VM Emulator Tutorial

This program is part of the software suite
that accompanies the book

The Elements of Computing Systems
by Noam Nisan and Shimon Schocken

MIT Press

| www.nand2tetris.org

This software was developed by students at the
Efi Arazi School of Computer Science at IDC

Chief Software Architects: Yaron Ukrainitz and Yannai GonczarowskKi



Background

The Elements of Computing Systems evolves around
the construction of a complete computer system,
done in the framework of a 1- or 2-semester course.

In the first part of the book/course, we build the
hardware platform of a simple yet powerful
computer, called Hack. In the second part, we build
the computer's software hierarchy, consisting of an
assembler, a virtual machine, a simple Java-like
language called Jack, a compiler for it, and a mini
operating system, written in Jack.

The book/course is completely self-contained,
requiring only programming as a pre-requisite.

The book's web site includes some 200 test
programs, test scripts, and all the software
tools necessary for doing all the projects.
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The Book’s Software Suite

(All the supplied tools are dual-platform: Xxx. bat starts

& D hack', TECS' tools - 10| x| Xxx in Windows, and Xxx. sh starts it in Unix)

J File Edit ‘iew Favorites T ﬁ SlmUIatorS

J s Back = = - | Qi 5earch * (Har dwar eSi nul at or , CPUEnul at or , VMVEmul at or ):

| address |71 DithackiTECS\ools | 6o = Used to build hardware platforms and

Mame * Size execute programs;

Fhin | .

b = Supplied by us.

1o

Y Assembler.bat | KE Translators (aAssenbl er, JackConpi | er ):

Assembler.sh 1 KB .

C;SUEEH;UT;; hat kB = Used to translate from high-level to low-level;

CPUEmulator.sh L KB = Developed by the students, using the book’s

:E“’jwa"ES'm”'at”"'hat 1 EE specs; Executable solutions supplied by us.

ardwa ) o

&)index.h Thlsbtutor;]al IS 21 KB Other

Fljackcon | 00ULTNE 1 KB _

2| Jackcon, Y™ emulator | KB = Bi n: simulators and translators software;

;Zi'izjn:;;rer - ?EE = bui | t 1 n: executable versions of all the logic
[—VMEmulamrlba't KB gates and chips mentioned in the book;

| ¥MEmulator. sh | ! 'fl = OS: executable version of the Jack OS;

4 k

= Text Conpar er . a text comparison utility.
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VM Emulator Tutorial

l. Getting Started

. Using Scripts

[1l. Debugqging

Relevant reading (from The Elements of Computing Systems):

= Chapter 7: Virtual Machine I: Stack Arithmetic
= Chapter 8: Virtual Machine Il: Program Control

= Appendix B: Test Scripting Language, Section 4.
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The Typical Origin of VM Programs

(High level Prog. j ack
language)
l = VM programs are normally
Jack written by compilers
Compiler

= For example, the Jack

Supplied v Built in . )
by US or og. v orojects compiler (chapters 10-11)
7 and 8 generates VM programs
v Atrenative VM VT = The VM program can be
Emulator Implementations Translator translated further into
l machine language, and
then executed on a host
Prog. asm computer
= Alternatively, the same VM
Assembler
| program can be emulated
l as-is on a VM emulator.

(Binary code)  Pr og. hack
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Example: Pong game (user view)

Ball moves and
bounces off the

Number of walls "randomly”
successful &
hits User move the bat
left and right, "
trying to hit the
ball
I
SCORE: 4

Now let’s go behind the scene ...
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VM Emulator at a Glance

£ ¥irtual Machine Emulator {1.4b3) - Gexamples',Pong

=10l x|

Filz  Wiew Run ﬂelp/ N
@ » VM p'roqram ? T D Animate: ey Fnrmat:
(|n thlS Slowy Fast |F'rc|gram flowy ;”Screen L”Den:lmal ;I /S
example: I—————————-l =Creen:
Program p I Static . .
———— Pong code : : el (In this example:
34 b | = 1
# pen A+ OS code) Y. 1 45 Pong game action)
# \ / I
37 |not \/ [ nn Yl
32 ift-goto  MathmuttipleSHILE ..
22 |push local 2
0 jpushstatico The VM emulator serves three purposes:
41 Elelel
42 o ointer 1 | I
2 guzh port Running programs .
44 h nt 1 | i
i s Debugging programs
e " Visualizing the VM’s anatomy
The emulator’s GUI is rather crowded, but each
elack GUI element has an important debugging role. —
3
Hed Tl A RAM‘S?; 0 HE
global stack, as seen _II 300 1 . 6
Bla 201 Nl~+ PES L o )
by the VM program g—'l « Not Part (mﬁﬁh&VM! o
3 303 L 4. ' 240 ; {164
|- i w  (displayedn the; VM émulator ...
1= 205 farrofot AT
call Stack " call stack: | - fol .c.cf:,enc.@gyrppses) :
Sy init 7 o S EE & i
hlzin rriain 1 4= Texy
PongiGame run HIerarChy Of a” the SLI I G;Oba; StaCk Ten HOSt RAM
Bt move functions that are I = Tew —St o
Screen drawRectangle : unctuon frames Ten ores tne giooda
. currently runnin ~ :
Mt mulply — N\~ "y ha 9 51:{:]' + working stack = stack, heap, etc. )|
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Loading a VM Program

