ese Ol oS
A \

Memory

@R1
a —‘ﬂ CHIP Xor { g \ » D=
| IN a, b; ALU
\ notb aAndotd OUT out; ) i) instructon @Qtemp
\/ \ lata M=D
b out ’ PARTS:: ’
w. / Hbta / Not (:!_I'l=a, out=nota) ; '\;s;:rgégl
’ | notaAndb Not (in=b, out=notb) ; "
4/ And (a=nota, b=b, out=wl);
o CICHEEL JeRaOEe, CRIESIA) & 0000000000000001
Or (a=wl, b=w2, out=out);
} 1111110000010000
0000000000010000
L t §E 21 1110001100001000
[ ]
Hack Assembly Programming - 111
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
#include<stdio.h> T e rax, 1 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

~« Review of Hack Assembly Programs
* Pointers and Arrays

* Input / Output Instructions

* Debugging

Instructor: Muhammad Arif Butt, Ph.D.




Pointers and Arrays

Instructor: Muhammad Arif Butt, Ph.D.



‘&) Pointers and Arrays: Example

// for (i=0; i<n;

Observations:

* Variables that store memory addresses like
arr in this example are called pointers

* Abstraction of arrays exist only in high
level languages. In machine language
there i1s no abstraction of arrays. Rather
array 1s a segment of memory of which we
know the base address of this segment and
the length of the array that programmer
has declared

* Arrays are implemented as a block of
memory registers and in order to access
these memory registers one after the other,
we need a variable that holds the current
address

* There is nothing special about pointer
variables, except that their values are

intemreted as addresses

Instructor: Muhammad Arif Butt, Ph.D.

4



& Pointers and Arrays: Example

[/ 2= o0, = 2 RAM
// arr[i] = -1; 0
// Let us initialize arr=20, n=5, i=0 -
arr: 16 20
// arr = 20 n: 17 5
@20 i 18 0
D=A .
@arr 20 ~
M=D 21
22
// n =25 23
@5
D=A
@n
M=D
// i =20
@i
M=0
// Loop code continues on next slide...
(LOOP)

Instructor: Muhammad Arif Butt, Ph.D. >



‘&) Pointers and Arrays: Example

// Code continues from previous slide RAM RAM
(LOOP) 0 0
// if (i==n) goto END ...
i arr: 16 16 20
D=M n: 17 17 5
@n it 18 18 1
D=D-M ..
QEND 20 20 1
D ; JEQ 21 21
// RAM[arr+i] = -1 22 22
Qarr 23 23
D=M .
@i
A=D+M
M.=_1 e Pointers in Hack: Whenever we have to access
// l_++ memory using a pointer, we need an instruction
o1 like A=expression
M=M+1
QLOOP e Typical Pointer Semantics: Set the address
0 ; JMP register to the contents of some memory register
(END)
@END
0,;JMP

Instructor: Muhammad Arif Butt, Ph.D. 6



// Code continues from previous slide
(LOOP)

// if (i==n) goto END
Qi
D=M
@n
D=D-M
QEND
D;JEQ

// RAM[arr+i] = -1
Qarr
D=M
@i
A=D+M
M=-1

// i++
@i
M=M+1
@LOOP
0,;JMP

(END)
QEND
0,;JMP

‘&) Pointers and Arrays: Example

RAM RAM
0 0
arr: 16 20 16 20
n:17 5 17 5
it 18 0 18 2
20 20 -1
21 21 -1
22 22

Pointers in Hack: Whenever we have to access
memory using a pointer, we need an instruction
like A=expression

Typical Pointer Semantics: Set the address
register to the contents of some memory register

Instructor: Muhammad Arif Butt, Ph.D.
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// Code continues from previous slide
(LOOP)

// if (i==n) goto END
Qi
D=M
@n
D=D-M
QEND
D;JEQ

// RAM[arr+i] = -1
Qarr
D=M
@i
A=D+M
M=-1

// i++
@i
M=M+1
@LOOP
0,;JMP

(END)
QEND
0,;JMP

‘&) Pointers and Arrays: Example

RAM RAM

0 0
arr: 16 20 16 20
n:17 5 17 5
it 18 0 18 3
20 20 -1
21 21 ~1
22 22 -1

Pointers in Hack: Whenever we have to access
memory using a pointer, we need an instruction
like A=expression

Typical Pointer Semantics: Set the address
register to the contents of some memory register

Instructor: Muhammad Arif Butt, Ph.D.
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%/ Manipulating Arrays using Pointers

Instructor: Muhammad Arif Butt, Ph.D. J



Input & Output

Instructor: Muhammad Arif Butt, Ph.D. 10



# CPU Emulator (1.4b3)
File View Run Help

1I/0 Devices: Screen And Kevboard

= =101

S OIDNK Y L

rom [ism ~| &3 9 88 RAM
° 5

)
=

=3

4

@I v is|w v =IO

Vi
Z”ﬁ/Simulated screen: 256 columns by 512
rows, black & white memory-mapped
device. The pixels are continuously
refreshed from respective bits in an 8K
memory-map, located at RAM[16384] -

1 0

z 0

3 0

: E RAM[24575].

