ese Ol oS
A \

Memory

@R1
a —o h CHIP Xor { program . > D=
; ' | IN a, b; ALU
\ notp — 3AnGNOtD OUT out; ’ . e @temp
\/ \ lata M=D
b out ’ PARTS::
w. /Hbta / Not(ir1=a, out=nota); '\gsaﬂrggl
X not;Andb NOt(in=b, out=notb); input
4/ And (a=nota, b=b, out=wl);
o CICHEEL JeRaOEe, CRIESIA) & 0000000000000001
Or (a=wl, b=w2, out=out);
} 1111110000010000
0000000000010000
L t 5! 25 1110001100001000
Design of Hack Assembler
global main
SECTION .data
msg: db "Learning is fun with Arif", O0Ah, Oh
len msg: equ $ - msg 0: b8 01 00 00 0O
SECTION .text 5: bf 01 00 00 00
main:
#include<stdio.h> A a: 48 be 00 00 00 00 00
#include<stdlib.h> mov rdi,1 11: 00 00 00
int main () { ' ' mov rsi,meg H 14: ba 1b 00 00 00
printf ("Learning is fun with Arif\n"); Z;Zc;}l{' B 19: 0f 05
exit (0); mov rax, 60 1b: b8 3c 00 00 00
} mov rdi, 0 20: bf 00 00 00 00
syscall 25: 0f 05

Slides of first half of the course are adapted from:

https://www.nand2tetris.org

Download s/w tools required for first half of the course from the following link:
https://drive.google.com/file/d/0B9c0BdDJz6 XpZUh3X2dPR 100MUE/view

Instructor: Muhammad Arif Butt, Ph.D.




Today’s Agenda

What 1s an Assembler?
How an Assembler works?

Hack Machine Language Specification
Demo of Built-in Hack Assembler

Design of Hack Assembler (w/o Symbols)
Design of Hack Assembler (with Symbols)
Hack Assembler Implementation in C/C++

Executing Hack Machine Code

— Hack Computer Chip in h/w Simulator
— CPU Emulator

Instructor: Muhammad Arif Butt, Ph.D. 2



What I1s an assembler?
&

How an Assembler works?

Instructor: Muhammad Arif Butt, Ph.D.



What is an Assembler?

An assembler is a program that takes as input, a stream of assembly instructions and generates as
output a stream of equivalent binary instructions. The resulting code can be loaded as is into the
computer’s memory and executed by the processor

// Program: swap.asm
// Usage: put values in RAM[0], RAM[1] swap .hack
//swap the values of RAM[0] and RAM[1]
1| @R1 1| 0000000000000001
2| D=M 71 1111110000010000
3| Qtemp 3/ 0000000000010000
4| M=D 4| 1110001100001000 )
Load in
5| 0000000000000000
5| @RO Assembler 6| 1111110000010000 Hack Computer
6| b= 7| 0000000000000001
7| @r1 Translate 2/ 1110001100001000 Execute
8| M= 9] 0000000000010000
10/ 1111110000010000
S| @temp 11| 0000000000000000
10 D=M 121 1110001100001000
11| @RO 13| 0000000000001100
12| M=D 141 1110101010000111
(END)
13| QEND
14/ 0;JMP

Instructor: Muhammad Arif Butt, Ph.D. 4



Where does the Assembler Program Runs?

T 0000000000000001

D= 1111110000010000

@temp 0000000000010000

P 1110001100001000

D= 0000000000000000

er1 1111110000010000

ﬁ? 0000000000000001

i 1110001100001000

@RO 0000000000010000

M=D 1111110000010000

o 0000000000000000

e 1110001100001000

0000000000001100

Assembly Language Program 1110101010000111
swap.asm Machine Language Program

swap.hack

£ =0\

Your Home PC Your Hack Computer

Instructor: Muhammad Arif Butt, Ph.D. >



‘&) Symbols in Assembly Language

. Assembly Instructions can refer to memory locations (addresses) using either
constants or symbols. Other than the predefined/build-in symbols, an assembly
programmer can use user-defined symbols in following two ways:

Label Symbols: Variable Symbols:
Instruction Memory JMP loop LOAD R1, weight Data Memory
0 A 0
1 m . 1
524 94
loop: 12 v v
JMP M[127] LOAD R1, M[524]

Instructor: Muhammad Arif Butt, Ph.D. 6



&) How can an Assembler Resolves these Symb

Code with Symbols

Code with Symbols Resolved
/Il Computes sum = 1+2+E.+100 | M[1024]=1

i "+ M[1025]=0

“#| lsum=0 "¢ if M[1024]==101 goto ?
00D

"$| lif i ==101 goto end
"% sum=sum-+i

"&1 =i+l

"I goto loop
end:
‘(] goto end

Instructor: Muhammad Arif Butt, Ph.D. !



