Review: State

CS 3410: Computer System Organization and Programming
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Set-Reset Latch

Retain

Reset
Set
Forbidde
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D Latch

D-_

C

Lx S Q—+
i R 0

C =1, D Latch transparent:

set/reset

(according to D)

C =0, D Latch opaque:

keep state (ignore D)
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|
O O
Ll

_evel sensitive

nverter prevents SR
_atch from entering 1,1

state
C | D] Q| -Q
0 0 Q, |-Q,| Hold
o 1]|Q,|-Q, Hold
110 O 1 Reset
1 1 1 0 Set




What is the value of Q at A & B?

1° 9 a A=0,B=0
_Clk Q_ b] A:O,Bz']
c)] A=1,B=0
dd A=1,B=1
clk| D | Q
O 0] Q
O 1| Q
110 0 1
Cornell Bowers CIS 1 1 1 O

% | Computer Science



D Q What is the value of Q at A & B?
B B a) A=0,B=0
_Clk Q_ b] A:O,Bz
C] = =0
) A=1,B=1
clk | D| Q
O 0| Q
0O 1] Q
1101 O 1
Cornell Bowers CIS 1 1 1 O

% | Computer Science



D Q What is the value of Q at A & B?
B B a) A=0,B=0
_Clk Q_ b] A:O,Bz
C] = =0
) A=1,B=1
clk | D| Q
O 0| Q
0O 1] Q
1101 O 1
Cornell Bowers CIS 1 1 1 O

% | Computer Science



D Q What is the value of Q at A & B?
B B a) A=0,B=0
_Clk Q_ b] A:O,Bz
C] = =0
) A=1,B=1
clk | D| Q
O 0| Q
0O 1] Q
1101 O 1
Cornell Bowers CIS 1 1 1 O

% | Computer Science



D Q What is the value of Q at A & B?
B B a) A=0,B=0
_Clk Q_ b] A:O,Bz
C] = =0
) A=1,B=1
clk | D| Q
O 0| Q
0O 1] Q
1101 O 1
Cornell Bowers CIS 1 1 1 O

% | Computer Science



What is the value of Q at A & B?

1° 9 a) A=0,B=0
_|clk Q_ b] A=0,B=
C] = =(
)] A=1,B=1
clk| D | Q
00| Q
O 1| Q
110 0 | 1
Cornell Bowers CIS 1 1 1 O

% | Computer Science



Level Sensitive D Latch

D QL Clock high:
_ set/reset (according to D)
—ick QL Clock low:

keep state (ignore D)

ck|D| Q
00 Q
0 1]Q
1101 0 | 1
L




D Flip-Flop

* Edge-Triggered
D D Q X D Q-Q  Data captured when
cklJC QL JC Q1@ clock high
L L * Qutput changes only
—1>0- on falling edges
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D Flip-Flop

Clock = 1: L1 transparent
L2 opaque

Cornell Bowers GIS
Computer Science

clk
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UG
$$ A\
5 )
LB
% )
Db A>

D Flip-Flop

Clock = 1: L1 transparent

Cornell Bowers GIS
Computer Science

L2 opaque

D passes through L1 to X

clk

v

p—

D Q
o9/C
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UG
$$ A\
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D Flip-Flop

Clock = 1: L1 transparent

Cornell Bowers GIS
Computer Science

L2 opaque

D passes through L1 to X

clk

v

p—

D Q
o9/C
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UG
$$ A\
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D Flip-Flop

Clock = 1: L1 transparent

L2 opaque

Clock = 0: L1 opaque

Cornell Bowers GIS
Computer Science

L2 transparent

D passes through L1 to X

B\/Qf" D Qf
clk] 1IC 0IC

L L

1 2
- Q——-D QH
clk]l9.C C

L L

‘.{>O 2
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D FII -FIO D passes through L1 to X

Clock = 1: L1 transparent D B\/QA D QrQ
L2 opaque  clk C 0C

X passes through L2 to Q

Clock = 0: L1 opaque ) Ql—= -Q
L2 transparent X
clk]9.C C

L L

1 DO 2

Cornell Bowers CIS
Computer Science

LU,
& A
5 2
& Eg S
D )
Q6 A%
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D FII -FIO D passes through L1 to X

Clock = 1: L1 transparent D B\/QA D QrQ
L2 opaque  clk C 0C

X passes through L2 to Q

Clock = 0: L1 opaque ) Ql—= -Q
L2 transparent X
clk]9.C C

L L

1 DO 2

Cornell Bowers CIS
Computer Science

LU,
& A
5 2
& Eg S
D )
Q6 A%
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D FII -FIO D passes through L1 to X

D+—D —~D QHQ
When is data sampled?
clk Z\/Q 0iC
L L
EME 1 2
;I .':I- X passes through L2 to Q
E - D' Q x— '?Q
0
PollEv.com/cs3410 Clki5C : C :
‘. [>O 2

Cornell Bowers CIS
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D FII -FIO D passes through L1 to X

| D —~D QHQ
When is data sampled?
clk| 1IC 0IC
L L
1 2
How can we change

when data is sampled? X passes through L2 to Q

D- Q= =~Q
clk]9liC C

Cornell Bowers CIS

Computer Science o
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D Flip-Flop

When is data sampled?

