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Start ng, From Scratch

Bootstral:)l:)inga Coml:)iler for Fun and Profit
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Disclaimer: Profit not guaranteecl

« Neitheris fun.

* A backgrounci In compilers s neither assumed,

impliecl, nor cxl:)ectecl.

* Questions are welcome; and will be answered,

Possiblg correctly.




What’s a Compiler’?

* A Program that translates from one Programming laﬂguage

into another Programming language.
st lo create a compiler, we need at least three things:
*» A source |anguage (e.g. C, Java, LLVM bgte code)

* Atarget language (e.g. C, Java Bgte(:ocle, LLVM bgte
cocle, or the machine code for a sPeciﬁc CPU) to translate
it to

+ Rules to explain how to do the translation.
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How do we make a great compiler’?

) There are two aPProaches to this Problem.

s A) Write the Pemcect Compiler on your very
first try. (Good luck)

o B) Start out with a not-so-great comPiler.

Use it to write a better one. Rel:)eat.
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That’s great, but...

* What i don’t Ha\/e a not~so~great compiler @

start out with?

o What it 1 dor’t have a compiler at all?
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The Modern Answer

* Just Google it. Someone will have written one

‘FOT' 9OU 139 NOW.

o If theg haven't, you can start with an existing

compi er for an existing source Ianguage (such
as O), and chang&: the target language that it

generates.
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Startin g from Scratch. ..

o What did we do before we had the Internet?

« What would we do if we didn’t have a comPiler

to start From’?

+ We’d make one! There are many Possible ways

to go about cloing this.

* Here’s my aPProach. 7
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What are we trging to Do”?

We want to write a Program that can translate From

the language we HAVE to the language we WANT.

Okag! What anguage do we have? We don’t know

yet, until we know what system we're ta”dng about!

Bt ™ (almost) every computer has a built in CPU
CI‘ﬁP that has a “machine language” hard-wired into
it

50 wejust use this “machine |anguage”3 and all our

Problems are solvecl) riglﬁt’?
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* In general) every CPU chil:) has it’s OWN version of “machine
!anguage’ﬁ called it’s “instruction set”. Sometimes later chil:)s

are backward com[:)atible with Previous chips, sometimes not.

* The instruction set that the CPU chip suPPorts IS Part of the
fundamental olesign of the CPU : the hardware features that
the CPU implements are reflected in the CPU instruction set.

» That means that we can’tjus’c write 1n a single, universal

“machine language” that will work on every EECL

S50, we’l| try to find a generic aPProach, one that would work

for a wide varietg of processors and Plahcorms.
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Our Master Plan

. First, we'll define a very simple bgt@-cocle Ianguage; one that’s

just bare|9 Powencul enough towrite a comPiler with.

A NS we’| olesign a generic comPiler for our tiny Ianguage; with a
set of rec]uirements that we hol:)e we can implement on any
machine we like. That way, we'll be able to implement our little
compiler using a small amount of machine language from our

target machine.

3. From there on in, we can use our existing compiler to write a

better comPiler that can compile a nicer source language.

B e repeat steP b, until we have the compiler we want for the

Ianguage we want.
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The Simple | anguage

. Sgntax 9 :
ame eanin
(bytecocﬂe) 5
O Bt Program
In
Define Define bute n as having definition
definition Y 5
2 byte Outputs bgte
N Output the definition of bgte N




A generic comPiler (Pseudococle)
putBytes (ProgramHeader.data, ProgramHeader.length)

lOOP

code + getbyte o)

fcodez 0O

exitProgram O

i code 2 1 -

n < getbyte O; len + getbyte 0

BgteCodeTable[n] .leng’clﬁ — len

BgteCodeTable[n].clata « getbBytes (len)

else if code 2 2

quoted Byte «getbyte 0; putbyte (c] uoted Bgte)

putbytes (BgteCodeTaHe [code] .data, BgteCocleTable [code].len g’ch)

P i T e

— ST P
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A generic compi ler (/—\ssemblg Language Stgle)
putBytes (ProgramHeader.data, ProgramHeader length)
loop: code « getByte()
it code # O goto define:
exit()
define: it code # 1 goto quote:
code «getByte(); address + byteCodeTable[code]
code « getByte(); address[0] « code; getBytes(address+l, address[0])
goto loop:
quote: if code # 2 goto write:
code +getByte ; putByte(code)
goto loop:
write: address < byteCodeTable[code]

Putbgtcs (address +1, address[0])

goto loop:

T —— T — — -




Rec]uirements to lmPlement a Generic Compiler (Page f23

'i Code Requi rement

A string of bgtes that identifies

Header (with leng’ch) ,
program to the oPeratmg system

code + getﬁgte O Can get a bgte from our inPut.

