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Adapted from class notes of D. Patterson and W. Dally
C opyri g h t 1 9 9 8 ,  20 0 0  U C B

Instruction Set-1 Computer Architecture
C.T.King/T.T.Huang

Outline
� Instruction set architecture
(using  M IP S  IS A as an ex am p l e)

� O p erand s 
� Register operands and their organization
� M em ory  operands, data transf er
� I m m ediate operands

� Instruction f orm at
� O p erations

� A rithm etic  and l ogic al
� D ec ision m ak ing and b ranc hes
� J u m ps f or proc edu res

Instruction Set-2 Computer Architecture
C.T.King/T.T.Huang

W h a t Is  C o m p uter  A r c h itec tur e?
Computer Architecture =

I n s truction  S et Architecture
+  M a chin e O rg a n iz a tion

� “. . .  the a ttrib utes  of  a  [ computin g ]  s y s tem a s  
s een  b y  the [ _ _ _ _ _ _ _ _ _ _ _ _  l a n g ua g e]  
prog ra mmer,  i.e.  the con ceptua l  s tructure 
a n d  f un ction a l  b eha v ior … ”

assembly

W h a t  a r e s p ec if ied ?
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Rec a ll in C  L a ng ua g e
� O p erators: +, -, *, /, % (m od ), . . .  

� 7/4==1, 7%4==3
� O p erand s: 

� V ariab l es:  lower, upper, fahr, celsius
� C onstants:  0, 1000, -17, 15.4

� Assig nm ent statem ent:
v ariab l e =  ex p ression

� E x pressions c onsist of  operators operating on 
operands, e. g. ,
celsius = 5*(fahr-32)/9;
a = b+c+d-e;
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W h en T r a ns la ting  to  A s s em b ly  . . .
a  = b  +  5 ;
l oa d $ r1 ,  M [ b ]
l oa d $ r2 ,  5
a d d $ r3 ,  $ r1 ,  $ r2
s tore $ r3 ,  M [ a ]

R eg ister
M em ory

C onstant

O p erand s

O p erator (op  cod e)

S tatem ent
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� O rg aniz ation of  p rog ram m ab l e storag e
� registers
� m em ory :  f l at, segm ented
� M odes of  addressing and ac c essing data item s and 
instru c tions

� D ata ty p es and  d ata structures
� enc oding and representation (nex t c hapter)

� Instruction f orm ats
� Instruction set (or op eration cod e)

� A L U , c ontrol  transf er, ex c eptional  handl ing

C o m p o nents  o f  a n IS A
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M IP S  IS A  a s  a n E x a m p le
� Instruction categ ories:

� L oad/ S tore
� C om pu tational
� J u m p and B ranc h
� F l oating P oint
� M em ory  M anagem ent
� S pec ial

$r0 - $r31

PC
HI
LO

OP

OP

OP

$rs $rt $rd sa funct

$rs $rt immediate

jump target

3 Instruction Formats: all 32 bits wide

Registers
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Outline
� Instruction set architecture
(using  M IP S  IS A as an ex am p l e)

� O p erand s
� Register operands and their organization (S ec .  2. 2 )
� M em ory  operands, data transf er
� I m m ediate operands

� Instruction f orm at
� O p erations

� A rithm etic  and l ogic al
� D ec ision m ak ing and b ranc hes
� J u m ps f or proc edu res
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Op er a nd s  a nd  Reg is ter s
� U nl ik e hig h-l ev el  l ang uag e, assem b l y  d on’t use 
v ariab l es
= >  assem b l y  op erand s are reg isters
� L im ited nu m b er of  spec ial  l oc ations b u il t direc tl y  into 
the hardw are

� O perations are perf orm ed on these
� B enef its:

� Registers in hardw are = > f aster than m em ory
� Registers are easier f or a c om pil er to u se

� e.g .,  as a place for temporary storag e
� Registers c an hol d v ariab l es to redu c e m em ory  traf f ic  
and im prov e c ode density  (sinc e register nam ed w ith 
f ew er b its than m em ory  l oc ation)
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M IP S  Reg is ter s
� 32  reg isters, each is 32  b its w id e

� W hy  3 2?  sm al l er is f aster
� G rou ps of  3 2 b its c al l ed a word in M I P S
� Registers are nu m b ered f rom  0  to 3 1
� E ac h c an b e ref erred to b y  nu m b er or nam e
� N u m b er ref erenc es:

$0, $1, $2, … $30, $31
� B y  c onv ention, eac h register al so has a nam e to m ak e 
it easier to c ode, e. g. ,
$16 - $22 � $s0 - $s7 (C  v ariab l es)
$8 - $15 � $t0 - $t7 (tem porary )

� 32  x  32 -b it F P  reg isters (p aired  D P )
� O thers: H I, L O , P C
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Reg is ter s  C o nv entio ns  f o r  M IP S
16 s0 callee saves

. . . (caller can clobber)

23 s7

24 t8 temporary (cont’d)

25 t9

26 k0 reserved for OS kernel

27 k1

28 gp pointer to global area

29 sp stack pointer

30 fp frame pointer

31 ra return address (HW)

F ig .  2 . 18

0 zero constant 0

1 at reserved for assembler

2 v0 expression evaluation &

3 v1 function results

4 a0 arguments

5 a1

6 a2

7 a3

8 t0 temporary: caller saves

. . . (callee can clobber)

15 t7

CPU

Registers

$0

$31

Arithmetic 
unit

Multiply 
divide

Lo Hi

Coprocessor 1 (FPU)

Registers

$0

$31

Arithmetic 
unit

Registers

BadVAddr

Coprocessor 0 (traps and memory)

Status

Cause

EPC

Memory

M IP S  R2 0 0 0  Or g a niz a tio n

F ig .  A. 10. 1
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Op er a tio ns  o f  H a r d w a r e 
� S y ntax  of  b asic M IP S  arithm etic/ l og ic instructions:

add $s0,$s1,$s2      # f = g + h
1 ) operation b y  nam e 
2) operand getting resu l t (“destination”)
3 ) 1 st operand f or operation (“sou rc e1 ”)
4 ) 2nd operand f or operation (“sou rc e2”)

� E ach instruction is 32 b its
� S y ntax  is rig id : 1 op erator, 3 op erand s

� W hy ?  K eep hardw are sim pl e v ia regu l arity
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E x a m p le
� H ow  to d o the f ol l ow ing  C  statem ent?

f  = (g + h) - (i + j);

use interm ed iate tem p orary  reg ister t0
add $s0,$s1,$s2 # f = g + h
add $t0,$s3,$s4 # t0 = i + j
sub $s0,$s0,$t0 # f=(g+h)-(i+j)
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� Accumul a tor ( 1  reg is ter) :
1 ad d ress: ad d  A acc← acc +  m em [ A]
1+ x  ad d ress:  ad d x A acc← acc +  m em [ A+ x ]

� S ta ck :
0 ad d ress: ad d tos← tos +  nex t

� G en era l  P urpos e R eg is ter:
2  ad d ress: ad d  A,B       E A(A) ← E A(A) +  E A(B )
3 ad d ress: ad d  A,B ,C   E A(A) ← E A(B ) +  E A(C )

� L oa d / S tore:  ( a  s pecia l  ca s e of  G P R )
3 ad d ress: ad d $ra,$rb ,$rc $ra← $rb +  $rc

l oad $ra,$rb $ra← m em [ $rb ]
store $ra,$rb m em [ $rb ] ← $ra

Reg is ter  A r c h itec tur e
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C od e f or C  =  A +  B  f or f our reg ister org aniz ations:
S tack      Accum ul ator      R eg ister R eg ister

(reg -m em ) (l oad -store)
P ush A L oad   A L oad   $r1,A L oad   $r1,A
P ush B Ad d    B Ad d    $r1,B L oad   $r2 ,B
Ad d S tore C S tore C ,$r1 Ad d    $r3,$r1,$r2
P op  C S tore C ,$r3
= >  R eg ister org aniz ation is an attrib ute of  IS A!
C om p arison: B y te p er instruction?  N um b er of  
instructions?  C y cl es p er instruction?