Two Pass Assembler and Sxmbol Table

* A Two Pass Assembler is an assembler that goes through the source file twice, in the
first pass it creates symbol table for that file and in the second pass it resolves all the
symbol references and generate the appropriate machine code

A symbol table is a data structure used by an assembler/compiler to look-up and
resolve symbolic names with their corresponding memory addresses

00
01

02
03
04
05

06

Code with Symbols

// Computes sum = 1+2+..+100
i=1

sum=0

loop:

if i==101 goto end
sum=sum+i

i=i+l

goto loop
end:

goto end

s

Symbol Table
i 1024
sum 1025
loop 2

end 6

Assuming that variables are
allocated to Memory[1024] onward

00
01
02
03
04
05

Code with Symbols Resolved

M[1024]=1

M[1025]=0

if M[1024]==101 goto 6
M[1025]=M[1025]+M[1024]
M[1024]1=M[1024]+1

goto 2

goto 6

Assuming that each symbolic command is
translated into one word in memory

Instructor: Muhammad Arif Butt, Ph.D.



How an Assembler Work?

Read next assembly language instruction from file:

 Parsing: Break symbolic instruction into its underlying fields

[ Code Generation: For each field, generate the corresponding bits in the
machine language

d Symbol Handling: Replace all symbolic references with numeric
addresses of memory locations

(J Assembly: Combine the binary codes into a complete machine
instruction and write this machine language instruction to output file

Repeat, Until End of file is reached

Instructor: Muhammad Arif Butt, Ph.D. ?



How an Assembler Work? (...

Read next assembly language instruction from file:

Ignore comments , blank lines and white spaces

//This is a comment ¢

Load R1,35

Read assembly instruction into an array of characters

Llolaldl R, [3]5

Instructor: Muhammad Arif Butt, Ph.D. 10
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2/ How an Assembler Work? (...)

 Parsing: Break symbolic instruction into its underlying fields

Llolaldl R 1., [3|5

BEEEENEY EEN

Instructor: Muhammad Arif Butt, Ph.D. H



How an Assembler Work? (...)

[ Code Generation: For each field, generate the corresponding bits in the
machine language

BEEEENEY EEN

N \

Ovcoce I T1To o] [ olol1/ololo[1 1

10000 o
Sub 10001
Load 11001

Instructor: Muhammad Arif Butt, Ph.D. =



How an Assembler Work? (...)

J Symbol Handling: Replace all symbolic references with numeric
addresses of memory locations

HENEE EEN

\- 1 \
—T— 312/0]ol: [l 010/ I o o olols [

R2 010

Instructor: Muhammad Arif Butt, Ph.D. 3



‘@) How an Assembler Work? (...

I Assembly Combine the binary codes into a complete machine
Instructionandwrite this machindanguagenstructionto outputfile

N L/

/IThis is a comment
Load R1,35

#$5%&'(%0)*+4

16-bit Machine Instruction

Note: The outputis written in a file asperthe specificationof the file format of machinelanguagewhich
maybea binaryformat,or atextformatthatthetargetcomputerunderstan@sanexecutabldile format

Instructor: Muhammad Arif Butt, Ph.D. "




Recap:

Hack Machine Language Specification

Instructor: Muhammad Arif Butt, Ph.D. !



‘& Hack Language Specification: Alnstruction

The Arinstruction is used to set the A register to a 15 bit value
Syntax: @value

Translation to binary:

* If value i1s adecimal constant, generate the equivalent bicanstant

* If value IS asymbol resolve it

Symbolic Code: Machine Code:
@23 SdACoR» 0000 0000 0001 01112

opcode signifying
an A-instruction

Instructor: Muhammad Arif Butt, Ph.D. "



‘@) Hack Language SEeciﬁcation: C-Instruction

dest= comp ;jump

1 acl c2c3 c4 c55 c6|(dl d2 da3 | 3jl1 j2 33

comp clc2c3 c4c5 c6 dest |d1 d2 d3]| effect: the value is stored in:

0 1 91 06 1 0 null © 0 o | I'he value 1s not stored

1 111 1 1 1 RAM[A]

-1 111 0 1 o | D | || 0 1 el D register

D @ 01 1 0 o MD @ 1 1 |RAM[A] and D register

A M 11 0 0 0 o A 1 o o |Aregister

ID © 01 1 0 1 AM 1 o 1 |Aregister and RAM[A]

A IM 110 0 0 1 AD 1 1 e |Aregister and D register

-D @ 061 1 1 1 AMD 1 1 1 |Aregister, RAM[A], and D register
-A -M 110 0 1 1

D+1 e 1 1 1 1 1 Jjump |31 j2 j3| effect:

A+l M+1 110 1 1 1 — lj & 6 o[[nojump

D-1 2 01 1 1 o . .

