12|
185 | 34 |

186 | 56 |
187 | 78

big-endian

IBM S/370
Motorola
Sun SPARC

184 78 |
185 |56 |
186 |34

187 112 |
little-endian

Intel
Vax
Alpha
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113 Instruction Formats

Issues:
(1) Instruction Length

More opcodes

More operands > shorter program Trade-off
More addressing modes > flexibility

Larger memory address range

Word size
- one character = 8 bits
- multiple of 8

Example. IBM S/360

1 word = 32 bits (4 bytes)
1 halfword = 2 bytes
1 double word = 8 bytes

Note. IBM 700/7000 series: 36 bits

(2) Allocation of bits
Factors

e number of addressing modes
implicit or explicit

e number of operands
majority 2 operands

e register vs. memory
1. single register (accumulator) — implicit
2. multiple registers
4 bits > 16 registers
5 bits = 32 registers

e number of register sets
general-purpose
specialized
Ex. Index (Si,D1i), counter (CX)

e address range
direct addressing — limited
displacement addressing — length of the address register

e addressing granularity
byte or word



} ."_Op'codc | Ragislér__‘ Il 1.;2?;;; l i i M_emory' addre.ss

g 8 9 12T 17 18 35
1 indirect bit

#re11.5  PDP-10 Instruction Format

9[Opcode| Source | Destination|  Memory address
4 e 16

11

8 2 6 ' 16
12 Opcoﬁe Y Destmahon Memoryaddress

10 6 L6
13 |Opcode{ Source |Destination| ~ Memoryaddressl | Memoryaddress2
4 [ 6 16 16

Numbers below fields indicate bit length

Source and destination each contain a 3-bit addressing mode field and a 3-bit register number
FP indicates one of four floating-point registers

R indicates one of the general-purpose registers

CC is the condition code field

X 11.6 Instruction Formats for the PDP-11



12.4

function

Fetch instruction:

Interpret instruction:

Eetq_l_ data:
 Process data:
Write data:

Control Data Address
Bus Bus Bus

M-"-Y—s_l

System Bus

Arithmetic

and
Boolean

Logic

Figure 12.2 Internal Structure of the CPU.



12,2 REGISTERS
(1) User-visible Registers

Ex. IBM S/370
0 16 general-purpose registers — addressing, data, indexing
0 4 floating-point registers

Ex. Intel Microprocessor
e data register: AX, BX, CX, DX
e address register
segment register: SS, DS, CS, ES
index register: SI, DI
stack pointer: BP

Issues

1. general vs. special - trade-off, no clear-cut
2. number of registers

one register — accumulator

8 ~ 32 registers (common)

hundreds - RISC
3. length — word, double-word

(2) System Registers

o control (to execute programs)
PC
IR
. MAR - address bus
. MBR - data bus

o status (PSW)
e sign

Zero

carry

overflow



Data Registers General Registers General Registers

egisters

o D R it
“ﬁ‘, 7%

4 bytes

(c) 80386—Pentium IT

Program Status

£l

it Sl
Program Status 2 bytes
Program € i (b) 8086

- (a) MC68000

Figure 12.3 Example Microprocessor Register Organizations.



2.3

nstruction
address
calculation

INSTRUCTION CY(cLE

Indirection Indirection
_. Opé'_r'aﬁd o
\istore
A
Multiple Multiple
operands : results
Opéfand _Operﬁhd G
operation ‘address ?a:fa tion'. ‘address : I“tﬂ;:'“.p'_:f
decoding calculation : p R calculation : c_he:c
! No
Instruction complete, Return for string interrupt

fetch next instruction or vector data

Figure 12.5 Instruction Cycle State Diagram

Interrupt



Address
Bus
Data

N

Bus
Control
Bus

<: Memory

CPU

PC :} MAR
Control

Unit

IR <: MBR

<

FIGURE 12.6. Data flow, fetch cycle

2

t3:

UIRS

MAR ¢« (PO
MBR &« iMemcr v
Pc < (po+i
IR & (MBR)




Cru

Address

Control

Bus

Data Bus

Control

Unit

Addy
-

IMBR <

FIGURE 11.9

. Data flow, indirect cycle

- CPU

Address
Bus

=N Psw
@ | | addvess

Control

Do

Data Bus

Al

@

Bus

<

Memory

Control Bus

Memory

Unit

®)

