IBM 360

& Tomasulo’s Algorithm



Amdanhl

Amdahl’s parallelism law: If a computation has a serial
component S and a parallel component P, then the
maximum speedup is (S+P)/S.

Amdahl’s balanced system law: A system needs a bit of

IO per second for each instruction per second:
about 8 MIPS per MBps.

Amdahl’s memory law: In a balanced system the MB/
MIPS ratio 1s 1.

Amdahl’s IO law: Programs do one 10 per 50,000
instructions.
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OR (<l

Pack

Read Direet (b,p)

Set Program Mask {n)

Sat Sronace Key (a,0)

Set Systern Mask (p)
Shift Lent Double (2)
Shift Left Double Logicsl
Shift Lett Single |2}

Shift Left Single Logicsl
Enift Right Doubls {c)
Shift Rignt Double Logical
Shift Right Single ()
Shift Right Single Logical
Start VO (cp)

Store

Store Charncter

Stoee Hollword

Store Mudtiple

Stors Mudtiple Control (&)
Subtract {cl

Subtract [¢]

Subtract Decimal (¢,d)
Subtract Halfword |c)
Subtract Logical ¢}
Subtract Logisal 1o}
Supervisor Call

Tust and Set (ol

Tast Channal (c,p)

Tesa 1O lop)

Tost uncher Mask |¢)
Trandate

Tronslate and Test (¢l
Urpack

Write Dirvct (bp)

Zevo snd Add {c.d)

NOTES FOR PANELS 1-3
a. Protection festure

b. Direct control feature
¢, Congitian code is wt

MACHINE FORMATS

o
PACK
RDD

sLoa

SRDA

svo
s
TCH
To
™
™
IRT
UNFK
WED
ZAP

SERENE

BF
8D
e
89
8E
Lo
8A
uE
o9c
B0
a2
40
80
BO
1B
£B
FR
48
1F
&F
DA
a3
SF
20
81
o
[H
F3
24
F8

d. Decimal feswre
e. Model 67
n. New condition
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DAL B1LD2(H2)
DIILLEN D2IL2 BY)

DB1)12

A1

H1,K2

DB
H1,02(82)
R1.02{82)
H1,02(82)
H1,02(82)
A1,02{83)
H1,02{82)
R1,02(82)
H1,02{82)
D181
H1,02(Xx2 B82)
A1,02{X2.02)
H1,02(X2 H2)
R1,RA.C2102)
R1,RA.02B2)
R1,R2
R1,02{X2.82)

DALY B, 02(L2,82)

R1,02{X2,82)
R1,R2
f1,02{x%2,82)
I

D1(B1)
D1B1)
D11B1)
D812

DL, B1),02(82)
DL BG2(H2)

@ «

DL BN D2(L2,B2)

DB 2

DL BILD2(L2,BZ)

cede is logned

. Privileged irmtroction |
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| siasTuaLrwono | | SEcono HALFWORD 3 I THIRD MALFADRD 3 J
o

REGISTER REGISTER
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1
, |
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) |,_¢Aq1_‘\ﬁ |
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| | 1 !
| REGISTEA ! ADORESS GF !
OPERAND | ’ OPERAND 7 |
L A — .

- Op Code A | x2 | o2 | D2

) 7ls 1112 1516 1936 a

ACGISTIR ACGISTER  ADORCES Or
CPERAND 1 CVERAND 3 OMENMAND 2
.

|
|
|
| T
nsl_OoCode | R | A3 | €2 ] 02 |
[ "'l 1112 lillo 1920 .N' |
|
\ 1IMMEDIATE| ADDRESS ?F |
: OPEHAND DFY RAND |
'_—N—\( —_— a
B~ TS IR T 2 i Y '
m[ Op Cod 12 | 81| D1 ]
B 73 1516 1930 e an
|
rl NOT ¥ 1 ADORE S5 OF
- fRAo ) B5PRiNo s OFFRANDY | OPERANG
‘ - —
| OpCode | LI | L2 | &1 | o1 | 82 02
o T8 IMZ 1516 1920 3138 3 6 K3
58* : | ’ | |
! ADDARrs | R’rSS |
| | LewnaTH | CPERAND I | Sefeans 3" {6
Op Cooe L 1 o | o1 ll k2 | 02
.0 = 1514 1930 13T 383n ar

