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* Tool Chain

Code Entry PreProcessor Compiler Assembler

A 4

Linker Loader
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* Tool Chain

* CodeEntry

EE 4980 — MES

* filename.c
 Text editor

* Integrated Development Environment
e Code Composer
* Eclipse

Code Entry
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* Tool Chain

* Preprocessor

EE 4980 — MES

Deals with any commands starting with #

Tells the tool chain to include additional libraries
Replaces any “defines” throughout the code
Expands macros throughout the code

Manages any conditional defines

PreProcessor
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* Tool Chain

Compiler

 Compiler

e Converts c-code to assembly language

* Assembly language
* Architecture specific programming language
* Direct access to specific registers, commands, memory

|di R2, 5; // load register R2 with the value 5

sts R2, 0x0200; // copy the value in R2 to memory location 0x200
add R2, R1; // add the values of R2 and R1 and store in R2
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* Tool Chain

Assembler
* Assembler

e Converts assembly language to machine language
* Result is an object file (file.o)
* Machine language

e Part specific programming language

* Binary representation that the processor understands
1001 1000 1010 1101 // load register R2 with the value 5
11001011 1001 1100 // copy R2 to memory location 0x200
1100 1010 1100 0011 // add R2, R1 and store in R2

EE 4980 — MES
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* Tool Chain

. Linker
e Linker

* Combines the machine language code from your program with all
included libraries

e Configures all the code in memory
* Aligns code segments
* Makes connections where necessary (function calls)
e Assigns variables spots in memory

e Creates an executable file - file.out (file.exe for windows systems)
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* Tool Chain

e Loader (programmer)

Loader

* Creates whatever environment is necessary on the executing

machine

* Loads the executable program
 Starts the program

EE 4980 — MES 8




Program Counter

* Holds the memory address for the next instruction
Program Memory

* Holds the program instructions

Decoder

e Converts instructions (machine code) into control signals

Register File
e Local working memory (for ALU)

e Arithmetic Logic Unit

* Does “calculations”

Data Memory

* Holds data for future processing

e Simplified Processor Structure

PC

EE 4980 — MES

Decode

Register

File




5 Stages of Instruction Execution

Fetch (IF)

Decode / Register Access (ID)
Execute (EX)

e Memory Access (MEM)
Write Back (WB)

EE 4980 — MES 10 © tj



e Instruction Fetch

* Clock the PC

EE 4980 — MES

 New address is provided to the memory
 Memory provides instruction to its outpu

* Next address is provided to PC input

e Memory is Byte Addressed
* Instructions are 4 bytes wide
* - increment by 4

11

|t

PC

7 I

| Read

address

Instruction

Instruction
memory

—i—

Add




* Instruction format (MIPS)

BASIC INSTRUCTION FORMATS

Register - Register R apcode rs m i shamt fumct
1 i frd I bE 13 1 io £ 3
Immediate / Load/Store | opcode r= T immadiate
1 i frd I bE 1
Jump J opcode address
Il 5 25
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* Instruction format (MIPS)

REGISTER MAME, NUMBER, USE, CALL CONVENTION

T - PREESERYVEDACROES

NAME MNUMBER LSE A CALL?
Szero 1] [be Constznt Value 0 A
ai | Assemibler |emporary No

. Iwes for Funchon Results ,

Wiyl M l::dL]H-I:-:':I'.-r-:ﬁI::.J-; o nor o
sall-bay 4-7 Arguments Mo
Si-310 B-13 lemporanes o
Sel-ka l6-23  Saved |emporanes Tes
SbE-Si 24-2% lemporanes Mo
Bkil-3k 2e-d7 Reserved for Us Kemel o
Igp 23 ialobal Poinber 1es
i At siack Pomter Tes
Sip 3l Frame Pomter Tes
dra ]| Keum Address 1es

