Computer
Architecture

Lec5b

Dr. Esfi Stein
(Partly taken from Dr. Alon Schclar slides)

Based on slides by:

Prof. Myung-Eui Lee Taken from: M. )
Korea University of Technology & Education Mano/Computer Design and
Department of Information & Communication Architecture 3rd Ed.

® Computer Architecture — Esti Stein

o]



Summery of Control
Functions & Microoperations

Fetch R' To.
R' Ti:
Decode R'T;:
Indirect DT
Interrupt:

Ty T, TYIEN)(FGI + FGO):
RTo:
RT|:
RT::

Memory-reference:
AND Dqu
DngZ
ADD D\T,:
D|Ts:
LDA D,Tg:
D;Tsi
STA DT,:
BUN D4T4:
BSA DsT.;:
DsT_c.:
ISZ D(.T.ﬂ
DﬁTj:
Dng_.'.

AR« PC

IR —M[AR], PC<«PC + 1
Dy, ..., D;+<Decode IR(12—14),
AR «—IR(0-11), 1< IR(15)

AR «— M[AR]

R «1
AR«0, TR« PC
M[AR]«<TR, PC+«0

PC—PC+1, IEN«<0, R+«0, SC+<«0
DR « M|AR]

AC«—AC NDR, SC+<«0

DR «— M[AR)]

AC+—AC + DR, E+«(C,,, SC<«0

DR «— M|AR)]

AC«DR, SC+«0
M[AR]«<—AC, SC+«0

PC AR, SC+<0
M[AR]«<PC, AR<AR +1
PC+—AR, SC+<«0

DR «—M[AR]
DR<«DR +1
M[AR]) < DR,

if (DR = 0) then (PC « PC + 1),

SC«0
e



Summery of Control
Functions & Microoperations

Register-reference:
D;I'T, = r (common to all register-reference instructions)

IR(i()=B,(i=0,1,2, ... ,11)
r SC«0
CLA rB": AC <0
CLE rB.o: E«0
CMA rBe: AC<«—AC
CME rBy: E<«FE
CIR rB;: AC «—shr AC, AC(15)«<E, E<«AC(0)
CIL rBg: AC «—shl AC, ACO)<«—E, E<«AC(15)
INC rBs: AC—AC + 1
SPA rB,: If (AC(15) = 0) then (PC <« PC + 1)
SNA rB: If (AC(15) = 1) then (PC«PC + 1)
SZA rB;: If (AC = 0) then PC«—PC + 1)
SZE rB;: If (E = 0) then (PC<«PC + 1)
HLT rBg: S<«0
Input-output:
D,IT; = p (common to all input—output instructions)
IR(()=B,;,(i=6,7,8,9, 10, 11)
p: SC «0

INP pB.: AC(0-7)«INPR, FGI<«0
ouT pBio: OUTR «— AC(0-7), FGO «0
SKI pBe: If (FGI = 1) then (PC «—PC + 1)
SKO pBg: If (FGO = 1) then (PC<—PC + 1)
ION pB+: IEN <1
10F pBs:  IEN <O ®3



The Basic Computer
Components

1, A memory unit with 409 words of 16 bits each

2. Nine registers: AR, PC, DR, AC, IR, TR, OUTR, INPR, and SC

3. Seven flip-flops: I, §, E, R, IEN, FGI, and FGO (JK or D).

4, Two decoders: a3 X 8 operation decoder and a 4 X 16 timing decoder
5. A 16-bit common bus with 16 8x1 multiplexers

6. Control logic gates >

7. Adder and logic circuit connected to the input of AC




The inputs to this circuit comes

from:

1.
2.
3.

4.

D.