PU’CBH’CC (COCIC} Can send a bgte to our output

hc COC!C z ﬂumbér gOtO Can compare a bgte to a

i
f aclclress constant, branch if not the same.

gOtO IOOP: Can branch to a fixed address.




| Requirements to | mplement a Generic Compiler (Page 2/2)

| exit() Can exit the program.

address +1 Can add / Increment

ey el —

L S
address « bgteCocleTable[n] e e the address of 2 =
allocated array element. |

| address @il code Canseta bgte at an address

{ address[0] Can geta bgte from an address
bgteCodeTable Can allocate/reserve an array of
memory.

putbytes (address, length) Ec]uivalent to ca”ing putbyte O in

- pm— e e I S

a loop.
E‘quivalent to ca”ing getbyte O in

getbytes (address, Ieng‘ch)

el lOOD.

T — —T TR
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Things We Need To Know
(based our hardware & oPerating sgstem)

° Programs must start at memory address divisible bg four?

e Must/ may not execute certain CPU instructions in certain modes? |

e Filewith a speciﬁc header & Permissions: (eg. ELF (Linux), Mach-O(Mac), COM(MS-DOS)?
) Speciﬁc boot loader/block device addresses (eg. GRUDB (x86 chips}, uBoot(ARM chips))?

e Serial device interface with a speciﬁc voltage appliecl to certain Pins on the hardware (eg. Microcl’iil:)’s
|2 @ Q) chiPs)?

o Sgstem ca”s, driver Func’cions, or memory maPPecl hardware?
o SPeCial hardware instructions in the CPU Instruction set?

o Special memory addresses defined ]39 the operating sgstem / hardware?




—

B e — T i i Gy it . Ly et L i B i e T — . et —

Initial Compiler for an Android Ce”Phone (ARM-7
Thumb Instruction Set) (in hexadecimal)

7f 45 4c 46 01 01 01 00 00 00 00 00 02 00 00 28

01 00 00 00 54 00 00 00 34 00 00 00 00 OO 00 00
00 00 00 00 34 00 20 00 01 00 00 00 00 00 00 OO0
01 00 00 00 52 00 00 00 52 00 08 00 OO0 00 00 00
H 00 00 00 0010 00 07 00 00 00 52 00 08 0O
O4 27 0120 39 46 58 39 54 22 00 df 0od 18 35
{74622 0000229

0128 0a di 0238 Oc Ic £7 46 Of €0 211c 08 68

013110 1c 0527 00 20 00 df e+ ef

FLF “File Header”

e “Program
Header”

Write Header
Loop
Define

B S ——— T » .
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What now?

s S0, we have a minimal comPiler for our tin9

|.anguagc:J and we’ll even Pre’cend that it works!

+ What’s the next stel:)’:’

o Answer: We'll invent a better languagej use

our existing comPiler to implement it!
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How do we do that?

* Wf:)” Clélqﬂé ad Ncw anguage ]Z)BSCCI UPOﬂ 59mbo!s

tlﬁat are one bgte ong.

+ Next, we’ll use our simple language to write a

compiler for our new !anguage.

2 Fina”g, we'll write a comPiler for our sgmbolic
language IRV S sgmbolic language, and

compi!e that.

— T T A ComEarne g P — - — ——
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Outline for our new coml:)iler

(Minimal language version)

» Foreach sgmbol IN our |anguage, we define that sgmbol as the machine

language instructions to run for that sgmbol.

* AA<59mbol><length><mac1ine language>

s For the rest of our program, whenever we write a sgmbol, our program will

the machine Ianguage to run that symbol.
* We’re 90% of the way to a compiler for our sgmbolic Ianguage alreaclg!

* fwewantto output a speciﬁc bgte as an argument to a machine code, we

can use to quote that bgte.

* Last!g, we end our program with a “@ (Exit) sgmbol.
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S0, what’s the new language like?

e 3variables (a, b, & ¢)

+ Less control codes (more Printable ASCII

characters)!

o Allow comments, nested loops, and

conditionals

+ Allow us to add / mocli?g symbol definitions!

