Chapter 5 - Instruction Set Architecture

Memory models
Registers

Instructions

ISA’s

— Pentium

— UltraSparc

- JVM

Homework: Chapter 5 # 2, 5, 6, 23, 28
— Due 5/17

Interface between software and hardware. This is NOT the OS or the
“assembly language” level! Some machines implement part of the
“architecture” in software!



Main Memory

e Alignment

Address Address
- & Bytes - - 8 Bytes -
H H 1 1 I o4 04
H ; ; i i 16 ; ; 19:18:17:16 | 16
15:14:13:12:11:10: 8 { 8 8 15:14 113 : 12 i i i 8
i i M 0 N 0
\-. b
Alighed 8-byte Nonaligned 8-byte
word at address 8 word at address 12

e Timing
— Store ... Load?

Words, bytes, bits.
1) memory/bus access unit
2) instruction operand unit

These may not be the same! Early microprocessors had a memory access size of a byte. So,
words (e.g., 32 bit integers) could start on any byte, didn’t matter.

Current processors have 32 or 64 bit memory and bus.
Easiest if words are aligned on word boundaries

But, backward compatiblity...sigh.

Second issue: when does access actually happen? Will the data from the store actually be in
main memory by the time the load is executed? Maybe, maybe not. Sometimes compilers have
to worry about this. Life is getting very complex for compiler writers. We won’t worry about
this.



Register

Bits 16 8 8—
AH AIX AL EAX
BH le BL EBX
CH CIX CL ECX
DX
DH | DL EDX
 PSW (Eflags)
ESI|

— N - result negative

EDI

— 7 - result Zero E8P

ESP

—V - overflow

— C - carry out of high order bit -
— A - carry out of bit 3 E:
— P - even parity -
| | EIP
| | EFLacs

Three classes of registers:

1. Invisible to ISA level (all reg in MIC-1, pretty much)
2. Visible, dedicated registers (PC in MIC-1, sort of)

3. Visible, general purpose.

1. Right shows basic registers visible at ISA level in Pentium

Let’s look at Pentium registers in detail:

EAX-EDX are general 32 bit registers. There are instructions that specifically reference the
lower 16 or lower 8 bits of each of these, in which case AX, AH, AL, etc.

But not completely general. For example, there is an ISA instruction MUL SRC.

This multiplies EAX by the contents of register SRC and puts the result in EAX(low order)
and EDX (high order). SRC an be EBX or ECX or?

ESI/EDI gp, also used as string source/destination pointers
EBP points to base of current stack frame (e.g., like [JIVM LV)
ESP is like IJVM SP

CS-GS are “segment” pointers - ignore.

EIP is PC, Eflags is PSw

Current also have 8 x87 FPU registers, 8 MMX registers(64 bit), 8 SSE registers (128 bit)



. intel BASIC EXEGUTION ENVIRONMENT
Pentium IV

Baslc Program Exacution Reglsters

Address Space*
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Elght 32-bit P
E ! General-Purposs Ragisters

Segment Reglskrs
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EIP {Instruction Pointer Reglstar)
FPU Reglsters
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*The address spaca can be
Nt or sagmanted . Using
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Figura 3-1. 1A-32 Basic Execution Environment

Here are all the registers in the PIV arch. At the ISA level




Pentium Instruction Set

e Two operand format

Moves Transter of control
MOV DST SRC Mova SAC 10 DST JMP ADDR Jumg t: ADDR
PUSH 5AG Push SAG onto the atack Jxx ADDR Condiionl jurps based on ags
FOP DST Pop & word from tha stack ta DST CALL ADDR Call precedure al ADDA
XCHG DS1.052 | Exchanga DS1 and DS2 RET Resturn from praceure
LEA DST,SRC Loag etfectiva agdr of SAC i DET IRET Rieturn rom inferrugt
GMOVOST.SRC | Gondiional move LOOPxx Loop unill condiion met
INT ADDR Iniiaie & soflware interrupt
Arithmetic INTOQ Intermupt i overfiow bi Is set
ADDDSTSAC | Add SAG fo DST
SUBDST,SAC | Guotract DST from SAC Strings
MUL SRS Wity EAX by SRC (unsigread) Loos Load siring
IMUL SRC Mulipty EAX by SRC (signed] STOS Store smng
DIV SAC Divice EDX-EAX by SAC (ursigned) MoVS Wava string
DN SAC Divide EDX-EAX by SAC [signed) CMPS Compara twa sirings
ADCDETSAC | Add SAG to DST, then add earry bt SCAS Scan Strings
SBE DST,SRC Subtract DST & carry from SAC
INC DET Add 1 10 DST Candition cades
DEC DST Subtact § rom DST sTC Sal earry bil in EFLAGS ragisiar
NEG DST MNeagate DST [sublract it from 0] GLG Clear carry bit in EFLAGS register
CcMC Cornplement carry bil in EFLAGS
Binary coded decimal B Sel direction bil in EFLAGS regisier
DA Dacimal adjust [ss) Clear diraction bil in EFLAGS reg
DAS Dacimal adjust for subtracion Edl Selinterrupt bit i EFLAGS ragister
ANA ASCIl adjst kor aadiion cu Cheal ineeTUpt I In EFLAGS reg
AAE ASCIl adjust lor sublraction PUSHED. Fush EFLAGS register onfo stack
:g‘ :3:: ::j:: ::: e FORFD Fop EFLAGS ragister hom stack
LAF Load AH from EFLAGS ragistar
Boolean SAHF Store AH In EFLAGS reglstar
AND DETSAC | Boolean AND SAG into DST
OR DST.SRC Boolean OR SRC into DST Miscellansous
%OR DSTSAC | Boslean Exclusive OF SAC o DST SWAR DST Chango sndiamnss of DST
BT oaT Ropiam DT i s cwe Extond EAX fa EDX EAX for cwisaan
GWDE Extond 16-b nurber in AX ta EAX
Shiftrotate ENTER SIZE LV Craate stack frama with SIZE bytes.
SALSARDST# | Sl ST lahirgh # bits LEAVE ndlo skack frame buis by ENTER
SHLISHA DST,# | Logical shift DST laftrignt 2 bits el No operalion
ROUACR DST# | Astats DST lafunght # bits HLT Halt
RCLRCA DST# | Atata DST mrough camy 3 bits N ALPORT Irpul a byle o PORT to AL
OUTPOATAL | Oulpud a byle fram AL s PORT
Testicompare WAT Wealt Tor an inerupt
TST SRC1 SACZ | Boolean AND cperands, set flags [ R

CMP SACY,SAC2 | Set llags based cn SAC - SAC2

DST = destination

LW = # locels.