Filz=  “Ww Run Help
a > , . ‘ ? D J| | Animate: e Format:
— Slawy Fast |F'rc|gramﬂnw ;“Screen L”Den:imal LI
/
I 1 |

Program E B ﬂ il

Lookin. | StackTest =] cHEE L

E StackTest v
£

Stack
g
File natme: Load Program | >
Files oftype: M Files +Dirs - LaNCE
Call Stack s ! [
Navigate to a o e 0
. =] 45 0 Teupd: ¥ 0
directory and B ” of | |Temps w 0
. 7 1] Tenpé: 11 0
selecta.vm file s of | |Tewpr n 0
\ _ 1 UH ) 1] Bi3: 13 i
| nl= 70 DLI Fis: 14 i ;l
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Running a Program

=10l x|

Animate: Wiy Farmat:
|F'rc|gram flawy ;I |Script ;I |Decima| ;I
Program 8 D ﬂ —~ EEHE
0 |push constant 17 - . :l }vmstepi
t jpush  constarti7 Script controls |
T leq
3 push constant 532 ] H
hTeonatantest | ! - Default test script
T Local Always loaded, unless
[ puh ot B another script is loaded
kil push conhstart 56 T~ by the user
10 ki stant 31 o
i puchrontert "M code is loaded: (read-o@
13 |add . .
13 jpush_lconstant 112 The index on the left is the | ]
"R = location of the VM command |
m— within the VM code (a GUI
effect, not part of the code). k AR 0O &
- - o] 5B 0 156 -~
Thls 57 o LCL: 1 0
ﬁl 258 i} ARG i 1]
Lh% 1] THIS: k] 1]
260 i} THAT: 4 1]
1 1] Tenpo: 5 0
L__ ll 22 1] Teunpi: 1 0
Call Stack %63 i} Tenpz: b4 i
That 264 1] Tenpa: 2 0
;I 5 1] Tenp4: b 0
LI Thi 1] Tenps: in 0
== 7 0 Temps: 11 0
Temp 8 0 Temps: 12 0
- e 1] Fiz: 13 1]
? l H a2 EILI Fi4 14 Dj
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Running a Program

i ¥irtual Machine Emulator (1.4b3) - G:projects’\ 07 StackArithmetichStackTest' StackTest.¥m

=10l x|

» . « ? T h Animate: Wi Format:
— Clowr Fast |F'rc|gram oy ;I |Script LI |Decima| ;I
Program E B ﬂ Static EEpeat {
1] push constant 17 - :l 1 VHSEE:
1 |push constart 17 —
T leq
3 push constant 892
4 |push constant $91 ;I
5k A
& [push conhstant 32767 Local
7 push constart 2zres i Di’
g ot 1 0
El push constant 56 z 0
10 Jpush constant 31 3 ]
11 Jpush constart 53 4 ULI
12 |add s
12 |push constant 112 Argument Kl _>|
14 |zub 0 0 :I
z i
Stack 3 o
4 4 o= Global Stack RAM 0 &8
_2 This 256 _lill SP: 0 %1 &
57 i LCL: 1 il
ELJ 0 o« | 158 1 ARG 0
B4 1 o~ /. 59 54 THIS: 3 i
i ”/ 20 g4 THAT: 4 0
3 pu 61 53 Tempo: 5 0
L 4 // U;I i 1] Tempi: & 0
Call Stack %63 i Teupz: 7 0
Ihat / Héed 1] Tenps: g 0
| NP of=| 5 o Tempsd: 7 0
: U;l 2h4 1] Tenps: 0 0
) 7 1] Tenpé: 11 0
Impact of first 58 0 Tewp7: 1t 0
“ ” al= 0 i Fi3: 13 il
13 “vmsteps 5 . ozl | m o=l
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Loading a Multi-File Program

E%‘: ¥irtual Machine Emulator (1.4b1)