EE 4980 — MES
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* Instruction format (MIPS)

| - -l
| CORE INSTRUCTION SET OPCODE
FOR- { FUNCT
| NAME, MNEMONIC  MAT OPERATION (i Vernilog) {Hex)
Add a0 B R[rd] = R[rs] + R|r] (1) 0/ 20y
| Add Immediate add1 | B[ri] = R[r=] + SignExtlmm (1,2} Bpex
| Add Imm. Unsigned asdin 1 R[rt] = R[] + SignExtimm (2} nex
| Add Unsigned asdu R R[rd] = R[r=] + R]rt] LU P
And and B R[rd] = R[r=] & R[] 024,
| And Immediate andi |  B[ri] = R[r=] & ZeroExtlmm (3} Cpe
- omal b iR [re}—R{rt])
Branch On Bqual — vez 1 "pr_peis-BranchAddr (@ e
. iR [rs]!=R[rt])
Branch On NotEqualoes 1 “pe pe o BranchAddr () nes
EE 4980 — MES 14
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* Instruction format (MIPS)

add SSO, ST2, SS3  -- add register T2 to register S3 and store result in register SO

REGISTER NAME, NUMBER, USE, CALL CONVENTION
. : - PREESERVEDACROES
NAME MNUMBER USE A CALL?
AZEM ] I'be Consizni Value i A
| e T T -
; a Jues Tor Funchion Results ]
| CORE INSTRUCTION EET OPOODE Svi-vl =2 and Expression Evaluation No
]{] /FUNCT sall-kas 4-7 Arguments Mo
| MAME, MNEMONIC  MAT { R \] 0@ (i Verilog) iHex] {1, 5] 157 Temparanes o
Add acd B R[rd] = R[r=] + R|r] (1) 0 20 pa-ss]  T6-I3 Saved Temporaries Yes
! Sba- B lemparanes Mo
-5k 37 gserved for OF Kernel No
3Ep 25 Lilobal Poamber Yes
Tap 20 Siack Fomter Yes
fp Al Frame Pomter Tes
) Al Hitum Address Tes
BASIC INSTRUCTION FORM
N 4 A X 4 » 1 - i A e
R apcode rs m rd shiami fumct

B 13 11 10 £ 3

000000 01010 10011 10000 00000 100000
0000 0001 0101 0011 1000 00OOCO 0010 0000

0x01538020
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* Decode / Register Access

e Decode

e Use first and last 6 bits of the instruction

* Register Access

12

R format instructions use at most:

2 source registers and
1 destination register

* | format instructions use:
immediate: 1 src, 1 dest
load/store: 1 src or 1 dest
branch: 2 src

Data =%
e J format instructions do not use registe{s

EE 4980 — MES

Instruction = Control
(5 [Read
3, |Rea
register 1 Read
Register ) 5 |Read data 1
numbers | register 2
5 |Wwrite Registers
LR
L reqgister Read
Write data 2
Data
RegWrite

Control
Signals

> Data
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* Execute

* ALU executes all arithmetic and logical instructions

Register 73?

Ctl
Yﬁ\

* Inputs are Registers or Immediates

* Immediates are contained in the instruction
add SSO, ST1, 24

Register

or —

Immediate 32

> ALU

— Zero
7342 Result

— Overflow

EE 4980 — MES 17
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* Memory Access

* Load / Store Instructions
lw St4,4(St0) # load St4 from memory location ($t0)+4

e Address is calculated by adding the offset to the value in a
register
e Use the ALU to add register value to the offset
* Since the offset is only 16 bits and is in 2’s compliment format

* Must sign extend the offset to 32 bits
MemWrite

Sign extension is trivial = Why?