But not completely general. For example, there is an ISA instruction MUL
SRC.

This multiplies EAX by the contents of register SRC and puts the result in
EAX(low order) and EDX (high order). SRC an be EBX or ECX or?




Data Types

Value | 8 bit 16 bit 32 bit int BCD 32 bit float | ASCII Address
Int Int

3 0x03 | 0x0003 | 0x00000003 | 0x03 | 0x40400000 | 0x33 | 0x00000003
32 0x20 | 0x0020 | 0x00000020 | 0x0302 | 0x04038000 | 0x3332 | 0x00000020

Type 8 Bits | 16 Bits | 32 Bits | 64 Bits 128 Bits
Signed integer x x ® x
 Unsigned integer Lox x| ox ®
Binary coded decimal integer | |
Type 8 Bits | 16 Bits | 32 Bits | 64 Bits | 128 Bits Floating point | | x x x
Signed integer x x x
Unsigned integer - Figure 5-7. The UlraSPARC II numeric data types.
Binary coded decimal integer x
Floating point | x x |
Type 8 Bits | 16 Bits | 32 Bits | 64 Bits | 128 Bits
Figure 5-6. The Pentium Il numernc data types. Supported Signed integer ® ® ® *
_Unsigned integer |
_Binary coded decimal integer | |
Floating point | | * *

Figure 5-8. The JVM numeric data types

These, except perhaps Floating point, should be straightforward. Perhaps
address is a bit surprising. What is the difference between addr and 32 bit int?
Nothing, really, if addr is 32 bit...

What about Unicode?Unicode is a 16 bit code, remember? The high order is
0XO00 for latin-1, so the character 3 is 0X0033 in UNICODE.



Floating Point

3.0 = 0100 0000 0100 0000 0000 0000 0000 0000 ..
Bits1 8 23

Fraction

AR
Sign Exponent

3 5
Megative Posilive
urderfiow undarflow
1 2 4 5] 7
Megatve Exprassinle Zero Expresaibla Positive
averfow nazggadivie numiers W oy ¥ positive numbears ovigrlow
E .y - 4, v ey ey - . e
—10'%0 —10-'% g qp—t 10102

Only a finite set of numbers can be represented.
Why do we care? Ever heard of Chaos theory?
IEEE

1 bitsign (0O=+,1="-)

8 (11) bit exponent - excess 127 or excess 1023
23 (52) bit fraction - add “1.” in front.

S0 0x40400000 =
positive
80 is exponent = 128 - 127 =1
fraction = 1.1 but note this is binary!

Who doesn’t understand binary fractions?

1.101 =1 + 1/2+0/4+1/8 = 1.675
JUST LIKE 4.506 = 4+5/10+0/100+6/1000 in decimal!

so + 1.1*2A1 = 11 (binary) = 3(decimal) (because “1.1” is binary!)

What about 0 in floating point? Just all zeros (except for sign bit, which is arbitrary).



IEEE Floating Point

* 1.0 - 0x3F800000
* 0.5 - 0x3F000000
e 2.25 - 0x40900000

My error - high order bit of significand does NOT have to be 1.

DeNormalized numbers have an exponent of ZERO.

In 32 bit float, exponent is excess 127, but 0 and 255 are NOT used as
exponents, so range is +/1 126



Chapter 4 # 24

MFG 8
- *-
[=]
STh
512 = 36-8
control siorg
tar helding
a4 he micrepregram
JAPC
. MR
EENENEERDE

JAMPLCIAMT
High
bil z
Coriral
[11:bi fhp=fiop signals

In the microprogram for Mic-2, if_icmpeq6 goes to T when Z is set ot 1.
However, code at T is same as gotol? Would it have been possible to go to
goto] directly?

NO!!!! Why not? How does a branch work in Mic?
What does that microinstruction look like anyway?
B = H (remember, this is MIC-2

Mem =0

C=0

ALU =B-A

J=JAMZ

Addr = xx

IfH==0PC, thenZ = 1.
So? WHAT is addr sent to MPC if Z == 1?
1xx!

But where 1s GOTO1 - 0XA7! Why? Because it is the first microinstruction of
an [JVM GOTO, which has opcode 0xA7!



Loads

Campar

Son

Figure 5-8. The IVM numeric data types

CONa/EB, O, ATYPE = constant  OFFSET16 for branch

J M TypelLOAD INDE | Pugh local variable onto stack IF_ICMPrel OFFSET16 Cenditional branch
V TypeALOAD Push array element on stack IF_ACMFEQ OFFSET16 | Branch if two pirs equal
BALOAD Fush byt from an array on stack | | IF_ACMPNE OFFSET18 | Branch if ptrs unequal
. SALODAD Push ehort fram an array on stack| | IFral OFFSET16 Tast 1 value and branch
In Structlon S et CALOAD Push char from an amay on stack | | IFNULL OFFSETI16 Branch If ptr Is null
AALDAD Pugh pointer from an array on IFNONNULL OFFSET16 | Branch if ple is nannull
LCMP Compare wo longs
Stores FCMPL Compars 2 foals for =<
[(vpeSTORE INDE[ Pop value and store In focal var | |“Erapg Compare 2 fioats for =
M 1ypeASTORE Pop value and store in aray BEMPL Tompare doubles for <
e Most instr one byte [weoe meveiems | [Gae G S <
SASTORE Fop short and stors in array
CASTORE Pop char and store in array Transler ol control
—_ ADD AASTORE Pop pointer and store in array INVOKEVIRTUAL IND16 | Mathod invocation
INVOKESTATIC INDT6 | Methad invacalion
Pushes INVOREINTERFAGE .. | Method mvacation
— POP BIFUSH GONS | PUEh & small consiant on Stack NVOKESPEGIAL TNDT6 | Mathad srvocation
SIPUSH COMN16| Push 16-bit constant on stack JSA OFFSET1G Tnvoks l-\allyclause
LDC IND8 Push constant from const pool IWQRETURN Relum value
) One b te ar ypeCONST_# | Push immediate constant ARETURN Fetum pointer
y g ACONST_NULL | Push a null painter on stack RETURN T
Arithmetic RET IND8 Fatum from finally
— ILOAD INDS TypeADD Add GOTO OFFSETIB Unconditional branch
typeSUB Subtract Arays
_ BIPUSH CON8 typehUL Muftiple ANEWARRAY IND16 | Craale amay of pirs
fypeDiv Divide NEWARRAY ATYPE Create aray of alypa
typeREM Remainder MOLTINEWARRAY IN16.0 Craale mulbdim array
° T b t 1ypolEG Negate ARRAYLENGTH el array length
WO y c a'rg Boolean/shift Miscellanacus
AAND Boclean AND 1IN INDE, CONE Increment local vanable
_ SIPUSH CON16 T
OR Boolean EXCLUSIVE OR NOP Ne aperation
ASHL Shiftef GETFIELD IND16 Read el from object
— IF ICMPEQ OFFS ET 1 6 E5HR Shift right PUTFIELD INDIG Write fiald 1o object
— AUSHA Unsigned shift right GETSTATIC IND16 et siatic fied from class|
Gonversion MEW IND16 Create a new object
2y Comertxioy INSTANGEQF OFFSET1E Delermne fype of obj
7 Convert integer 1o char i?::g“c:sr ND16 1C_:I|ack abjac fype
" " - - - i F row exception
— in":y;: 8 Tls 16 flls 32 flts 64 xBlls 128 Bits 2 Convart integer to byte COOKUPSWITEH — Sparee ity Branch
e e Stack TABLESWITCH . Dense multway branch
Unsigned integer | DUPsxx Six instructions for duging MONITORENTER Enter a manitor
7E‘ina:y codgd decimal integer | FOP Pop an int from stk and discard MONITOREXIT Loave a manitor
loating point x x i i
P : :ﬁ:i :ZLMI;;"::::‘TBZ: :‘r:::'s“"m INDEAE = inlex of local variable  typa, %,y = 1, L, F, D