Cul e R A . e rp e - > B e



A new Language | iterals)
Name Sgntax Meaning
Comment : <comment> *J Comment until end of line. |
Quote ‘N Output bgte N unchangecl |
Output bute with
(o x hh P J

hexadecimal value hh
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A new Language (LooP & Calls)

Name Syntax Meaning

Lool:) { Push <here> on stack
Return ) goto(pop stack)
Break % pop 9

5|<il:> nS 5|<il:> next n bytes
Quit Q bt (b)
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A new Language (Conditionals)

Name Syntax Meaning
I 2 it false, s‘dp N bgtes.
| ess nlL < skip N bgtes.
Equal n= bn
Same e bLc
Null e c £ Ox00
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A new Language (1/O features)

Name Syntax Meaning
Header H Write out program header
Get < b « getByte O
Put > putbByte (b)
o $ Write
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A new Language (Variables)

Name Syntax Meaning
i e s a « <here>+n
~n £ c + [a++] (Bgte)
Advance A2 gl
Minus S gl
COP}j & c+b
Times * b+ 16
Plus i b b+
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Qur new comPiler

SISt emnt oty header

= loop
x02. ;a+ &table (HERE+2)
nS  ;skip over our table (2)
; The table below defines the symbols for our compiler
; They're of the form <symbol>,<n> (byte) < >(n bytes)

'Hx54 ‘Qx04 4x06 x02 '<xl0 '>xI0 '=x02 "7x05
'SXO2 5 xOH '@xO4 . Tx02 '+xQO2 '-xO2 '$x08 '#x01. 'OxO2

x00 x00
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Our new coml:)ﬂjc‘:.r‘*‘tquote & exit)
s b « read
xO04 = x047 ; if not “D, 5|<i|:> to quote check
R - it ()
"= %227 it not quote, 5|<il:> to hex check

= outl:)ut (getbgté b2

} ; back to main |ooP @2

el et Thrte T, e
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if not hex, skip to comment check
<0~ ;b+read(, 18 b-«0
x09 =x02l ;ifb=<o9 skip 2 (6)
RO Wbt 7))
e b*=16;c+b @
<'0- ;readsecond byte; (18)
x09 =x02L ; convert to hex digjt (6)
x07 - ; like before (2)
‘b~ b+c @
write(b) (16)

back to main IOOP 2)

C 3
;»,-:.o._ L -

comman

_.
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QOur new compiler (comment command)

' =x267 it not comment, 5|<i|:> to table |oo|<ul:>
e loop (6)
< b« read (16)
xOa =x047 : it b £ "\n"

o) (e back to main loop (4)

} . end looP (2)
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Our new comPiler

; table lookup
|ooP
e o latrh]
Ox047 ;ifendoftable,
e g0 back to main lOOP
eSO s iEeZh
c « [a++]; write (address=a, |eng‘ch=c}
back to main loop
G leng’ch
next entry in table

CﬂCl IOOP

—
o TR A AT
;
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What Next?

We can add new codes in terms of machine code.
We can change existing code definitions the same way.

We’re not locked in to a single dcsign, ora single decision; so we

G2 alwags build whatever will make building the next step easler.

The features we build first depend upon the features decide we will

ultimatelg, and how much work theg are to implement from scratch.

Possible areas of imProvement: Math features (division), memory
access / management (variables; string handling)) control
structures (Function ca”s; iterators; generators}, 1/O (sgstem

ca”s) , Annotations( tgpes, comments, whitespace)
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© APPenclix I: ARM Thumb Code Example

o Disclaimer: | have on|9 written this code; but
| haver’t tried to run it yet. I've hand
assembled ARM Thumb code for a similar
leaming Projec:t be?ore, though. I’m si”g that

Way.
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A Real World Examl:) e

* My cell Phone runs . Linux can run machine
language programs stored as executable files with a valid
(accorcling to the standard at httl:): el www.skg?rec.org/ linux/
references/ ELfil:ormat.Pch )

* Mg cell Phone’s CPU is an ARM CPU that’s backward compatible with the
Instruction set. (See https: /Jece.uwaterloo.ca/~ece222/
ARM/ARM7-TDMI-manual-pt3.pdf )

s The sl:)eciﬁ'es that for ARM CPUs running the
modern ARM Linux AP! (“arm/EABI”), are done using the
instruction, with the system call number in regjster 7,
and the result in register O. (See ht’cp: i/ man7.org/ linux/ man-l:)ages/ man2/
sgsca”.z.html)

» The Linux defines system calls
(See https: //wachalls.com/ 595(:8”5/ 2arch=arm_thumb)

-——-—W.f'ﬂ_, ——— —————— s — . — St


http://www.skyfree.org/linux/references/ELF_Format.pdf
http://www.skyfree.org/linux/references/ELF_Format.pdf
http://man7.org/linux/man-pages/man2/syscall.2.html
http://man7.org/linux/man-pages/man2/syscall.2.html
https://w3challs.com/syscalls/?arch=arm_thumb

THUMB Instruction Set

Format Summary
The THUMB instruction set formats are shawn in the fallowing fiqure.
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| Requirements Checklist (ARM ComPiler) (Page B