File Wiew Run Help v

1ol x|

—( ® Most VM programs, like Pong, consist of more than one . vm\

@ o2 BL ? Slow file. For example, the Jack compiler generates one . vm file
for each . j ack class file, and then there are all the . vm fies
Program E ]’3 ﬁ Static .. . . -
: comprising the operating system. All these files must reside
1 in the same directory.
i
: ®  Therefore, when loading a multi-file VM program into the VM
= emulator, one must load the entire directory. /
Local
=
|
Eﬁf’,ﬁ'mad Program
= Lookin: B FPong gl e
Argument
7| [s] Arraywm N —
| |[=] Ballvm
. Batym
Waorking Stack /Won,t workl }/ e
. Wain.ym iji
Why? Because Pong is a =V /§{ 255 =
- - U
multi-file program, and ALL B Flle name.  [Forg Loas prograrn | ) o
these files must be loaded. _ _ ~——— !
Solution: navigate back to the || L v Files Dis =l — 0
Call Stack directory level, and load it. - T [l > ;
264 1] Tenps: g 0
;I 65 1] Tenp: g i
;l 256 1] Tenps: 10 0
= 7 0 Tempé: 11 0
Temp id o Temp?: it 0
D 258 1] Riz: 13 a
? l :!j 270 D;I Rid: 14 D;I
I
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Loading a Multi-File Program

E%‘:Uirtual Machine Emulator {1.4b1})
File Wiew Run Help

=101 x|

SP>DP2DPuLKET

— Animate:

ey Format:

(I
Fast |Prngram flawy

LI IScreen ;l IDecimaI ;l

Program

S

Working Stack

Call Stack

Static
0 o«
1 o—l
i 0
3 0
4 1] ;I
Local
-]
=
=l
Argument
B
|
=
This
B
=
=
That
|
=1
Temp

E%‘:Load Program

Look in:

File name: IF'Dng

(€

& & cxf

Load Program |

Filas oftype. |wu1 Filas - Dirs

LI Cancel |

254

245

256

FLTd

Fi

242

270

ololaolo|lo|a|o

Tenps:
Temnp4:
Tenps:
Tenps:
Tenp

Riz:

Rid4.

2
?
10
11
it
12
14

o oo o o oo o oo oo oo

[
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Virtual Memory Segments

£ ¥irtual Machine Emulator {1.4b3) - Gexamples',Pong

Filz  Wiew Run Help

—

8

>DPEL B Y

Slosn

Fast

-|0] x|
Animate: Wiey: Format:
|F'rc|gram flawy ;IW L 1

A technical point to keep in mind:

&

Program E |j ﬁ IStatic
%3 |push local o - 0 1064:' I
4 push cohstart 1 I 1 P
95 |add I
%% |pop local 0 ||
label Wath cividedF_FaL.. | I Ad|
lsbel  |Math civide®F_FaL_ - I
37 |goto Miath cividefMHILE_. . ILucaI
label btsth clivide$mHILE_. . [ a[a]
label Math divide/HILE . 1 Py I
98 |push localo I|| T o
3% |push constart 1 " 3 4 I
100 |neg I LI
01 ot ==
iz |not Argument Im
0z [fgoto et divideSHILE_.. || I . sa]a]
| 1 16— I_
[ | |||
! =0
Memory segments: |
= The VM emulator ||| 5 3azilll
displays the states . ol
of 6 of the 8 VM'’s IH : =
memory Segments; I'l;h' . I
a
= The Const ant and I =]
Poi nt er segments L "]
\are not displayed. / IIT“""‘F' | I
0 Sl
] || nH I
s om e s =

Most VM programs include pop and
push commands that operate on
Static, Local , Argunent, etc.;

In order for such programs to operate
properly, VM implementations must
initialize the memory segments’ bases,
e.g. anchor them in selected addresses in
the host RAM;

Case 1: the loaded code includes function
calling commands. In this case, the VM
implementation takes care of the required
segment initializations in run-time, since
this task is part of the VM function call-
and-return protocol;

Case 2: the loaded code includes no
function calling commands. In this case,
the common practice is to load the code
through a test script that handles the
necessary initialization externally.
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Typical VM Script

~ | load BasicTest.vm I
| | output-file BasicTest.out, (Typical  —
Simulation step conpar e-to Basi cTest. cnp, ® Lcommands
(a series of script out put-1list RAM 256] ¥%D1. 6. 1
en‘a‘l’r:“”\rl‘vﬁ‘;dz RAM 300] %D1. 6. 1 RAM 401] 9%®1. 6. 1
semicolon) RAM 402] %D1. 6. 1 RAM 3006] %D1. 6. 1
RAM 3012] 91. 6. 1
\_ RAM 3015]9®1. 6.1 RAM 11] %1. 6. 1;
/'
set sp 256, (Typical memory
Next set |ocal 300, o segments initialization
simulation =< set argunment 400, Lcommands
step set this 3000,
_| set that 3010;
Repeated (| repeat 25 { 0
simulation vist ep, @ Typical execution loop
step out put ; L
‘;
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Loading a Script

i wirtual Machine Emulator (1.4b3) ;lglll

Filz  Wiew Run Help

@ > , . [ |JT Animate: iy Farmat:
E: Sl Fast |Proaram fow | |seipt =] |pecimal x|
g®
2 i repeat {
Program E B ﬂ !Istatu: peee !
[ = |