S in ce 1 9 7 5  a l l  ma chin es  us e G P R s

Reg is ter  Or g a niz a tio n A f f ec ts  P r o g r a m m ing



Instruction Set-16 Computer Architecture
C.T.King/T.T.Huang

Outline
� Instruction set architecture
(using  M IP S  IS A as an ex am p l e)

� O p erand s 
� Register operands and their organization
� M em ory  operands, data transf er (S ec  2. 3 )
� I m m ediate operands

� Instruction f orm at
� O p erations

� A rithm etic  and l ogic al
� D ec ision m ak ing and b ranc hes
� J u m ps f or proc edu res

Instruction Set-17 Computer Architecture
C.T.King/T.T.Huang

M em o r y  Op er a nd s
� C  v ariab l es m ap  onto reg isters;  w hat ab out l arg e 
d ata structures l ik e array s?
� M em ory  c ontains su c h data stru c tu res

� B ut M IP S  arithm etic instructions op erate on reg isters, 
not d irectl y  on m em ory
� D ata transf er instru c tions (l w , sw , . . . ) to transf er b etw een 
m em ory  and register

� A  w ay  to address m em ory  operands
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D a ta  T r a ns f er :  M em o r y  to  Reg is ter  ( 1 / 2 )
� T o transf er a w ord  of  d ata, need  to sp ecif y  tw o thing s:

� Register:  spec if y  this b y  nu m b er (0  - 3 1 )
� M em ory  address:  m ore dif f ic u l t

� T hink  of  m em ory  as a 1 D  array
� A ddress it b y  su ppl y ing a pointer to a m em ory  
address

� O f f set (in b y tes) f rom  this pointer
� T he desired m em ory  address is the su m  of  these tw o 
v al u es, e. g. , 8($t0)

� S pec if ies the m em ory  address pointed to b y  the 
v al u e in $t0, pl u s 8  b y tes (w hy  “b y tes”, not 
“w ords”? )

� E ac h address is 3 2 b its
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D a ta  T r a ns f er :  M em o r y  to  Reg is ter  ( 2 / 2 )
� L oad  Instruction S y ntax :

lw $t0,12($s0)
1 ) operation nam e
2) register that w il l  rec eiv e v al u e
3 ) nu m eric al  of f set in b y tes
4 ) register c ontaining pointer to m em ory

� E x am p l e: lw $t0,12($s0)
� l w (L oad W ord, so a w ord (3 2 b its) is l oaded at a tim e) 
� T ak e the pointer in $s0, add 1 2 b y tes to it, and then l oad the v al u e f rom  the m em ory  pointed to b y  this c al c u l ated su m  into register $t0

� N otes:
� $s0 is c al l ed the b a s e  re g i s t e r, 1 2 is c al l ed the of f s e t
� O f f set is general l y  u sed in ac c essing el em ents of  array :  b ase register points to the b eginning of  the array
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D a ta  T r a ns f er :  Reg is ter  to  M em o r y
� Al so w ant to store v al ue f rom  a reg ister into m em ory
� S tore instruction sy ntax  is id entical  to L oad  instruction 
sy ntax

� E x am p l e: sw $t0,12($s0)
� sw (m eaning S tore W ord, so 3 2 b its or one w ord are 
l oaded at a tim e)

� T his instru c tion w il l  tak e the pointer in $s0, add 1 2 b y tes 
to it, and then store the v al u e f rom  register $t0 into the 
m em ory  address pointed to b y  the c al c u l ated su m
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� C om p il e b y  hand  using  reg isters:
g: $s1, h: $s2, $s3:b ase ad d ress of  A

g = h + A[8];

� W hat of f set in lw to sel ect an array  el em ent A[8] in a 
C  p rog ram ?
� 4 x 8 = 3 2 b y tes to sel ec t A[8]
� 1 st transf er f rom  m em ory  to register:

lw $t0,32($s3) # $t0 gets A[8]
� A dd 32 to $s3 to sel ec t A[8], pu t into $t0

� N ex t ad d  it to h and  p l ace in g
add $s1,$s2,$t0 # $s1 = h+A[8]

C o m p ila tio n w ith  M em o r y
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Called the “address” of a word

� C om p uters need ed  to access 8 -b it b y tes as w el l  as 
w ord s (4  b y tes/ w ord )

� T od ay , m achines ad d ress m em ory  as b y tes, hence 
w ord  ad d resses d if f er b y  4
� Memory[0], Memory[4], Memory[8],…
� T his is al so w hy  l w and sw u se b y tes in of f set

A d d r es s ing :  B y te v er s us  W o r d
� E v ery  w ord  in m em ory  has an ad d ress, sim il ar to an 
ind ex  in an array

� E arl y  com p uters num b ered  w ord s l ik e C  num b ers 
el em ents of  an array :
� M em ory [ 0 ] , M em ory [ 1 ] , M em ory [ 2] ,  …
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� M IP S  req uires that al l  w ord s start at ad d resses that are 
m ul tip l es of  4  b y tes

� C al l ed  Al ig nm ent: ob j ects m ust f al l  on ad d ress that is 
m ul tip l e of   their siz e

0     1     2     3
Aligned

Not
Aligned

A  N o te a b o ut M em o r y :  A lig nm ent
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msb lsb
3         2        1         0

little endian byte 0

0         1         2          3
big endian byte 0

A no th er  N o te:  E nd ia nes s
� B y te ord er: num b ering  of  b y tes w ithin a w ord
� B ig  E nd ian: ad d ress of  m ost sig nif icant b y te =  w ord  
ad d ress (x x 00 =  B ig  E nd  of  w ord )
� I B M  3 6 0 / 3 7 0 , M otorol a 6 8 k , M I P S , S parc , H P  P A

� L ittl e E nd ian: ad d ress of  l east sig nif icant b y te =  w ord  
ad d ress (00x x  =  L ittl e E nd  of  w ord )
� I ntel  8 0 x 8 6 , D E C  V ax , D E C  A l pha (W indow s N T )
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M IP S  D a ta  T r a ns f er  Ins tr uc tio ns
Instruction C om m ent
sw  $t3,5 00($t4 ) S tore w ord
sh $t3,5 02 ($t2 ) S tore hal f
sb  $t2 ,4 1($t3) S tore b y te
l w $t1, 30($t2 ) L oad  w ord
l h $t1, 4 0($t3) L oad  hal f w ord
l hu $t1, 4 0($t3) L oad  hal f w ord unsig ned
l b $t1, 4 0($t3) L oad  b y te
l b u $t1, 4 0($t3) L oad  b y te unsig ned
l ui $t1, 4 0 L oad  U p p er Im m ed iate

(16  b its shif ted  l ef t b y  16 )

W hat does it m ean?
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l b $ t1 ,  0 ( $ t0 ) F7 Sign-extended

lbu $t2, 0($t0) F7

$t0

$t1

$t2

F7 F012 …… F7F7

FFFFFF

000000 Zero-extended

L o a d  B y te U ns ig ned
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� W hat if  m ore v ariab l es than reg isters?
� C om pil er tries to k eep m ost f req u entl y  u sed v ariab l es 
in registers

� W rites l ess c om m on v ariab l es to m em ory :  spil l ing
� W hy  not k eep  al l  v ariab l es in m em ory ?