..--

Control Logic Gates

I
IR (11:0)

AC (15:0) [1s AC=0,is AC<(,
is AC > 0]— S

DR (15:0) [ is DR—O]“O/ e
S, E, R, IEN, FGI, FG LI

&bt - [ Increment (INR)
& 0 * }+——— Clenr ((LR)

Control Logic Block Diagram

IT




Control Logic Gates

Instruction register (IR)

15 M 1310

!
Ix8
decoder
76543210
g [HHH
! H
15 W 21
4x16
decoder
{4
1
bt - e Increment (INR)
fequence e Clear (CLR)
connter
(8¢ G— Clock

1. Signal
. Signa
3. Signa

4, Signa
~

s to control the inputs of the nine registers

s to control the read and write inputs of memory
s to set, clear, or complement the flip-flops

s for 5, 5y, and Sy to select a register for the bus
s to control the AC adder and logic circuit

®6



Control of Registers

Here, the control inputs of a

register Ri are: wit ) s T
LD (Ri), INC (Ri), CLR (Ri) e

Register with INC, LD, CLR .| B

o l LD CLRA I

“"1@ r.:pddar —*LEl

e N o

:ww B o | L\ el J—
S P ||A1r -
SE INFR
PC | 3] |
LLAS D T |

Jrom— o

| \z I ol 5

auT H/‘\

) Clock

+— 1 6—bit common bus+——




Control of Registers — AR(1)

Look for statements that change the content of the register
Fetch R'Ty. _AR<PC |

R'T:
Decode R'T;:
Indirect DTy

Interrupt:

Ty T, T IEN)(FGI + FGO):

R To:

R T| :

R Tz:

Memory-reference:

AND Dqu
DoTj:

ADD D\T,:
D: Ts:

LDA D,T,:
D; Tsi

STA D\Ty:
BUN D.. T.;:
BSA DTy
Ds Tg,:

ISZ D6T4:
D(,Tji

DJ},‘.

IR —M[AR], PC<«PC + 1

Dy, ..., D,<Decode IR(12-14),
AR «—IR(0-11), [<IR(15)
AR «— M[AR]

R «1

TR « PC

M[AR])«<TR, PC<«0
PC«—PC+ 1, IEN«0, R«0, SC<«0

DR « M|AR]

AC—AC /N DR, SC<«0

DR «—M[AR)

AC+—AC + DR, E<+C,,, SC+0
DR «—M|AR]

AC«DR, SC«0
M[AR]«<AC, SC+«0
PC+—AR, SC+0
M[AR])«PC, |AR<AR + 1
PC+«—AR, SC+«0

DR «— M[AR]

DR« DR + 1

M[AR) < DR, if(DR = 0)then(PC « PC + 1),

SC«0 o



Control of Registers — AR(2)

Look for statements that change the content of the register

N Register-reference:

Cl\ffE
CIR
CIL
INC
SPA
SNA
SZA
SZE
HLT
Input-output:

INP
OouUT
SKI
SKO
ION

b IOF

D,I'T, = r (common to all register-reference instructions)

IR(()=B,(i=0,1,2, ... ,11)
r: SC <0
rBu: AC «—0
.I"'.Blo: E «0
rBg: AC «— AC
rBg: E <« FE
rB;: AC «—shr AC, AC(15)«<—E, E<—AC(0)
rBg: AC «—shl AC, ACQ)<«E, E<«AC(15)
rBs: AC—AC + 1
rB,: If (AC(15) = 0) then (PC <« PC + 1)
rB,: If (AC(15) = 1) then (PC«—PC + 1)
rB;: If (AC = 0) then PC<«—PC + 1)
rB;: If (E = 0) then (PC<«PC + 1)
rBq: S0
D.IT:; = p (common to all input—output instructions)
IR(()=B,(i=6,7,8,9, 10, 11)
p: SC«0
pB: AC(0-7)«—INPR, FGI<«0
pBo: OUTR «— AC(0-7), FGO «0
pBs: If (FGI = 1) then (PC «—PC + 1)
pBg: If (FGO = 1) then (PC<~—PC + 1)
PB-;! IEN «—1
PBg: IEN <0

9



Control of Registers — AR(3)