Read

— Address T
data

Sign-
Data extend
Write memory

data

MemRead

a. Data memory unit b. Sign extension unit
EE 4980 — MES 18 © tj



e \Write Back

* Write results or memory value back to a register

* Write data comes from ALU (result)
or
* Write data comes from data memory

2 | Read
register 1 Read “
[—
Register ) 9 |Read data 1
numbers ~ register 2
5 |\Write Registers ¢ Data
S Y
L register Read
; data 2
oua { — e /
RegWrite

EE 4980 — MES 19 © tj



EE 4980 — MES

* Missing Pieces — branches

e Read register operands
 Compare operands

e Use ALU, subtract and check Zero output

e Calculate target address
e Sign-extend displacement
 Shift left 2 places (word displacement)

e AddtoPC+4

* Already calculated by instruction fetch

shift left 2 is trivial — why?

What about the bits that shift off the end?

Instruction !
—_———

PC +4 from instruction datapath —-

Read
|

-

Branch

Add SUM == 1o et

ALU operation

To branch
control logic

ALU Zero

register 1 Read
Read data 1
register 2
Write Registers
register Read
Write gatae
data

RegWrite

16 32

Sign-

extend
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* Full Datapath

Add

PCSrc

A

Y

EE 4980 — MES

Read
address
Instruction

Instruction
memory

Add

ALU
result

xc=

> Flee_td ALUSrc 4. ALU operation
register 1 Read | BLai
Read data 1 é MemtoReg
register 2
Write Registers peaq o Address Rdea;d
register data 2 M ata
u
Write X
data
_| Write  Data
RegWrite " | data memory
Sign 32 MemRead
Lk .
extend
21
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e Datapath Control

Read
Address

Instruction
[31-0]

Instruction
Memory

Add

Instruction [31- 26]

Branch

A A

Add

MemRead

MemtoReg

x =

Instruction [25 - 21]

ALUOp

MemWrite

ALUSrc

RegWrite

Instruction [20 - 16]

Y

EE 4980 — MES

Instruction [15—11]

[N

Instruction [15—-0]

Read R/W
Register 1

Read Read
Register 2 Datal

Write

Register el

Data 2
Write

Data  Registers

In A

A4

Zero

ALU

e
\V

v
=)
=

Result
n

e

Instruction [5 - 0]

ALU

"\ Control

Y
=y
x =
w
= >

Address

Write

Data Data
Memory

22




e Datapath Control — Rtype Instruction

op I rs rt | rd | shamt | funct ‘ Instruction RegDst ALUSrc | MemtoReg| RegWrite | MemRead | MemWrite| Branch ALUOp1 ALUOpO
6 bits Sbits  Sbits  Sbits 5 bits 6 bits fufornght L 4 g L g g £ 2 D
0
4 l M
Add u
X
Branch
Instruction [31 - 26] m::?;::g D
) ALUOp
MemWrite
ALUSrc
RegWrite
oc road Instruction [25 - 21] Rea.d R/W
» Address Register 1
Instruction [20 - 16] Read Read In A
Instruction Register 2 Datal
(31-0] M Write ALU
Instruction [15-11] | Y ; Read 0
Instruction [ S REBISIET pata2 M Result
Memory Write ° i inB
T Data  Registers -
Instruction [15—0] 4
Instruction [5 - 0] ALU
. . Control
Rtype instruction
2
Add: R[rd] € R[rs] + R[rt]
EE 4980 — MES 23 © tj



e Datapath Control — LW Instruction

op | rs

Instruction | RegDst

ALUSrc

MemtoReg | RegWrite

MemRead | MemWrite | Branch

ALUOp1

ALUOpO

rt | constant or address |

6 bits 5 bits

EE 4980 — MES

5 bits 16 bits

LW 0

1 1

1 0 0

0

0

Add

Instruction [31 - 26]

RegDst
Branch
MemRead

Control |_MemtoReg

xe <

Instruction [25- 21]
Read

ALUOpP

MemWrite
ALUSrc

RegWrite

Read w

PC =

Address
Instruction [20 - 16]

Instruction
[31-0]

Instruction
Memory

Instruction [15—0]