—DMBR

FIGURE 12.8. Data flow, interrupt cycle.
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Methods that improves Performance

bit-parallel arithmetic (carry look-ahead adder)
separate I/O processor — interrupt-driven (pmMA)
memory interleaving — lower memory contentions
associative memory — cache

multiple registers

instruction pipelining — IBM 7090 (1959)
‘multiple functional unit — CDC 6600/7600

e pipelined functional unit

STAR 100 - pipelined adder (4 pipes)

Vector supercomputers (Cray, Fujitsu, NEC)

Instruction Pipeline

Idea:
Instruction 1 1F1 |IFK1
Instruction 2 IF2 | TE2 _
Instruction 3 : IF3 | IE3 |
Instruction 4 IF4 | 1E4

LENEE T R U >

Note. Pipeline lengths may not be the same. Usually, iIEI>|IF|
Conditional branch instruction
The more stages, the higher speedup
As the number of pipes increases, overhead increases, too.
(logic controlling the gating between stages)

Ex. Six-stage pipeline
FI - DI CO = FO > EI > WO



Time

e s e e e

I | | [ | | [
|FI DIICO BOEE] WO[

Instruction 1

Instruction 2

O I
W 48]
O (]
=l B¢
al 2] 8
) ¢ =
g9 oal &/
s s S
&) =
AR r
[
(48] = (1]
= i et
el 2 el
T k9] I3}
= = =
i I i)
G

Instruction 6

Instruction 7

Instruction 8

Instruction 9

Time

FIGURE 12.10. Timing Diagram for instruction pipeline operation

e e e e

Instruction 1

Instruction 2

Instruction 3
Instruction 4
Instruction 5
Instruction 6
Instruction 7
Instruction 15

( Conditionad Branch)

Instruction 16

>

Branch Penalty
FIGURE 12.11. The effect of a conditional branch on instruction pipeline operation

] — — e ——



Fetch  H
~ instruction

: Decode -
- ‘instruction

Calculate
- operands [

CO

“ Uncon-
‘ditional
branch? &

Yes

FO|  oerar

- operands '.

* . Execute
*instruction

El

Write
operands

WO |

Figure 12.12  Six-Stage CPU Instruction Pipeline
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Time
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11

13

14

CO|FO| EI |WO{

Figure 12.13 An

fa) No branches th) With conditional branch

Alternative Pipeline Depiction



Instruction Pipelining Performance

T T T e 75-_‘_' &

d d d d d
T = mak(wl s d - ls ek
= futd /I d is time delay between stages — to move signals/data //

In general, Ty>d 2> TS5 Tm

Let Tk,n be total time taken for n instructions on k-stage pipeline

Tkn = [k+(@®-1)] T // (n-1) for initial pipe filling / pipe flushing //

Example. 8" instruction completion time (Fig 12.10)
Here, k=6,n=8

T6,8 = [6+7] =13

Def. Speedup

Tin nk <t nk
Sk = = =
Tk,n [k + (n-1)] T k + (n-1)

Note. Im S, = k

NHee

e The larger the number of pipeline stages, the larger the speedup.
e As the number of stages increases, the complexity/cost increases.

Conclusion. Instruction pipelining is a powerful technique for enhancing performance,
but requires careful design to achieve optimum results with reasonable complexity.



Conditional Branch

(1) Multiple pipelines
~-—-----5 (branch taken)
:-—----9 (branch not taken)

e IBM System 370/168, IBM 3033
e expensive

(2) Pre-fetch branch target
e IBM System 360/91

(3) Loop buffer

buffer (high-speed memory)

A
- i :
» loopl: ... [
LR 3 i n
cmp i, 10
ble loopl I
§ L

n most recently used instructions — pre-fetched (only once)
consecutive instructions, such as loop

similar to cache

CDC 6600, STAR 100, Cray 1

(4) Branch prediction

Static

e branch never taken — Vax 11/780
e branch always taken

(not applied when page fault expected)
e predict by operation code — 75%



Dymanic
e one-bit dynamic branch prediction (switch)
Hot taken Taken Toaken

. predict predict
' not taken /«_____~\ taken
x Not taken

e Two-bit dynamic branch prediction (iost 2 byanch history)