FLOATING-POINT FEATURE INSTRUCTIONS

Add Normalized, Extended |o,x) AXH 36
Add Narmelizad . Long (<) ADR Z2A
Add Narmalized, Long (<) AD 6A
Add Narmalized, Short {(c) AER aa
Add Narmalized, Short (c) AF A
Add Uanarmalized, Long (c) AWK 7E
Add Unnarralized, Lorg (c) AW 6E
Add Unnarmalized, Shart (c) AUH 3E
Add Unanarmatized, Shart (e} Al 7E
Campare, Long (¢} COR 29
Campare, Lang (¢} co (5.1
Campare, Shor [c) CER 9
Campare, Short [c) CE ™
Divucke, Lang DDR 20
Divicke, Lang Do B
Divicl, Shoet DER S0
Diviche, Short DE m
Halve, Lang HOR 24
Halve, Short KER s
Load and Test, Long le) LTOR 22
Lot and Test, Short (o) LTER 32
Load Camplement, Lang (¢} LCOR 23
Losd Complament, Short |o} LCER 33
Load, Long LD=R 28
Lowd, Long LD BB
Lowd Negative, Lang (o} LNDH 20
Load Negative, Short (] INER N
Lowd Positiva, Long (o} LFODR 20
Lead Positive, Shoet |c) LFER 30
Lead Rounced, Exended ta Long =) LRDR 26
Lead Reunced, Long 1o Short (x) LRER 35
Lead, Shart LER K|
Lead, Shor LE 78
Multighy, € xtended (x) MXA 26
Multigly, Long MOR 2C
Multighy, Leng MO ec
Multiply, Long/C xtended (x} MXoR 27
Muhigly, Leng/E xended (x) MXp a7
Mukiply, Shart MER ac
Mukiply, Short ME o
Srore, Long STD 1]
Stwore, Shon STE 70
Subtract Normalized, Extended lo,x| SXR 37
Subtract Normadized, Lorg (o) SOR 28
Subrract Normalized, Lorg (c) S0 Ga
Subtract Normadized, Shor (<l SFER 38
Subtract Narmalized, Shart (¢l SE 7H
Subtract Unnarmalized, Long () SWR 2F
Subtract Unnarmalized, Long (c) Sw GF
Subtract Unnarmaized, Shart (c) SUR 3F
Subtrsct Unnorrndized, Shart (o) Su iF

RX

RX

@

R1,I2
R1.12
R1,02{x2 62)
R1,312
R1,02(X2.82)
R1.312
R1,02(X282)
R1.37
R1,02(X282)
R1AZ
A1,024X2 82)
H1,K2
A1,02(X2 B2)
A1.R2
A102(X2B2)
n.n2
A1,02(X2 B2}
ni.n2
R1.R2
nin2
R1.R2
Rt A2
RI1.F2
R1,R2
R1,02(X2,82)
RA1,F2
nr2
A1,F2
A1,F2
H1,K2
R1.k2
R1,R2
H1,02(x2 B2)
R1 52
R1,A2
R1,02(X2 B2]
R1,A2
R1.C2{X2 82)
R1,RA?
R1,021x2 82)
R1,024%3% 82)
R1.02(%2 82)
R1,H?2
®1.K2
R1LD2(X2 B2)
H1,K2
R1.02(X2 B2)
M1, K2
R1.D02(X2 B2)
R1,R2
R1.D2(x2 B2)

NOTES

1

®

EXTENDED MNEMONIC INSTRUCTION CODES

GENERAL
Extended Code Machine Irstruction Meaning
B D2(%2,82) 8C 15, D2aX2E2] Branch Uncenditional ly
BR R2 BCR 15, R2 Branch Unconditional ly
NOF D2IXZ E2) eco. D2IX2,62) No Ogeration
NOPR RZ BCRD. R2 No Operation (ARR)

AFTER CONPARE INSIRUCTIONS |A:B]

BH D21X2,82) BC 2, D2 X2 H2) Heanch an A High
BL D2I1X242) BC 4, DIIX282) Beanch an A Low
BE D21X2.82) BC 8, L2I1X2.821 Sranch an A Equal B
BN D2IX2,82) BRC 13, DIIXZA2) Branch an A Nar High
BNL D2IX2.H82) BC 11, D2I1X2,82] Branch an A Nat Low
BNE DIIXZE2) BC 7,  DIIXZEH? Branch an A Naot Equal B
AFTER ARITHMETIC IRSTRUCTIONS
EOQ D21X2.82) BC 1, D2IX283| Branch on Overflow
BP D21X2.82) BC 2. DZIX2.821 Kranch an Plus
BM D21%2.02) BC 4, D2IX2,82| Branch un Minus
B8Z D21X2.82) BC 8, DaIxzeg2 Eranch an Zero
enp D21x2.82) BC 13, D2i1X2,82| Branch on Not Pl
8NN D2IX2.82) BC 11, DIIX2.82| Eranch an Not Minus
anz D2{x2.82) BC 7, D2iX282l Branch on Not Zero
AFTER TEST UNDER MASK INSTRUCTIONS
(o] 02{X2 B2) BC 1, D2iX2,82| Branch if Ones
oM D2(X2.82) BC 4, DaIXzgz2l Branch If Mixed
8z 02(x2 B2) BC B, D2(x2B2) Branch if Zeros
BNO  D2(X2.82) BC 14, D2I1X282| Branch if Not Ones
CNOP ALIGNMENT
Ocuble Word
Ward Waored
Halt Word Half Word Half Word Half Word
Byt i Byt [ By i Byte 1 Byt i Byte Byte i By
04 : 24 04" : 24
08 28 43 6B
EDIT AND EDMK PATTERN CHARACTERS (in hax)
20-digit selector A0-Lil ik HC 1o ik
21-start of sgnilicence AH-period G8-camma
Z2-fwld separator SB-dolla sign C3De-CR