Register 1

Write
Register

Write

Read

Data1l

Data  Registers

In A

\3 2

LW instruction

R[rt] € M[R[rs] + SignExtImm

[¥ N

N

v
R

Address

Read
Data

Data
Memory

24
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e Datapath Control — BEQ

op | rs rt constant or address | Instruction | RegDst ALUSrc | MemtoReg | RegWrite | MemRead | MemWrite [ Branch ALUOp1l | ALUOpO
6 bits 5 bits 5 bits 16 bits LW X 0 X 0 0 0 1 0 1
4 M
Add - u
X
@ Add
RegDst
Branch
. MemRead
. Instruction [31 - 26] MemtoReg
ALUOp
MemWrite
ALUSrc
RegWrite
Road Instruction [25 - 21] Read R
PC M Address Register 1
L Instruction [20; 16] Read Read
Instruction Register 2 Datal
[31-0]
Read O
Instruction Data 2 l:ln
Memory x
Registers
Instruction [15—-0] 16 @ \32 .
if(R[rs]==R[rt]) then PC €< PC + 4 + BranchA
25 © tj
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Add

Read
address

Instruction
[31-0]

Instruction
memory

i

EE 4980 — MES

Instruction [31-26]

Instruction [25=
®

Instruction [20-16]

» Control

RegDst
Branch

/

Add

\ MemRead

Bus/Wire

Value (hex)

A

MemtoReg

ALUOD

MemWrite

| ALUSrc

RegWrite

7>

£

Instruction [15—11]
[ >

K

0
M
u

NG,

Instruction [15-0]

" | register 2

|
Read

Read
regis

Baad data 1

Read

Write data 2

register

Write
data Registers

16 32

Sign-

= [l |
\

y
S xe=O)

Zero
ALU ALY
result

extend/ °

Instruction [5-0]

Address data

Write
data

Read

Data
memory

Oxec=—

TIO|MmMm[T|loO |
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Bus/Wire|Value (hex)
A
AL :
Add \
C
4 — Add
D
RegDst / E
Branch
\ MemRead F
Instruction [31-26] MemtoReg
> Control 1755 G
MemWrite
| ALUSrc H
RegWrite |
| [ C
nstruction [25-=
| pc lé»| Read ¢ ré%?g J
address AR dzsaa? 4
nstruction [20—
: é rReac{ ro Zero
Instruction | | 6 egisie ALU
[31-0] M| |wite  Read ||, @ LU eal AddressReAd L1
Instruction || (instruction [15-11] | Y | register data2 M M
memory ||e > - X
/\/ | Write : 0
3 1
D data Registers write Data
U @ N ™| data Memory
Instruction [15-0] 16 ® 32 m @
add Rd,Rs,Rt lextend ™~ Rl ™
OP RS RT RD Shamt Funct
add T3 57 s3 0x20
0x08 1 23 19 0 0x20
ofoJ1fofJofolofa]ofa]afaJola]a]la]a]o]o]1]1]o]o]o]o]lo]1]o]o]o]o]0

2

7

9

8
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0

7 7

9 8

Bus/Wire|Value (hex)
A 1220
\ | B B
d \
C 17
Add
D 13
RegDst / E 13
Branch
\ MemRead F 0000 DCBA
Instruction [31—26! MemtoReg
>|Control =ATGop G 00004321
MemWrite
@ | ALUSrc H 0001 1FDB
RegWrite
3 | 0001 1FDB
Instruction [25= Fead |
> PC o> i regis Read J 1224
Instruction [20-16] £t Read data 1 ]
__I *| register 2 Zero
Write Read A ALlIJ Addresstead 1
Instruction | | [instruction [15-11] register data 2 ol =i “lf
¢ >
e B57 Write o
D data Registers Data
U @ N > memory
Instruction [15-0] | 16 @m\ 2] | A @
add Rd,Rs,Rt " lextend =~ 0 el
op RS RT RD Shamt
add T3 57 s3
0 1 23 19 0
o[ofJo]o o[a]afaJola]ala]a]oJo]1]2]o]o]0]o]0 oJoJo]o
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e MIPS Greed Card