1 M-1 116 6 1.8 JGT o 0 1 }f out > © j.ump

dD+A D+M o 6 0 0 1 o JEQ @ 1 0o |if out = 0 jump

m—— D-M 5T 5 ¢ I 1 JGE @ 1 1|if out 2 @ jump

A-D M-D 2 0 0 1 1 1 JLT 1 0 0o|if out < @ jump

D&A D&M 9 9 0 0 9 © INE 1 © 1]if out # @ jump

D|A D|M 1 06 1 0 1 JLE 1 1 o |if out £ @ jump
a==0 a==1 IMP 1 1 1 | Unconditional jump

D=D+A 1 0000010 010 00O

Instructor: Muhammad Arif Butt, Ph.D. v



dest = comp ;jump

1 aclc2c3cdchco dl d2 d3 112 )3
comp " 1% 1S 19%1& I dest [3" 3# 3$| effect:the value is storeh:
( —( " (" 4564 || (_ (]| The value 1s1otstored
" momomom T 7+,8+9
)" Y G * ( " (|*reqister
* C (" " C ( * ( " " |7+8+9 and* register
+ B G GO G + " ( ( [+register
* c ¢ " " +, ( " | +registerand7+,8+9
+ - " ( + " " (| +registerand* register
)* O G +* " v | +register7+,8+9, and* register
) ) R G G
) ¢ o jump [:* # :$| effect:
s " — 4566 [ ( ( ([nojump
) - ( ( — E <« | >?@A5B@C@DE
.y iy CO0 (o el |l (|| >»>@A5B@2@HDE
)+ 5, C "o (o <F ( >?@A5B@H@OE
+)* ) * «C ¢ (" "o = " ( (|>@A5B@J@HDE
x4 " CC (¢ KF " (" |>?@A5B@L@HDE
*0+ *0, (" (" (" JIF " (| >?@ASB@M@DE
122° N " " " | Unconditionaljump
@17 w0 000000000010001
D 1-JE #$%&'(%0)
JEQ 1 0001110 000 010

Instructor: Muhammad Arif Butt, Ph.D. "



& Hack Language Specification: Symbols

Predefinedsymbols:

/ Program: swap.asm
Svmbol Value m Value / Usage: put values in RAM[0], RAM[1]
" " #$ ) /swap the values of RAM[0] and RAM[1]
1% % &'& % !
I( ( )= ( #| D=M
+++ +++ - H / $ @temp]
1960 %0 ), 1 % M=D
#1223 %4/51
678 (1094 & ero
D=M
(/[ @r1
)| "M=D
LabelSymbols
" |@temp|
(LABELNAME @ ABELNAME *| D=m
:
. I# VI=D
VariableSymbols END)
@ariable name 1$
1% O JMP

Instructor: Muhammad Arif Butt, Ph.D. "



Built-in Hack Assembler

Instructor: Muhammad Arif Butt, Ph.D. 20



The TranslatorOs Challenge (Overview)

Hack AssemblyCode
(SourceLanguage) Hack Binary Code
/ Program: swap.asm (TargetLanguage)
/ Usage: put values in RAM[0], RAM[1] | 0000000000000001
) /svgpF\':rie values of RAM[0] and RAM[1] ' | 1111110000010000
| D=M +#| 0000000000010000
#  @temp $ 1110001th(|)001000
_ Ignore this line
H M=D Al STl % 0000000000000000
% @RO &| 1111110000010000
& D=M =) " | 0000000000000001
| @Rr1 ; (] 1110001100001000
(I M=D | Ignore this line
P )| 0000000000010000
| @temp . | 1111110000010000
| D=M What aregherules 0000000000000000
| @RO of thegame? ' | 1110001100001000
"'l M=D Ignore this line
(END) "#| 0000000000001100
| @END "$] 1110101010000111
"$ 0;,JMP

Instructor: Muhammad Arif Butt, Ph.D. "



eone
File Run

Help

The Translator’s Challenge (Overview

Assembler (2.5) - /Users/arif/Documents/01 Arif-CS223-COAL/LectureSlides-Video Sessions/Lecture Codes/25/swap.hack

SH>>uCHh =

Source

7] Program: swap.asm
// Usage: put values in RAM[@], RA

//swap the values of RAM([@] and RA

@R1
D=M
@temp
M=D

@R0O
D=M
@R1
M=D

@temp
D=M
@RO
M=D
(END)
@END
0; IMP

Destination

0000000000000001
1111110000010000
0000000000010000
1110001100001000
0000000000000000
1111110000010000
0000000000000001
1110001100001000
0000000000010000
1111110000010000
0000000000000000
1110001100001000
0000000000001100
1110101010000111

Comparison

0000000000000001
1111110000010000
0000000000010000
1110001100001000
0000000000000000
1111110000010000
0000000000000001
1110001100001000
0000000000010000
1111110000010000
0000000000000000
1110001100001000
0000000000001100
1110101010000101

Comparison failure

Instructor: Muhammad Arif Butt, Ph.D.

22



‘&) Hack Assembler Tool (GUI

Instructor: Muhammad Arif Butt, Ph.D. 5



Executing Hack Machine Code

v Hack Computer Chip in h/w Simulator
v CPU Emulator

Instructor: Muhammad Arif Butt, Ph.D. 24



Hack Assembler

w/o Symbols

Instructor: Muhammad Arif Butt, Ph.D.



