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How was fall break?

.. Start the presentation to see live content. For screen share software, share the entire screen. Get help at pollev.comjapp
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Logistics

«» Check-in04: Due before lecture on Wednesday

» HWO04 LC4 Programming: This Friday 10/14 @ 11:59 pm

= Should have everything you need

" Practice in Recitations this week

= Normal programming assignment ©

» HWO5 Control Signals: to be released this Friday

" Programming assignment
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Reminder: Instructions are bits

% An instruction fits in 1 memory location (16 bits)

% These instructions are stored in memory and accessed

sequentially
" When we trace through the code, we are just accessing the next
location in memory Index # Information
(Address) (Data)
(CONST RO, #32 A 0x9020
CONST R1, #16 1 0x9210
CONST R2, #6064 2 0x9440
— 3 0x1699
DIV R3, R2, Rl 4 0x1681
ADD R3, R3, RO : 51093
SUB RO, R2, R3 . X
\ / Y = NwwN1ND _5
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This Lecture: Hardware/Software Interface

+» We've looked at some hardware topics and some
software topics (LC4 assembly)

+» Today we are looking at the hardware/software interface
for the LC4 ISA
" How does assembly run on hardware?
" How do we create hardware that runs assembly code?

.~ Hardware details abstracted, uses a lot of the
components previously talked about (Mux, Adders,
Incrementors, etc.)

" You will implement something like this in CIS 4710
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An Idea of what we are doing this lecture:

Single Cycle Implementation of the LC4 ISA

ALL CTL
SIGNALS
— Decose ALU
N regFile. WE Tt T T T ALUCTL
! e |
sMux CT ! |
I[8:6] rsMux.CTL | : |
|
0 I reglnputMux.CTL
o0x07 rs.addr ] | ! &
[11:9] F‘ng | A :
. riMux CTL Register 1
I[2:0] File : :
3 rt.addr ! ! .
[11:9] — | | DATA.WE
. ! N |
Instruction I[119] raMux CTL | ALUInputhux CTL |
Address 150] —_DD— 4 ada - | C H—#[Data Address
PC[15:0 : rd.addr : |
SN ichoh > 0x07 — > > ; 5 : 0
Instruction ! | Data Output
Wirite Input | | 1
: B |
| | DATA .
! I[15:0 I Memory
|
|
| ! :
rf-————— — — — ——— ——— ————————— ————— = q | / |
| NZPWE I o ______¥Y __ J
: — 1[11:9] | | P=IData Input
i N NZP iz
N P -+ Register ‘-IM
;| PCMux.CTL PSR[2:0] 1
| |
| |
| U".'.' |
i ' ~ N
| L SEXT(I[30
| 1 |
| |
I I
I iy I
| |
A C I Privilege.CTL
t |
L 2 L SEXT([10:0) |
| |
RS[15:
| -—— H PSRI15]
| 3 (0x8000 1 LIMMB) |
4 |
| |
: (PG & 0xB000) | (IMMT1<=4) 100 |
— : |
N '
| \Branch Unit

:E PC+1 7
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More LC4 References!

«» More LC4 References added to the course website

+» Highly recommend you print out a copy of the
“Control Signals Description” handout

» LC4 Single Cycle Processor is the diagram on the previous
slide

+ ALU Internals explains slightly more detail about the ALU
than | will cover
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Aside: bit selecting syntax

+» Assume we have a 16-bit pattern called X

"X 0001000001000101

+~ We can refer to a specific subsection
of X with the syntax X[n:m]
= X[15:0] // all 16 bits
= X[2:0] // 3 least most significant bits
= X[5:4] // 2 bits in the middle
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The Von Neumann Loop

% Von Neumann Processor essentially does:
" Fetch instruction at Program Counter
= Decode instruction
= Execute instruction & Update PC
" Repeat

+ Critical Requirement
" Each iteration of this loop must appear atomic (All or nothing)

= Key word from programmer perspective: atomic
- Maintains sanity

= Key word from hardware perspective: appear
- Enables hardware to perform various tricks for performance >:]

10
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Fetch & Decode

+ First & second step: Fetch an instruction and decode it
" Read instruction at PC in memory (stored as 16 bits)
" From those 16-bits, outputs signals to

control the processor to execute ALLCTL
. . SIGMALS
the instruction. ~ oot >

= Common exam question: implement
part of the decoder with logic gates.