Stack

Navigate to a
directory and select
a.tst file.

| —

4

Call Stack

Load Script |

File natne: IEIasin:TesWME.tst

Files oftype: IS::ript Files

o ] Dllﬂ ®F | o] TEFIEE]
1 nl= 270 0 Fi: 14
I I | -

o oo oo e o o o0 s oo s o &6

|1

Script restarted
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Script Controls

Execution
speed

£ irtual Machine Emulator (1.4b3) COI‘ltI’O| _I- _ID ll
Filz  Wiew Run Help
@ » » . « ? ;_||J|— Animate: Wi Format:
— Slawy Fast |F'rc|gram flone ;I |Script LI |Decima| ;I
\ \ \
\ \ \
: load BasicTest.vm, ;I
Program \\ E \\% ﬁ\ Stafic output-file BasicTest.out,
ill compare-to BasicTest.cup,
output-1ist RAMEes wDls 1 RAME001%D1 4.1 RAME01]%I 4.1
RAMM02]6D 4.1 RAM[3006]14001 4.1 RAM[3012]4601 6.1
RAME0151%D1 6.1 RAMI11%6D1.4.1;
g =l
'\l SET Sp 56,
N zet local 300, . _ .
N\ o= [oer srgument an, Script = a series of
\ ol | simulation steps, each
3et that 3010, . ) Rk
3 0 ending with a semicolon; o
L 4 'JLI repeat 15 {
argul Reset e | o
tg the script |° B e I
3 0
Stack \ AV 0
Pause the uLI Global Stack RAM ﬁ ﬁ
. . 25 o) 5B 0 56 -
simulation 57 o LCL: 1 0
I T D_ill 5% il ARG: A 1]
I |\ n 5 0 THIZ: 3 0
n 240 0 THAT: 4 0
Execute step after ol o1 . T ;
ol= 2 0 Templ: & 0
Call Sta Qtep repeatedly %63 i Tenpz: 7 0
nar 264 1] Tenp3: ] 0
0 of=| 5 o Temps: 7 0
Execute the next 1 ol 25 0 Teups: 10 0
. . AT w7 ] Tempé: 11 i
simulation step Temp 5 ; Tewpr 1 0
0| UH 6 1] Bi3: 13 0
1| nl= FA] o=l Fi4. 14 0~
|New script loaded; GswprojectswoniMemoryAccessiBasicTeshBasicTestVME. st B
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Running the Script

¥irtual Machine Emulator (1.4b3) -0 x|
» . « ? D |'| D Anirmate: e Format:
f— Slowy Fast |F'rc|gram flowy ;I |Script LI |Decima| ;I e N\
Loads a VM program —
H : load BasicTest. v, '— -
Program Static ! H
J E a ﬂ output-file BasicTest.out, |nt0 the emU|at0r
ill compare-to BasicTest.cup, \. J
output-list RAMEs:]%D1.6.1 RAME00 %D1.6.1 RAMH01]%D 5.1
RAME0 219601 & 1 RAME006] %01 4 1 RAM[E01219%01 4.1
Ll RAME0151%D1 6.1 RAM{I11]%D1 6.1
Lacal Zet 3p 25,
zet local 300,
] U;I Fet argquuent 400,
1 o zet this 000,
i 0 zet that 3010,
3 i -
4 'JLI repeat 15 {
== vILs tED; -
Argument il | ¥
0 0| =] G
1 o I
i 0
Stack 3 o
4 ULI Global Stack RAM ﬁ ﬂ
This 256 uill 3 0 256 &
57 1] LCL: 1 0
0 ”ill 253 0 ARG: z 0
1 n 5 0 THIZ 3 0
z a 0 0 THAT: 4 0
3 0 61 0 Tempo: 5 0
. ol 2 0 Templ: & 0
Call Stack :
That 3 1] Tenpi: 7 0
264 1] Tenp3: ] 0
0 of=| 5 o Tempsd: 7 0
1 U;l 2h4 1] Tenps: 0 0
A—x 7 0 Tempé: 11 0
Temp 68 0 Tewpr: 12 0
0| UH 6 1] Bi3: 13 0
1| nl= FA] o=l Fi4. 14 0~
|New script loaded; GswprojectswoniMemoryAccessiBasicTeshBasicTestVME. st
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Running the Script