The Hack Language: Translator’s Perspective

Hack Assembly Program

@i
M=1
@sum
M=0
(LOOP)
@i
D=M
@RO
D=D-M
@STOP
D;JGT
@sum
D=M
@i
D=D+M
@sum
M=D
@i
M=M+1
QLOOP
0;JMP
(STOP)
@sum
D=M
@R1
M=D
(END)
Q@END
0,;JMP

// Computes RAM[1l] =

1+ 2+ 3 . + RAM[O]
e =

//sum = 0

//if 1 > n goto STOP

// sum = sum + i

// i=1+1

// RAM[1] = sum

Assembly Program Elements:

———

White space

* Empty lines / indentation

 [ine comments

—lgnore

* In-line comments

[

Instructor: Muhammad Arif Butt, Ph.D.

26



‘& The Hack Language: Translator’s Perspective

Hack Assembly Program

Qi
M=1
@sum
M=0
(LOOP)
Qi
D=M
QRO
D=D-M
@STOP
D;JGT
@sum
D=M
Qi
D=D+M
@sum
M=D
Qi
M=M+1
QLOOP
0,;JMP
(STOP)
@sum
D=M
@QR1
M=D
(END)
QEND
0;JMP

Assembly Program Elements:

—

White space

* Empty lines / indentation

P
« Line comments Ignore
* In-line comments
Symbols —
* Built-in Symbols Assume the
. assembly

* Labels programmer do
* Variables not use symbols

Instructor: Muhammad Arif Butt, Ph.D.

27



& The Hack Language: TranslatorOs Perspectiv

Hack AssemblyProgram

@6
M=1
@7
M=0
@6
D=M
@
D=D M
@0
D;JGT
@7
D=M
@6
D=D+M
@7
M=D
@6
M=M+1
@
0;JMP
@7
D=M
@a
M=D
@4
0;JMP

AssemblyProgram Elements:

White space

Empty lines/ indentation

———

=

I Line comments Ignore
I In-line comments
Symbols I
| Built-in Symbols | ASSume the

___ assembly
' Labels programmer do
| Variables not use symbols
Instructions

A-instructions
C-instructions

= Translate

—

Instructor: Muhammad Arif Butt, Ph.D.

!ll



=
Hack AssemblyPro
o|@16

M=1
@17
M=0
@16
D=M
@0
D=D M
@20
D;JGT
@17
D=M
@16
D=D+M
@17
M=D
@16
M=M+1
@4
0;JMP
@17
D=M
@1
M=D
@24

O© 0o ~No ok WDN PP

=
o

[EEN
[EN

[EnY
N

=
w

[EY
D

[N
()]

=
(e}

=
\‘

[EnY
e}

[N
(o)

N
o

N
(=Y

N
N

N
w

N
N

The Hack Language: TranslatorOs Perspectiv

N
ol

0;JMP

gram (without Symbols) Hack Binary Code
0
#5$%8&(%) .
for symbotless Hackprograms 3
4
- - 5
For eachinstruction 6
| Parsing Break symbolic instruction into its underlying ;
fields 9
| CodeGeneration: ig
O A-instruction translate the decimal value into a 12
binaryvalue ij
O C-instruction for each field in the instruction,is
generatehe correspondindpinarycode ii
I Symbol Handling: No symbolsexist 18

19
20
21
22
23
24
25

Assembly Combinethebinarycodesnto 16-bit instruction

Instructor: Muhammad Arif Butt, Ph.D. E
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Instructor: Muhammad Arif Butt, Ph.D.
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Hack AssemblyProgram (without Symbols) Hack Binary Code
2 ﬁ:f 0 10000000000010000
H$$%68. (%) :
3|M=0 for symbotless Hackprograms 3
4|1 @16 4
5[D=M 5
61@0 For eachinstruction 6
7|b=DM . .. . . . . 7
s[@20 | Parsing Break symbolic instruction into its underlying 8
9|DJGT fields 9
10 (@17 . 10
11 (o= I CodeGeneration: "
12]1@16 O A-instruction translate the decimal value into a 12
131D=D+M binaryvalue 13
14 | @17 14
15 [M=D O C-instruction for each field in the instruction,is
16 | @16 generatehe correspondindpinarycode 16
17 [M=M+1 _ _ 17
18 [@a I Symbol Handling: No symbolsexist 18
;3 (C’;l'\gp I Assembly. Combinethe binarycodesinto 16-bit instruction ;g
21 [D=M s ‘mp1234$52 e
22| @1 f:, E E : 5 E 22
23 [M=D P et ¢ ”
24 [@24 X “zi'(‘f} D 24
25 [0:IMP Sl 25




(-
| (I I
E " " I n
( H

Instructor: Muhammad Arif Butt, Ph.D.
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Hack AssemblyProgram (without Symbols) Hack Binary Code

0l@16

0
1{M=1 |I

#$$%&-(%) ; 1110111111001000

3|M=0 for symbotless Hackprograms 3
4|1 @16 4
5[D=M 5
61@0 For eachinstruction 6
7|D=D M . . . . . . 7
s[@20 | Parsing Break symbolic instruction into its underlying 8
9|D;JGT fields 9
10 (@17 . 10
11 (o= I CodeGeneration: "
12 |@16 O A-instruction translate the decimal value into a 12
131D=D+M binaryvalue 13
14 | @17 14
15 [M=D O C-instruction for each field in the instruction, s
16 | @16 generatehe correspondindpinarycode 16
17 [M=M+1 _ _ 17
18 [@a I Symbol Handling: No symbolsexist 18
;3 (C’;l'\gp I Assembly. Combinethe binarycodesinto 16-bit instruction ;g
21 [D=M s ‘mp1234$52 e
22 | @1 f:, E E : 5 E 22
23 [M=D P e o=
24 (@24 ol E :(: : - 24
25 [0:IMP Sl 25




ack AssemblyPro

0
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The Hack Language: TranslatorOs Perspectiv