EE 4980 — MES

2. Fold bottom side { cohmms 3 and 4) together

I. Pull along perforation to separate card

)

reen Card

1
¥

MIPS Reference Data Card (*(

I
[
[
|
|
|
|
|
|
|
I
I
I
I

M I F s Reference Data

@

CORE INSTRUCTION SET OPOODE
FOR- [ FUNCT

NAME, MNEMONIC ~ MAT OPERATION (im Verilog) {Hex)

Add B R[rd] - R[rs] + Rirt] (1) OF 2y
Add Immediate 1 RB[r] = R[rs] + SignExtlmm (1.2)  Bpex
Add Imm. Unsigned 1 B[] = R[rs] + SignExtlmm (2) Inex
Add Unsigned B R[nd] = R[rs] + Rfr] O 2y
And B R[nd] - R[] & R[r] 04 M
And Immediate 1 R{rt] = R[rs] & ZeroExtimm (3)  Cpey
BrachOnbqud  weg 1 MSCRED g nes
! ]

Branch OnNot Bqualzes 1 QRTRRNED @ Che
Jump | I PC-JumpAddr 5)  Zhex
Jump And Link jal I R[3|-PC+E;PC=JumpAddr (5] Spex
Jump Register R PC-R[rs] 04 08y
Load Byte Unsigned 1w 1 W7 '?isi:;ﬂfflmmﬁ:m: @ e
Load Halfword | R[rt]={ 1600, M[R]rs] Tne

Unsigned +SignExtimm]( 15:0)} 2
Laad Linkad 1 RBfm]=M[R[ms]+SignExtimm] (2.7} 3y
Load Upper Imm.  mi 1 R{rt] = {imm, 1670} Then
Laoad Word v 1 B[] =M[R[m]+SigeEstimm] (2} 2
Mar nor R R[nd] =~ (R[ms] | RIr]) 1 2 Then
Or or B R[nd] - R[] | Rfr] O 25
Or Immedizte ort 1 B[] = R[rs] | ZeroExtlmm (3} dpeg
Set Less Than =1t B R[rd] = (R[rs] < R[r[3 7 1 -0 07 2apy
Set Less Than Imm. =1t 1 R ] < SignExtimm)? | : 042}  Bpex
Set [.?*ss_'l'han Imm. w1 R[] 2 "aign]-ixllmm'- B

Unsigned -0 (25) =
Set Less Than Unsig. =1tw B R[nd] 1:0 (6) 0 Thy
Shift Left Logical =11 R R[md] O Oy
Shift Right Logical =r1 B Rnd] 0 02y
Stare Byte -  MIRim] +Signk: xlln]rr':: ‘E'I @ Do
Store Congiionzl = 1 MIRIE] ';['gr] J:gﬂﬂ. Rl a7 e
Store Haliword ~ =n 1 MR 'S'W]-‘“”ﬂf;'lfins'm P -
Store Word I M[R[rs]+3ignExtimm] = R[] 2} Zhne
Subtract B R[rd] - R[rs] - Rri] (1) 0 22y

B Rfrd] = R[rs] - R[] 0 DBy
(1) May cause me’rﬂm\ exception

(2) SignExtlmm = { 16{immedizate[]15]}, immediate }

(3} ZeroExtlmm ' 6'I:| 0}, immediate }

(4) BranchAddr ' -t'lTnTnndla.tE|IS|...r:1r'1':dial.':.3":lD }
(5) JumpAddr [I"{‘ 4[31:28), address, 2°b0 }

(6] Operands considered umsigned numbers (vs. 2's comp.)