Extract the RTL statements that was chosen

Fetch R'To.| AR<PC |- g
R'T: IR —M[AR], PC«PC + 1 R'Ty: AR <~ PC
Decode R'Ty: D, ..., D,«Decode IR(12-14),
RSy g R'T,: AR « IR(0-11)
Indirect DATs:
Interrupt:

Ty T, T IEN)(FGI + FGO):

R To:

R T] :

R Tz:

Memory-reference:

AND DoT;:
DnTsZ

ADD D\T,:
D| Ts:

LDA Dz Tqi
D; Tsi

STA D,Ty:
BUN Dq T.;:
BSA Dj T.q.:
Ds Tsz

ISZ D6T4:
D(,Tj:

DgTﬁ'.

D,IT, : AR « M[AR]

R« PC
M[AR]«< TR, F

PC«PC + 1,

DR < M|AR)]

AC«—AC A DR, SC<«0

DR «—M|[AR)

AC+—AC + DR, E<«C(C,,, SC+0

DR «M|AR)

AC«DR, SC«0

M[AR])«<AC, SC+«0

PC+—AR, SC+<0

M[AR]«<PC, |AR —AR + 1 D1, A .
PCe« AR, SC+«0

DR «—M[AR]

DR«DR +1

M[AR] < DR, if(DR = 0)then(PC«PC + 1), SC«0

®10



Control of Registers — AR(4)

Divide the RTL statements according to the register
control inputs

The control inputs of register AR

LD (R), INC (R), D,IT, : AR « M[AR]
LD (K)= R'T, +R'T, +D,/IT;

INC (R) =D.T,

D.T,: AR« AR+1

o ®11



Control of Registers — AR(D)

Construct the logic circle for these inputs

A \)
: Qs @ ¢
Figure 5-16 Control gates associated with AR.
/]
12 12
From bus —%—»= AR —>“—= To bus
9, A
D;
! - Clock
T, —
E 1 CLR

S

®]12



Control of Memory

Here, the control inputs of

the memory are:

READ, WRITE

]
T
[ Write Fead
" AR

4086 = 16 Address

TN

Lk,

Clock

+— 1 6—bit common bus+——

®]3



Control of Memory

Look for statements that READs from the memory: <~ M[AR]

Fetch R'Ty. ~ARt=PO
R'T,: | IR« M[AR], |PC«<PC +1
Decode R'T;: D, ..., D;<Decode IR(12-14),
~AR—IRO-11), [« IR(15)
I[ndirect DiyITy: | AR «—M[AR]
Interrupt:
TohT:(IEN)FGI + FGO): R <1

RTy: AR<«0, TR« PC

RT,: M[AR])«<TR, PC<«0

RT,: PC«—PC+ 1, IEN«0, R<«0, SC<«0

Memory-reference:

DoTs: MR: SC<«0
ADD D\T,: DR «—M[AR)

D\Ts: T , E«Coun, SC+«0
LDA D,T,: Mxﬁﬁ

D;Tsi — , 0
STA D\T,: M[AR]«<AC, SC«0
BUN D..T.;: PC ‘—AR, SC «—0
BSA DsT,: M[AR]«<PC, AR« AR +1

DT
ISZ DT,

: - S «0
: | DR« M[AR]
D¢Ts: DR «— DK +

D,T¢  M[AR]<DR, if(DR =0)then(PCPC+1), SC«0



Control of Memory

READ =R'T, + D,/IT, +

Fetch R'Ty.
R'T:
Decode R'T;:
Indirect DTy
Interrupt:

Ty T, TWIEN)(FGI + FGO):
R To:
R T| :
R Tz:

Memory-reference:
AND Dqu
DoTj:
ADD D\T,:
D: Ts:
LDA D,T,:
D; Tsi
STA D\Ty:
BUN D.. T.;:
BSA Dj T.q.:
Ds Tg,:
ISZ D6T4:
D(,Tji
DJ},‘.