SUMMARY OF CONSTANTS (OS and DOS Assemblers)

INPLIED) ( TRUNCA-
LENGTH, TN
e BYILE ALIGRMENT FORNAT FADDING
C - tyte characters right
X - byte nexadecimal digits lett
H - Lyte binary digits |eft
F q wur fxacdgolnT tinary lntt
H 2 haitworg finad-goint Ginary lefe
E El oo short flaatingpolnt right
o a doubeword | leng flasting-point right
L 16 cdou beward | extanded floatingpoint right
P - byte packed decimal left
v o - byte 200ed dechral ot
A 4 wourdd walue of aodres left
Y 2 hall word wwlue of sddress left
S 2 halfmors sk res i basedisplacement form | -
v 4 weard catermally dotined addres value left
Q* 4 woor d symbol naming 3 OX0 or DSECT | left
*0OS only



lnnovations”

Out of order execution (Tomasulo’s Algorithm)
Page-based virtual addressing (memory)
Availability of a family of I/O devices
Architecture as we know it
e separation of microarchitecture and architecture
o or implementation and ISA
Operating system
Shared storage device

The byte.



Robert Tomasulo



lomasulo's Algorithm

e Uncovered instruction level parallelism

. LOAD @(r4) - > R1
ADD R1, R2 -> R1
STORE R1 -> @(r4)
ADD #1, R4 -> R4
L OAD @(r4) - > R1
ADD R1, R2 -> R1
STORE R1 -> @(r4)
ADD #1, R4 -> R4

e for (1=0;;1++) ali] = ali] + r2;

+ HERE:
LOAD @(r4) - > R1
ADD R1, R2 -> R1
STORE R1 -> @(r4)
ADD #1, R4 -> R4
JUMP HERE

JUMP

ERE



MAP: R1:P1, R2:P2, R3:P3, R4:P4

FREE-LIST. P5,P6,P7,P8, ....

. LOAD @(r4) - > R1 LOAD @(
ADD R1,R2-> R1 ADD P5

34) DG MAP: R1:P5, R2:P2, R3:P3, R4:P4
’ FREE-LIST: P6,P7,P8, ....

P2 PG MAP: R1:P6, R2:P2, R3:P3, R4:P4

STORE R1 -> @(r4) STORE Ps6, @(P4)\/|APFF§%E1EP%|SFT22PZ>2P8F§3 P3, R4:P:

ADD #1, R4 -> R4 ADD #1.

LOAD @(r4) - > R1 | pAD @(P

ADD R1, R2 -> R1
STORE R1 -> @(r4)
ADD #1, R4 -> R4
JUMP HERE

DA P7 FREE-LIST:P7,P8, ....
MAP: R1:P6, R2:P2, R3:P3, R4:P7

7),P8 FREE-LISTPS, ...
MAP: R1:P8, R2:P2, R3:P3, R4:P7
FREE-LIST, ....



STORAGE BUS INSTRUCTION UNIT

| l

i
6 | FLOATING
i 5! OPERANG
[ FLOATINGPOINT 4 J— STACK 8
BUFFERS (FLB) 3| (FLOS) A 2 FLOAT NGPOINT 4 1/
CONTROL '
21 REGISTERS (FLR) 2
1 0
L ‘ — s el - i & ’
. i ' : ’ .
DECODER } N
FLOATING POINT FLOATING.POINT STORE 3
BU"’E“ ’- RESIS ————— —
(FL8) BUS (FR) BUS CONTRCL CATA 2
BUFFERS (SD3) |
TO STCRAGE
: ;_{
1 A
§'NK S0URCE  |CTRL crat] s | SOURCE
ADDER MULTIPLY/DIVIDE ,
RESULT RESULT
1 !
RESULTBUS

Figare 1 Data registers and transfer paths without CDB.



STORAGT BUS INSTRUCTION UNIT

t A
. l FLOATING:
p— - e ————— o g ———— -
FLOATING POINT % POINT _] {
BUFFERS (FL8) ¢ OPERAND ' 8|
e CONTRO. - —
3 STACK (FLOS) BUSY | 1acs £ OATING POINT 4
2 aIrs REGISTIRS (FLR) 2
. ] [ 0
— + i ’——-_—( — : :
3 L 1 !
S
DCCODER e~ - Ll ,
I A l STORT 3
| contaol | vaes | ontz BUFTERS 2
‘ (508) |
FLE BUS ) '.
1 | FLW BLS N ]
1 coB
1 L L]
Tac | SNk | TAG| SOURCE [CTRL TAG | SN | TAG| SOURCE [CTRL
TeG | SINK | TAG| SUURCE |CTRL TA5 | SINK | TAG ! SOURCE |CTRL]
TAG | SINK 145 | soumce |CTRL
ADDER MULTIFLY/CIVICE
RESULT RESUL!
— CommOn DATA 3US (C0B) ) :

Figure 4 Data registers and transfer paths, including CDB and reservation stations.




Troubles with Out of Order
Execution ala Tomasulo's Alg.

* Big
* Out of execution leads to exception problems

* Matching software to hardware resources



red Brooks