� S m al l er is f aster:
registers are f aster than m em ory

� Registers m ore v ersatil e:  
� M I PS  ari th meti c i nstru cti ons can read 2 reg i sters,  operate 
on th em,  and w ri te 1  per i nstru cti on

� M I PS  data transfers only read or w ri te 1  operand per 
i nstru cti on,  and no operati on

Ro le o f  Reg is ter s v s .  M em o r y
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Outline
� Instruction set architecture
(using  M IP S  IS A as an ex am p l e)

� O p erand s 
� Register operands and their organization
� M em ory  operands, data transf er, and addressing
� I m m ediate operands (S ec  2. 3 )

� Instruction f orm at
� O p erations

� A rithm etic  and l ogic al
� D ec ision m ak ing and b ranc hes
� J u m ps f or proc edu res
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C o ns ta nts
� S m al l  constants used  f req uentl y  (5 0%  of  op erand s) 

e. g . , A =  A +  5 ;
B  =  B  +  1;
C  =  C  - 18 ;

� S ol utions?   W hy  not?
� pu t ' ty pic al  c onstants'  in m em ory  and l oad them
� c reate hard-w ired registers (l ik e $zero) f or c onstants

� M IP S  Instructions:
ad d i $2 9 , $2 9 , 4
sl ti $8 , $18 , 10
and i $2 9 , $2 9 , 6
ori $2 9 , $2 9 , 4

� D esig n P rincip l e:  M ak e the com m on case f ast
W hich f orm at?
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Im m ed ia te Op er a nd s  
� Im m ed iate: num erical  constants

� O f ten appear in c ode, so there are spec ial  instru c tions 
f or them

� A dd I m m ediate:
f = g + 10          (in C )
addi $s0,$s1,10     (in M I P S )

w here $s0,$s1 are assoc iated w ith f,g 
� S y ntax  sim il ar to add instru c tion, ex c ept that l ast 
argu m ent is a nu m b er instead of  a register

� O ne partic u l ar im m ediate, the nu m b er zero (0 ), 
appears v ery  of ten in c ode;  so w e def ine register zero 
($0 or $zero) to al w ay s 0

� T his is def ined in hardw are, so an instru c tion l ik e
addi $0,$0,5 w il l  not do any thing
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Outline
� Instruction set architecture
(using  M IP S  IS A as an ex am p l e)

� O p erand s 
� Register operands and their organization
� M em ory  operands, data transf er
� I m m ediate operands

� Instruction f orm at (S ec.  2 . 4 .  2 . 9 )
� O p erations

� A rithm etic  and l ogic al
� D ec ision m ak ing and b ranc hes
� J u m ps f or proc edu res
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Ins tr uc tio ns  a s  N um b er s
� C urrentl y  w e onl y  w ork  w ith w ord s (32 -b it b l ock s):

� E ac h register is a w ord
� lw and sw b oth ac c ess m em ory  one w ord at a tim e

� S o how  d o w e rep resent instructions?
� Rem em b er:  C om pu ter onl y  u nderstands 1 s and 0 s, so 
“add $t0,$0,$0” is m eaningl ess to hardw are

� M I P S  w ants sim pl ic ity :  sinc e data is in w ords, m ak e 
instru c tions b e w ords…
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M IP S  Ins tr uc tio n F o r m a t
� O ne instruction is 32  b its
= >  d iv id e instruction w ord  into “f iel d s”
� E ac h f iel d tel l s c om pu ter som ething ab ou t instru c tion

� W e coul d  d ef ine d if f erent f iel d s f or each instruction, 
b ut M IP S  is b ased  on sim p l icity , so d ef ine 3 b asic 
ty p es of  instruction f orm ats:
� R-f orm a t :  f or register
� I-f orm a t :  f or im m ediate, and lw and sw (sinc e the of f set 
c ou nts as an im m ediate) 

� J-f orm a t :  f or j u m p
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6 5 5 5 65
opcode rs rt rd functshamt

R-F o r m a t Ins tr uc tio ns  ( 1 / 2 )
� D ef ine the f ol l ow ing  “f iel d s”:

� opcode:  partial l y  spec if ies w hat instru c tion it is (N ote:  0  
f or al l  R-F orm at instru c tions)

� funct:  c om b ined w ith opcode to spec if y  the instru c tion
Q u estion:  W hy  aren’t opcode and funct a singl e 1 2-b it 
f iel d?

� rs (S ou rc e Register):  g e n e ra l l y u sed to spec if y  register 
c ontaining f irst operand

� rt (T arget Register):  g e n e ra l l y u sed to spec if y  register 
c ontaining sec ond operand

� rd (D estination Register):  g e n e ra l l y u sed to spec if y  
register w hic h w il l  rec eiv e resu l t of  c om pu tation
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R-F o r m a t Ins tr uc tio ns  ( 2 / 2 )
� N otes ab out reg ister f iel d s:

� E ac h register f iel d is ex ac tl y  5  b its, w hic h m eans that it 
c an spec if y  any  u nsigned integer in the range 0 -3 1 .   
E ac h of  these f iel ds spec if ies one of  the 3 2 registers b y  
nu m b er.

� F inal  f iel d :
� shamt:  c ontains the am ou nt a shif t instru c tion w il l  shif t 
b y .   S hif ting a 3 2-b it w ord b y  m ore than 3 1  is u sel ess, so 
this f iel d is onl y  5  b its

� T his f iel d is set to 0  in al l  b u t the shif t instru c tions
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R-F o r m a t E x a m p le ( 1 / 2 )
� M IP S  Instruction:

add   $8,$9,$10
� opc ode =  0  (l ook  u p in tab l e)
� f u nc t =  3 2 (l ook  u p in tab l e)
� rs =  9  (f irst operand)
� rt =  1 0  (sec ond operand)
� rd =  8  (destination)
� sham t =  0  (not a shif t)

000000 01001 01010 01000 10000000000

b inary  representation:

c al l ed a M ac hine L angu age I nstru c tion
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6 5 5 16
opcode rs rt immediate

I-F o r m a t Ins tr uc tio ns
� D ef ine the f ol l ow ing  “f iel d s”:

� opcode:  u niq u el y  spec if ies an I -f orm at instru c tion
� rs:  spec if ies the on l y register operand
� rt:  spec if ies register w hic h w il l  rec eiv e resu l t of  c om pu tation ( t a rg e t  re g i s t e r)
� addi, slti, slitu, im m ediate is sign-ex tended to 3 2 b its, and treated as a signed integer
� 1 6  b its � c an b e u sed to represent im m ediate u p to 216dif f erent v al u es

� K ey  concep t: O nl y  one f iel d  is inconsistent w ith R -f orm at.   M ost im p ortantl y , opcode is stil l  in sam e l ocation
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I-F o r m a t E x a m p le 1
� M IP S  Instruction:

addi   $21,$22,-50
� opc ode =  8  (l ook  u p in tab l e)
� rs =  22 (register c ontaining operand)
� rt =  21  (target register)
� im m ediate =  -5 0  (b y  def au l t, this is dec im al )

8 22 21 -50

001000 10110 10101 1111111111001110

dec im al  representation:

b inary  representation:
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I-F o r m a t E x a m p le 2
� M IP S  Instruction:

lw   $t0,1200($t1)
� opc ode =  3 5  (l ook  u p in tab l e)
� rs =  9  (b ase register)
� rt =  8  (destination register)
� im m ediate =  1 20 0  (of f set)