(D, +D; +D, + DT,
AR« PC

IR —M[AR], |PC«PC +1

D5, .., D7+ Decode IR(12-14),
AR—IRO1Y, [« IR(15)

AR —M[AR)]

Re1

AR <0, TR« PC
M[AR])«<TR, PC<«0
PC«—PC+ 1, IEN«0, R«0, SC<«0

DR <« M|AR]

DR «—M[AR)]
i .al .l E*'-Cm:‘

SC«0

DR «—M|AR) I
— , «—0

M[AR]«<AC, SC+«0
PC+—AR, SC+«0
M[AR]«<PC, AR+«AR +1

- g «0
DR «— M[AR]
DR «— DK +

if (DR = 0) then (PC « PC + 1),

M[AR)< DR,

SC«0

®15



Flip-flop Control

1, A memory unit with 409 words of 16 bits each

2. Nine registers: AR, PC, DR, AC, IR, TR, OUTR, INFR, and SC

3[ Seven flip-flops: 1, S, E, R, IEN, FGI, and FGO ]

4, Two decoders: a3 X 8 operation decoder and a 4 X 16 timing decoder

5. A 16-bit common bus |
6. Control logic gates clock™

J
D>

7. Adder and logic circuit connected to the input of AC

=K

Q

®16



Flip-tflop Control - IEN

Look for statements that change the content of IEN

Fetch R'Ty.
R'T:
Decode R'T;:
Indirect DTy
Interrupt:

Ty T, TWIEN)(FGI + FGO):
R To:
R T| :
R Tz:

Memory-reference:
AND Dqu
DoTj:
ADD D\T,:
D: Ts:
LDA D,T,:
D; Tsi
STA D\Ty:
BUN D.. T.;:
BSA Dj T.q.:
Ds Tg,:
ISZ D6T4:
D(,Tji
DJ},‘.

AR« PC

IR < M[AR], PC«PC +1
Do, ‘e D; «Decode IR(12-14),
AR «—IR(0-11), I« IR(15)

AR «— M[AR]

R «1

AR <0, TR«PC RT,:IEN « 0
M[AR]«TR
PC«—PC+ 1, IEN«0, |[R«<0, SC<«0

DR «— M|AR]
AC—AC /N DR, SC<«0
DR «—M[AR)

AC+—AC + .DR, E« Cmu
DR «—M|AR]

AC«DR, SC«0
M[AR]«<AC, SC+«0
PC«—AR, SC+<«0
M[AR]«<PC, AR+«AR +1
PC+«—AR, SC+<«0

DR «— M[AR]
DR«—DR + 1
M[AR)< DR,

SC«0

if (DR = 0) then (PC « PC + 1), SC«0

®17



Flip-tflop Control - IEN

Look for statements that change the content of IEN

Register-reference:
D,I'T, = r (common to all register-reference instructions)

IR(i)=B,(i=0,1,2, ...,11)
r: SC <0
CLA rBu: AC «—0
CLE rBo: E «—0
CMA rBs: AC<—AC
CME rBg: E<«FE
CIR rB: AC «—shr AC, AC(15)«—E, E<«AC(0)
CIL rBs: AC <«shl AC, AC@Q)<«—E, E<«AC(15)
INC rBs: AC«—AC + 1
SPA rB.: If (AC(15) = 0) then (PC«—PC + 1)
SNA rB,: If (AC(15) = 1) then (PC«—PC + 1)
SZA rB;: If (AC = 0) then PC«—PC + 1)
SZE rB,: If (E = 0) then (PC<«PC + 1)
HLT rBo: S0
Input-output:
D.IT:; = p (common to all input—output instructions)
IR(i) =B, (i=6,7,8,9, 10, 11)
p: SC«0

INP pB.:  AC(0-7)«—INPR, FGI<0 pB, : IEN <1
ouT pBo: OUTR «— AC(0-7), FGO «0
SKI pBo: If (FGI = 1) then (PC «<—PC + 1)
SKO PBs: 1) then (PC « PC + 1) | 2/ IEINEE )
10N o famxeid



Flip-tflop Control - IEN

Construct the logic circle for these inputs

Figure 5-17 Control inputs for [EN.