Read next o R_ead';néxt-;.
> conditional —> conditional
- branch instr - branch instr
R S ISP,
Predict taken Predict not taken

| Readnext
onditional

 Predict taken

'Bra'n_ch' _ No
. (akent

Yes

Y
A

Figure 12.16 Branch Prediction Flowchart



Not taken

Taken

Taken

Taken
Not taken

-

Not taken
Not taken

Taken

Figure 12.17 Branch Prediction State Diagram 5

.. Example - nested loop

for i:==1tondo
for j:=1to 4 do

(1) 1-bit dynamic bra_néh prediction

Prediction NYYYYNYYYYNYYY...
Taken YYYYNYYYYNYYYY...
incorrect X X x X X

(2) 2-bit dynamic branch prediction
Prediction NNYY!YYYYY YYYYY..
Taken YYYYNYYYY'NYYYY...

1

incorrect X X X X



Nexl sequential
address

Y

_ﬁ"Selegt =g

Memory

T _ | Branch miss:

(a) Predict never taken strategy

Next sequential
address

Branch
instruction  Target

address address State

AT '_{_’in's_.t'fﬁgj-m]) B

Y

Add new IPFAR = instrncfian
entry prefix address register
Update K
state

. Branch miss
- handling

Redirect

Y

(b) Branch history table strategy

Figure 12.18 Dealing with Branches AMD 29000



x= (0 x0) ¥y = (m ¥e
} t

Segment S,
(compare exponents)

Segment S,
(align mantissas)

b

Segment S5
(add mantissas)

1

Segment S,
(normalize result)

;

x+y= (x4 + Ypp Y

Input
bus ¥
Y v Y Y
El E2 Ml M2
i
¥ A Y Y
Adder : +»| Shifter 1
1
i Y \
Bt Adder 2
1
leagiy R
¥ R=C
E<o Zero digit |
= checker '
Adder " “Shifter 2
3
3
Y
M3
E3
Output
bus

Floating-point adder of the IBM System/360 Model 91.

Exponent
‘comparison
and
mantissa
alignment

Mantissa
addition-
subtraction

Result
normalization



T R P e e e e e R s, T bt et
bus |
v r i Y ]
El | y 2| M| me ] 1
* Y I
Adder | S, :
: |
] El _,rL..‘_{ I
| KB T
Y
Y 3 Y Y Y |
E4 ES M4 M5 I
|
Y Y l
=1 Shifter 1 S, :
I
B G S S 7k o
I |
E6 g - e -
i M : L e M7
r Adder
_ e Y
E,? s leoding L R :
BLo Zero digit gaERrecenen NS MRESC N, B
Il { checker ‘ : |
Adder |
3 >~ Shifter 2 '
84 |
|
| [ I
E3 M3 !
_ |
Output _ 4
o R e R e e e R S S O

Pipelined version of the floating-point adder

Exponent
comparison

Mantissa
alignment

Mantissa
addition/
subtraction

Normalization



Chapter 13

Major Advances

RISC Architecture

RISC

separate I/0 processor

family concept
microprogrammed control unit
memory hierarchy - cache, virtual memory (demand page)
pipelining - instruction pipeline, vector processor (data pipeline)
parallel processor
RISC architecture

e a limited and simple instruction set
e alarge number of general-purpose registers — fast operand

referencing
e careful design of instruction pipeline — conditional branch and
procedure call

Table 13.1  Characteristics of Some CISCs, RISCs, and Superscalar Processors

Complex Instruction Set :

Re(llﬁie_d Instruction

_ (CISC)Computer Set (RISC) Computer
Characteristic BM. | VAX Intel SPARC MIPS | Berkeley
3707168 11/780 50486 S _ R4000 RISC L

Year developed Ep 1978 989 1087 =~ 100] 1981 |
Number of 208 303 235 69 94 3
instructions : .
Instruction size (bytes) 2-6 2-57 1=11 s 4
Addressing modes 4 i 11 T 1 _
Number of general- 16 16 8 40 - 520 32 138
purpose registers {
Control memory 420 480 246 = o i |
size (Kbits)

| Cache size (KBytes) 64 64 8 32 128




Instruction Execution Characteristics

computer semantic gap  (high-level lang.
architectur l programming
large program size
inefficient execution

more complex instructions to
support HLL compilers

v
CISt

RISC = make the architecture that supports the HLL simpler
Background and Motivation
Instruction execution characteristics
- operations performed
- operands used