We will be examining three instruction sets: JVM, UltraSparc, and finally,

Pentium.

JVM is, like IJVM, a stack-oriented instruction set.

Only Load/Store reference the stack

Push references the constant pool

Various branches reference code pool

Except for Array, which we won’t dicuss, these are the only ones that need
anything other than the opcode to define. So, all other instructions are just one

byte long.

JVM supports 8, 16, 32 and 64 bit integers, 32 bit and 64 bit float
It also supports 16 bit (UNICODE) chars.

Many of the instructions above are actually four different instructions! Where
it says “typeLOAD INDS8”, for example, there are actually four instructions:
ILOAD INDS, LLOAD INDS, FLOAD IND*, and DLOAD IND*

I = Integer (32 bit)

L = LONG (64 bit)

F = Float (32 bit)

D = Double (64 bit float)




JVM Instruction formats and
Addressing Modes

e OPCODE/STACK | OPCODE | |opcone | ADDRESS |
fa) (b}
- ADD
° OPCODE+ADDR/INDEXED | DPCODE [ADD ::551 ||'\DI'}HE5$?| |QPCDDE| J\DEIH:'JJ ADDR2 | ADDR3 |
— ILOAD INDS
e OPCODE+OP1/IMMEDIATE
— BIPUSH CONS . :
| Addressing mode | Pentium Il | UltraSPARC Il JVM
Immediate x x x
Direct
Register x

| Register indirect
Indexed

X X | X | X

X X

Based-indexed X
Stack x
[ILOAD |INDS |SIPUSH [CON |16 |ADD |

JVM arith is stack-based - no addressing needed there.
There are three areas of memory to be addressed:

The stack (for local vars), the constant pool, and the code area. Each is
addressed as an offset from an implicit register, one dedicated to each area.
This use of an offset is called INDEXED addressing

Since there is only one for each area, again these don’t have to be named in
instructions, so only one operand: the offset

11



Infix, Prefix, Reverse Polish

Infix Reverse Polish notation
A+B=xC | ABCx+
AxB+C | ABxC+
_AxB-l-CxD Iﬂ\B:-cCDx+
{A+B)/(C-D) | AB+CD-/
AxB/C | ABxC/
((A+B)=C+DME+F +G) | AB+CxD+EF+G+/

Step Remaining string Instruction Stack
1 | 825x+132x+4-/  BIPUSHS 8

2 | 25x+182x+4-/ | BIPUSH 2 8,2

3 | 5x+132x+44-/ | BIPUSH 5 82,5

4 | x+132x+4-/ | IMUL 8,10

° (8+2*5)/(1+3*2_4) 5 | +132x+4-/ | 1ADD 18

6 | 132x+4-/ | BIPUSH 1 18, 1

7 | 32x+4-4 | BIPUSH 3 18,1,3
8 | 2x+4-1 BIPUSH 2 18,1,3,2
9 | x+d-i IMUL 18,1,6
10 | +4-/ IADD 18,7

11 | a4 BIPUSH 4 18,7, 4
12 | -1 ISUB 18, 3

13 |/ DIV 6

Reverse polish actually.

What is prefix? *+ABC...

Could we BIPUSH 8 AFTER IMUL? (yes, but ONLY because op is + -

wouldn’t work for -!

Everyone should know this - who doesn’t feel comfortable with these
conversions? Expect a mid 2 question on this...

12



Loads
ypel QAL INDE | Push kcal variable onlo stack
Arrays and Indexed typed L OB Push array alement on stack
: BALOAD Push byte from an array on stack
AddreSSlng BALOAD PFush shart from an aray on stack
CaLOAD Push char Iroem an amay on slack
AALOAD Push poirtar from an array on ™
public void plusOne (int [] x; int I) {
j = x[il; intz={3,2,5,6};
x[I] = j+1; plusOne(z, 2);
}
e ILOAD1
e ILOAD2
e TALOAD
e ISTORE3 3 0x06
e ILOAD1 ]
e ILOAD2
e ILOAD3 1 0x05
e BIPUSH1
. IADD 0x02
e JTASTORE
« RETURN 0x03

JVM has dedicated instructions for handling arrays.
Public void plusOne (int [] x; int I) {

j=x[l;

X{] = j+1;
b

The ADDRESS of the array, rather than its VALUE, will be pushed on the
stack! (call by REFERENCE!)

The VALUE of I will be pushed on the stack.

IALOAD pops the top two values on the stack, adds them, and pushes the
value AT THAT ADDR onto the stack!

This 1s indexed addressing, except that the operand values are on the stack
instead of in the instruction. We’ll see another form of this when we look at the
Ultrasparc.