35 9 8 1200

100011 01001 01000 0000010010110000

dec im al  representation:

b inary  representation:
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I-F o r m a t P r o b lem
W hat if  im m ed iate is too b ig  to f it in im m ed iate f iel d ?
� L oad  U p p er Im m ed iate:

lui   register, immediate
� pu ts 1 6 -b it im m ediate in u pper hal f  (high order hal f ) of  
the spec if ied register, and sets l ow er hal f  to 0 s

addi   $t0,$t0, 0xABABCDCD
b ec om es:

lui    $at, 0xABAB
ori    $at, $at, 0xCDCD
add    $t0,$t0,$at

0000 … 0000

LUI     R1

R1
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B ig  Id ea :  S to r ed -P r o g r a m  C o nc ep t
� C om p uters b uil t on 2  k ey  p rincip l es:

1) Instructions are rep resented  as num b ers
2 ) T hus, entire p rog ram s can b e stored  in m em ory  to 
b e read  or w ritten j ust l ik e num b ers (d ata)

� One consequence: everything addressed
� E v ery thing has a m em ory  address:  instru c tions, data

� b oth  b ranch es and j u mps u se th ese
� O ne register k eeps address of  the instru c tion b eing 
ex ec u ted:  “P rogram  C ou nter” (P C )
� B asi cally a poi nter to memory:  I ntel calls i t I nstru cti on 
Address Poi nter,  w h i ch  i s b etter

� A  register c an hol d any  3 2-b it v al u e.   T hat v al u e c an 
b e a (signed) int, an u nsigned int, a pointer (m em ory  
address), etc .
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Outline
� Instruction set architecture
(using  M IP S  IS A as an ex am p l e)

� O p erand s
� Register operands and their organization
� M em ory  operands, data transf er, and addressing
� I m m ediate operands

� Instruction f orm at
� O p erations 

� A rithm etic  and l ogic al  (S ec  2. 5 )
� D ec ision m ak ing and b ranc hes
� J u m ps f or proc edu res
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Instruction Example Meaning Comments
add add $1,$2,$3         $1 = $2 + $3               3 operands; 
subtract sub $1,$2,$3         $1 = $2 - $3                3 operands; 
add immediate addi $1,$2,100      $1 = $2 + 100            + constant; 

M IP S  A r ith m etic  Ins tr uc tio ns
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B itw is e Op er a tio ns
� U p  until  now , w e’v e d one arithm etic (add, sub, addi) 
and  m em ory  access (lw and  sw)

� Al l  of  these instructions v iew  contents of  reg ister as a 
sing l e q uantity  (such as a sig ned  or unsig ned  integ er)

� N ew  p ersp ectiv e: V iew  contents of  reg ister as 32  b its 
rather than as a sing l e 32 -b it num b er

� S ince reg isters are com p osed  of  32  b its, w e m ay  
w ant to access ind iv id ual  b its rather than the w hol e.

� Introd uce tw o new  cl asses of  instructions:
� L ogic al  O perators
� S hif t I nstru c tions
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L o g ic a l Op er a to r s
� L og ical  instruction sy ntax :

or $t0, $t1, $t2
1 ) operation nam e
2) register that w il l  rec eiv e v al u e
3 ) f irst operand (register)
4 ) sec ond operand (register) or im m ediate (nu m eric al  
c onstant)

� Instruction nam es:
� and, or:  ex pec t the third argu m ent to b e a register
� andi, ori:  ex pec t the third argu m ent to b e im m ediate

� M IP S  L og ical  O p erators are al l  b itw ise, m eaning  that 
b it 0 of  the outp ut is p rod uced  b y  the resp ectiv e b it 
0’s of  the inp uts, b it 1 b y  the b it 1’s, etc.
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U s e f o r  L o g ic a l Op er a to r  A nd
� and op erator can b e used  to set certain p ortions of  a 
b it-string  to 0s, w hil e l eav ing  the rest al one = >  m ask

� E x am p l e:
1011 0110 1010 0100 0011 1101 1001 1010
0000 0000 0000 0000 0000 1111 1111 1111

� T he resul t of  and ing these tw o is:
0000 0000 0000 0000 0000 1101 1001 1010

� In M IP S  assem b l y : andi $t0,$t0,0xFFF

Mask:
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U s es  f o r  L o g ic a l Op er a to r  Or
� or op erator can b e used  to f orce certain b its of  a 
string  to 1s

� F or ex am p l e,
$t0 =  0x12345678, then af ter

ori $t0, $t0, 0xFFFF
$t0 =  0x1234FFFF
(e. g .  the hig h-ord er 16  b its are untouched , w hil e 
the l ow -ord er 16  b its are set to 1s)
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S h if t Ins tr uc tio ns  ( 1 / 3 )
� S hif t Instruction S y ntax :

sll   $t2,$s0,4
1 ) operation nam e
2) register that w il l  rec eiv e v al u e
3 ) f irst operand (register)
4 ) shif t am ou nt (c onstant)

� M IP S  has three shif t instructions:
� sll (shif t l ef t l ogic al ):  shif ts l ef t, f il l s em pties w ith 0 s
� srl (shif t right l ogic al ):  shif ts right, f il l s em pties w ith 0 s
� sra (shif t right arithm etic ):  shif ts right, f il l s em pties b y  
sign ex tending
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S h if t Ins tr uc tio ns  ( 2 / 3 )
� M ov e (shif t) al l  the b its in a w ord  to the l ef t or rig ht b y  
a num b er of  b its, f il l ing  the em p tied  b its w ith 0s.

� E x am p l e: shif t rig ht b y  8  b its
0001 0010 0011 0100 0101 0110 0111 1000

0000 0000 0001 0010 0011 0100 0101 0110
� E x am p l e: shif t l ef t b y  8  b its
0001 0010 0011 0100 0101 0110 0111 1000

0011 0100 0101 0110 0111 1000 0000 0000
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S h if t Ins tr uc tio ns  ( 3 / 3 )
� E x am p l e: shif t rig ht arithm etic b y  8  b its
0001 0010 0011 0100 0101 0110 0111 1000

0000 0000 0001 0010 0011 0100 0101 0110
� E x am p l e: shif t rig ht arithm etic b y  8  b its
1001 0010 0011 0100 0101 0110 0111 1000

1111 1111 1001 0010 0011 0100 0101 0110
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� S up p ose w e w ant to g et b y te 1 (b it 15  to b it 8 ) of  a w ord  in $t0.  W e can use:
sll   $t0,$t0,16
srl   $t0,$t0,24

0001 0010 0011 0100 0101 0110 0111 1000

0101 0110 0111 1000 0000 0000 0000 0000

0000 0000 0000 0000 0000 0000 0101 0110

U s es  f o r  S h if t Ins tr uc tio ns  ( 1 / 2 )
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U s es  f o r  S h if t Ins tr uc tio ns  ( 2 / 2 )
� S hif t f or m ul tip l ication: in b inary

� M u l tipl y ing b y  4  is sam e as shif ting l ef t b y  2:
� 1 1 2 x  1 0 0 2 =  1 1 0 0 2
� 1 0 1 0 2 x  1 0 0 2 =  1 0 1 0 0 0 2