- execution sequencing

e Operation

TABLE 13.2  Weighted Relative Dynamic Frequency of HLL Operationy [PATT82a]

Machine- Memory- .
Dynamic Instruction Reference
Occurrence . Weighted Weighted -

Pascal C Pascal . E Pascal C

ASSIGN 45 38 3 13 14 15
LOOP 5t 42 32 33 26
EALE 15 12 31 33 44 45
IF 29 43 11 i 7 13
GOTO - 3 i — = =
OTHER 6 1 3 1 2 1

dynamic frequency: Assignment 45% -

Sequence control 34 % optimize

timing: procedure call/return — most time-consuming

—> careful design of instruction pipelining (= hish propetion of cond itional bravich and procedure aall)



e Operands
TABLE 13.3 Dynamic Percentage of Operands

Pascal C Average
Integer Constant 16 23 20
Scalar Variable 58 53 55
Array/Structure 26 24 25

80% are local variables = localized scalar - suject 4o optimize
- large number of registers (to reduce memory access)

0 Procedure Call

arguments: 98 % fewer than 6 arguments
local variables: 92% fewer than 6 local variables
depth is narrow

-> simple instruction set

Large Number of Registers

- register is the fastest among all (cache, main memory, ...)

strategy: most frequently accessed operands should be kept
_ in registers. ;

1. compiler — smart compiler for optimizatio ( Soffuave approve

2. more registers ( havelware ¢

Overlapping Register Windows

Level J +1

Figure 13.1 Overlapping Register Windows.



13.3 Compiler-Based Register Optimization

symbolic registers
mapping (Find the way to use minimum # of registers)

physical registers

<

>—> »
< = = >¢—>

v
Rl R2 R3
(a) Time Sequence of Active Use of Registers (b) Register Interference Graph

Figure 13.4 Graph Coloring Approach.

Note. 32~ 64 registers are enough with register optimization technique



134 Reduced Instruction Set Architecture

Why CISC?
(1) Simple compiler — machine instruction = HLL instruction
(2) Smaller program - expect less memory, fewer instruction fetch,
less page faults, etc
(3) Faster program

Reality _
e CISC program not much shorter
Table 13.6 Code Size Relative to RISCI

[PATTS2a] [KATES3] [HEATS4]
11 C Programs 12 C Programs 5 C Programs
RISCI : 1.0 1.0 1.0
VAX-11/780 0.8 1 0.67
M68000 0.9 0.9
78002 12 112
PDP-11/70 0.9 0.71
- e Speed
CICS - memory
RISC - registers See Fig 13.5

Note: Because of large number of registers in use, RISC instruction needs
less number of memory access -> fast execution

Characteristics of RISC

e one instruction per cycle — hard-wired machine instruction
(instead of microcoding)
e register-to-register operations — simple instruction set and
simple control unit — one size
e simple addressing modes — no indirect addressing
e simple instruction formats

- Microchip design process becomes easier.
Table 13.7 Design and Layout Effort for Some Microprocessors

Transistors Design Layout
CPU (thousands) (person-months) (person-months)
RISCI 44 5] 12
RISCII 41 18 12
M68000 68 ; 100 70
Z8000 18 60 70
Intel iAPx-432 110 170 90

Trend
Hybrid



8 4 16
Load | B B
Load | C S G
Add | |m ||
Store | rA A

8 16 16 16
| Add B € A
Memory-to-Memory
I=56,D=96,M=152
(aA«<B+C

8 16 16 16
Add B (& A
Add A E B
Sub B D D

2

I=168,D =288, M =456

Memory-to-Memory

b)A«~B+C,B«~A+C,D«D-B

I = Size of executed instructions
D = Size of executed data
M =1+ D = Total memory traffic

Register-to-Memory
1=04, D=Qb M=200

TR
Add [ B|rC
Add |8 ||
Sub | D] B

Register-to-Memory
I=g0,D=0,M=§¢C

Figure 13.5 Two Comparisons of Register-to-Register and Memory-to-Memory Approaches.
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Tabie 13.7 Characteristics of Some Processors

“RISC that does not conform to this characteristic.
PCISC that does not conform to this characteristic.