So let’s step through the call to plusOne at the right of the screen

Note the cpu must know how long an array entry is! So, a variety of ALOAD
and ASTORE instructions, one for each value length

13



Instruction formats galore

e ILOAD 1 e 0x1501 e 2/4
e BIPUSH 0 e 0x0100 e 2/0
e SIPUSH O e 0x110000 e 3/0
e JLOAD_1 e Ox1B e 1/4
e WIDE ILOAD 1 0xC4150001 « (1+3)/4
e ICONST_O e 0x03 * 1/0
e LLDC3 e 0x1203 e 2/4
e LDC_W 257 e 0x130101 e 3/4

We’ve seen at least two ways to set a register to zero:
ILOAD 1 (assuming LV 1 contains 0)
BIPUSH 0

Both take two bytes for instruction, and ILOAD takes an additional 4 bytes for data. So, one
might expect ILOAD to take longer.

This must be very common. And, we haven’t used up all 256 available opcodes yet, so why
not dedicate one just to this?

ILOAD_1 (0x1A)loads local var O on the stack! Now we can do it in just 1 byte! (Issue isn’t
memory use, although that matters, but really how many memory accesses we need to perform
to accomplish the instruction).

WIDE ILOAD 1: WIDE is a PREFIX that says the ILOAD index is 16 bits, not 8 bits. Why?
Need to access 1v beyond 255! (Who would write code that way? Never mind...)

Finally, ICONST_O is the simplest of all: one byte that says push a zero (int) on the stack.

Yet another way to do this is with LDC: to load from the constant area. Note different way to
use 16 bit index. Why? Because 16 bit index is MUCH more common for constant area..

So, how would we ACTUALLY do this?
If we really want to set to the constant 0, ICONST_0.
If we really want to set to some less common constant < 255, BIPUSH n

If we really want to set to some even less common constant < 65..., SIPUSH n
If we reallv want to set to some even less common constant LDC < 8 bit offset of n>

14



Flow of Control

IADD (1)
LCMP (1)
FCMPL (1)
GOTO OFFSET16 (3) FLOAD x

fx>y){...

e IF_ICMPrel OFFSET16 (3)  FLOADy
e Ifrel OFFSET16 (3) FCMPL
IFle L2

IFNULL OFFSET16 (3)

Instructions that “do something” set a condition code (IADD, etc)
Also explicit compare instr. For non-integer data types

Finally, Conditional and unconditional branch test condition code and set PC

LCMP Takes two two-word long integers off the stack and compares them. If the two integers
are the same, the int O is pushed onto the stack. If value?2 is greater than valuel, the int 1 is
pushed onto the stack. If valuel is greater than value2, the int -1 is pushed onto the stack.

; This is like the Java expression:
;o (x>0

; where x is a long.

lload_1 ; push the long int in local variable 1
Iconst_0 ; push the long integer O onto the stack

lemp ; compare the two long integers

; The integer result on the stack is:
;  0if local variable 1 equals 0
;-1 1if local variable 1 is less than O

; 1 iflocal variable 1 is greater than 0
lemp opcode = 0x94 (148)

Fcempl: If the two numbers are the same, the integer O is pushed onto the stack. If value2 is 15
greater than valuel, the integer 1 is pushed onto the stack. If valuel is greater than value2, the



Goto considered
Harmful Initial state < - -

e Procedures

First move 2 disks
from peg 1 to peg 2

— Simple —

— Recursive

Then move 1 disk

from peg 1to peg 3 1

B

Finally move 2 disks J
from peg 2to peg 3

AN
&
o

Proy

Time Time

Up to 1970 or so everyone used goto at the higher level language level, just
like in assembler However, we now believe avoiding goto leads to much more
readable code.

Avoiding Goto means we need other flow control:
Blocks (braces), loops (for, while, loop), procedures, co-routines.

You should know about most of these. We’ll review recursive once more,
ignore co-routines.



intk;
if(h==1)

else {
k=6-i-j;
towers(n -1, i, k);
towers(1, i, j);
towers(n - 1, k, j);
}
b

Inital state |

First move 2 disks |
from peg 1to peg 2

Then mave 1 disk |
from peg 110 peg 3

Finally move 2 disks |
from peg 210 peg 3

e

public void towers(int n, int i, int j) {

Towers of Hanoi

System.out.printin("Move a disk from" +i+"to" +j);

Bl -

Tower called with n=3, i=1, j=3
Tower called with n=2, i=1, j=2

Tower called with n=1, i=1, j=3
Move a disk from 1 to 3

Tower called with n=1, i=1, j=2
Move a disk from 1 to 2

Tower called with n=1, i=3, j=2
Move a disk from 3 to 2

Tower called with n=1, i=1, j=3
Move a disk from 1 to 3

Tower called with n=2, i=2, j=3

Tower called with n=1, i=2, j=1
Move a disk from 2 to 1

Tower called with n=1, i=2, j=3
Move a disk from 2 to 3

Tower called with n=1, i=1, j=3
Move a disk from 1 to 3

Claim - the above code can solve an aribitrary Towers of Hanoi problem.

(assuming we start with a valid stack on one peg, others empty of anything

smaller.

Let’s step through and see what happens.

Call sequence from top level will be:

Towers (3, 1, 3)
Towers (2, 1, 2)
Towers (1, 1, 3)
Towers (2, 2, 3)

Butit doesn’t end there! These do further calls.

17



Tower called with n=3, i=1, j=3
Tower called with n=2, i=1, j=2
Tower called with n=1, i=1, j=3

Tower called with n=1, i=1, j=2
Move a disk from 1 to 2
Tower called with n=1, i=3, j=2
Move a disk from 3 to 2
Tower called with n=1, i=1, j=3
Move a disk from 1 to 3 }
Tower called with n=2, i=2, j=3 !

if

Towers of Hanoi

: public void towers(int n, int i, int j) {
Move a disk from 1 to 3 int k;

(h==1)
System.out.printin("Move a disk from " +i+"to" +j);

else {

k=6-i-j;
towers(n -1, i, k);
towers(1, i, j);
towers(n - 1, k, j);

. . . SP — k SP —| k=3 1068

Tower called with n=1, i=2, j=1 —- Old FP = 1024 —F Oid FP = 1024 1064
Move a disk from 2 to 1 Return addr Return addr | 1060
j=3 ju= 1056

Tower called with n=1, i=2, j=3 =i =1 1082

. FP n=1 FP = n=1 1048

Move a disk from 2 to 3 — - — — — 1044
Tower called with n=1, i=1, j=3 [ 0ldFP=1000] = Old FP = 1000 | — Old FP = 1000 *=| Oid FP = 1000] 1040

. Return addr Return addr Return addr Return addr | 1036

Move a disk from 1 to 3 -2 =2 =2 [=2___ 1032
i=1 i=1 i=1 i=1 1028

FP = n=2 n=2 n=2 n=2 1024

SP —| K k=2 k=2 k=2 k=2 1020

Old FP Old FP Old FP Old FP Old FP 1016

Return addr Return addr Return addr Return addr Return addr {1012

j= i=3 ji=3 j=3 j=3 1008

i=1 i=1 i=1 i=1 i=1 1004

FP — n=3 b n=3 - n=3 - n=3 - n=3 1000

So what does a procedure call have to do?