How can we change
when data is sampled?

Cornell Bowers GIS
Computer Science

LU,
& A
5 2
& Eg S
D )
Q6 A%

D passes through L1 to X

D —~D QrQ

clkpp 9 |C C

20
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1 0 0 D Flip-Flop
* Edge-Triggered

-  Data captured when
T - {><>J - clock is high

* Qutput changes only on

o fallingedge
S S I T
D f::::f:::::f:::::f::::::f::_‘ ____________ ‘_ff::::f::_‘ ______________________________________
X

Cornell Bowers@ ‘ AJ ] B ] 2
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1 0 0 D Flip-Flop
* Edge-Triggered

-  Data captured when
T - {><>J - clock is high

* Qutput changes only on

o fallingedge
S S I T
N S T E—
|\
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%29 | Computer Science =———eaasnmanns - -~ -=--edeeodeoooooooeoo




1 0 0 D Flip-Flop
* Edge-Triggered

-  Data captured when
T - {><>J - clock is high

* Qutput changes only on

o fallingedge
S N I T
L N S E—
|\

Cornell Bowers@ ‘ AJ ] B ] 24
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1 0 0 D Flip-Flop
* Edge-Triggered
-  Data captured when
T - {><>J - clock is high
* Qutput changes only on
falling edge

_________________________

_________________________________________________

_____________________________________
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%29 | Computer Science ———eesessssnssnnsand---d-o-decooooooooeooe




1 0 0 D Flip-Flop
* Edge-Triggered
-  Data captured when
T - {><>J - clock is high
* Qutput changes only on
falling edge

_________________________

_________________________________________________

_____________________________________
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D Flip-Flop
* Edge-Triggered

 Data captured when
clock is high

* Qutput changes only on
falling edge

1 0 0
D D D
Q—X— QH Q
ck191C QL WC Q Q
T2 [
1 2
clk ‘\ I ‘\
D 1]
X i
T — A
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1 0 0
ck 19/C (_2_ 1C Q Q
T C {><>J C
1 2

-------

____________

________________

________

D Flip-Flop
* Edge-Triggered

 Data captured when
clock is high

* Qutput changes only on
falling edge

S=sry | Cornell Bowers @
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Computer Science ——----zncnu---

___________ LR

_____________________________
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D Flip-Flop
* Edge-Triggered

 Data captured when
clock is high

* Qutput changes only on
falling edge

______________________________________

Cornell Bowers@ ‘ AJ ] B ‘ 29
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Building a D Flip Flop (DFF) ﬂ

Step 1: Create an SR Latch

Set |Reset =

e h g R
0 1 0

1 0 1 S

1 1 ?

Cornell Bowers CIS
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UG
$$ A\
5 )
LB
% )

Db A>

Building a D Flip Flop (DFF)

Step 1: Create an SR Latch
Step 2: Createa D Latch

Clk | Data | Q
0 0 Q
0 1 Q
1 0 0
1 1 1

Cornell Bowers GIS
Computer Science

b

O U

O
'ﬂlg
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Building a D Flip Flop (DFF) ﬂ

Step 1: Create an SR Latch
Step 2: Create a D Latch
Step 3: Duplicate the D Latch, chain together

D ~ Q
D 51Q| |D =1 Q)
clk l; l;
N —
C “ 1S c =S
[>o

| Cornell Bowers CIS
“¥ | Computer Science




‘\Qy\.umv&*

W

& 2

SNCI)
D )
Q6 A%

Registers

D

clk

Cornell Bowers GIS
Computer Science

Register
* D flip-flops in parallel

33



Registers Register

* D flip-flops in parallel
51 *shared clock
* extra clocked inputs:
write_enable, reset, ...
D2
D3 .
4-bit
4 reg | 4
clk A
I
STy | Coml Bowers clk
%2 | Computer Science




Regis[’ggrs

D1

D2

D3

clk

Cornell Bowers CIS
“¥ | Computer Science

Register

* D flip-flops in parallel

e shared clock

* extra clocked inputs:

write_enable, reset, ...

64-bit
64 reg | 64
)
clk

35



Let’s build a
processor!

Femto Proc

CS 3410: Computer System Organization and Programming

Fall 2025

Cornell Bowers CiIS [A. Sampson, and K. Laeufer]

Computer Science
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It all starts with an
adder!
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‘\0‘“"“’@,

O

& )

\E) s
% S
Qb A>

add 3, 1

Cornell Bowers GIS
Computer Science

It all starts with an
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‘\0‘“"“’@,

O

& )

\E) s
% S
Qb A>

add 3, 1

Cornell Bowers GIS
Computer Science

It all starts with an
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add 3, 1

—— 0100
4 2

4
It all starts with an /

Cornell Bowers CIS
Computer Science

‘\0‘“"“’@,

O

& )

\E) s
% S
Qb A>
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add 3, 1
add 4, 1

—— 0100
4 2

4
It all starts with an /

Cornell Bowers CIS
Computer Science

‘\0‘“"“’@,

O

& )

\E) s
% S
Qb A>
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O

& )

\E) s
% S
Qb A>

add 3, 1
add 4, 1

Cornell Bowers CIS
Computer Science

It all starts with an
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add 3, 1
add 4, 1

—— 0101
4 2

2
4
It all starts with an /

Cornell Bowers CIS
Computer Science

‘\0‘“"“’@,

O

& )

\E) s
% S
Qb A>
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add 3, 1
add 4, 1

s | 70101,

What if we want to
add more than
just constants?