@16

M=1

@17

M=0

@16

D=M

@0

D=D M

@20

D;JGT

@17

D=M

@16

D=D+M

@17

M=D

@16

M=M+1

@4

0;JMP

@17

D=M

@1

M=D

@24

0;JMP

gram (without Symbols)

0

1

#$$%6& (%) .

for symbotless Hackprograms 3

4

- - 5

For eachinstruction 6
. . . . . . 7

| Parsing Break symbolic instruction into its underlying 8
fields 9

. 10

| CodeGeneration: ”
O A-instruction translate the decimal value into a 12
binary value ij

O C-instruction for each field in the instruction,is
generatehe correspondindpinarycode 16

17

I Symbol Handling: No symbolsexist 18
. . . . . 19

I Assembly. Combinethe binarycodesinto 16-bit instruction 20
e =

Jolaail el 2

; )‘lii;? ol 23

b 24

i 25

Hack Binary Code

0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100

1110001100000001

0000000000010001

1111110000010000

0000000000010000

1111000010010000

0000000000010001

1110001100001000

0000000000010000

1111110111001000

0000000000000100

1110101010000111

0000000000010001

1111110000010000

0000000000000001

1110001100001000

0000000000011000

1110101010000111

T

Instructor: Muhammad Arif Butt, Ph.D.




Hack Assembler

with Symbols

Instructor: Muhammad Arif Butt, Ph.D.
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@um

(LOOR

@ro

D=DM

@TOP

D;JGT

D=D+M

@um

M=M+1

@QOOP

0:JMP

(STOR

@Gum

(END

@END

0;JMP

Hack Assembler

Hack Binary Code

0000000000010000
1110111111001000
0000000000010001
1110101010001000
0000000000010000
1111110000010000
0000000000000000
1111010011010000
0000000000010100
1110001100000001
0000000000010001
1111110000010000
0000000000010000
1111000010010000
0000000000010001
1110001100001000
0000000000010000
1111110111001000
0000000000000100
1110101010000111
0000000000010001
1111110000010000
0000000000000001
1110001100001000
0000000000011000
1110101010000111

#5598, (%)

For Hack programs with symbols

Challenges:
HandlingE

' Whitespace
I Instructions
I Symbols

© 0N O O~ W DN -, O

[EEN
o

[
[

[EEN
N

[EEN
w

[EEN
~

[EEN
a1

[EEN
(o3}

[EEN
\‘

[EEN
o]

[EEN
©

N
o

N
[y

N
N

N
w

N
N

N
a1

Instructor: Muhammad Arif Butt, Ph.D. R
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Handling Symbols

Symbols

Predefinedsymbols
Represenspecialmemorylocations
(RO, R1)

Labelsymbols
Representlestination®f gotoinstructions(LOOR STOR END

Variablesymbols

Represenimemory locationswhere the programmerwants to
maintainvalues

(i , sum)

Instructor: Muhammad Avrif Butt, Ph.D. !
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@sum

M=D

@i

M=M+1

QLOOP

0;JMP

(STOP)

@sum

D=M

@Rl

M=D

(END)

QEND

0;JMP

Handling Pre-defined Symbols

Pre-Defined Symbols
The Hack language specification describes 23 pre-defined symbols:

Symbol Value Symbol Value

RO 0 SP 0

R1 1 LCL 1

RD ) ARG 2

THIS 3

RIS 15 THAT 4
SCREEN 16384
KBD 24576

Translation:

* Predefined symbols occur only in A-instructions, e.g.,
@predefinedsymbol

* Replace predefinedsymbol with its value

Instructor: Muhammad Arif Butt, Ph.D. 36
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@un

D=M

@r1

M=D

(END

@END

O JVIP

Handling Labels

Label Symbols
| Usedto labeldestination®f gotocommands

| Declaredby the pseudecommandxxx)

I This directivedefinesthe symbolxxx to referto memorylocation
holdingthe nextinstructionin the program

Symbol Value

LOOP 4
STOP 20
END 24

Translation:

| Label declarations,e.qg., (labelsymbal are not translated,so
generatano codeandarecalledpseudecommands

I Replacelabelsymbolwith its value, which is the addressof the
memorylocationholdingthe nextinstructionin the program

Instructor: Muhammad Arif Butt, Ph.D. K
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M=1

@um

M=0

(LOOR

D=M

@ro

D=DM

@TOP

D;JGT

Handling Variables

Variable Symbols

I Any symbolii* appearing iran assemblyprogramwhich isnot
pre- definedandis notdefined elsewhere using thes" directive
IS treatecs avariable

I Eachvariable is assigneglunigue memory address, startetd.6

Symbol Value
i 16
sum 17

Translation: @varsymbol

I If seen for the first time, assign a unique memory address start
from 16

I Replacevarsymbol with the address

Instructor: Muhammad Avrif Butt, Ph.D. !
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M=1

@um

M=0

(LOOR

D=M

@ro

D=D M
L

@TOP
D;JGT

Why Two Pass Assembler?