3 0

7 0

8 0

9 9 0

10 10 0

11 11 0

12 12 0

13 13 0

14 14 0 =

15 15 0 s | I

16 16 0

17 17 0

13 18 0

15 D | 0
ZD .

«(  Simulated keyboard:

22|

= One click on this button causes the :'I;:u:

5 CPU emulator to intercept all the keys | 0 ALUoutput .
z|  subsequently pressed on the real M/A DUt ’
(ot ’ . I 0
| computer’s keyboard; another click

= disengages the real keyboard from the

emulator.
[Script restarted

Instructor: Muhammad Arif Butt, Ph.D.
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‘&) Memory Map of Screen and Keyboard

Hack RAM

data
memory

(16K)

SCREEN 16,384 screen

memory map
8k

KBD 24576 KB

Memory map ——Se09°
\ 4 o

Hack language convention:
- SCREEN: base address of the screen memory map

- KBD: address of the keyboard memory map

Instructor: Muhammad Arif Butt, Ph.D. =



(16384)
0

1

31
32
33

63

8159
8160

8191
(8K)

Memory Ma
Screen (chipg)

1111010100000000

0000000000000000

0011000000000001

0000101000000000

0000000000000000

0000000000000000

0000000000000000

0000000000000000

1011010100000000

8192 words
131072 bits

~
~N

>~ TOW |

> row 255

> row () 16x32=512

‘&) Screen Memory Ma

A sequence of 8K x 16 bit words

Black & White Display Unit
* A matrix of 256 rows x 512 columns
* 131072 pixels

01 2 3 456 7 =+++ 511

refresh

To set pixel (row.col) on/off

word = Screen[32*row + co0l/16]

word = RAM[16384 + 32*row + col/16]
Set (col%16)* bit of word to 0 or 1
RAM[1] = word

e ]
Instructor: Muhammad Arif Butt, Ph.D. 3



' Handling The Keyboard
Hack RAM

PriScn/
SysRq

‘ Esc F1 F2 F3 F4 F5 H H F8 F9 F10 F11 F12

o A A A
=5 [ PP

4.: ock|A |S ‘D |F IG IH |J

]l G A
E

24576 [0000 000001001011

Scan-code of ‘k’> =75

To check which key is currently pressed:
* Read the contents of RAM[24576] (address KBD)

* If the register contains 0, no key 1s pressed

* Otherwise, the register contains the scan code of the currently pressed key

Instructor: Muhammad Arif Butt, Ph.D. 14



./ Drawing a Rectangle on The Screen

File View Run Help
— CJ Animate: View: Format:
@ » » . « ? éSI(I)w[ : IFa'“ | Programflow +| | Scr... 3| | D... *
rom | - &)1 &8 RAM ) &8 )

" @ /0 . - s +«— 50 pixels long

1 D=M 1 0

2 @16 2 0 \

3 M=D 3 0

4 @7 4 o

5 eu03s : 0 16 pixels wide

7 D=A 7 4}

Lo ! ’ Screen

9 M=D 9 4}

10 @17 10 4}

11 D=M 11 4}

12 @16 12 4}

13 D=D-M 13 4}

14 @27 14 (4}

15 D;J6T 15 0 ( )

16 @18 16 50

17 A=M 17 51

18 M=-1 18 18016

19 @17 19 (4}

20 M=M+1 20 (4}

21 @32 21 (4}

2 0-A 22 0 Task: draw a filled rectangle
23 @18 Code 23 (4}

2 WD 2 at the upper left corner of
25 @10 25 RAM . .
o s the screen, 16 pixels wide
28 0;IMP 28 o | and RAM[ 0] piXClS long
| PC 27| A 27|

Instructor: Muhammad Arif Butt, Ph.D. =



Drawing a Rectangle on The Screen

Pseudo code

for (i=0; i<n; i++)
draw 16 black pixels at the beginning of row i RAM O &8 I
16370 0
16371 0
16372 0
16373 0
addr = SCREEN 16374 0
16375 0
— 16376 0
n = RAM[O] 16377 0
. 16378 0 :
i=0 16379 0 physical
16380 0
16381 0 screen
16382 0
. 16383 0
LOOP:
if i > n goto END 16386 0
6
RAM[addr] = -1 //1111111111111111 o2 b
16 black pixels, 0 D
// advfnces to the next row corresponding to g
addr = addr + 32 the first row of 0 screen
.. h 1 0
i=1i+1 the rectangle o Memory ..
goto LOOP 16396 0 map .
16397 0 M/A Input :
16398 0 27 —
END : A | 27!
goto END

e ]
Instructor: Muhammad Arif Butt, Ph.D. 16



Drawing a Rectangle on The Screen

/* Program: Rectangle.asm

Draws a filled rectangle at the screen's
top left corner, with width of 16 pixels
and height of RAM[0] pixels.