Cornell Bowers CIS S
Computer Science

‘\e\,\.umv%

W

& 2

\CI)
D )
2Ep A>
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add 3, 1

add 4, 1
cc o ) A
add “previous result”, 1 0100, _4'L>\
o +T01012
0001, -»»
What if we want to 4 /

add more than
just constants?

Cornell Bowers CIS >
Computer Science

‘\e\‘\_umy%
W
AUEEIO
S\E) o
64 )
2Ep A>
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add 3, 1
add 4, 1
add “previous result”, 1

What if we want to
add more than
just constants?

Cornell Bowers CIS S
Computer Science

‘\0‘“""'@,

O

& )

\E) s
% S
Qb A>

0001,

—/—0

0101,

46



add 3, 1
add 4, 1
add “previous result”, 1

What if we want to
add more than
just constants?

Cornell Bowers CIS S
Computer Science

‘\0‘“""'@,

O

& )

\E) s
% S
Qb A>

—/—0

0101,
A
DI+
4+
000 .
1 >
Vg

0101,

47



add 3, 1

add 4, 1
cc : ) A
add “previous result”, 1 D01012 ?\
B +7f'
0001, -#»
What if we want to ‘4 /

add more than
just constants?

Cornell Bowers CIS S
Computer Science

‘\e\,\.umb%

W

& 2

\CI)
D )
2Ep A>
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add 3, 1
add 4, 1
add “previous result”, 1

What if we want to
add more than
just constants?

Cornell Bowers CIS S
Computer Science

‘\0‘“""'@,

O

& )

\E) s
% S
Qb A>

—/—0

0110,
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Four “Instructions:

Cornell Bowers CIS
“¥ | Computer Science

enable
A >D00012

enable
B >D 0010,

il T
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Four “Instructions:

e 00: no operation (nop)

Cornell Bowers CIS
“¥ | Computer Science

g e€nable
>D00012

enable
) >D 0010,

I Sl e
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Four “Instructions:

e 00: no operation (nop)
e 10:add and update A

enable
-1 >D00012

Cornell Bowers CIS
“¥ | Computer Science

enable
> 0 »D 0010,

I Sl e

52



Four “Instructions:

e 00: no operation (nop)
e 10:add and update A
e 01:add and updateB

Cornell Bowers CIS
“¥ | Computer Science

g e€nable
>D00012

enable
1 >D 0010,

I Sl e

53



Four “Instructions:

e 00: no operation (nop)

‘\e»Lum,%

O

& 2

\E) s
D %)
Qb A>

10: add and
01: add and

11:aad anc

Cornell Bowers GIS
Computer Science

u
u
u

DC
DC

DC

ate A
ate B
ate AandB

1 enable
>D00012

enable
1 >D 0010,

il T
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Four “Instructions:

e 00: no operation (nop)
e 10:add and update A
® 0Ol:add andupdateB

1 enable A \
e 11:addandupdateAandB >D00012 —4f>
o + —/—9 result
enable 4
1 0010, ZL»/
Shortest program to get from Ei‘.ﬁqm
A=1,B=2toresult=5? L=" T
& Ls

[=]

Siss | Cornell B CIS
o) Bl PollEv.com/cs3410 55
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Four “Instructions:

e 00: no operation (nop)

10: adc
01: adc
11: adc

and
and

and

u
u
u

DC
DC

DC

ate A
ate B
ate Aand B

Shortest program to get from
A=1,B=2toresult=5?

Shortest program to get from
A=1,B=2toresult=67

‘\0‘“""'@,

O

§ )

\E) s
% S
Qb A>

Cornell Bowers CIS

Computer Science

A
1 enable >D00012 _4)4»\
++0result
enable B 4
1 0010, ?/
EME
e

[=]

PollEv.com/cs3410 s6
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Four “Instructions:

e 00: no operation (nop)

e 10:add and ubdate A Instruction A B result
® 0l1:addand updateB

e 11:addandupdateAandB

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

00 1 2 3
e 11:addandupdateAandB

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

00 1 2 3
e 11:addandupdateAandB

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

10 1 2 3
e 11:addandupdateAandB

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

10 1 2 3

e 11:addandupdateAandB /

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

10 1 2 3
e 11:addandupdateAandB

10 3 Az/ 5
Shortest program to get from 5 2 7

A=1, B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

10 1 2 3
e 11:addandupdateAandB
01 3 2 5
/
Shortest program to get from 3 5 8

A=1, B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

01 1 2 3
e 11:addandupdateAandB

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol:add andupdateB

11: add and update A and B o ! : 3
o : /

1 3 4

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

01 1 2 3
e 11:addandupdateAandB
01 1 3 4
/
Shortest program to get from 1 4 5

A=1, B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)