Instructor: Muhammad Arif Butt, Ph.D.
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M=1

@um

M=0

(LOOR

D=DM

@TOP

D;JGT

D=D+M

@um

M=D

M=M+1

@QOOP

0;JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

First Pass

I Createanemptysymboltable

1"#$%& ' (&)*
E #

Instructor: Muhammad Arif Butt, Ph.D.
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D=DM

@TOP

D;JGT

D=D+M

@um

M=D

M=M+1

@QOOP

0;JMP

(STOR

@um

D=M

@r1

M=D

(END

@END

0;JMP

First Pass

I Createanemptysymboltable
I Initialize the symboltablewith the 23 pre-definedsymbols

#$

#Il

$

#%

%

&&&

&&&

i+

/01

%!'2,

@3

4)4

SH6

%

789(

7857

\

>Initia|ization:
Add the23pre-defined symbols

Instructor: Muhammad Arif Butt, Ph.D. 3



w N B O

© 00 J o U b

10
11
12
13
14
15
16
17
18
19

20
21
22
23

24
25

@RO

D=D-M

@STOP

D;JGT

@sum

D=M

@i

D=D+M

@sum

M=D

@i

M=M+1

QLOOP

0;JMP

(STOP)

@sum

D=M

@Rl

M=D

(END)

QEND

0;JMP

First Pass

* Create an empty symbol table

 Initialize the symbol table with the 23 pre-defined symbols

* Read the source file and look for label declaration only, and on
encountering a label declaration, enter the label name with its
corresponding address in the symbol table

Symbol Value

RO 0
R1 1
R2 2
R15 15
SCREEN 16384
KBD 24576
SP 0
LCL 1
ARG 2
THIS 3
THAT 4

\

>Initializati0n:
Add the 23 pre-defined symbols

Instructor: Muhammad Arif Butt, Ph.D. 42



0 Qi °
)1 wem First Pass
:23 @im « Create an empty symbol table
* Initialize the symbol table with the 23 pre-defined symbols
al 61 * Read the source file and look for label declaration only, and on
5( D=M encountering a label declaration, enter the label name with its
j €RO corresponding address in the symbol table
D=D-M
8 @STOP
9 D;JGT
10 @sum Symbol Value
11| =M RO 0 )
12 @i R1 1
13 D=D+M R2 2
14 @Sum 600 000
15| M=D R15 15
16 Qi SCREEN 16384 >Initializati0n:
L7 MM KBD 24576 Add the 23 pre-defined symbols
18 @QLOOP Sp 0
19 0,;JMP LCL 1
ey ARG 2
20] Gsum THIS 3
21) Db=M THAT 4
22| @Rl LOOP 4
23] M=D First pass: Add the label symbols
(END)
24 QEND
25|  0;JMP Instructor: Muhammad Arif Butt, Ph.D. 43



% 0 Qi
J1 =1

2 @sum

3 M=0

(LOOP)

4 @i

5 D=M

6 @QRO

7 D=D-M

8 @STOP

9 D;JGT
10 @sum
11 D=M
12 @i

13 D=D+M
14 @sum
15 M=D
16 @i
17 M=M+1
18 QLOOP
19 0;JMP
20 dSun
21 D=M
22 @R1
23 M=D

(END)

24 QEND
25 0;JMP

First Pass
* Create an empty symbol table

 Initialize the symbol table with the 23 pre-defined symbols

* Read the source file and look for label declaration only, and on
encountering a label declaration, enter the label name with its
corresponding address in the symbol table

Symbol Value

RO 0
R1 1
R2 2
R15 15
SCREEN 16384
KBD 24576
SP 0
LCL 1
ARG 2
THIS 3
THAT 4
LOOP 4
STOP 20

\

’

Initialization:

Add the 23 pre-defined symbols

First pass: Add the label symbols

Instructor: Muhammad Arif Butt, Ph.D.
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First Pass

I Createanemptysymboltable

I Initialize the symboltablewith the 23 pre-definedsymbols

I Readthe sourcefile andlook for label declarationonly, and on
encounteringa label declaration,enter the label name with its
correspondin@ddressn the symboltable

#$ $
#% %
#& &
#9%" %"
(#+*+ %,-.!
/01 &1"2,
(3 $
Y %
5#6 &
789( )
7857 !
LOOP 4
STOP 20
END 24

\

>Initia|ization:
Add the23pre-defined symbols

First pass:Add the labekymbols

Instructor: Muhammad Arif Butt, Ph.D. K



0
Second Pass 1
2
3 =0 3
(LOO?) 4
4 Qi 5
5 D=
6| @ero 6
7 D=D-M 7
8 @STOP Symbol Value 8
9 D;JGT 9
10 @sum 10
11 D=M 11
12 Qi 12
13 D=D+M
14 @sum 13
15| M=D 14
16 Qi 15
17 M=M+1 16
18 QLOOP 17
19 0; JMP 18
(STOP) 19
20 @sum 20
21 D=M
22|  @r1 21
23 M=D 22
(END) 23
24 @END 24