Usage: put a non-negative number
(rectangle's height) in RAM[O0] */
@RO

D=M

@n

M=D // n

Qi

M=0 // i
@SCREEN
D=A

@Qaddr

M=D // addr = 16384 (screen’s base
address)

RAM[O]

il
o

(LOOP)
// ...

//o e o
(LOOP)
Qi
D=M
@n
D=D-M
QEND
D;JGT // if i>n goto END
@Qaddr
A=M
M=-1 //RAM[addr]=1111111111111111
Qi
M=M+1 // i =i +1
@32
D=A
@Qaddr
M=D+M // addr = addr + 32
QLooP
0;JMP // goto LOOP
(END)
@END // program’s end
0;JMP // infinite loop

Instructor: Muhammad Arif Butt, Ph.D.
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2 Drawing a Rectangle on The Screen

Instructor: Muhammad Arif Butt, Ph.D. 18



An Interactive Program

Instructor: Muhammad Arif Butt, Ph.D. 9



Fill: A Simple Interactive Program

Q @ CPU Emulator (2.5) - /Users/arif/Documents/01 Arif-CS223-COAL/LectureSlides-Video Sessions/Lecture Codes/21/Fill.asm
File View Run Help

9 > ’ - ( E : : Animate: View: Format:
Slow Fast No animation & Scr... B D...

ROM - D n RAM D ﬂ 3 3
1 @0 0 18432 Select No animation
15 @;JIMP 1 0
16 @1 2 ]
17 M=0 3 !} ~
18 @20 4 0 .
19 0;M 5 0 Listen to the keyboard
20 @1 6 0
21 D=M 7 ) -
22 @0 8 0
23 A=M 9 ]
24 M=D 10 0
25 @0 11 !}
26 D=M+1 12 0
27 @24576 13 ]
28 D=A-D 14 0 m—
29 @0 15 0 g
30 M=M+1 16 20
31 A=M 17 5
32 @20 18 5
33 D;JGT 19 ) D 6144
34 @0 20 -1
35 @;JIMP 21 -1
36 22 -1
37 23 -1 ALU
38 24 -1 DInput: o
3 25 0 sus —| NO key is pressed so all
40 26 0
a1 27 0 MIA Input : pixels of screen are white
42 28 0 20
PC 20 A 20
Running...

Instructor: Muhammad Arif Butt, Ph.D. 20



File View Run

TS

| @ &

14 @20

15  @;IMP

16 @1

17 M=0

18 @20

19  0;IMP

20 @1

21 D=M

22 @0

23 AM

24 M=D

25 @0

26 D=M+1

27 @24576

28 D=A-D

29 @9

30 M=M+1

31 AM

32 @

33 D;JGT

34 @0

35 0;IMP

36

37

38

39

40

41

42

PC
Running...

Help

/77
- ) N y

rov -G 0O 8

3
z

NOOUVEWNES

20 A

0 &8

18432

)

VUVNOSOODDODOODDODSOS®

Fill: A Simple Interactive Program

CPU Emulator (2.5) - /Users/arif/Documents/01 Arif-CS223-COAL/LectureSlides-Video Sessions/Lecture Codes/21/Fill.asm

View: Format:

Scr... k3 D.. 4

B4 +N

D 6144

ALU
D Input:

s1us — \When any key is pressed all

waweut:— | pixels of screen becomes
black

Instructor: Muhammad Arif Butt, Ph.D.



Fill: A SimEIe Interactive Program

Instructor: Muhammad Arif Butt, Ph.D. 22



Debugging

Instructor: Muhammad Arif Butt, Ph.D. 23



Breakpoints: A Powerful Debugging Tool

The CPU emulator continuously keeps track of:

e A: value of the A register
* Dt value of the D register
* PC: value of the Program Counter

RAM][1]: value of any RAM location

° time: number of elapsed machine cycles

Breakpoints:

* A breakpoint is a pair <variable, value> where variable is one of
{A,D, PC,RAM]1], time} and 1 1s between 0 and 32K.

* Breakpoints can be declared either interactively, or via script commands.

* For each declared breakpoint, when the variable reaches the value, the
emulator pauses the program’s execution with a proper message.