10: add and
01: add and

11:aad anc

u
u
u

DC
DC

DC

ate A
ate B
ate AandB

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science

Instruction

01

01

01

A

B

result

67



Four “Instructions:

e 00: no operation (nop)
e 10:add and ubdate A Instruction A B result
® 0Ol1:add and updateB

11 teAand B H ; : 3
e 11:addandupdateAan A/A/
3 3 6

Shortest program to get from
A=1,B = 2 to result = 67

Cornell Bowers CIS
“¥ | Computer Science
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Four “Instructions:

e 00: no operation (nop)

e 10:add anc
® 0Ol1:add anc

e 11:add anc

Cornell Bowers CIS
“¥ | Computer Science

u
u
u

ndate A
ndate B

ndate A and B

How can we load
in new constants?

enable
>D00012

enable
>D 0010,

I Sl e
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‘\e\,\.umb%

W

& 2

\CI)
D )
2Ep A>

Cornell Bowers GIS
Computer Science

immediate

How can we load
in new constants?

panl

select ;\ ]

enable y
. >D00012

enable
>D 0010,

70



What should be the
values of A.select and
A.enable to load a new
immediate value?

IEI"‘-"-“"EII

{-I

3

L

Cornell Bowers CIS > >
% | Computer Science

How can we load
in new constants?

immediate —/—o—l
“ l

select k\l 0 /

enable y
. >D 0001,
enable
>D 0010,

-b*w .l>$>

PollEv.com/cs3410

71


https://pollev.com/cs3410

‘\e\,\.umv%

W

& 2

\CI)
D )
2Ep A>

Cornell Bowers GIS
Computer Science

0000

immediate
4
1 ' select
A
1 | enable

How can we load
in new constants?

72



Instruction Format:

Cornell Bowers CIS
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immediate

]

select

1]

enable

-enable

select
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Instruction Format:

E

‘\e\‘\_umy%

W

5 2

\CI)
% S
2Ep A>

A

Cornell Bowers GIS
Computer Science

immediate

select
A
enable

-enable

select

74



Instruction Format:

ES

A A

Cornell Bowers CIS
“¥ | Computer Science

immediate

A

/-/_?ect

1]

enable

select

D
-enable »D
il
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Instruction Format:

EASA EB

Cornell Bowers CIS
“¥ | Computer Science

immediate

A

/-/_?ect

1]

enable

select

D
-enable »D
il
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Instruction Format:

E,S, ES

\B

/-/_?ect

Cornell Bowers CIS
“¥ | Computer Science

immediate

A

1]

enable

select

D
enable »D
il
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Instruction Format: ‘mmed‘atsr‘ ﬁ
{select

EASA EBiB I3IleIe A

Cornell Bowers CIS
“¥ | Computer Science

enable

enable

select

78



Instruction Format: immediate —r‘—l
E S E S IITITI

3727179 select

A
Program #1:  enable
11 00 0000
-enable
10 00 0101
B1 select
What is the result?
PollEv.com/cs3410

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format:

immedijat

I ' sel

EASA EBSB I 170 ect
A
Program #1: enable
11 90 0000
- enable
10 00 0101
B1 select
What is the result?
PollEv.com/cs3410

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format:  immediat 7
EASA EBSB I 1Ie 'select
A

Program #1: enable 2?’
11 90 0000

-enable »D E»
10 00 0101 N A

select >/l \
What is the result? T

PollEv.com/cs3410

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format:  immediat 7
EASA EBSB I 1Ie 'select
A

Program #1: enable 2?’
11 90 0000

-enable »D B E»
10 00 0101 N ; A

select >/l \
What is the result? T

PollEv.com/cs3410

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format: immediate

ES, ES, I. LI 1

ﬁ Ol

3727170 ' select
A

Program #1: enable

11 00 0000
-enable

(29 o0 o101
B1 select

What is the result?

PollEv.com/cs3410

Cornell Bowers CIS
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Instruction Format: immediate ~H—1
E S E S 1312111@ ' select
A
Program #1: enable ’D A
11 00 0000 4 :
enable B A
(9 eo o101 LS ~
B A
select ’/1 O\
What is the result? T
PollEv.com/cs3410

Cornell Bowers CIS
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Instruction Format:  immediate _H_l
E S E S I3IZI]_I@ select
A
Program #1: enable ’D A
11 90 0000 4 .
- enable B A
(9 eo o101 D |
B X 4
select ’/l O\
What is the result? T
PollEv.com/cs3410

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format: immediate

E.S, ES,

Program #2:

11 00 0000
1 11 1000
10 00 0101

What is the result?

Cornell Bowers CIS
“¥ | Computer Science

: : 4:
I.I I 1 [ select

3 2 1 O ;\1 /
A4 *

enable A

>|> i

4

E_ IE  enable D B

L= T —>

- - "

4 select >/ O\
[=]

PollEv.com/cs3410
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Instruction Format:  immediat

EASA EBSB

Program #2:
11 00 0000
91 11 1000
10 00 0101

What is the result?

Cornell Bowers CIS
“¥ | Computer Science

4

I 1I@ [ select
A

enable A

_’L>

4

. -enable B

; [ e
select

oF i f AN
PollEv.com/cs3410
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Instruction Format:

' - immediate
2 | |
E S E S I I I I

Program #2:
11 00 0000

91 @ 1008
10 90 0101

What is the result?