Quite a lot, same for a return. - set up arguments, save FP and PC, allocate
locals, ...

This is called a procedure epilog, and the faster it is, the better.

JVM has INVOKEVIRTUAL, of which we saw a simple version when we
studied IJVM. This did almost everything EXCEPT put arguments in place.

Still, it takes 22 mic-1 instructions! A BIPUSH only takes 3!, and ILOAD 5,

an ISTORE 6, and IADD3. So 4-7 times as long as a basic operation! (and
RETURN takes another 8)!

18



L1

ILOAD 0
ICONST 1
IF_ICMPNE L1

GETSTATIC #13
NEW #7

Dup

LDC #2
INVOKESPECIAL #10
ILOAD_1
INVOKEVIRTUAL #11
LOC #1
INVOKEVIRTUAL #12
ILOAD 2
INVOKEVIRTUAL #11
INVOKEVIRTUAL #15
INVOKEVIRTUAL #14
RETURN

BIPUSH &
ILOAD_1
ISUB
ILOAD_2
ISUB
ISTORE 3

ILOAD_0

ICONST 1

ISUB

ILOAD_1

ILOAD 3
INVOKESTATIC #16

ICONST_1

ILOAD 1

ILOAD_2
INVOKESTATIC #16

ILOAD O

ICONST 1

ISUB

ILOAD_3

ILOAD 2
INVOKESTATIC #16
RETURM

/local 0 = n; push n
W push 1
Wif {n )= 1) gato L1

M n == 1; this code handles the printin statement
A allocate buffer for the string to be built

M duplicate the pointer to the buffer

N push pointer ta string "move a disk from "

il copy tha string 1o the buffer

N push i

i convert i to string and appand 1o the new buffer

N push pointer to string " to " . . . S
{ append this string to the buffer public void towers(int n, inti, int j) {

Towers of
Hano1

U push | intk;
 comvert j to string and append to buffer
if glring eonversion if (n==1)
i call printin System.out.printin("Move a disk from " + i+ "to " +j);
# return from towers
else {
[/ Else part: compute k=6 - | - | k=6-i-j;

Mlocal 1 =i; push i

Mop-of-stack =6 - i

N local 2 = j; push

if top-gt-stack =6 - i -

Mlocal 3 =k =6 - i - |; stack is now empty }

towers(n - 1,1, k);
towers(1, i, j);
towers(n - 1, k, j);

I start working on towers{n - 1,1, k); push n
i push 1

N top-of-stack = n -1

N push i

N push k

i call towersin - 1, 1, k)

i start working on towers(1, i, j); push 1
N push i

N push j

# call rowers(1, 1, |}

i start working on towers(n - 1, k, |): push n
N push 1

W ep-of-slack =n -1

N push k

il push j

N call towersin - 1, k, )

# return from towers

So what does Towers look like in JVM?

Ignoring the print statement, 27 inst, 36 bytes of code (by my count), all
constants are immediate.

Anything else to notice?



UltraSparc

Loads Boolean
° LDSE ADDR.DST | Load signed byte (8 bits) AMD R1,52.D5T | Boolean AND
Instructlon S et LDUB ADDR,DST | Load unsigned byts (& bits) ANDCC " Boolean AMD and set icc
LDSH ADDR,DET | Load signed halword (16 bits) AMNDM " Boolean NAND
LOUH ADDR.DST | Load unsigned halfword (18} ANDNCC * Boolean NAND and seticc
LOSW ADDR,DST | Load signad word (32 bits) OR R1,52 DST Boolean OR
. LOUW ADDR,DST | Load unsigned word (32 bits) ORCC " Boolean OR and set icc
) I — J +k . LOX ADDR,DST | Load extended (64-bits) ORN - Boolean NOR
9 ORNCC  * Boolean NOR and sat ico
Stores ¥ORR1,52,D5T | Boolean XOR
STB SRC,ADDR Store byte (8 hits) XORCC * Boolean XOR and set ikkc
—_ ? STH SAC.ADDR | Store halfword (16 bits) XNOR g Boclean EXCLUSIVE NOR
STW SRC.ADDR | Store word (32 bits) XNORCC  * Boolean EXCL. NOR and set icc
STX SRC,ADDR | Store extended (64 btis)
Transler of control
Arithmetic BPcc ADDR Branch with pradiction
ADD R1.52DST | Add BPrSRC,ADDR | Branch on register
ADDCC * Add and sat icc CALL ADDR Call procedure
ADDC . Add with carry RETURN ADDR | Return from procedurs
ADDCCC * Add with carry and set icc JMPL ADDR,DST | Jump and Link
SUB R152D5T | Subtract SAVE R1,52 DST | Advance register windows.
suscc  ° Subitract and set icc RESTORE * Restore register windows
SuBC “ | Subtract with carry Tec GG, TRAPH Trap on condition
sueccc ¢ | Subtract with carry and seticc | PREFETCH FCN | Prefeich data from memary
MULX R1,52,.DST | Multiply LDSTUB ADDAR | Atomic load'siore
SDIVX R1,52,D5T | Signed divide MEMBAR MASK | Memory barrier
UDIVX R1,52,D5T | Unsigned divide
TADCC R1,52,D5T Tagged add Miscellangous
SETHICON,DST | Setbis 1060 31
Shiftsirotates MOVeo CC,52,D5T Move on condtion
SLL R1.52.DST Shift left kogical (64 bits) MOVr R1,52,D5T | Move on register
Register | Alt. name Function SLLX R1,82D5T | Shift left bogical extended (64) NOP No operation
RO GO Hardwired to 0. Stores into it are just ignored. SAL B1,52,D5T Shift right logicel {32 bits) POPC $1.DST - count
R1-R7 G1-G7 | Holds global variables SALX R1,52DST | Shift ight logical extended (64) ADCCA V.DST Read condition code register
R8 - R13 00-05 | Holds parameters to the procedure being called SRA R1,52.DST | Shift ight arithmetic (32 bitsh WRCCH R1,82,V | Write condition cede register
R4 SsP Stack pointer SRAX R1,52,0ST | Shift right arithmetic ext, (&4) ADPC W DST Read program counter
A o7 Serach 'egis‘e.r SRC = source register TRAP# = trap number CC = condition code sel
R16-R23 | LO-L7 Holds !ocal v.arlables for the current p DST= ination registar FCN = function code R =destination register
R24-R29 | 10-15 Holds incoming A1 = source register MASK = operation type
R30 FP Pointer to the base of the current stack frame 82 = source: register or immediate COM = constant oo = condition
R31 17 Holds return address for the current procedure | ADDR = memary addrass W = ragister designalor f=LZLEZ.ZNZ GZGEZ