RT, : IEN « 0

e @19



QUIZ5

Derive the control gates for the " L
WRITE input of the memory in the T
basic computer: | b 12
| = 3

a. What is the pattern you should * S

look for? r ‘ o S I B
b. Write the formula for the

WRITE input | 13

l6-bit common bug+

\ ® 20



The Bus Control

The bus is controlled by the selection
inputs: 5,5, 5,
TABLE 5-7 Encoder for Bus Selection Circuit

Memaory unit

HUS

Write Read
AR ‘

L INR CLR

Inputs Outputs Register

selected

Xy, X2 Xa X4 X5 X¢ Xz for bus
0 0 0 0 0 0 10 0 | None
ﬁ 0 0 0 0 0 0 |0 1 | 4R
1 0O_0 0 0 10 0_L_PC
0 0 C§ 0 0 0 0 |o i | DR
0 0 1 0 0 1 0 | AC
0O o0 0 0 ¢ 0 0 1 1 | IR
il 1] 1] 1] | 1 1] [

0 0 0 CD 1 Memdry

' |
PC |

4095= 18 Address

L

1 LN
I L

S T }
[

LDy INR CLH

ul CILITFEA

|
LD

Clock

+—16-bit common bug+—




The Bus Control

The bus is controlled by the selection
inputs: 5,5, 5,

WhexE x, = 1) the value of S,5,S, must be 001, and

the output of AR will be selected for the bus.

Look for : L« AR

HUS

Write Read
AR ‘

[
! R |
LD
S TR }
I
LD INR CIR
-| OUTR,,

|
LD

Clock

+—16-bit common bug+—




The Bus Control

Fetch R'T,,. AR<«PC
R'T.: IR« M[AR], PC+«<PC+1
Decode R'T,: D, ..., D;«<—Decode IR(12-14),
AR «IR(0-11), [<IR(15)
Indirect DT,y AR <«—M[AR]
Interrupt:

TohT:(IEN)(FGI + FGO): R <1
RT,, AR<«0, TR«PC
RT,: M[AR]«<TR, PC+0
RT,:. PC«PC+1, IEN«<0, R<«0, SC<«0
Memory-reference:

D,Ts: AC«—AC/N\DR, SC+«0
ADD DT DR <«M[AR)]

D\Ts: AC«—AC + DR, E<«(C,,, SC<«0
LDA D,T. DR <«MI|AR)]

DszI AC""DR, SC«0

STA D\T,: fﬁj«?, SC+0 : '
BUN DT, |PC+«<AR)] SC+«0 Xl T D4T4 + D5T5

BSA DsT,: M|AR|<PC, AR« AR +1
DsTg,: PC “—AR, SC«0
ISZ DT,:. “DR<=¥{AR)]

DTss DR<«DR +1
DT¢.  M[AR]«—DR, if(DR = 0)then(PC«PC + 1), SC«0

®23



The Bus Control

The Boolean functions
for the Encoder

Figure 5-18 Encoder for bus selection inputs.

X| ————

X3 = —15  Multiplexer
Xy e Encoder —— e bus select
X§ e S Sﬂ inputs
X ==

X7 e

o 024



QUIZ6

-
Find the logic that makes x, to be " P
equal to 1. |
a. What is the pattern you should | b o i R
. 1 o £ 1 |
look for? R —
b. Write the formula for the x, ”: ‘ TI I’
input
. i

16-bit common bus +

\ ®25



The Basic Computer
Components

1, A memory unit with 409 words of 16 bits each

2. Nine registers: AR, PC, DR, AC, IR, TR, OUTR, INPR, and 5C

3. Seven flip-flops: I, §, E, R, IEN, FGI, and FGO (JK or D).

4, Two decoders: a3 X 8 operation decoder and a 4 X 16 timing decoder
5. A 16-bit common bus with 16 8x1 multiplexers