Cornell Bowers CIS
“¥ | Computer Science

E"

3727170 select k\l /
A enable »D *O é»

A

-enable »D E»

B S

select >/l O\

PollEv.com/cs3410
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Instruction Format:  immediate

“ '
E,Sy ESy LTI, fuea | M
v
Program #2: enable ,D O bR
4
11 00 0000 Ei‘..';'q
_ -enable B
el@meg L >D 7
B4 A
10 90 90101 E select ’/l O\
What is the result? T
PollEv.com/cs3410

Cornell Bowers CIS
“¥ | Computer Science

89


https://pollev.com/cs3410

Instruction Format:  immediate

E S E S 1312111@ select

Program #2: enable
11 90 0000 Eii:_.';'q

. - enable
el@meg T
10 00 0101 BY select

[=]

What is the result?

PollEv.com/cs3410

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format: immediate  — l
E S E S I_,’IleIe A'Select ST o0
‘ v
Program #2:  enable S0 p
4
11 00 0000 Ei‘.ﬁqm enable 3 ¥$1000
91 11 1000 ; L >D1@@@ 7
B- i
10 00 0101 ] select
=] > 1 0\
What is the result? T

PollEv.com/cs3410

Cornell Bowers CIS 91
“¥ | Computer Science



https://pollev.com/cs3410

Instruction Format: immediate

ES, ES, I.I.I I,

Program #2:

11 00 0000 []¥L4[x]
01 11 1000 ¥ T

@ 00 0101 %

What is the result?

A

B <

select

enable

-enable

select

PollEv.com/cs3410

Cornell Bowers CIS
“¥ | Computer Science

¥41000

92


https://pollev.com/cs3410

Instruction Format:  immediate

4
E S E S 1312111@ ' select
A
Program #2: enable
11 90 0000 Eﬂ_.-_qu _—
91 11 1000 *:: T
A o,
@ 00 0101 “t1 select
[=]
What is the result?
PollEv.com/cs3410

Cornell Bowers CIS 93
“¥ | Computer Science
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Instruction Format:  immediate

4
E S E S I3IleIa ’SeleCt
A¢
Program #2:  enable
11 00 0000 E“"E"El enable
01 11 1000 ; 1]
@ 90 0101 4 B1 select
[m]
What is the result?
| PollEv.com/cs3410
(&) | Bt oo o
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Instruction Format:

ES, ES I

Program #2:

11 0? 0000
0? 11 1000
10 00 0101

Cornell Bowers CIS
“¥ | Computer Science

3IZIlIO

Not all bits are
relevant!

immediate

A

1]

select

enable

enable

select

95



Instruction Format:

ES, ES I

Program #2:

11 0? 0000
0? 11 1000
10 0? ????

Cornell Bowers CIS
“¥ | Computer Science

3IZIlIO

Not all bits are
relevant!

immediate

A

1]

select

enable

enable

select

96



Instruction Format:

ES, ES IIITI

Mnemonic
11 9? 0000
0? 11 1000
10 9? ????

Cornell Bowers CIS
“¥ | Computer Science

immediate

A

select

1]

enable

-enable

select

97



Instruction Format:  immediate ‘r‘—l l
E S E S I?)IleI(a ' coloct ST

A : /
Mnemonic  enable .D LARN
, 4
11 ©? 0000 wrimm A, © s |7 e
-enable 4
0? 11 1000 -D 7
4 /
10 97 ???? B select A
P PP /1 0\

(&) | Bt oo o8




Instruction Format:  immediate ‘r‘—l l
E S E S I?)IleI(a ' coloct ST

A4 * /
Mnemonic [ enabley AN
11 ©? 9000 wrimm A, O LA
-enable B A
0? 11 1000 wrimm B, 8 D iy
B A
10 @2 »2??? select >/
1 O\

Cornell Bowers CIS 99
“¥ | Computer Science




Instruction Format:  immediate ‘r‘—l l
E S E S I?)IleI(a ' coloct ST

A 1 v /
Mnemonic | enable N AN
11 ©? 0000 wrimm A, © Tl
. enable B 4
©? 11 1000 wrimm B, 8 ’D Zf’/
10 07 ???? add A | setect], N

Cornell Bowers CIS 100
“¥ | Computer Science




Instruction Format: Assembly Language Manual:

ES, ES IIITI

Mnemonic
11 0?2 0000 wrimm A, ©
©? 11 1000 wrimm B, 8
10 0?2 ???? add A

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format: Assembly Language Manual:
ES ES ITITTI wrimm {A, B}, N:

3 2 1 0 \yrite the value N to the specified
register.

Mnemonic
11 ©? 0000 wrimm A, ©
©? 11 1000 wrimm B, 8
10 0?2 ???? add A

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format: Assembly Language Manual:
ES ES ITITTI wrimm {A, B}, N:

3 2 1 0 \yrite the value N to the specified
register.

Mnemonic

11 ©? 0000 wrimm A, © add {A, B}:

©? 11 1000 wrimm B, 8 AddthevalueofAandBandwrite
19 9?2 22?2 add A the result into the specified register.