¥irtual Machine Emulator (1.4b3) - G:projects'\ 07, MemoryAccess' BasicTest /BasicTest.¥m

=10l x|

» . « ? TJI | Animate: Wi Format:
EE Slowy Fast |F'rc|gramﬂnw ;”Script ;”Den:imal ;I

Program E D ﬂ

1] push constant 10 -

1 pop lacal 0

2 push constant 21

3 push constant 22

4 |pop argument 2

5 pop argument 1

& push constant 34

7o |pop this &

L] push constant 42 |

kil push constant 45

10 |pop thiat 5

11 |pop that 2

12 push constant 510

13 |pop ternp &

14 Jpush lacal 0 LI
Stack

VM code
Is loaded

Call Stack

Static load BasicTest.vm, ;I
output-file BasicTest.out,
ill compare-to BasicTest.cup,
output-list RAMEzS: %0141 RAME001%D1.6.1 RAMM01 %D 6.1
BAMME02] %D 4 1 RAM[2006] w01 4 1 BAM[2012]wD1 4 1
LI RAM[E0151%D1 6.1 RAM11]%D1.46.1;
T 3p 25,
Local e
_| zet local 300,
- set argumnent 400,
I -
set this 000,
set that 3010,
ll repeat 25 {
wnstep; b
Argument Kl | »
| G
- |
LI Global Stack RAM ﬁ H
This 254 0 ill SE. 0 156 =~
_| 57 i} LCL: 1 0
= 58 1] ARG: i 0
I
5% i} THIS: 3 0
40 i THAT: 4 0
LI 1 1] Tewnpo 5 0
L__ 22 1] Teunpl 1 0
43 1] Tempz. S 0
That 264 1] Tenps 2 0
;I 5 1] Tenps b 0
;| ) i} Tenps 10 0
== 7 0 Teups 11 0
Temp 8 0 Temps: 12 0
0| DH e 1] Fi3: 13 i
| nlT i ol=] Fi4: 14 0~
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Running the Script

:cess'\BasicTest/BasicTest.ym =101 x|
D J L Animate: WIS Format:
Slowy Fast |F'rc|gram oy ;I |Script LI |Decima| ;I
Program E B ﬂ Static output-list RAMzsa]%D1.6.1 RAM200]%D1.6.1 RAME01]%D1 6.1 N
- e N PAME0 %D 6 1 BAME006]1%D1 6.1 BAME012]
1] (a0 constant 10 - -
FAME0151%D1 6.1 FAMI1]%D1 6.1
T pop  Tiooals = L0 i The memory segments
H uzh constant 21 initiah I
I jpuen ontert 2 set sp 1%, were initialized (their
pus Eonsta LI set local aon,
¢ pop lsrgument s setarquent o @ base addresses were
5 |pop argument 1 — ;
set this 000,
& Jpush_lconstant % Local i anchored to the RAM
7o pop this & 0 0 :I ' 1 11
e o 1 = locations specified by
¢ [push conztant 45 i 1 smaten; the SC”pt)
10 |pop that 5 3 i 1 \
11 |pop that 4 IJLI .
12 |push constant 510 - outpdt; -
13 |pop temp & Argument il | 3
14 push localo ;I 0 U:I Iﬁ
1 of—! I
i 0
Stack 3 o
10 4 DLI Global Stack RAM D ﬂ
This 25 mill Lii; 0 157 -
57 1] : 1 300
0 n ill 253 0 ARG: & [ ) 400
1 0 259 0 THIS: 3 3000
i a 401 0 THAT: 4 3010
3 0 Tempo: 5 0
L A loop that o | [Tempt: ¢ 0
Call Stack i Tenpz: 7 0
That executes the b Temps: 0
0 1] Teups: ? 0
1 Ioaded VM 1] Tenps: in 0
— roagram i Tempé: 11 il
Temp \ p g i Tewpi: it 0
0| UEI b3S 1] Fi3: 13 i
1| nl= FA] DLI Fia: 14 0 ;l
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Running the Script