25 0;JMP Instructor: Muhammad Arif Butt, Ph.D. 25




Second Pass .
2 @um 2
3 M=0 3

(LOOR 4
4 Q@ 5
5 D=M
6 @0 6
7[ D=DM 7
gs| @ToP 1"#3%& ' (&)* 8
9 D;JGT 9
10 @um 10
11 D=M 11
2| @ 12
13 D=D+M
14 @um 13
15 M=D 14
16 Q@ 15
17 M=M+1 16
18 @OOP 17
19 0;JMP 18
20 (STg?Jm 19
21 D=M 20
22 @1l 21
23 M=D 22

( END 23
24 @ND 24
25  0,JMP Instructor: Muhammad Arif Butt, Ph.D. 25




<0 p= 0
L0 1 M=1 SeCOHd PaSS 1
2 @um 2
3 M=0 3
(LOOR 4
4 Q@ 5
5 D=M
6 @ro 6
7[ D=DM 7
gs| @ToP 1"#3%& ' (&)* 8
9 D;JGT 9
10 @um 10
11 D=M 11
12 Q@ 12
13 D=D+M
14 @um 13
15 M=D 14
16 Q@ 15
17 M=M+1 16
18 @OOP 17
19 0;JMP 18
(STOR 19
20 @Gum 20
21 D=M
22 @r1 21
23 M=D 22
( END 23
24 @ND 24
25  0,JMP Instructor: Muhammad Arif Butt, Ph.D. 25
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\/| =

M=0

(LOOR

D=M

@ro

D=DM

@TOP

D;JGT

@um

D=M

D=D+M

@um

M=D

M=M+1

@QOOP

0;JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

Second Pass

I"4$%& ' (&)*

Instructor: Muhammad Arif Butt, Ph.D.
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\/| =

M=0

(LOOR

D=M

@ro

D=DM

@TOP

D;JGT

@um

D=M

D=D+M

@um

M=D

M=M+1

@QOOP

0;JMP

(STOR

@Gum

D=M

M=D

(END

@END

0;JMP

Second Pass

I"4$%& ' (&)*

# s

Instructor: Muhammad Arif Butt, Ph.D.
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D=DM

@TOP

D;JGT

@um

D=M

D=D+M

@um

M=D

M=M+1

@QOOP

0;JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

Second Pass

I"4$0%6& ' (&)*

R
&&& &&&

Instructor: Muhammad Arif Butt, Ph.D.
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(END

@END

0;JMP

Second Pass

I"4$0%6& ' (&)*

%

&&& &&&

Instructor: Muhammad Arif Butt, Ph.D.

© 0O ~NO Ol W DN PEFL O

NNNNDNRRERRERPRRERRRRR
A WNRPOWOWWNOUWUMWNDNLRO

25




Q@ 0
Second Pass )
@um 2
3 M=0 3
(LOOR 4
4 @ 5
5[ | _p=m -
6 a0
7 D=DMm 7
s8] @TOoP 1"#$%& ' (&)* 8
9 D;JGT 9
10 @um 10
11 D=M 11
12 Q@ 12
13 D=D+M
14 @um 13
15 M=D 14
16 Q@ 15
17 M=M+1 16
18 @OOP 17
19 0;JMP 18
(STOR 19
20 @Gum
21 D=M 20
22 @1l 21
23 M=D 22
( END 23
24 @ND 24
25  0,JMP Instructor: Muhammad Arif Butt, Ph.D. 25
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(END

@END

0;JMP

Second Pass

#$ $
#% %
#& &
#%! %!
()#**+ %,-."
/01 &"12,
(3 $
44 %
5#6 &
789( -
7857 :
LOOP 4
STOP 20
END 24
i 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.

© 0O ~NO Ol W DN PEFL O

0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000




L0 0|0000000000010000
' Second Pass 1[1110111111001000
2 2 [0000000000010001
3 3]1110101010001000
410000000000010000
g 5(1111110000010000
5 6 [0000000000000000
. 7(1111010011010000
; :
9 niy # 9
10 "% $ 10
11 "% % 11
12 ugf& ;&& 12
: : 13
14 -(--))* $+’__ 14
15 /01 %.12+
16 '3 # 15
17 4(4 $ 16
18 5"6 % 17
19 789' : 18
7857 . 19
20 LOOP 4 20
21 STOP 20 21
22 END 24
23 i 16 22
(A sum 17 23
24 @ND O ————————————————————————————————— 4 |
25|  0,JMP Instructor: Muhammad Arif Butt, Ph.D. 25
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@um

(END

@END

0;JMP

Second Pass

#$ $
#% %
#& &
#%! %!
(O#**+ %",-.
/01 &.12"
(3 $
44 %
5#6 &
789( ,
7857 .
LOOP 4
STOP 20
END 24
i 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.
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0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100
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M=M+1