Cornell Bowers CIS
“¥ | Computer Science
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Instruction Format:

ES, ES IIITI

Mnemonic
11 ©? 0000 wrimm A, ©
©? 11 1000 wrimm B, 8
10 0?2 ???? add A

|

Cornell Bowers CIS
“¥ | Computer Science

Assembly Language Manual:

wrimm {A, B}, N:
Write the value N to the specified
register.

add {A, B}:

~ad B and write
jed register.

The Assembler
program converts
mnemonics to bits.

104



Instruction memory mmediate ﬁ l
. select k\l O/
1 Y
enable A TN
— A
o)
B | 19
- enable »D > 4
4 /
B1 select 3
710N
(&) | Bt oo




immediate

Instruction memory ﬁ l
. A select k\l 5 /
) Y
enable A TN
O —f
o)
B | 19
| - enable »D > 4
4 /
B o
! select >/ A O\
] T
8
{55 | oo 0 instruction word 106
omputer science




immediate

Instruction memory —ﬁ l
select
. A k\l 0 /
1 Y
A
l enable l: +>\
Addr Data 4é S +.
0| 11 oo oo0e ) enable D o 4
1| 01 11 1000 4 /
2| 10 00 o101 B1 select L
3 ' ' 1 0N\
_‘ . T
8
gresty | Cornell Bowers CIS instruction word
Computer Science 107




immediate

Instruction memory ﬁ l
0

) select ;\ ]

A9 v /
A
l enable l: +>\
Addr Data addr 4 oS 4
0| 11 00 0000 | g— ) enable D E» 4
1| 01 11 1ee0 3 i 4 /
] select
2| 10 o0 @101 data @ addr L selec >/ ) O\

= _ | T

5*“’*»,: Cornell Bowers [}|S N Stru Ctl O N WO rd
%2 | Computer Science

108



immediate

Instruction memory ﬁ l
0

D ) select ;\ ]

enable

l: A
! 4
Addr Data Sl

0| 11 00 0000 | g— enable D B 4

® >
1] 01 11 1000 3 4 4 /
] select
2| 10 o0 @101 data @ addr ) selec >/ ] O\

= _ | T

5*“’*»,: Cornell Bowers [}|S N Stru Ctl O N WO rd
%2 | Computer Science

109



immediate

Instruction memory ﬁ l
0

 select
Program ¢ Y k\l ; /
Counter A
l enable l: +>\

Addr Data addr 4 oS 4

0| 11 00 0000 | g— ) enable D E» 4

1| 01 11 1ee0 3 i 4 /

2| 10 00 o101| | . @ addr ! select >/ " O\

3

= _ | T

5*“’*»,: Cornell Bowers [}|S N Stru Ctl O N WO rd
%2 | Computer Science
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immediate

Instruction memory ﬁ l
0

 select
Program ¢ k\ 1

0 Aj v
Counter A
l enable l: ’ \
Addr Data Sl
0| 11 00 0000 | g— enable B 4
& >| > >
1| 01 11 1ee0 3 i 4 /
] select
2| 10 o0 @101 data @ addr L selec >/ ) O\

3

= _ | T

5*“’*»,: Cornell Bowers [}|S N Stru Ctl O N WO rd
%2 | Computer Science
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immediate

Instruction memory ﬁ l
0

 select
Program ¢ k\ 1

1 Aj v
Counter A
l enable l: ’ \
Addr Data Sl
0| 11 00 0000 | g— enable B 4
& >| > >
1| 01 11 1ee0 3 i 4 /
] select
2| 10 o0 @101 data @ addr L selec >/ ) O\

3

= _ | T

5*“’*»,: Cornell Bowers [}|S N Stru Ctl O N WO rd
%2 | Computer Science
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immediate

Instruction memory
1/ ¥V 4 | l
Nt/ O

[ select
Program ¢ A k\l ; /
1 <
Counter
enable l: A \
O A
Addr Data 4 4k
addr o /¢
0| 11 oo oo0e ) enable D o 4
1| 01 11 1ee0 3 i 4 /
2| 10 00 0101 1 select
data @ addr ® >
: ® 710N

= _ | T

5*“’*»,: Cornell Bowers [}|S N Stru Ctl O N WO rd
%2 | Computer Science
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immediate

Instruction memory
1/ ¥V 4 | l
Nt/ O

[ select
Program ¢ A k\l ; /
2 <
Counter
enable l: A \
O A
Addr Data 4 4k
addr o /¢
0| 11 oo oo0e ) enable D o 4
1| 01 11 1ee0 3 i 4 /
2| 10 00 0101 1 select
data @ addr ® >
: ® 710N

= _ | T

5*“’*»,: Cornell Bowers [}|S N Stru Ctl O N WO rd
%2 | Computer Science
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Instruction memory mmediate
Vs B aen T ]
\-II-_/
0

select
Program ¢ A k\l ; /
2 <
Counter
enable A
: N LARN
Addr Data addr 4 +
0| 11 oo oo0e ( enable B 4
>| > e
1| 01 11 1000 4 /
2| 10 o0 0101 How do you build a ‘ 4
; data @ real processor? _>/ 1 0\