� M u l tipl y ing b y  2n is sam e as shif ting l ef t b y  n
� S ince shif ting  is so m uch f aster than m ul tip l ication 
(y ou can im ag ine how  com p l icated  m ul tip l ication 
is), a g ood  com p il er usual l y  notices w hen C  cod e 
m ul tip l ies b y  a p ow er of  2  and  com p il es it to a shif t 
instruction:

a *= 8;                          (in C )
w ou l d c om pil e to:
sll   $s0,$s0,3 (in M I P S )
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M IP S  L o g ic a l Ins tr uc tio ns
Instruction Example Meaning Comment
and and $1,$2,$3 $1 = $2 & $3 3 reg. operands; Logical AND
or or $1,$2,$3 $1 = $2 | $3 3 reg. operands; Logical OR
nor nor $1,$2,$3 $1 = ~($2 |$3) 3 reg. operands; Logical NOR
and immediate andi $1,$2,10 $1 = $2 & 10 Logical AND reg, zero exten.
or immediate ori $1,$2,10 $1 = $2 | 10 Logical OR reg, zero exten. 
shift left logical sll $1,$2,10 $1 = $2 << 10 Shift left by constant
shift right logical srl $1,$2,10 $1 = $2 >> 10 Shift right by constant
shift right arithm. sra $1,$2,10 $1 = $2 >> 10 Shift right (sign extend)
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S o  F a r . . .
� Al l  instructions hav e al l ow ed  us to m anip ul ate d ata.
� S o w e’v e b uil t a cal cul ator.
� In ord er to b uil d  a com p uter, w e need  ab il ity  to 
m ak e d ecisions…
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Outline
� Instruction set architecture
(using  M IP S  IS A as an ex am p l e)

� O p erand s 
� Register operands and their organization
� M em ory  operands, data transf er, and addressing
� I m m ediate operands

� Instruction f orm at
� O p erations

� A rithm etic  and l ogic al
� D ec ision m ak ing and b ranc hes (S ec .  2. 6 , 2. 9 )
� J u m ps f or proc edu res
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M IP S  D ec is io n Ins tr uc tio ns
beq  register1, register2, L1

� D ecision instruction in M IP S :
beq   register1, register2, L1
“B ranc h if   (registers are) eq u al ”
m eaning :
if  (register1==register2) goto L1

� C om p l em entary  M IP S  d ecision instruction
bne   register1, register2, L1
“B ranc h if   (registers are) not eq u al ”
m eaning :  
if  (register1!=register2) goto L1

� T hese are cal l ed  cond itional  b ranches
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M IP S  G o to Ins tr uc tio n
j label

� M IP S  has an uncond itional  b ranch:
j label

� C al l ed a J u m p I nstru c tion:  j u m p direc tl y  to the giv en 
l ab el  w ithou t testing any  c ondition

� m eaning :  
goto label

� T echnical l y , it’s the sam e as:
beq $0,$0,label

since it al w ay s satisf ies the cond ition
� It has the j -ty p e instruction f orm at
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Exit

i == j?

f=g+h f=g-h

(false) 
i != j

(true) 
i == j

C o m p iling  C  if into  M IP S
� C om p il e b y  hand

if (i == j) f=g+h; 
else f=g-h;

� U se this m ap p ing :
f: $s0 ,  g: $s1,  h: $s2,
i: $s3 ,  j: $s4

� F inal  com p il ed  M IP S  cod e:
beq $s3,$s4,True # branch i==j
sub $s0,$s1,$s2 # f=g-h(false)
j Fin # go to Fin

True: add $s0,$s1,$s2 # f=g+h (true)
Fin:

N ote: C om p il er autom atical l y  creates l ab el s to hand l e d ecisions (b ranches) ap p rop riatel y
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Ineq ua lities  in M IP S
� U ntil  now , w e’v e onl y  tested  eq ual ities (== and  != in C ), b ut g eneral  p rog ram s need  to test <  and  >  
� S et on L ess T han:

slt  reg1,reg2,reg3
m eaning :

if (reg2 < reg3)
reg1 = 1; # set 
else reg1 = 0; # reset

� C om p il e b y  hand : if (g < h) goto Less;L et g: $s0, h: $s1
slt $t0,$s0,$s1 # $t0 = 1 if g<h
bne $t0,$0,Less # goto Less if $t0!=0

M I P S  has no “b ranc h on l ess than” = >  too c om pl ex
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C
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P
S

Im m ed ia te in Ineq ua lities
� T here is al so an im m ed iate v ersion of   slt to test 
ag ainst constants: slti

if (g >= 1) goto Loop
Loop: . . .

slti $t0,$s0,1    # $t0 = 1 if $s0<1 (g<1)
beq  $t0,$0,Loop  # goto Loop if $t0==0

� U nsig ned  ineq ual ity : sltu, sltiu
$s0 = FFFF FFFAhex,  $s1 = 0000 FFFAhex
slt  $t0, $s0, $s1 = >  $t0 = ?
sltu $t1, $s0, $s1 = >  $t1 = ?
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opcode rs rt immediate

B r a nc h es :  Ins tr uc tio n F o r m a t
� U se I-f orm at:

� opcode spec if ies beq or bne
� Rs and Rt spec if y  registers to c om pare

� W hat can immediate sp ecif y ?  P C -rel ativ e ad d ressing
� Immediate is onl y  1 6  b its, b u t P C  is 3 2-b it
= >  immediate c annot spec if y  entire address

� L oops are general l y  sm al l :  <  5 0  instru c tions
� T h ou g h  w e w ant to b ranch  to anyw h ere i n memory,  a 
si ng le b ranch  only need to ch ang e PC b y a small amou nt

� H ow  to u se P C -rel ativ e addressing
� 1 6 -b i t immediate as a si g ned tw o’s complement i nteg er 
to b e added to th e PC  i f b ranch  tak en

� N ow  w e can b ranch  + / - 2 1 5 b ytes from th e PC  ?

Instruction Set-62 Computer Architecture
C.T.King/T.T.Huang

B r a nc h es :  Ins tr uc tio n F o r m a t
� Immediate sp ecif ies w ord  ad d ress

� I nstru c tions are w ord al igned (b y te address is al w ay s a 
m u l tipl e of  4 , i. e. , it ends w ith 0 0  in b inary )
� T h e nu mb er of b ytes to add to th e PC  w i ll alw ays b e a 
mu lti ple of 4

� S pec if y  the immediate in w ords (c onf u sing? )
� N ow , w e c an b ranc h + / - 215 w ords f rom  the P C  (or + / -
217 b y tes), handl e l oops 4  tim es as l arge

� Immediate sp ecif ies P C  +  4  
� D u e to hardw are, add immediate to (P C + 4 ), not to P C
� I f  b ranc h not tak en:  P C  =  P C  +  4
� I f  b ranc h tak en:  P C  =  (P C + 4 ) +  (immediate* 4 )
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B r a nc h  E x a m p le
� M IP S  C od e:

Loop: beq   $9,$0,End
add   $8,$8,$10
addi  $9,$9,-1
j     Loop

End:
� B ranch is I-F orm at:

opcode =  4  (l ook  u p in tab l e)
rs =  9  (f irst operand)
rt =  0  (sec ond operand)
immediate =  ? ? ?
� N u m b er of  instru c tions to add to (or su b trac t f rom ) the P C , starting at the instru c tion following the b ranc h= >  immediate =  3

opcode rs rt immediate
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� M IP S  C od e:
Loop: beq   $9,$0,End

addi  $8,$8,$10
addi  $9,$9,-1
j     Loop

End:

dec im al  representation:

b inary  representation:
4 9 0 3

000100 01001 00000 0000000000000011

B r a nc h  E x a m p le
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J-F o r m a t Ins tr uc tio ns  ( 1 / 3 )
� F or b ranches, w e assum ed  that w e w on’t w ant to 
b ranch too f ar, so w e can sp ecif y  chang e in P C .