6. Control logic gates

& Adder and logic circuit connected to the input of AC >

@26



Design the Accumulator
Logic
The circuits associated

with the AC register are
shown here:

L +—16-bit common bus+



Design the Accumulator
Logic

Figure 5-19 Circuits associated with AC.

input] /e output

16 Adder and Accumulator 16
From DR —7“> logic register S -

8 circuit (AC) To bus

From INPA
A A A
LD CLR
Clock
Control
gates

28



Design the AC Control

Look for statements that change the AC register

/DT AC<«ACADR LOAD ™\ AND with DR

D,Ts: AC«< AC + DR Add with DR
D,Ts: AC < DR Transfer from DR
pBy;: AC(0-7) < INPR Transfer from INPR
rBy:  AC<AC Complement
rB7: AC«shr AC, AC(15)«E | Shift right

\_rBs  AC<shl AC, AC(0)<E / Shift left
rBi: AC <0 » Clear
rBs: AC<AC +1 > Increment

29
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Design the AC Logic

Figure 5-20 Gate structure for controlling the LD, INR, and CLR of AC.

and logic N T;::
( ) —AND LD INR | CLR
ACAC \DR Bl ‘::,’DJ
AC«AC + DR /
AC«DR C 2 )or
AC(0-7)«INPR p )
AC<AC =,
AC«shr AC, AC(15)«E = D,
AC+shl AC, AC(0)«<E C:) )-SR
AC«0 .
AC«AC +1

N
vy
N\_INC
J
I
J




One AC Block, bit i€{0..15}

DR (i) AC (i)

7

AND

ADD

input {

{Output of OR. gate in Fig. 5-20)

LD

i (Fig. 2-11)

output

—

P
==

)
Pask

Clock

The adder and the logic
circuit can be subdivided
into 16 blocks, with each
block corresponding to

one bit of AC. ol



One AC Block, bit i€{0..15}

DR() AC ()

From adder
and logic

AND (Outputiof OR gate in Flg. 5-20)
LD

ADD

=
FA [\ (Fig 1) "3_ T

- AR 7 ]_Df,_

INPR
From =
INPR —— ) Clock

(2110 ll,
o

AC(i+1)

16

Figure 5-20 Gate structure for controlling the LD, INR, and CLR of AC.

SHL
AC(i-1) _-_:

16
AC —~ To bus
iy
L Clock
INKR |CLR
S ) e



QUIZ7

The register transter statements for register R and the memory

in a computer are as follows (the X’s are control functions):

X’3X;: R — M[AR] Read memory word into R
X', X,: R— AC Transfer ACto R
X' X;: M[AR] — R Write R to memory

a. Draw the hardware implementation of R, the memory and
AC in block diagram form ( loads into R and memory).
b. Show how the control functions X; through X, select
* The load control input of R
* The select inputs of MUXSs that you include in the
diagram
* The read and write inputs of the memory

- =




QUIZS

Implement the following instruction with operation code of 1:

SB3: AC < M[AR] - AC - 3

Memory-reference:
AND

ADD
1L.DA
STA
BUN
BSA

ISZ

DTy
DT,
DTy
D1 T5:
Dg T4:
DszI
D:J, Tqi
DTy
D5 T.4:
Ds Tg:
Dﬁ T,
Dﬁ TS:
D.Ts:

DR <« M{AR]

AC<—ACANADR, SC<0

DR « M[AR]

AC<AC+ DR, E<(C,,, SC<(
DR «— M[AR]

AC<DR, SC<«0

M[AR] < AC, SC<0

PC«— AR, SC«0

M[AR]|<PC, AR<AR +1
PCe«—AR, SC«0

DR <~ M[AR]

DR<«DR +1

M[AR]<DR, if(DR = 0)then(PC«PC + 1), SC+0

®34