¥irtual Machine Emulator (1.4b3) - G:projects'\ 07, MemoryAccess' BasicTest /BasicTest.¥m =101 x|
Filz  Wiew Run Help
@ > » . « ? T h Animate: Wi Format:
— Sy Fast |F'rc|gram flone ;I |Script ;I |Decima| ;I
Program E D ﬂ Static output-1ist RAMzSs D141 FAME00 w0141 RAME01]%D1 £.1 ;l
RAME0 %D 6.1 RAME008]%D1 6 1 RAME0121%01.6.1
0 |push constart 10 - B FLAM[30151%D1 6.1 FAM1]%D1 8 1;
1 |pop local o [
2 push constant 21 et 3p 15,
3 |push constant 22 set local 300,
{4 pop argument LI Fet argqument 400,
5 |pop atgument 1 = set this 3000,
& Jpush  |constart 3 — get that 3010,
7 |pop this & 0 10 ;l
& |push constart 42 |- 1 of—! repeat a5 {
kil push constant 45 H 1] wLstep;
10 |pop that 5 3 1] H
11 |pop that 2 4 IJLI
12 push constant 510 o output; ~
13 |pop temp & Argument 4] | T
14 |push local 0 0 :I '% I
1 =
i ik
Stack
3 0
p s o=l Global Stack RAM O &8
45 —_— 56 a4z« SF: 0 15 -~
[—
57 45 LCL: 1 300
z a i’ 253 o ARG: 00
3 o 159 0 THIS: 3 3000
/. 4 o 20 o THAT: 4 3010
3 0 1 0 Teupo 5 0
L & 3# ll w2 0 Tenpl & 0
Impact after | - 183 0 Tempz: 7 0
. 264 1] Tenps 2 0
first 10 0 ujl 265 0 Teupd: 0
1 1] 84 i Teups: 10 ]
commands = 7 of | | Temms: 1 0
are executed EERE e o | e .
' DH w7 1] Fi13: 13 0
I | nlT i ol=] Fi4: 14 0~
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View Options

E%‘:Uirtual Machine Emulator {(1.4b1} - G\TECS\projects'.07\MemoryAccess' BasicTest,/BasicTest.¥ym - |I:I|5|
File Wiew Run Help
@ > ’ . « ? T Animate: Wi Farmat:
— Slow Fast IPrngramﬂow L”Script ;”Decimal;l
N
R ; output-file Basic t.out, ;I
Program E ﬁ ﬂ — compare-toBasicT .
0 |pop that 5 = 0 “ﬂ output-list RAMEzse RAM[E00]1%601 6.1 FAME01 %01 4.1
i1 |pon that 2 1 a FAME0 2101 6 1 1.6.1 RAMIE01 216601 4 .1
1r  |push constant 510 2 0 RAM0L51860.6 1 ol
1@ |pop temp & E i
14 |push localo 4 u;l st 5P 5
15 push that 5 = setlncallsuu.
16 |add . Set argument 400,
¥ |push argument 1 0 1uﬂ set this 3000,
18 |sub - 1 o~ set that 010,
1#  |push thiz & : u
W |push thiz & 3 0 repeat
dd - . .
e _ i et View options:
h 1 . . .
o jhuenjlemes - "’““D""B“‘ . K| = Script: displays the loaded script;
1 =l = Cut put: displays the generated output file;
2 22
Working Stack 3 P . . . 0 a .
o : e = Conpar e: displays the given comparison file;
This \- Screen: displays the simulated screen.
/ 0w
When the script terminates, the i : . 000
. . 260 0 THAT: 4 3010
comparison of the script output . 261 of || Temp 0
- - 5L 1] Tenpl: & 0
Call Stack and the compare file is reported. 23 ; Tempr 7 ;
264 1] Tenps: g 0
H 41;' 5 1] Temnp4: 7 0
H El;l 256 1] Tenps: 1n 0
= 7 0 Tempé: 11 510
Temp id o Temp?: it 0
2] UH 7 1] Ri:: 13 ]
£ | 0| 270 ol=l Ri4 14 0.7
|End of script - Comparison ended successfuly
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Animation Options

E%‘:Uirtual Machine Emulator {(1.4b1) - GATECSPong
File Wiew Run Help

. — Animate ey Format:
Q > ’ . ‘ ? Sluljwl " lFe:st IPrngram&data ﬂnwll IScreen ;”Decimal ;l
/\
Program E ]’3 ﬂ |Static / \
5 [push static o - 0 m‘;ﬂ -
57 |add 043
5 [pop painter 1 I
h that 4
@ el Speed control -
41 |pop local z .
e ianoips - (OF both execution
42 [push argument o . . -
42 |push argument o and anlmatlon) Ej
&4 |add u
&5 |pop argurmento 3 4
» gﬂgﬂ orals 4 = Animation control:
— source [ . .
e ;gg e fransit Argument = Program f | ow(default): highlights the next
- s 2] VM command to be executed;
Working Stack it /j * Program&dat a fl ow: highlights the next
! 3564 - 4 = VM command and animates data flow;
destn. "“S// . = No ani mat i on: disables all animation
0 415 &~
) 1:;—' Usage tip:  To execute any non-trivial program
; i quickly, select no animation.
vV l -
= data flow animation related to — T — JD/
ys.ini . . :
Main.main the last VM command (in this ¢H 313 el | Tenpa s 0
- 314 aus .
Ponsoamerun | example: push ar gument 0) = e = | m :
Scréen.drawﬂectﬁ.g.c T - J 316 3L Temp?: 1% 0
Wath multiply | H 0 l an 21; E_l Es: 13 315_I
1 nlT il 4: 14 262 ¥
I
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Breakpoints: a Powerful Debugging Tool