� F or g eneral  j um p s (j and  jal), w e m ay  j um p  to 
any w here in m em ory .

� Id eal l y , w e coul d  sp ecif y  a 32 -b it m em ory  ad d ress to 
j um p  to.

� U nf ortunatel y , w e can’t f it b oth a 6 -b it op cod e and  a 
32 -b it ad d ress into a sing l e 32 -b it w ord , so w e 
com p rom ise.
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J-F o r m a t Ins tr uc tio ns  ( 2 / 3 )
� D ef ine “f iel d s” of  the f ol l ow ing  num b er of  b its each:

� As usual , each f iel d  has a nam e:

� K ey  concep ts:
� K eep opcode f iel d identic al  to R-f orm at and I -f orm at f or 
c onsistenc y

� C om b ine other f iel ds to m ak e room  f or target address
� O p tim iz ation:

� J u m ps onl y  j u m p to w ord al igned addresses
� last tw o b i ts are alw ays 0 0  ( i n b i nary)  
� speci fy 28  b i ts of th e 3 2-b i t b i t address

6 bits 26 bits

opcode target address
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J-F o r m a t Ins tr uc tio ns  ( 3 / 3 )
� W here d o w e g et the other 4  b its?

� T ak e the 4  highest order b its f rom  the P C
� T ec hnic al l y , this m eans that w e c annot j u m p to 
any w here in m em ory , b u t it’s adeq u ate 9 9 . 9 9 9 9 …%  of  
the tim e, sinc e program s aren’t that l ong

� L ink er and l oader av oid pl ac ing a program  ac ross an 
address b ou ndary  of  25 6  M B

� S um m ary :
� N ew  P C  =  P C [ 3 1 . . 28 ]  | |  target address (26  b its) | |  0 0
� N ote:  I I  m eans c onc atenation
4  b its | |  26  b its | |  2 b its =  3 2-b it address

� If  w e ab sol utel y  need  to sp ecif y  a 32 -b it ad d ress:
� U se  j r $r a #  j u m p to the address spec if ied b y  $ra
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M IP S  Jum p ,  B r a nc h ,  C o m p a r e
Instruction Example Meaning
branch on equal beq $1,$2,25 if ($1 == $2) go to PC+4+100

Equal test; PC relative branch
branch on not eq. bne $1,$2,25 if ($1!= $2) go to PC+4+100

Not equal test; PC relative 
set on less than slt $1,$2,$3 if ($2 < $3) $1=1; else $1=0

Compare less than; 2’s comp. 
set less than imm. slti $1,$2,100 if ($2 < 100) $1=1; else $1=0

Compare < constant; 2’s comp..
jump j 10000 go to 10000 26-bit+4-bit of PC
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Outline
� Instruction set architecture
(using  M IP S  IS A as an ex am p l e)

� O p erand s 
� Register operands and their organization
� I m m ediate operands
� M em ory  operands, data transf er, and addressing

� Instruction f orm at
� O p erations

� A rithm etic  and l ogic al
� D ec ision m ak ing and b ranc hes
� J u m ps f or proc edu res (S ec .  2. 7 )
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C  F unc tio n C a ll B o o k k eep ing
... sum(a,b);... /* a:$s0; b:$s1 */
}

int sum(int x, int y) {
return x+y;

}
� R eturn ad d ress $ra
� P roced ure ad d ress Labels
� Arg um ents $a0, $a1, $a2, $a3
� R eturn v al ue $v0, $v1
� L ocal  v ariab l es $s0, $s1, …, $s7
N ote the use of  reg ister conv entions
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C

M
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S

Ins tr uc tio n S up p o r t f o r  F unc tio ns
... sum(a,b);... /* a:$s0; b:$s1 */
}

int sum(int x, int y) { /* x:$a0; y:$a1 */
return x+y;

}

ad d ress1000 add  $a0,$s0,$zero  # x <= a1004 add  $a1,$s1,$zero # y <= b1008 addi $ra,$zero,1016 # $ra <= 10161012 j    sum # jump to sum1016 ...
2 000 sum: add $v0,$a0,$a12 004 jr   $ra # new instruction
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JA L  a nd  JR
� S ing l e instruction to j um p  and  sav e return ad d ress: j um p  and  l ink  (jal)

� Repl ac e:
1 0 0 8 addi $ra,$zero,1016 #$ra=1016
1 0 1 2 j sum #go to sum
w ith:
1 0 1 2 jal sum  # $ra=1016,go to sum

� S tep 1  (l ink ):  S av e address of  ne x t instru c tion into $ra
� S tep 2 (j u m p):  J u m p to the giv en l ab el
� W hy  hav e a jal?  M ak e the c om m on c ase f ast:  
f u nc tions are v ery  c om m on

� j um p  reg ister: jr register
� jr prov ides a register that c ontains an address to j u m p 
to;  u su al l y  u sed f or proc edu re retu rn
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M IP S  Jum p ,  B r a nc h ,  C o m p a r e
Instruction Example Meaning
branch on equal beq $1,$2,25 if ($1 == $2) go to PC+4+100

Equal test; PC relative branch
branch on not eq. bne $1,$2,25 if ($1!= $2) go to PC+4+100

Not equal test; PC relative 
set on less than slt $1,$2,$3 if ($2 < $3) $1=1; else $1=0

Compare less than; 2’s comp. 
set less than imm. slti $1,$2,100 if ($2 < 100) $1=1; else $1=0

Compare < constant; 2’s comp..
jump j 10000 go to 10000 26-bit+4-bit of PC
jump register jr $31 go to $31

For switch, procedure return
jump and link jal 10000 $31 = PC + 4; go to 10000

For procedure call
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N es ted  P r o c ed ur es
int sumSquare(int x, int y) {

return mult(x,x)+ y;
}

� N eed  to sav e sumSquare return ad d ress (sav ed  in 
$ra) b ef ore cal l  to mult
� I n general , m ay  need to sav e som e other inf o in 
addition to $ra

� R ecal l  3 m em ory  areas in a C  p rog ram :
� S t a t ic :  v ariab l es dec l ared onc e per program , c ease to 
ex ist onl y  af ter ex ec u tion c om pl etes

� H e a p :  v ariab l es dec l ared dy nam ic al l y
� S t a c k :  spac e u sed b y  proc edu re at ex ec u tion

� U se the stack  to sav e reg ister v al ues
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0

∞
Address

Code Program

Static Variables declared
once per program

Heap Explicitly created space, 
e.g., malloc(); C pointers

Stack Space for saved 
procedure information$sp

stack
pointer

C  M em o r y  A llo c a tio n
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int sumSquare(int x, int y) {
return mult(x,x)+ y;}

sumSquare:
subi $sp,$sp,12 # space on stack
sw $ra,8($sp) # save ret addr
sw   $a0,0($sp) # save x 
sw   $a1,4($sp) # save y
add $a1,$a0,$zero # mult(x,x)
jal  mult # call mult
lw $ra,8($sp) # get ret addr
lw   $a0,0($sp) # restore x 
lw   $a1,4($sp) # restore y
addi $sp,$sp,12 # => stack space
add  $v0,$v0,$a1 # mult()+y
jr   $ra

C

Epilogue

Prologue

Body

C o m p iling  N es ted  C  F unc tio n
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W h y  P r o c ed ur e C o nv entio ns ?
� D ef initions

� C al l er:  f u nc tion m ak ing the c al l , u sing j al
� C al l ee:  f u nc tion b eing c al l ed

� P roced ure conv entions as a contract b etw een the 
C al l er and  the C al l ee