UltraSparc is a very regular, RISC-style instruction set. No legacy that needs
support.

Only load/store/branch refer to memory. This is it. Small instruction set.

This is a register-oriented machine, with support for byte, 16-bit, 32-bit, and 64
bit ops.

32 general purpose registers, although by convention some are dedicated by
software for specific uses. Well, actually 31 registers and RO - the constant O.

Unlike IJVM, UltraSparc doesn’t use operand stack for procedure calls - uses
registers for that - note allocation of R16-23 for local vars, R8-13 for
parameters, R31 for return addr.

So what might i = j+k look like?

Skip stuff about register windows for this class.

Ok, let’s look at some specific instructions



UltraSparc
Instruction Set

Format op  Instructions
1 1 CALL
2 0 Bice, FBfee, CBece, SETHI
3 3 memory instructions
3 2 arithmetic, logical, shift, and remaining
Format 1 (op =1) CALL
I op | disp30
ET}

79

Format 2 (op = 0): SETHI & Branches (Bicc, FBfce, CBecc)

| op | rd ‘ op2 | imm22 |
I op I a I cond ‘ op2 I disp22 I
3T & EZ] 7 7
Format 3 (op = 2 or 3): Remaining instructions
op rd op3 rsl i=0 | asi | rs2
op rd op3 rsl i=1 | simm 13
op rd op3 rsl opf | rs2
ar 29 24 IS8 LE] 777{{? 4 o
LDSE ADDR.DST | Load signed byte (B bits)
LOUB ADDR,DST | Load unsigned byte (8 bits)
LOSH ADDR,DST | Load signed halfword (16 bits)
LOUH ADDR.DST | Load unsigned halfword {16}
LOSW ADDR,DST | Load signed word (32 bits)
Register | Alt. name Function LOUW ADDR.DST | Load unsigned word (32 bits)
RO GO Hardwired to 0. Stores into it are just ignored. LOX ADDR,DST Load extended (64-bits)
| R1-R7 G1-G7 | Holds global variables
R8 — R13 00— 05 | Holds parameters to the procedure being called
R14 SP Stack painter Stores -
R15 o7 Scratch register STE SRC,ADDR | Store byte (8 bits)
R16-R23 | LO-L7 Holds local variables for the current procedure STH SRC. ADDR Store halfword (16 bits)
R24-R29 | I0-15 Holds incoming parameters STW SAC ADDR Store word (32 bits)
R30 FP Pointer to the base of the current stack frame : =
| R31 17 Holds return address for the current procedure STX SRC,ADDR Store extended (64 blis)

Loads and Stores are simple, an opcode, a register, and a memory addr.

Twice as many loads - need to specify how to extend sign if loaded is less than

64-bit.

Upper right shows instruction formats.

First two bits just define instruction format!

Top format is for a procedure call only. Load/Store use Format 3 op3 (bottom).

Rd is destination register (5 bits = 32 registers)

Op3 specifies “actual” opcode - load/store/etc

Rs1 and rs2 point to two registers that are added together to get addr of

location to load/store

(or, format 3 second variety - a register push an immediate, sign-extended,

offset)

The second load format is just what we did in IJVM with ILOAD 5.

In UltraSparc, that might be LDSW (R30,5),R15 (R30 is base of stack frame,

R15 is scratch reg).
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UltraSparc 1
Instruction Set

Format op  Instructions

1 CALL
2 0 Bice, FBfee, CBece, SETHI
3 3 memory instructions
3 2 arithmetic, logical, shift, and remaining
Format 1 (op =1) CALL
[op | disp30
ET}

79

Format 2 (op = 0): SETHI & Branches (Bicc, FBfce, CBecc)

| op | rd ‘ op2 | imm22 |
lop [ a [ cond [ op2 | disp22 |
3T & EZ] 7 7
Format 3 (op = 2 or 3): Remaining instructions
op rd op3 rsl i=0 | asi | rs2
op rd op3 rsl i=1 | simm 13
op rd op3 rsl opf | rs2
ar 29 24 IS8 LE] 12 4 o
Arithmetic
ADD R1.52DST Add
Register | Alt. name Function ADDCC Add and set icc
RO GO Hardwired to 0. Stores into it are just ignored. ADDC ¢ Add with carry
R1-R7 G1-G7 | Holds global variables ADDCCG ™ Add with cary and eet i
'R8—R13 00— 05 | Holds parameters to the procedure being called SUBR1,52.D5T | Sublmat -
a SUBCC Subtract and set icc
R14 SP Stack painter SUBC Sublract with camry
R15 o7 Scratch register suBCCC | Bubtract with carry and sat oo
R16 -R23 | LO-L7 Holds local variables for the current procedure MULX R1,82,08T | MuHiply
R24-R29 | I0-15 Holds incoming parameters SDIVY A1,52,DST | Signed divide
R30 FP Pointer to the base of the current stack frame UDIVX R1,52,D5T | Unsignad divide
| R31 17 Holds return address for the current procedure TADCC R1.52,DST| Tagged add