@QOOP

0:JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

Second Pass

#$ $
#% %
#& &
#%! %!
(O#**+ %,-./
012 &N",
(3 $
44 %
5#6 &
789( -
7857 /
LOOP 4
STOP 20
END 24
i 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.
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0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100

1110001100000001
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M=1

@um

M=0

(LOOR

D=DM

@TOP

D=V

D=D+M

@um

M=D

M=M+1

@QOOP

0:JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

Second Pass

#$ $
#% %
#& &
#%! %!
()#**+ %’_"
/01 &.12,
(3 $
44 %
5#6 &
789( -
7857 .
LOOP 4
STOP 20
END 24
i 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.
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0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100

1110001100000001

0000000000010001
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M=1

@um

M=0

(LOOR

D=DM

@TOP

D;JGT

@um

D=M

@

D=D+M

@um

M=D

M=M+1

@QOOP

0:JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

Second Pass

#$ $
#% %
#& &
#%! %!
(O#**+ %,-./
012 &/'3,
(4 $
5)5 %
6#7 &
89:( -
8968 /
LOOP 4
STOP 20
END 24
i 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.
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0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100

1110001100000001

0000000000010001

1111110000010000
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M=1

@um

M=0

(LOOR

M=M+1

@QOOP

0:JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

Second Pass

2
#$ $
#% %
&&& &&&
#3' $
(O#**+ $! -
/01 %.'2!
(3 :
44 $
5#6 %
789( ,
7857 .
LOOP 4
STOP 20
END 24
i 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.
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0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100

1110001100000001

0000000000010001

1111110000010000

0000000000010000
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M=1

@um

M=0

(LOOR

D=DM

@TOP

D;JGT

D=M

@

@sum

M=D

M=M+1

@QOOP

0:JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

Second Pass

#$ $
2 7
#% %
&&& &&&
o i
(O#**+ ",-.
/01 %.'2!
(3 $
44 .
5#6 %
789( ,
7857 .
LOOP 4
STOP 20
END 24
i 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.
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0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100

1110001100000001

0000000000010001

1111110000010000

0000000000010000

1111000010010000
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M=1

@um

M=0

(LOOR

D=DM

@TOP

D;JGT

D=D+M

VI=D)

M=M+1

@QOOP

0:JMP

(STOR

@Gum

D=M

@r1

M=D

(END

@END

0;JMP

Second Pass

#$ $
#% %
2 T
&&& &&&
#%' %'
(O#**+ %l!,-.
/01 "121
(3 $
44 %
5#6 :
789( ,
7857 .
LOOP 4
STOP 20
END 24
i 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.
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0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100

1110001100000001

0000000000010001

1111110000010000

0000000000010000

1111000010010000

0000000000010001
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@i

=1

@sum

(LOOP)

Qi

@RrRO

D=D-M

@STOP

D;JGT

@sum

D=M

@i

D=D+M

@sum

M=D

@i

M=M+1

QLOOP

0,;JMP

(STOP)

@sum

D=M

@R1

M=D

(END)

QEND

0;JMP

Second Pass

Symbol Value

RO 0
R1 1
R2 2
R15 15
SCREEN 16384
KBD 24576
SP 0
LCL 1
ARG 2
THIS 3
THAT 4
LOOP 4
STOP 20
END 24
1 16
sum 17

Instructor: Muhammad Arif Butt, Ph.D.
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0000000000010000

1110111111001000

0000000000010001

1110101010001000

0000000000010000

1111110000010000

0000000000000000

1111010011010000

0000000000010100

1110001100000001

0000000000010001

1111110000010000

0000000000010000

1111000010010000

0000000000010001

1110001100001000

0000000000010000

1111110111001000

0000000000000100

1110101010000111

0000000000010001

1111110000010000

0000000000000001

1110001100001000

0000000000011000

1110101010000111




) The Two Pass Assembly Process
Initialization:

I Construct an emptyymboltable

I Add the pre-definedsymbols to the symbdhble

First pass:

| Scantheentireprogram;For each Oinstructior@dtheform (xxx ):

I Addthepair (xxx, address ) to the symbotable,whereaddresss the
numberof theinstruction following(xxx

Secondpass:
I Setnto 16
I Scantheentire program agairfor eachinstruction:

I If theinstructionis @symbol, look up symbolin thesymboltable

o If (symbol, value ) is found, use value to complete the
InstructionOganslation

o If NOT found
" Add (symbol, n)tothesymboltable
" Usen to completetheinstructionOsanslation
" Don++

| If theinstructionis aC-instruction, completéheinstructionOsanslation
I Write thetranslated instructioto the outpufile

Instructor: Muhammad Arif Butt, Ph.D. E




Hack Assembler Implementation

C/C++

Instructor: Muhammad Arif Butt, Ph.D.



0.k., and nowyou'll do
exactly what I'm telling you !

Coming to office hours does NOT mean you are academically wee

Instructor: Muhammad Arif Butt, Ph.D. !