� If  b oth the C al l er and  C al l ee ob ey  the p roced ure 
conv entions, there are sig nif icant b enef its
� P eopl e w ho hav e nev er seen or ev en c om m u nic ated 
w ith eac h other c an w rite f u nc tions that w ork  together

� Rec u rsion f u nc tions w ork  c orrec tl y
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C a ller ’s  Rig h ts ,  C a llee’s  Rig h ts
� C al l ees’ rig hts:

� Right to u se V A T  registers f reel y
� Right to assu m e argu m ents are passed c orrec tl y

� T o ensure cal l ees’s rig ht, cal l er sav es reg isters:
� Retu rn address $ra
� A rgu m ents $a0 , $a1 , $a2, $a3
� Retu rn v al u e $v 0 , $v 1
� $t Registers $t0  - $t9

� C al l ers’ rig hts:
� Right to u se S  registers w ithou t f ear of  b eing ov erw ritten 
b y  c al l ee

� Right to assu m e retu rn v al u e w il l  b e retu rned c orrec tl y
� T o ensure cal l er’s rig ht, cal l ee sav es reg isters:

� $s Registers $s0  - $s7
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C.T.King/T.T.Huang

C o ntr a c t in F unc tio n C a lls  ( 1 / 2 )
� C al l ee’s resp onsib il ities ( i .e. h ow  to w ri te a fu ncti on)

� I f  u sing $s or b ig l oc al  stru c tu res, sl ide $sp dow n to 
reserv e m em ory :  e. g. , addi $sp, $sp, -48

� I f  u sing $s, sav e b ef ore u sing:  e. g. ,
sw $s0, 44($sp)

� Rec eiv e argu m ents in $a0-3, additional  argu m ents on 
stac k

� Ru n the proc edu re b ody
� I f  not v oid, pu t retu rn v al u es in $v0,1
� I f  appl ic ab l e, u ndo f irst tw o steps:  e. g. ,
lw $s0, 44($sp)     addi $sp, $sp, 48

� jr $ra
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C o ntr a c t in F unc tio n C a lls  ( 2 / 2 )
� C al l er’s resp onsib il ities ( h ow  to call a fu ncti on)

� S l ide $sp dow n to reserv e m em ory :
e. g. , addi $sp, $sp, -28

� S av e $ra on stac k  b ec au se jal c l ob b ers it:                    
e. g. , sw $ra, 24 ($sp)

� I f  stil l  need their v al u es af ter f u nc tion c al l , sav e $v, 
$a, $t on stac k  or c opy  to $s registers

� P u t f irst 4  w ords of  argu m ents in $a0-3, additional  
argu m ents go on stac k :  “a4 ” is 16($sp)

� jal to the desired f u nc tion
� Rec eiv e retu rn v al u es in $v0, $v1
� U ndo f irst steps:  e. g.  lw $t0, 20($sp) lw $ra, 
24($sp) addi $sp, $sp, 28
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int Doh(int i, int j, int k, int m, 
char c, int n)

{
return i+j+n;

}

Doh: lw $t0, 20($sp)

add $a0, $a0, $a1

add $v0, $a0, $t0

jr $ra

6th argument

A n E x a m p le o f  P a s s ing  A r g um ents
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0 zero constant 0

1 at reserved for assembler

2 v0 expression evaluation &

3 v1 function results

4 a0 arguments

5 a1

6 a2

7 a3

8 t0 temporary: caller saves

. . . (callee can clobber)

15 t7

Reg is ter s  C o nv entio ns  f o r  M IP S
16 s0 callee saves

. . . (caller can clobber)

23 s7

24 t8 temporary (cont’d)

25 t9

26 k0 reserved for OS kernel

27 k1

28 gp pointer to global area

29 sp stack pointer

30 fp frame pointer

31 ra return address (HW)

F ig .  2 . 18
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A d d r es s ing  M o d es
Addressi ng  mode E x ample M eani ng
R eg i ster Add R 4 , R 3 R 4  ← R 4 + R 3
I mmedi ate Add R 4 , # 3 R 4  ← R 4 + 3
Di splacement Add R 4 , 1 0 0 ( R 1 ) R 4  ← R 4 + M em[1 0 0 + R 1 ]
R eg i ster i ndi rect     Add R 4 , ( R 1 ) R 4  ← R 4 + M em[R 1 ]
I ndex ed /  B ase      Add R 3 , ( R 1 + R 2) R 3  ← R 3 + M em[R 1 + R 2]
Di rect /  Ab solu te   Add R 1 , ( 1 0 0 1 ) R 1  ← R 1 + M em[1 0 0 1 ]
M emory i ndi rect    Add R 1 , @ ( R 3 ) R 1  ← R 1 + M em[M em[R 3 ] ]
Au to-i ncrement     Add R 1 , ( R 2) +  R 1  ← R 1 + M em[R 2]

R 2 ← R 2+ d 
Au to-decrement    Add R 1 , -( R 2) R 2 ← R 2-d

R 1 ← R 1 + M em[R 2]
S caled Add R 1 , 1 0 0 ( R 2) [R 3 ] R 1  ← R 1 +

M em[1 0 0 + R 2+ R 3 * d]M IP S  onl y  sup p orts these
= >  sim p l e is f ast
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M IP S  A d d r es s ing  M o d e
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M P IS  A d d r es s ing  M o d es

To To 
S u m m a r i z e  S u m m a r i z e  

MIPS operands

Name Example Comments
$s0-$s7, $t0-$t9, $zero, Fast locations for data. In MIPS, data must be in registers to perform 

32 registers $a0-$a3, $v0-$v1, $gp, arithmetic.  MIPS register $zero always equals 0.  Register $at is 
$fp, $sp, $ra, $at reserved for the assembler to handle large constants.

Memory[0], Accessed only by data transfer instructions. MIPS uses byte addresses, so

230 memory Memory[4], ..., sequential words differ by 4. Memory holds data structures, such as arrays,
words Memory[4294967292] and spilled registers, such as those saved on procedure calls.

MIPS assembly language
Category Instruction Example Meaning Comments

add add $s1, $s2, $s3 $s1 = $s2 + $s3 Three operands; data in registers

Arithmetic subtract sub $s1, $s2, $s3 $s1 = $s2 - $s3 Three operands; data in registers

add immediate addi $s1, $s2, 100 $s1 = $s2 + 100 Used to add constants

load word lw  $s1, 100($s2) $s1 = Memory[$s2 + 100] Word from memory to register

store word sw  $s1, 100($s2) Memory[$s2 + 100] = $s1 Word from register to memory

Data transfer load byte lb  $s1, 100($s2) $s1 = Memory[$s2 + 100] Byte from memory to register

store byte sb  $s1, 100($s2) Memory[$s2 + 100] = $s1 Byte from register to memory
load upper immediate lui $s1, 100 $s1 = 100 * 216 Loads constant in upper 16 bits

branch on equal beq  $s1, $s2, 25 if ($s1 == $s2) go to
PC + 4 + 100

Equal test; PC-relative branch

Conditional

branch on not equal bne  $s1, $s2, 25 if ($s1 != $s2) go to
PC + 4 + 100

Not equal test; PC-relative

branch set on less than slt  $s1, $s2, $s3 if ($s2 < $s3)  $s1 = 1;
else $s1 = 0

Compare less than; for beq, bne

set less than
immediate

slti  $s1, $s2, 100 if ($s2 < 100)  $s1 = 1;
else $s1 = 0

Compare less than constant

jump j    2500 go to 10000 Jump to target address

Uncondi- jump register jr   $ra go to $ra For switch, procedure return

tional jump jump and link jal  2500 $ra = PC + 4; go to 10000 For procedure call Instruction Set-87 Computer Architecture
C.T.King/T.T.Huang