Instruction
Address
| PC[15:0]

[15:0]
-

Té
25

Instruction

12
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Fetch & Decode: ADD RO, R1, R5

+» Throughout this lecture, we will assume we just fetched
the instruction ADD RO, R1, R5 and decide what the
control signals for this should be

ALL CTL
SIGNALS

«» We have fetched and decoded the 1=
instruction, now we must execute it

Instruction
Address
. PC[15:0]

[15:0]
-

rrrrrr
A

Instruction

13
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Register File

L)

>

Array of the 8 general purpose processor registers RO - R7

L0

J
>

» We use control sighals to decide what registers we are
using and if we are writing to the register file

+» Note the usage of a MUX to select register addresses
+» Not a typical “File” on a computer

reqFils. WE

rsfMux. CTL ‘

I[8:6]
0
0x07 — rs.addr
I[11:9] |

Mux. CTL Reqgister
I[2:0] i . CT g

File
< rt.addr
I[11:9] —

rdMux.CTL

[119]
”j— 1d.addr
0X07 — -

Write Input

. 14
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Register File: ADD RO, R1, R5

% rsMux.CTL, rtMux.CTL, rdMux.CTL
" These signals decide which register should be Rs, Rt, and Rd
respectively.
+» How to decide signals generally:

= Look at the options available for this control signal
(Single Cycle handout or Control Signal Description handout)

= Determine which signal matches up for regFile. WE
the current instruction TEES R e ‘
Eﬁfg]tg-‘ji rs.addr
I[2:0] Mux. CTL Fte':giilseter i
+ ADD Example: j_ -
. . [11:9] —
= What is used for Rs in ADD? ..
I[11:9]
0001 s 5500 Ottt I
_!_l 0x07 — ' L
= |[8:6], so rsMux.CTLis O Wis Inpus

. 15



University of Pennsylvania

L10: LC4 Single Cycle CIS 2400, Fall 2022

Control Signals Description Handout

+» Can use the Control Signals Description Handout to look
up signals

+ If ADD has Rs chosen by 1[8:6]

Signal Name

# of bits

Value

Action

PCMux.CTL

3

0

Value of NZP register compared to bits [[11:9] of the current
instruction if the test is satisfied then the output of TEST is 1 and
NextPC = BRANCH Target, (PC+1) + SEXT(IMM9); otherwise the
output of TEST is 0 and NextPC=PC + 1

Next PC = PC+1

Next PC = (PC+1) + SEXT(IMM11)

Next PC = RS

Next PC = (0x8000 | UIMM8)

Next PC = (PC & 0x8000) | (IMM11 << 4)

rsMux.CTL

rsaddr = 1[8:6]

N [[O|U[s W N

rs.addr = 0x07

rs.addr =1[11:9]

« Then rsMux.CTL should be O

16
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Register File: ADD RO, R1, R5

» rsMux.CTL, rtMux.CTL, rdMux.CTL

" These signals decide which register should be Rs, Rt, and Rd

respectively.

+» ADD Example:

= What is used for Rd and Rt in ADD?