The VM emulator keeps track of the following variables:

segnent [i]: Where segment is either | ocal , argunent,this,that,ortenp

= | ocal,argunent,this,that:Base addresses of these segments in the host RAM
= RAM i ]: Value of this memory location in the host RAM

= sp: Stack pointer

= current Functi on: Full name (inc. fileName) of the currently executing VM function

= | ine: Line number of the currently executing VM command

Breakpoints:

= A breakpoint is a pair <variable, value> where variable is one of the labels listed above
(e.g.l ocal [ 5], argunent, | i ne, etc.) and value is a valid value

= 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.
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Setting Breakpoints

£ virtual Machine Emulator (1.4b3) - G:'examples' add

Filz  Wiew Run Help

8

» » . « Animate: Wiy Format:
Slnw Fast |F'rc|gramﬂnw ;IMIDecimal "'I

(2. Previously-

declared

=10l x|

Frogram 5 B J7:0) |Statlc repeat breaprintS
¥ |push local 0 |« " | |:| : VMILED;
10 |push local 1 )7 I | |
11 |add o o o
i Jpop Jlocel By convention, function 4. Select the variable
e 1. Open the headers are colored violet on whose value you
15 |sub . i
« run| breakpoint o I Vaiable Name TS DS
? ::ﬂdlc panel — local[1]
:Jreturn Here the violet coloring is
1] function  |[Sys.into g
1 call flain main 0 Overl’ldden by the yeIIOW
label Sy intHANFIMITELOOR 1 ” H H
: Sutz S::::MNFINITELOOP - next Command hlgh“ght' akpoint ¥ariables - |I:I|5| _—'I
® e
|I L\ Mame : In:urrentFunminn currentFunction
Stack 2p
5. Enter the value ——Value : [Main.add | 1) 88
at which the break J/ ine P
. FAN]

/A simple VM program:\ Sl eEeLy jocal = :
Sys I nl t Ca"S locall] | E
Mai n. mai n, that calls | = argumert 0
Mai n. add (header not That Brgumentll ;

— - Tenp4: ¥ 0
seent b?ﬁafze e 3. Add, delete, Teas. :
Temnpé: 11 1]
SPrLO I)’ ta kof'fhi?n:'e or update () -| /| Tewpr. 1 0
\Simple stack arithmetic. / breakpoints K ol
I T
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Setting Breakpoints

£ ¥irtual Machine Emulator {1.4b3) - G examples',add 10| x|
Filz Wiew Fun H
@ T D Animate: Wi Farmat:
= *ﬂQ\f - IDecimaI "'I
. — & E(/ Breakpoints logic: o
rogram . r .
?  |puzh local o When I Ocal [ 1] Wl" VmITED;
o psh beslt become 8, or when sp
= e = will reach 271, or when
14 |push Jlocalt the command in line 13 =101
15 k o .
= et will be reached, or when | Varaberiare | vaue |
©_function Mei.maino execution will reach the S '”'f;"” £
1 retumn Mai n. add function, the e B
functi Syahit . = . Z
o it emulator will pause the currerifunciion | Manadd |
lakel Sy s intHNMFINITELOOP ) S
: |goto Sy initANFINITELOOP |¥program S execution. ﬁ 1=
Stack
| A RAM 1 &8
This aF: 1} 156 &
LCL: 1 ]
_ill ARG: i 1]
THIZA: 3 ]
THAT: 4 1]
Tenpo: 5 0
e ;I Tenpi: & i
Call Stack Teup: . 0
That
Tenp3: ] 0
;l Tenp4: ? 0
;l Tenps: 0 0
== Tempe: 11 0
e ] =]V o B g
1] L B
1 .)EI Fi4: 14 0 ;l
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Breakpoints in Action