Cornell Bowers GIS Instr St PSS 115
“¥ | Computer Science




Instruction memory immediate

1/ v Vv 4
+ .
\l_/ select
Program ¢ A k\l _0 /
2 <
Counter enablel N
1 ‘ Register File
Addr Data BgIS or +
addr RISC-V has 32 /¢
9] 11 90 06RO (enablg registers. 4
1| 01 11 1000 /
2| 10 o0 0101 dat How do you build a -
dla (¢ —>>,
; real processor? / 1 0\

ge=ty | Comnell Bowers CIS Instr et PSS 116
“az” | Computer Science




Instruction memory

immediate

ALU

Arithmetic
Logic Unit
supports add,
sub, mul, and,

1/ v v 4
+ o
select
Program ¢ A k\l _0 /
2 <
Counter enablel
— — ! - Register File
i 21 |addr RISC-V has 32
0| 11 6o Lo (enabld registers.
1] 01 11 19000
2| 10 o0 0101 How do you build a -
data —
; real processor? / 1 0\

‘\0‘“""'@,

O

5 2

\E) s
D <)
Qb A>

Cornell Bowers GIS
Computer Science

117




Instruction memory

1 v Load / Store Units I
\_II__/ Read and write

from/to data

o/

memory.

_—

I
<

1/
Program
Counter 2
Addr Data addr

0| 11 00 0000

1| 01 11 1000

2| 10 00 9101

3

Cornell Bowers CIS
Computer Science

‘\e\}umy%

W

& 2

\CI)
D )
2Ep A>

( enabld

Register File
RISC-V has 32
registers.

ALU

Arithmetic
Logic Unit
supports add,
sub, mul, and,

How do you build a
real processor?

/T o\

118




RISC-V

CS 3410: Computer System Organization and Programming

Fall 2025

Cornell Bowers CiIS [K. Bala, A. Bracy, G. Guidi, E. Sirer, A. Sampson, Z. Susag, H. Weatherspoon, and K. Laeufer]

Computer Science



RISC-V, ARM, x86 — what is the difference?

Cornell Bowers CIS
“¥ | Computer Science

120



RISC-V, ARM, x86 — what is the difference?

immediat ‘l_.j
/__% ’
{ select

E,S, EBiB 1111

Instructions directly
map to control signals.

Cornell Bowers CIS
“¥ | Computer Science

QA

N1 o/

enable y A
»D e

A

enable »D B
+>

—

select >/ O\

121



RISC-V, ARM, x86 — what is the difference?

immediat ‘l_.j
select
ES ES I.III , L0/
ATA (BYyB 3727170 L
\ enable A \
> I
s | T
enable »D > 4
i 4 /
Instructions directly select
map to control signals. >/ 1 O\
> Different instructions for different processors T

Cornell Bowers CIS 122
“¥ | Computer Science




RISC-V, ARM, x86 — what is the difference?

immediat ‘l_.j
select
ES ES I.III , L0/
ATA (BYyB 3727170 L
\ enable A \
> I
s | T
enable »D > 4
i 4 /
Instructions directly select
map to control signals. >/ 1 O\
> Different instructions for different processors T

gt | Comell BoversCIS  Users want binary compatibility.
Computer Science y p y 123




RISC-V, ARM, x86 — what is the difference?

iImmediate ~4—o—l
“ l
select
ES, ES IITIT Lo/
—-A—A—B"B "3 2°1-0f NG
. D> I
Instruction . - +T
Decoder ,D -
. . B A /
Instructions directly select g
map to control signals. / 1 O\
> Different instructions for different processors T

gz | ComelBwers S Users want binary compatibility.
Computer Science y P y 124




RISC-V, ARM, x86 — what is the difference?

ﬁ Ol

immediate

select
ES ES IITITI L0/
—A~A BB 3 2 1"of NG
. > I+
Instruction . - +T
Decoder ,D Vs
. B A /
Instruction decoder select g
translates standardized instructions / . O\

to processor specific control signals. T

gt | Comell BoversCIS  Users want binary compatibility.
Computer Science y p y 125




RISC-V, ARM, x86 — what is the difference?

immediate

Instruction Set Architecture (ISA)

E,S, ES, I.I I I

Instruction
Decoder

Instruction decoder
translates standardized instructions
to processor specific control signals.

{1 | Gomel Bovers O Users want binary compatibility.

2% | Computer Science 126



RISC-V, ARM, x86 — what is the difference?

immediate

Instruction Set Architecture (ISA)

e defines architectural state: register
file, program counter, etc.

E,S, ES, I.II T
Instruction

Decoder

Instruction decoder
translates standardized instructions
to processor specific control signals.

{1 | Gomel Bovers O Users want binary compatibility.

2% | Computer Science 127



RISC-V, ARM, x86 — what is the difference?

immediate

E,S, ES, I.I I I

Instruction
Decoder

Instruction decoder
translates standardized instructions
to processor specific control signals.

Instruction Set Architecture (ISA)

e defines architectural state: register
file, program counter, etc.
e definesinstructions

Cornell Bowers CIS

Computer Science

Users want binary compatibility.