0001 s ss00 Ottt

= |[11:9] for Rd, so rdMux.CTL is O
= |[2:0] for Rt, so rtMux.CTLis O

» regFile. WE: write-enable for the
register file. If we are writing to a
register it should be 1, O otherwise
= ADD writes to a register, so regFile. WE is 1

rs.addr
Register
File
rt.addr

rd.addr

‘Write Iniput

17
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ALU: Arithmetic Logic Unit

+» Performs Arithmetic and Logical operations

" Where most instructions perform their “work”

+» Use Control Signals to decide what operation is
performed and what the inputs are

ALU
T T T T T T T T AL CTL
|
! |
! |
| J\ |
RS[15:0] : [
— r A :
! |
! I
| |
: I
|
| ALUInputMux CTL :
RT[15:0] | n
—» ;
rd | 0| :
I I
| B |
| |
|
|50 |
|
L |
|
:_______________/__4'

18
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ALU: ADD RO, R1, R5

CIS 2400, Fall 2022

% ALU.CTL decides which arithmetic/logical operation to
perform.

= 21 different options: look at the control signals description sheet

+» ADD operation is C = A + B with all 16 bits form each, no
Sign EXTension, etc. So ALU.CTLis O

Signal Name # of bits | Value | Action
ALU.CTL 6

Arithmetic Ops 0 C=A+B:Addition ALU
T C=A"B: Multiplication : _____________ ALU.CTL |
2 C =A- B: Subtraction |
3 C =A/B:Division |
4 C=AY% B : Modulus I
5 C = A+ SEXT(B[4:0]) RS[15:0] |
6 C = A + SEXT(B[5:0]) —> T A

Logical Ops 8 C = A AND B : Bitwise Logical Product :

9 C = NOT A: Bitwise Negation :
10 C = A OR B: Bitwise Logical Sum |
11 C = AXOR B: Bitwise Exclusive OR : ALUInputMux.CTL
12 C = A AND SEXT(B[4:0]) : C

Comparator Ops 16 C =signed-CC(A-B) [-1, 0, +1] RTISO0N [
17 C = unsigned-CC(A-B) [-1, 0, +1] > | 0
18 C = signed-CC(A-SEXT(B[6:0])) [-1, 0, +1] : 8
19 C = unsigned-CC(A-SEXT(B[6:0])) [-1, 0, +1] I

Shifter Ops 24 C = A << B[3:0] : Shift Left Logical : 150
25 C =A>>>BJ[3:0] : Shift Right Arithmetic I
26 C = A>>BJ[3:0] : Shift Right Logical : 1
Constant Ops 32 | C=SEXT(B[8:0]) | /

33 | C=(A&OxFF) | (B[7:0] << 8) [EREpEpR R g -

19
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ALU: ADD RO, R1, R5

» ALUInputMux.CTL decides what the second input to the
ALU will be.
" The first input is always the 16 bit value stored in Rs

® The second value can either be:
« the value in Rt
- the 16-bits of the instruction encoding

» ADD RO, R1, R5 uses Rt \L
so ALUInputMux.CTLis O | A '
» If we executed an instruction that had [-U T J
an integer immediate, then we use /L |
the bits from the instruction g i
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Branch Unit

L10: LC4 Single Cycle

+» Updates PC and the NZP bits
% PCMux.CTL: decides how PC is updated

Single Cycle Implementation of the LC4 ISA

ALLG
SIGNALS
Dscode
M

Privilege.CTL
PSR[15]

rnh-——m—mm"m—m™"—""7--"-""-"-"-"—-"-—-"-"-""--""-"""-"-""-"""-"""-"""—-"—""—"—-———-———— '|
| NZP.WE |
| — 119 | |
: et NZP v |
| -

| - - Register - Tester Jl'
|| PeMuxcTL — PER2:0] —
| |
| I
| I
I [
| L SEXT{I[8:0]) |
| 0 } |
| 1 |
| N |
| |
. - |
| ] |
| I
— + |
i 2 | E— sExTOp00) |
| Py = [
| RS[15:0] !
! I
| 3 Joxanoo 1 uimz) dt
| - [[7:0] :
| " |
| {PC & OuBO0D) | (IMMI1<=4) |
! L 1110:0] |
I [
I [
| |

5: PC = PC & 0x8000 |
(IMM11 << 4)