S um m a r y :  M IP S  IS A  ( 1 / 2 )
� 32 -b it f ix ed  f orm at instructions (3 f orm ats)
� 32  32 -b it G P R  (R 0 =  z ero), 32  F P  reg isters, (and  H I L O )

� partitioned b y  sof tw are c onv ention
� 3-ad d ress, reg -reg arithm etic instructions
� M em ory  is b y te-ad d ressab l e w ith a sing l e ad d ressing  m od e: b ase+ d isp l acem ent

� 1 6 -b it im m ediate pl u s L U I
� D ecision m ak ing  w ith cond itional  b ranches: b eq , b ne

� O f ten c om pare against zero or tw o registers f or =
� T o hel p dec isions w ith ineq u al ities, u se:  “S et on L ess T han”c al l ed sl t, sl ti, sl tu , sl tu i

� J um p  and  l ink  p uts return ad d ress P C + 4  into l ink  reg ister (R 31) 
� B ranches and  J um p s w ere op tim iz ed  to ad d ress to w ord s, f or g reater b ranch d istance
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S um m a r y :  M IP S  IS A  ( 2 / 2 )
� Im m ed iates are ex tend ed  as f ol l ow s:

� l ogic al  im m ediate:  zero-ex tended to 3 2 b its
� arithm etic  im m ediate:  sign-ex tended to 3 2 b its
� D ata l oaded b y l b and l h are sim il arl y  ex tended:
l b u , l hu are zero ex tended; l b , l h are sign ex tended

� S im p l if y ing  M IP S : D ef ine instructions to b e sam e siz e 
as d ata (one w ord ), so they  can use sam e m em ory

� S tored  P rog ram  C oncep t: B oth d ata and  actual  cod e 
(instructions) are stored  in the sam e m em ory

� Instructions f orm ats are k ep t as sim il ar as p ossib l e
opcode rs rt rd functshamt
opcode rs rt immediate

R
I

opcode target addressJ
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� D esig n al ternativ e:
� prov ide m ore pow erf u l  operations
� goal  is to redu c e nu m b er of  instru c tions ex ec u ted
� danger is a sl ow er c y c l e tim e and/ or a higher C P I

� L et’s l ook  (b rief l y ) at IA-32

–“The path toward operation complexity is thus fraught with peril.
To avoid these problems, designers have moved toward simpler 
instructions”

A lter na tiv e A r c h itec tur es
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IA -3 2
� 1978:  I n t e l  80 86  i s  a n n o u n c e d  ( 16  b i t  a r c h i t e c t u r e )
� 1980 :  80 87 f l o a t i n g  p o i n t  c o p r o c e s s o r  i s  a d d e d
� 1982 :  80 2 86  i n c r e a s e s  a d d r e s s  s p a c e  t o  2 4  b i t s ,  + i n s t r u c t i o n s
� 1985 :  80 3 86  e x t e n d s  t o  3 2  b i t s ,  n e w  a d d r e s s i n g  m o d e s
� 1989-1995 : 80 4 86 ,  P e n t i u m ,  P e n t i u m  P r o  a d d  a  f e w   i n s t r u c t i o n s

( m o s t l y  d e s i g n e d  f o r  h i g h e r  p e r f o r m a n c e )
� 1997:  5 7 n e w  “M M X ” i n s t r u c t i o n s  a r e  a d d e d ,  P e n t i u m  I I
� 1999:  P e n t i u m  I I I  a d d e d  a n o t h e r  70  i n s t r u c t i o n s  ( S S E )
� 2 0 0 1:  A n o t h e r  14 4  i n s t r u c t i o n s  ( S S E 2 )
� 2 0 0 3 :  A M D  e x t e n d s  t o  i n c r e a s e  a d d r e s s  s p a c e  t o  6 4  b i t s ,

w i d e n s  a l l  r e g i s t e r s  t o  6 4  b i t s  a n d  o t h e r  c h a n g e s  ( A M D 6 4 )
� 2 0 0 4 :  I n t e l  c a p i t u l a t e s  a n d  e m b r a c e s  A M D 6 4  ( c a l l s  i t  E M 6 4 T )  a n d

a d d s  m o r e  m e d i a  e x t e n s i o n s
“T h i s  h i s t o r y  i l l u s t r a t e s  t h e  i m p a c t  o f  t h e  “go l d e n  h a n d c u f f s ” o f  c o m p a t i b i l i t y
“a d d i n g n e w  f e a t u r e s  a s  s o m e o n e  m i gh t  a d d  c l o t h i n g t o  a  p a c k e d  b a g”
“a n  a r c h i t e c t u r e  t h a t  i s  d i f f i c u l t  t o  e x p l a i n  a n d  i m p o s s i b l e  t o  l o v e ”
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IA-3 2  O v e r v i e w
� Complexity:
� Instructions from 1 to 17 bytes long
� one op era nd  must a ct a s both  a  source a nd  d estina tion
� one op era nd  ca n come from memory
� comp lex  a d d ressing mod ese. g. ,  “ba se or sca led  ind ex  w ith  8  or 3 2  bit d isp la cement”

� S a v in g  g r a c e:
� th e most freq uently used  instructions a re not too d ifficult to build
� comp ilers a v oid  th e p ortions of th e a rch itecture th a t a re slow

“what the 80x86 lacks in style is made up in quantity, 
making it beautiful from the right perspective”
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IA-3 2  R e g i s t e r s  &  D a t a  Ad d r e s s i n g
� R eg is ter s  in  3 2 -b it s u b s et th a t or ig in a ted  w ith  8 0 3 8 6

GPR 0

GPR 1

GPR 2

GPR 3

GPR 4

GPR 5

GPR 6

GPR 7

Code segment pointer

Stack segment pointer (top of stack)

Data segment pointer 0

Data segment pointer 1

Data segment pointer 2

Data segment pointer 3

Instruction pointer (PC)

Condition codes

Use
031

Name

EAX

ECX

EDX

EBX

ESP

EBP

ESI

EDI

CS

SS

DS

ES

FS

GS

EIP

EFLAGS

F ig .  2 . 4 0
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IA-3 2  R e g i s t e r  R e s t r i c t i o n s
� R eg is ter s  a r e n ot “g en er a l pu r pos e” – n ote th e 
r es tr ic tion s  b elow

F ig .  2 . 4 2
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IA-3 2  T y p i c a l  In s t r u c t i o n s
� F ou r  ma j or  types  of  in teg er  in s tr u c tion s :
� D a ta  mov ement includ ing mov e,  p ush ,  p op
� A rith metic a nd  logica l ( d estina tion register or memory)
� C ontrol flow  ( use of cond ition cod es /  fla gs )
� S tring instructions,  includ ing string mov e a nd  comp a re

F ig .  2 . 4 3
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IA-3 2  i n s t r u c t i o n  F o r m a t s
� T ypic a l f or ma ts :  ( n otic e th e d if f er en t len g th s )

F ig .  2 . 4 5



Instruction Set-96 Computer Architecture
C.T.King/T.T.Huang

S u m m a r y
� I n s tr u c tion  c omplexity is  on ly on e v a r ia b le
� low er instruction count v s.  h igh er C P I /  low er clock  ra te

� D es ig n  P r in c iples :
� simp licity fa v ors regula rity
� sma ller is fa ster
� good  d esign d ema nd s comp romise
� ma k e th e common ca se fa st

� I n s tr u c tion  s et a r c h itec tu r e
� a  v ery imp orta nt a bstra ction ind eed !