Arithmetic is TRIADIC: opl +/-/* op2 -> dst
Again, Format 3 type 2 or 3

Rd is dst

Rs1 is source 1

Either rs2 or simm13 (immediate) is source2
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T f Hano1 - UltraSparc
towers: save %sp, -112, %sp
cmp N, 1 lif (n==1)
bne Else lif (n != 1) goto Else
sethi %hi(format), ParamQ ! printf("Move a disk from %d to %d\n", i, j)
or Param0, %lo({format), ParamQ! Param0 = address of format string
mov |, Param1 | Param1 =i
call printf ! call printf BEFORE parameter 2 (j) is set up
mav J, Param2 ! use the delay slot after call to set up parameter 2
b Done ! we are done now
nop I fill delay slot
BIPUSH 6 // Else part: compute k=6 -1 -]
Lo ILOAD_1 /ocal 1 = i; push i
Else: mov 6, K I'start k=6 i - ] IeomD- ooat oL
sub K, J, K 'k=6-j ILOAD_2 /local 2 = ; push |
sub K, I, K lk=B-i-]j IsUB /I top-of-stack = 6 — i - ]
ISTORE_3 /local 3=k =6 -i - j; stack is n
add N, -1, Scratch | start towers(n - 1, i, k)
mov Scratch, Param0 ! Seratch =N -1
mov |, Param1 | parameter 1 =i
call towers ! call towers BEFORE parameter 2 (k) is set up
mov K, Param2 ! use the delay slot after call to set up parameter 2
mov 1, Param0 ! 'start towers(1, i, j) public void towersint n, inti, int j) {
mov |, Param1 ! parameter 1 =i intk:
call towers ! call towers BEFORE parameter 2 (j) is set up
mov J, Param2 ! parameter 2 = j it (n==1)
System.out.printin("Move a disk from " +i+"to " +j)
mov Scratch, Param0 | start towers(n - 1, k, j) else {
mov K, Param1 | parameter 1 = k k=6-i-j;
call towers | call towers BEFORE parameter 2 (j) is set up towers(n - 1, i, k);
mov J, Param2 | parameter 2 = j towers(1, i, j);
towers(n - 1, k, j);
Done: ret ! return }
restore ! use the delay slot after ret to restore windows }

So what does Towers look like in Ultrasparc?

Locals are in registers, as are parameters, so if statement is fast.

Let’s skip the print statement Next interesting thing to notice is the nop at the
end - why?

Because SPARC always executes the next instruction after a branch! (It’s the
pipeline!)

At the else, again, I, J, K are locals, so they are in registers. Just one machine
instruction to do each.

(AND, each of these instructions can be executed in ONE microcycle!)

Next weirdness: let’s look at the setup for one of the tower recursive calls.
Three parameters to pass, but wait, the third parameter is set AFTER the call!
Again, one instruction after a branch is already in the pipeline.

Same thing after the return. (but I'm not going to explain register windows...)

20 instructions (vs 27 in IJVM), 80 bytes (vs 37 in [JVM)
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Movas Transter of control
P * MOV DST,SAC | Move SRE to DST JMP ADDR Jumg 1o ADDR
entlum FUSH BFC Frush SC oo The siack Jxx ADDA Canditional jumgs based on llags
FOP DST Pop a word from tha stack to D5T CALL ADDR Call procedure at ADDR
° WCHG 051032 | Exchange DS1 and D32 RET Featurn fram procadura
Instructlon Set LEA DST,SRC Load efeclive aadr of SHG inta DST IRET Fiaturn from intermupt
CMOV DST.5AC | Conditional move LOOFxx Loog until canditian mat
INT ADDA Iniiate a softwars intamat
Arithmetic INTEC Interrupt if cvarflaw bit is set
ADD DST,SRC | Add SRC ta DST
SUBDST,SAC | Sublracl DST from SAC Stiings
MUL SRC WMultiply EAX by SRC (unsigned) LoDs Laad siing
IMUL SRC WMultiply EAX by SRC (signed) 5703 Stars string
DIV SRC Divicte EDX:EAX by SAC {unsigned) MOVS Mava siring
10N SAC Divicie EDX:EAX by SAC (signed) CMPS Compare two strings
ADC DST,SRC | Add SRG ta DST, then add carry ba SCAS Scan Sirings
SBEDSTSAC | Sublraci DST & carry fram SAC
INC DST Add 11 DST Condition codes
Bits DEC DST Subiract 1 fram DST STC Sat cary bit in EFLAGS register
A A IX A EAX MEG DST MNegate DST {subtract it from 0} cLc Claar carry bit in EFLAGS ragistar
Y CMC Complemant carmy bit in EFLAGS
BH ) BL EBX Binary coded decimal 510 Sat direction 5it in EFLAGS register
ci S o ECX AR Dicimal adjust ) ‘Clear dracton bit In EFLAGS rag
on P ) X—pr EDX DAS Decimal adjust far sublraction 5TI Sat ntarrupt bit in EFLAGS regisier
AAA ASCH adust lor addition =] Clear Interrupt bit In EFLAGS rag
EsI ::‘ :’:E:: 2:2 :2: PUSHFD Push EFLAGS ragister onta stack
- POPFD Pop EFLAGS regester from stack
EDI AAD ASGIl adust for dwision T Cosd AH Tram EFLAGS ragaier
EBP Boolean SAHF Stare AH in EFLAGS ragister
ESP AND DST,SRC | Boolean AND SRC inlo DST
OR DST 5AC Backan OR SAC int DST
cs ¥ORDST.SAC | Backan Exclusie OF SAC Io DST SWAP DST Changs endiannass of DST
- NOTDST Fopince DST win 15 ng :suenu EX to EDXERX for divsion
etend 16-bil MBS in AX 10 EAX
Ds Shiftotate ENTER SIZELV | Creale stack rame with SIZE bytes
ES SAUSARDSTZ | S DST Iefivght 7 6 LEAVE Undo stack frame buill by ENTER
Fs SHL/SHA DST# | Lagicsl shift DST laftright # bits NoP No operation
s ROLIROR DST.# | Rotats DST Isftiight # bits LT Halt
RCLRCA DST# | Fotate DST through cany # bits N AL PORT Input abyte rom PORT 10 AL
OUT FORT,AL | Oulputa byta fram AL ta PORT
| | er Testicompare WAIT Wail for an mlarrupl
[TSTSRCISACZ | Boslom AND operands. sat 235 | gac o sowee ¥ = shiftrotate count
[ | EFLAGS | GMP SAC1 SACZ | Setfiags based on SACT - SRG2 | DST = desti LV = # lacals

Like the UltraSparc, register-oriented rather than stack oriented.

But, unlike UltraSparc, DIADIC instead of TRIADIC. (DST = SRC1 for things
like ADD).

So ADD, DST, SRC means add contents of src to dest and put result back in
dst.

Source OR dest can be a memory ref, but not both (in general).