21
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Branch Unit: ADD RO, R1, R5

How does ADD RO, R1, R5 update the PC?
" PC=PC+1so, P CMux.CTLis 1

CIS 2400, Fall 2022

nnnnnnnnn

Previous PC

"""""""""""""""" nzewe |
B NZ|P - J:_ 0: NZP test then
PCMux.CTL — et == 1 OC=PC+1
. or
- . PC=PC+1+IMM9
— SEXTI[3:00) |
U :
™) |
- '1: PC=PC+1
d |
N 5. D —
> L cernon 2: PC=PC+1 + IMM11
RS[15:0] v N :3: PC=RS
0<B000 1 UMD L |14: PC = 0x8000 | IMM8
(PG & 0xB000) | {IMM11<<4) L 00 :5 PC _ PC & Ox8000 |
) | (IMM11 << 4)

— =

22
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Branch Unit: ADD RO, R1, R5

+» NZP.WE: decides if NZP is updated for this instruction.

% |s NZP updated for ADD?

" Yes,so NZP.WE is 1 A R~y zwe :
| — I119] | |
I TEST |
: [ Flglgzispter [ Tgizr Jl'
! ~— PSR(2:0] |
| |
| |
| |
| |
| L sexrusa |
| ¥ |
I N I
| !
| |
| ( |
| ¥ EXT(I[10:0] '
| — 0] |
| . N |
, RS[15:0] >|
: S (0xB000 | UIMMS) _ :
| - — 1[7:0] :

|

: (PG & 0xB000) | (IMM11<<d) [0 [

— . |

! 3 ' |

| \ |
| +1

Previous PC

23
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Data Memory

+» Contains the data memory of our program
+» Takesin the:

= Address of the data to access

DATA WE
= What data to write at that address
—»=|Data Address
+» Outputs the data at the Data Output |-
specified address
DATA
Memaory
« DATA.WE decides if we are updating
any data in memory.
—»=|Data Input
" Does ADD update any data in memory?

" No, so DATA.WE for ADD is O

24
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reglnputMux.CTL

+» Decides what gets written back to the register file
" 0 =output of ALU
= ] =output of data memory
= 2=PC+1 R

: ALUCTL!I
|
— |
1 | | ;
! I
L4 I | reginputMux GTL
rs.adar RS[15:0] : [
) - T A :
TL Register | |
File 1 |
I
— ri.addr | : S ATA WE
X | ATA W
! |
TL ! ALUInputMux.CTL |
| C : P=|Data Address
— rd_addr RT[15:0] N | | 0
— +
- I 0 : Data Qutput
Wirite Input | . | 1
! I
* : | DATA B
: I[15:0 I Memory \/
|
|
. ! I
_______ 1 / |
I e ___¥Y __ 1
I #-|Data Input —
|
NZP
-
| O
I (a
|
|
| : ™~ ~
! 7 7

25
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The Complete Picture

Single Cycle Implementation of the LC4 ISA

ALL CTL
SIGNALS
— Decose ALU
N regFile. WE Tt T T T ALUCTL
! e |
sMux CT ! |
I[8:6] rsMux.CTL | : |
|
0 I reglnputMux.CTL
o0x07 rs.addr ] | ! &
[11:9] F‘ng | A :
. riMux CTL Register 1
I[2:0] File : :
3 rt.addr ! ! .
[11:9] — | I DATA.WE
AR ! - !
Instruction [119) rdMux.CTL ! ALUInputMux CTL |
Address 1501 = Jadd S | C H—#[Data Address
PC[15:0 : rd.addr : |
Cl1o0, | ichoh > 0x07 — > > ; 5 : 0
Instruction ! | Data Output
Wirite Input | | 1
: B |
i | DATA >
! I[15:0 I Memory
|
|
i ! :
[ B e e 1 | / |
I NZP.WE I o ______¥Y __ a
| — 1[11:9] | | P=IData Input
| TEST 1
| B NZP | NZP |
| - . Tl Register Tester |
;| PCMux.CTL PSR[2:0] 1
| |
| |
| U".'.' |
I I ~ N,
I L SEXT(I[3:0
| (I (I[8-0]) : — —
| 1 |
| |
I I
| d |
| |
A C I Privilege.CTL
t |
P = L SEXT([10:0]) |
| |
Ra[154
| -—— H PSRI15]
| 3 (0x8000 1 LIMMB) |
rl 1
| |
: (PG & 0xB000) | (IMMT1 << 100 1
— : |
N '
| \Branch Unit