128



RISC-V, ARM, x86 — what is the difference?

immediate

Eﬁsﬁ EESB I3IZI|IG
—

Instruction
Decoder

Instruction decoder
translates standardized instructions
to processor specific control signals.

Instruction Set Architecture (ISA)

e defines architectural state: register
file, program counter, etc.

e definesinstructions
o encoding
o semantics

Cornell Bowers CIS

Computer Science

Users want binary compatibility.

129



RISC-V, ARM, x86 — what is the difference?

immediatel nctruction Set Architecture (ISA)

e defines architectural state: register
file, program counter, etc.

E S E S I ) I I I ® definesin§tructions

| . é | . 5 Funct

Instruction Name Description Opcode 3 Funct7
add rd rsl rs2 ADD R[rd] = R[rsl] + R[rs2] 011 0011 000 Q00 0000
sub rd rsl rs2 | SUBTRACT R[rd] = R[rs1] - R[rs2] 011 0011 000 010 0000

Instruction decoder
translates standardized instructions
to processor specific control signals.

Cornell Bowers C1S rs want binar mopatibilitv.
Computer Science Users wa bina y compa b y

‘\0‘“""'@,

O

§ )

\E) s
% S
Qb A>
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RISC-V, ARM, x86 — what is the difference?

immediatel nctruction Set Architecture (ISA)

e defines architectural state: register
file, program counter, etc.

E S E S I ) I I I ® definesin§tructions

%Funct§

Instruction Name Description Opcode 3 Funct?
add rd rsl rs2 ADD R[rd] = R[rsl] + R[rs2] 011 0011 000 Q00 0000
sub rd rsl rs2 [SUBTRACT R[rd] = R[rs1] - R[rs2] 011 0011 000 010 0000

| — PO . i : | | |
31 g 25 24 20 19 15 .14 12 11 7 6
R-type ‘ funct7 rs2 rsl funct 3 rd . opcode
D D e & I I = I
gt | ComelBoversCS — Users want binary compatibility.
Computer Science y y 131




RISC-V, ARM, x86 — what is the difference?

* All are Instruction Set Architectures (ISAs)

Cornell Bowers CIS
“¥ | Computer Science
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RISC-V, ARM, x86 — what is the difference?

* All are Instruction Set Architectures (ISAs)
* x86 is the oldest, defined by Intel

Cornell Bowers CIS
“¥ | Computer Science
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RISC-V, ARM, x86 — what is the difference?

* All are Instruction Set Architectures (ISAs)

* x86 is the oldest, defined by Intel
» x86 specifically refers to older 32-bit ISA, new 64-bit ISA is often called AMD64

Cornell Bowers CIS
“¥ | Computer Science
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RISC-V, ARM, x86 — what is the difference?

* All are Instruction Set Architectures (ISAs)

* x86 is the oldest, defined by Intel
» x86 specifically refers to older 32-bit ISA, new 64-bit ISA is often called AMD64

* ARM is a processor manufacturer, there are several generations of ISAs

Cornell Bowers CIS
“¥ | Computer Science
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RISC-V, ARM, x86 — what is the difference?

* All are Instruction Set Architectures (ISAs)

* x86 is the oldest, defined by Intel
» x86 specifically refers to older 32-bit ISA, new 64-bit ISA is often called AMD64

* ARM is a processor manufacturer, there are several generations of ISAs
 ARMvI is the latest, implemented by several different companies

Cornell Bowers CIS
Computer Science

‘\e\‘\_umy%

W

& 2

\CI)
D )
2Ep A>
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RISC-V, ARM, x86 — what is the difference?

* All are Instruction Set Architectures (ISAs)

x86 is the oldest, defined by Intel
» x86 specifically refers to older 32-bit ISA, new 64-bit ISA is often called AMD64

* ARM is a processor manufacturer, there are several generations of ISAs
 ARMvI is the latest, implemented by several different companies

RISC-V: Instruction set from Berkeley

Cornell Bowers CIS
Computer Science

‘\e\‘\_umy%

W

& 2

\CI)
D )
2Ep A>
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RISC-V, ARM, x86 — what is the difference?

* All are Instruction Set Architectures (ISAs)

x86 is the oldest, defined by Intel
» x86 specifically refers to older 32-bit ISA, new 64-bit ISA is often called AMD64
* ARM is a processor manufacturer, there are several generations of ISAs
 ARMvI is the latest, implemented by several different companies
RISC-V: Instruction set from Berkeley
* designed to be simple

« came out of vector processor design project
* no licenses, no patents (hopefully)

Cornell Bowers CIS
Computer Science

‘\e\,\.umb%

W
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\CI)
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2Ep A>
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RISC-V, ARM, x86 — what is the difference?

* All are Instruction Set Architectures (ISAs)

x86 is the oldest, defined by Intel
» x86 specifically refers to older 32-bit ISA, new 64-bit ISA is often called AMD64
* ARM is a processor manufacturer, there are several generations of ISAs
 ARMvI is the latest, implemented by several different companies
RISC-V: Instruction set from Berkeley
* designed to be simple

« came out of vector processor design project
* no licenses, no patents (hopefully)

Cornell Bowers CIS
Computer Science

‘\e\,\.umb%

W

& 2

\CI)
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