Also, Arith/Logical can reference memory directly. This makes instructions
MUCH more complex to decode, lots of formats because of legacy back to
8088.
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Pentium ISA

Bits 16

AH A,X AL EAX

BH | BL EBX
Opcode Instruction Description ci S o ECX
14 ib ADC AL,imm8 Add with carry imm& to AL on O oL Eox
15 iw ADC AX,imm16 Add with carry imm 16 to AX
15id ADC EAX.imm32 Add with carry imm32 to EAX =
80/2ib ADC rim8,imm8 Add with carry immé8 to rimé8 EBP
81/2iw ADC rim16,imm16 Add with carry imm16 to rim16 ESP
81/2id ADC rim32,imm32 Add with CF imm32 to rim32
83/2ib ADC rim16,imm8 Add with CF sign-extended imm8 :
83/21ib ADC rfm32,imm8 Add with CF sign-extended immg s
10/r ADC rim8,r8 Add with carry byte register to rim ES
1 ir ADC rim16,r16 Add with carry r16 to rim16 FS
11 ir ADC rim32,r32 Add with CF r32 to im32 @s
121r ADC r8,Am8 Add with carry r/m8 to byte registe | ‘ -
131r ADC r16,//im16 Add with carry im16to r16
130 ADC r32,1im32 Add with CF r/m32 to r32 | | erLacs

Another difference from ultrasparc/JVM is that arithmetic/logical instruction
can reference memory directly. So don’t need load/store

Notice how many “Add” instructions there are!

And, instructions can be quite long (up to 16 bytes!)

imm& - immediate 8 bit constant in instruction
imm16 - immediate 16 bit
imm32 - immediate 32 bit

r/m8 - either one of the 8bit registers (AL, AH, ...) OR a pointer to an 8bit
value in memory.

r/m16, r/m32 - as you might guess (16 bit regs: AX, BX, CX, DX, SP, BP, SI,
DI)



towers: PUSH EBP; save EBP (frame pointer) TO ers ala
MOV EBF, ESP ; set new frame pointer above ESP °
CMP [EEP+8] 1 tn==1)
T eI Pentium
MOV EAX, [EBP+18] s printf|" " i, )
PUSH EAX : male that parameters i | and the formal
MOV EAX, [EBP+12] ; string are pushed onto the stack
PUSH EAX ; imrewerse order. This is tha C calling convention
PUSH OFFSET FLAT:format; offset flal means the address of format
CALL _printf ; call printf
ADD ESP, 12 ; remova params from the stack
JMP Dane +we are finishad BIPUSH & 1/ Else part: compute k=6 - -]
L1: MOV EAX, & istartk =6 =i« ILOAD_1 Hlocal 1 =i; pushi
SUB EAX, [EBP+12] CEAX =G - ISUB I top-ot-stack =6 - i
SUB EAX, [EBP+16] CEAK =6 -] ILOAD_2 #local 2 = ; push j
MOV [EBP+20], EAX k= EAX ISUB 1/ top-of-stack = 6 - i 7] ,
PUSH EAX : start towers{n — 1, i, k) ISTORE 3 Hlocal 3=k=6—1i-j:stackis nc
MOV EAX, [EBP+12] CEAX =10 add N, -1, Scratch ! start towers(in — 1, i. K}
PUSH EAX s pushii mav Scratch, Param( ! Scratch =N -1
MOV EAX, [EBP+8] JEAX =n mav |, Parami ! paramater 1 =1
DEC EAX (EAX =n-1 call towears ! call towers BEFORE parameter 2 (k) is st up
PUSH EAX s pushin =1 mav K, Paramz ! use the delay slot after call to set up parameter 2
CALL _towers ; call towers{n - 1,i, 6 -i-j)
ADD ESP, 12 | ramove params from the stack
MOV EAX, [EBP+18] ; start towers{1, i, i
PLUSH EAX ; push j
MOV EAX, [EBP+12] L EAX =i
PUSH EAX ; pushii
PUSH i ;push 1
CALL lowers ; call towers(1, i, J
ADD ESP, 12 ) remeve params from the stack
MOV EAX, [EBP4+12] : start towersfn — 1.6 — i, i)
PUSH EAX :pushi
MOV EAX, [EBP+20] i push 20
PUSH EAX ;push k
MOV EAX, [EBP+8] CEAX =n
DEC EAX  EAX =n-1
PUSH EAX ;pushn -1
CALL towers s call towersin -1, 6 -1 - . 1)
ADD ESP, 12 ; adjust stack pointer
Done: LEAVE ; prepare to exit
RETQ ; raturm to the caller

Like UltraSparc, Pentium takes fewer instructions than IJVM to compute K.
But notice Kisin memory rather than in a register as it was in UltraSparc. And,
instructions are longer, So hard to compare.

But we can say this will take four memory references.

If in a loop, no big deal, (because data will be in cache). But first time we wil
pay a hit.

Also, my best guess is that this code is about 1.5X the size of the sparc code.

Overall, 33 instructions, longest yet, even though it has highly complex
instruction set. Complex instructions should mean shorter code, no?

If Sparc can do same thing in 20 inst it takes 33 to do on Pentium, how do you
compare “MIPS”?

(You don’t try, you run benchmarks).

What else to see here?

Well, how about procedure call: Pretty much the same, push K on stack, then

load I, push it on stack, then load n, subtract 1, and push it on stack. Finally

call towers recursively. Now we see where some of the extra instructions came

from... 27



Memaory control signals (rd, wr, fetch)

[l : 4-10-16
: Decoder

Traps and
Interrupts

512 x 36-Bit
control store
for holding
the microprogram

JMPC

MIR
Adar [J] aLu [ ¢ [m][B]
|

JAMMN/JAMZ

Contral
signals

1-bit flip—flop

4 Enable
onto
B bus

bus 4 write
C bus
to reqgister

Traps -
No such memory address
Arithmetic overflow (NAN)

Stack overflow (memory allocated to stack exhausted).

For 2, we could write ISA level code to check after every arithmetic operation,
but SLOOOW.

Instead, steal an idea from the MIC-1 conditional branch architecture:

Force PC to new value based on conditions during instruction execution.

Interrupts -

Same idea as trap, but for external events.

For example, suppose we are waiting for a disk to come around to the sector
we want to read. What shold cpu do?

Could be in a loop checking if disk is there yet. But: could take 10 ms: that’s
100,000 inst on a 1GIPS machine! What a waste!

Again, another input line: Force PC to new value based on external (typically
I/0) events. 28