:E PC+1 26



University of Pennsylvania

Privilege.CTL
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+» More on Privilege in future lectures

+ Short version: TRAP and RTI modify privilege, all other
instructions leave it alone.

Privilege.CTL

2

0 PSR[15] = 0 - Clear privilege bit
1 PSR[15] =1 - Set privilege bit
2 PSR[15] unchanged - no change to privilege bit

+ All instructions except TRAP and RTI have

Privilege.CTL set to 2

27
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Questions?

Single Cycle Implementation of the LC4 ISA

ALL CTL
SIGNALS
Decode ALU
N regFile. WE it ALUCTLT
! I
sMux CT ! |
I[8:6] rsMux.CTL : |
|
0 B puthdux. C
0x07 rs.addr 5o ! : reglnputMux.CTL
[11:9] 3[15:0] | A |
. Lol 1
. riMux CTL Register 1
2:0] File : |
9 rt.addr ! [ N
[11:9] — | ! DATAWE
MUy ! . I
Instruction I[119] raMux CTL | ALUInputhux CTL |
Address = | C H—#[Data Address
PC[15:0] Program |[1EIO] rd.addr R'I'[.l5:U] N | | B
— | e > 007 — —— . 5 |
Instruction ! | Data Output
Write Input | | 1
: B |
i | DATA >
| I[15:0 I Memory
|
|
| ! :
e ; | -
I NZPWE I o ______¥Y __ a
| — 1[11:9] | | P=IData Input
| TEST 1
| B NZP | NZP |
| - . Tl Register Tester |
;| PCMux.CTL PSR[2:0] i
| |
| |
| U".'.' |
I I ~ N,
I L SEXT(I[30
i (I (Ips-0m : — —
| 1 |
| |
I I
1 1 |
| |
LN g I Privilege.CTL
t |
P = L SEXT([10:0]) |
| |
RS[15:
| -—— H PSRI15]
I 3 (0x8000 1 LIMMB) |
4 |
| |
: (PG & 0xB000) | (IMM11<=4) 10:0] |
— : |
N '
| \Branch Unit

:E PC+1 28
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Reminder: Circuits are not Code

+» We are dealing with circuits, not software

= All components are “working” all the time.

= We may not be using their output all the time though.

+» WE Signals always matter, we never “don’t care” about
them DATA WE
= Example: ADD and DATA.WE

- ADD doesn’t use data memory at all,
but the data address and data input will still Data Output [~
be some value (which may be garbage)

-D-ID ata Address

- We do NOT want to write garbage to memory M[;ﬂf
so DATA.WE should be 0 N

-|Data Input

29
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@ Poll Everywhere pollev.com/tqm

» What are the control signals for the JMP instruction?

= 11 different control signals questions on PollEv

» Probably want to pull up the Control Signals Description, LC4
Instruction, and Single Cycle Sheet

» If you are reading the slides after lecture and want to go
over this, should probably watch the lecture recording

30
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“Single Cycle”

+ This whole Lecture I've been talking about processor with

the term “Single Cycle”
" This means that one instruction is executed in one clock cycle.

" That means the length of the program is directly proportional to
the number of instructions executed

+» “Single Cycle” is a convenient way for programmers to
think about the processor, but most current processors

are not like this
" More on Wednesday

31