£ virtual Machine Emulator (1.4b3) - G:'examples' add -0 x|
Filz Wiew Fun H
@ » . « ? D J D Animate: i Format:
— Slawy Fast |F'rc|gramﬂnw ;I IDecimaI "'I
4
Frogram 85 B ﬂ Static rEpEﬁE{
0 [function  |Msin.add 2 - o : THEEER
1 |push constart 15 —
2 pop local o
3 push constant ¥ _I
4 |pop local 1 - & - 1 w
5 Toush i1 2. Breakpoint Panel™ ;|g|_|
8 jpush  [onstant1 pocal wariakle Mame | Walle |
7o add 0 0 :I
% |pop local 1 1 Py local[1] ]
# |push lacal 3 0 =il il
10 Jpush local 1 line 12
e © cumenFunction  Menedd
12 |pop local o -
12 |push local 1 Argument 1 _>|
14 |push localo LI o —
=
Stack
| = RAM 1 &8
%0 0 e -
f \ LCL: 1 264
Execution reached the . =
Mai n. add function, an THAT: 4 0
g Tenpo: 5 0
event that triggers a Templ: 4 0
Call Stack . 0 Tenpz: 7 0
— display of tl_1e breakpoint . :
pain main and execution pause. Temps: 7 0
Msin add Tenps: 0 0
Tenpé: 11 0
|TE'T'P - | /l Tewpr: 1t 0
oo | UH Bi3: 13 0
LI nl= Fa4: 14 0~
|Breakpoint reached
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Breakpoints in Action

£ virtual Machine Emulator (1.4b3) - G:'examples' add -0 x|
Filz Wiew Fun H
@ » . « ? ;_lh Animate: Yiew: Format:
— Slowr Fast |F'rc|gramﬂnw ;I IDecimaI "'I
N
Frogram 85 B ﬂ Static repeat {
o [function |Main.add 2 - o : GEEEE
1 |push constart 15 —
2 pop local o
3 push constant ¥
: Ezzh :EE::: L = £ Breakpoint Panel” -10] x|
‘; zzzh canstant 1 pocal N Wariable Mame | Walue |
% |pop local 1 i ; local[1] ]
El push localo 3
10 Jpush local 1
11 |acd =]
12 |pop local o -
13 |push local 1 Argument
14 push localo LI :I A _’I
—l —
Stack /
7 : = l F
; Following some push — o jou
and pop commands, o LCL: 1 166
. = ARG: i 61
the stack pointer (sp) = THIZ. 0
became 271, an event :_I . :
- - - T .
Call Stack that triggers a _dISpIay TZEE;: 6? E
Sysini of the breakpoint and Tewp3: & 0
o e execution pause. J & N — z
N [ Temps: 11 0
| Tenp -EE - | | Tewps: 1 0
oo | H / Ri3: 13 0
LI hd Fa4: 14 0~
|Breakpoint reached
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Breakpoints in Action

£ virtual Machine Emulator (1.4b3) - G:'examples' add

File Wiew Run Help

=10l x|

ik
LCL:

THIS:
THAT:
Tenpo:
Tenpi:
Tenpi:
Tenp3:
Teups:
Tenps:
Tenpé:
Teup?:
Fi3:

a > » . « D J D Animate: e Format:
E] 9 sow  Fest Progamiow | TSN - | [Decimal ]
Program 8 B fi% Static res;:;{p.
o [function |Main.add 2 - :l : '
1 |push constart 15 —
2 pop local o
3 push constant ¥ _I
4+ pop local 1 x & : 3
5 Tpush - — 2. Breakpoint Panel™ - |I:I|£|
& [push constant 1 Local \ariable M val
ariaple Mame alle
i i 0 15:'
8 nop local 1 1 Py
g push local o 3 0
10 Jpush local 1 i
Ine 13
1 |add =]
12 |pop local o s
13 |push local 1 Argument 4
14 |push local 0 ;I :I —
—l —
Stack
= RAM
4 )
Call Stack d b 1 t I
ebugging tool!
Mz Ein
hain add
/ E=]v
|
[ o | UH
" 1 [ nlZ

R LT R ST R

[
I S )

28 A
FLL
1

o oo oo oo o o s oo

=

|Breakpoint reached
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Breakpoints in Scripts

| oad nyProg. vim = For systematic and replicable

out put-file nyProg. out, debugging, use scripts

output-list sp%2.4.2 ) ]
Current Functi on%s1. 15. 1 = The first script commands usually
Ar gunent [ 0] %03. 6. 3 load the . vmprogram and set up
R el 102, O for the simulation

breakpoi nt current Function Sys.init, = The rest of the script may use

set RAM 256] 15 various debugging-oriented

set sp 257: commands:
e § * Write variable values (output)
: VI G e Repeated execution (while)
out put; ® Set/clear Breakpoints
while sp < 260 { * Etc. (see Appendix B.)
virst ep;
}
out put ;

cl ear - br eakpoi nt s;

/] Etc.
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End-note on Creating Virtual Worlds

0

"It's like building something
where you don't have to order
the cement. You can create a
world of your own, your own
environment, and never leave
this room."”

(Ken Thompson,
1983 Turing Award lecture)

Een Thompson (L) and Dennis Eitchie (K}
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