Instructor: Muhammad Arif Butt, Ph.D. 24



File View Run Help

7N\
@ » » . « ? Animate: Wiew: Format:
— SIIIJWI IFaISt IProgramﬂow L”None L”DECimal ;I
frm =] 2. Previously-
E . —3 ‘,‘ S
S 0 ﬂ‘ S J ﬁ\ declared
0@ = o | | ‘
1t = 1= breakpoints
2 @B Z - . - e
3 D;nf 3
+ @ 1.0pen the 4 | Variable Name value
: E breakpoints A A 2
67 D=| Ip f. RAM(20)] 5 1
8 @ pane s Time 12 ||
e M=D ¢
0 @7 10
11 A=M 1
1z M=-1 12
13 @7 13
14 D=M 14
15 @32 15 I
16 D=D+4 16
17 @7 17
13 M=D 18
13 @18 10 ID | .
0 [MD=M4 »
21 @10 21
2 |DidGT 2
B 3 ALU
“__ o 3.Add, delete a Dinput .
i ’ ’ —z I g ALU output -
d or update 7 M2 Input «
2 breakpoints | -
o B
pC | 7] N

Instructor: Muhammad Arif Butt, Ph.D.
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=) Breakpoints Declaration

E%CPU Emulator - D:\hack'instructorExamples’rect’rect.bin — |I:l|£|
File View Run Help
@ > » . « ? |_| o Animate: View: Format:
== Slow Fast |Program flow ~||none | |Decimal ~|

RoM [#sm 'IDHI RAM Dﬂﬁ‘
0 N 0o | |
1 |p=M — 1 A
: @ 4l =% Breakpoint Panel =10| x|
3 D; JLE 3
4 @16 4 Variahle Name Value
T : : :
P Y ; RﬂfM[ZO] 5
g @17 s Time 1z
¢  |M=D 9
0 @7 10
11 |A=M 11
12 M= 12 E%;Breakpoint Yariables -0O] x|
13 @7 13
14 |p=n 14 Name : IRAM[?J] IRAM[] =1
15 @ 15
16 |D=D+A 16 Vv

alue :
17 @7 17 IZJJO
18 |M=D 18
15 @6 19
W (MD=M-1 0
u @10 2
2z |DiJGT 2
B @B 23
4 |0; JMP 24 :
2] | 5 | 0 ALU output :
% 2
27 27 M8, Input -
2 L~ 3 | 0
xe | al [=
|
26

Instructor: Muhammad Arif Butt, Ph.D.




File View Run Help

8 SDNLKEY

View: Format:

[ 11
Slow Fast

[Program flow

~||none  ~||Decimal +|

TIE\SEeE Y

D=M
@2 \

D; JLE \
@16 \

]

Y

50| |
ﬂD

M=}
g 2. Run the

ﬂ program

@ |~ || |s W=

E

Variable Name

1. New
breakpoint

A

RAM[z20]

Time

[
o

@17
A=M
M=-1
@17
D=M
@3t
D=D+A4
@17
M=D
@16
MD=M-1
@10

D; JGT
@23

0; JHP

[
[~

[™
™~

[
w

[
E

[
tn

[
o

[
N

[
@

[
o

11

[

™~
™~

[

"

G

&

™~
~

8
Lo

|rc| 0|

RANM[21)

=] =]

/3. When the A register will be 2, or
RAM[20] will be 5, or 12 time units
(cycles) will elapse, or RAM[21] will be
200, the emulator will pause the

message.

program’s execution with an appropriate

S

/

onwerful debugging tool!
I

Instructor: Muhammad Arif Butt, Ph.D.




%
3
g %
Hil
s
N

Program Development Process

Write / edit the
program using a
text editor

A > Prog.asm

Teaminack

E V'; » I¢E 9 s o, Crpanion—3) () (g
EEE Load the program
into the CPU
Find and L D Emulator, and run it
fix the L i Eg—
errors S
happy Yes
with —_—>
results?

No

Instructor: Muhammad Arif Butt, Ph.D. 28



Best Practice

Well-written low-level code is

Short

Efficient
Elegant
Self-describing

Technical tips

Use symbolic variables and labels
Use sensible variable and label names
Variables: lower-case

Labels: upper-case

Use indentation

Start with pseudo code

Instructor: Muhammad Arif Butt, Ph.D.
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Things To Do

* Download all the assembly program from the Ok, and nowyou'l do
. . exactly what I'm telling you !
course bitbucket repository
v g

https://bitbucket.org/arifpucit/coal/ J \’,' -

make changes to them and execute them in the CPU [ L -
Emulator

~= l i o
* Run the programs, one instruction at a time, do | ‘ -

the working in your head or on a piece of paper,
while executing the programs one instruction at a
time

Coming to office hours does NOT mean you are academically week!

Instructor: Muhammad Arif Butt, Ph.D. 30