Subtract Unsignad

(7) Atomic testéset pair; R[rt] = | if pair atomic, 0 if not atomic

BASIC INSTRUCTION FORMATS

R | apcode | = | m | i} | shamt funct |
] %3 7130 15 18 [N £s B
I [opeede | m [ 1t ] immediate |
3l 35 7130 16 13 T
I [ opeode | address |

3
Copyright 2009 by E
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ARITHMETIC CORE INSTRUCTION SET

FOR-

NAME, MNEMONIC  MAT
Branch On FP Trug boit FI if{FPcondPC
Branch On FP Falsa e Fl1 iff!Flcond JPC

F I’A:I.d Single
FP Add
Double

Ffd |- Ffs] +
aqd.a FR

FP Compare Single cx=* FR Ficond - (F[fs] op F[R[)71:0
FPcond = (f I|l'5 [|fs 1] ]er
IRLF|

FP Compare e T
Double =zt FR

ELOT1

¥iris
FP Divide Sing
FP Divide
Double
FP Muldply Single
FP Multiply
Douhla

FP Subtract Single =un.sx FR FJfd}-F[fs] - F[fi]
{F[fd]Ffd+1]) [1 ||'s| Flfs+1]} -

FP Subtract

{F[RELFLfd+1]} = [F[fs]F[Fs+1]}
].

s oy DT % IC'rIS'” 1c 'rr1 2
R FIfd] - Ffs]/ F[ft]
(F[ELF]fd+1]} = {F[f]F[fs+

(T) OPCODE
F FMT /FT

OPERATION

MT

PC+4+BranchAddr (4)
PC+4+BranchAddrid)
R Lo-R[ms)RIr]; Hi-R[rs|%Rr]

R Lo-R[rsVRri]; Hi-Rfrs|%Rr]
FE:

Flit]
[FIR]F[f

[FIf]FIf+

FIfd] - FIfs] * F#]
{F[RELFLfd+1]} = [F[fs]F[Fs+1]}
].

[FIR]F[f

Double it F[f 1]}
Load FP Single Flrt]=M[R[r=}+5i nI xthmm]
Load FP* Firt]-M[R]rs}+ SignExtimm];
Doubla Flri+ 1 ]=M[R[rs]+SignExtlmm+4]
Move From Hi R[rd] = Hi

Move From Lo R[rd] = Lo

Move From Contral nf
Multiply

Multiply Unsigned
Shift Right Arith.
Store FP Single

Rird] - CRIrs]
{Hi,Lo} - R[rs] * R[ri]

L Rfrs] ¥ Rfri]
R[le R[ri] = shamt
M[R[rs]+SignExtlmm] = F[rt]

()
1

2
iZ)

&)

2)

Store FP M[R[rs]+SignExtlmm] = F[rtl.  (2)
Douhle M[R[rs]+SignExtlmm+4] = Flrt+ I|
FLOATING-POINT INSTRUCTION FORMATS
FR | opcode | fmt | it | fz | fid | fumnct |
El S FIED T6 15 10 [E 0
Fl | opcode | fime | it | immediate |
El FCFA] FIF] T6 15 0
PSEUDOINSTRUCTION SET
NAME MNEMONIC OPERATION
Branch Less Than if{R[rs]<R[rt]) PC = Label
Branch Greater Than ifiR[r=]=R[rt]} PC = Label
Branch Less Than or Equal if{Rfrs]==R[rt]) PC = Label
Branch Greater Than or Equs] ifiR[rs]==R]rt]} PC = Lahel

Lozd Immediate
Move nove

R[rd] = immediaie
R{rd] = R[rs]

REGISTER NAME, NUMBER, USE, CALL CONVENTION

FRESERVEDACROES

NAME NUMBER USE A CALL?
Bzern 1] The Constant Value 0 WA
Tal I Assembler Temporary No
oS 23 Fethuann No
Fal-Fal 4T Arguments No
t0-517 13 Tempaoraries No
Sel-EaT 16-I7 Saved Temporanes Yes
=-510 I4-75 Temparanes No
SEO-EET 76-27  Reserved for OF Kernel No
3gp ¥l Tobal Pointer Yes
Sap 9 Stack Pointer Yes
1] 30 Frame Pomnter Yes
in k]| Retum Address Yes
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