'i Requirement Defined By
Header (with leng’ch) Elf Header SPeciﬁcation

|

1 code + getbyte O System call: read(code,)

| PU’CBH’CC (COCIC} System call: write (code, )

hc COC!C z ﬂumbér gOtO Compare Immediate Instruction:

i
f address Conditional Branch Instruction

gOtO IOOP: Unconditional Branch
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Requirements CheckList: Arm Coml:)i er (Page 2/

Rec]uirement

Defined 153

exit()

System call: exit(0)

adclress + 1

Add/Subtract Instruction

address « bgteCocleTable[n]

Add shifted Register Instruction

address[0] « code

| oad/Store Instruction

address[0]

| oad/Store Instruction.

byteCocleTaHe

Elf Header: allocate extra 64K in-

memorg image For bgt@ COC!CS

putBytes(address, length)

System call: write (aclclress, lCﬂ;{tlﬂ)

getbytes (address, leng’th)

System ca”?reacl (address, lquth} |
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Example Initial ComPiler for an Android Ce”l:)hone
(ARM-7 Thumb Instruction Set)

04 27 0120 39 46 58 39 54 22 00 df od 18 35 Write Heacler

{74622 000022918

LooP
Define

0128 Oadl 0238 Oc Ic {746 0f e0 211c 08 68

013110 1c 03 27 00 20 00 df e4 ef 0238 04 27

g -

g I et Sy YN O T TN G N e T et T
.
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ARM Thumb Instruction Set
(ELF File Header)

7F 45 4c 46 # Ox7F'ELF" ELF identifier

01 01 01 00 # 32 bit, little endian, elf version 1, NO specific ABI

00 000000 #8 bgtes of unused Paclcling (For Linux)

02000028 # tgpe OxOOOZ)machine‘:OxOOZS (ARM)

01 00 00 00 # version of elf (1)

54 00 00 00 # entrg_laoint_aclclress # first 4 bgte aligned entry in file

54 00 00 00 # Program_hea&er_table_ogset: (immec‘iatclg after ELF FILE header)
00 00 00 00 # no section header

00 00 00 00 # no flags

B -00 2000 # program header offset (2), size of program header entrg & bgtes)
01 00 00 00 # number of program header entries (1) ,section header entry size

00 00 00 00 # number of section headers (0),section header with names (NONE)
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Elf Program Header

* 0100 00 00 # program type = load

* 5200 00 00 # offset in the file image= 0x52 bytes

* 520008 00 # (virtual address of segment In memorg) # Ox 80 0052

* 00000000 # (Phgsical address (if relevant) (not)

* FEF OO OO0 00 # (size of bgtes of the segment in the file image: 255 bytes}
* FF OO0 10 00 # (size in bgtes of the segment In memorg:é"r K+255 bgtes)
* 07 00 00 OO0 # memory Permissions (read) write, execute)

* 52000800 # (P~Va<:lc:lr = P_,ogset % P_,align) (O,l=no alignment)

e —— — e




eacﬂer, LooP &
04270120 #r17 « 4 (write), rO « 1 (to stdout)

%9 465839  #¢l + 15, rl -= header.len + 4 (&header)
54-22 00 DF # 1r2 « Ox54 (Ox54 bgtcs) , system call

@I |8 CR55. # r5-6H: rr 4= 250 57
&BgteCocleTable (load address+OxFF)

lOOP:
F74622E0 #r4 <5, b reaclbgte: /b« reaclbgte O
# cmp rO,#0, breon: //iftb#0, goto define

A7 =t sysca” // exit(0)
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Define

0128 0a DI # on: cmp rO,#1, bne quote  // itb #1, goto quote
74622 EO # b read Byte // code « getByte ()

0238 0002 #r0-=2 //code « code-2

2918 746 #r0<<=8,r1 < 5+r0 //a+ &ByteCodelcode]
22 EO 0868 # breadByte,[r]B + r0 //| « readByte;al0] « |
O131101C #rl+=l,r2 & rO // xlength « |

0%270020 #r7+ 3 (read), rO « O(stdin) //

@0 DEct T # sysca”, b loop
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# cmp rO,#2, bne write:
AR e 5 b reaclbgte
A R o @I O it

#2117 — 4

# sgsca”, bb looP

# write: rO -=2, r7 + 4 (write) //b=b -2

T R e O R AS &BgteCocle[b]

#r0O « 1 (tostdout), r2 « [r]1B //|+ x.Length
# r] +=1, sgsca” // a < xwvalue; write (stdout,a.value )

#b lool:): //b lool:)
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#Push et eonter i 69
# rO + O(stdin), rl « 1%

# Push (O ontoirg gises
# sys ca”) pop rO~-r/ from r15

#rl5 & ri4




Tablc clcﬁn tions For our sgm’jol
Coml:)iler (ARM-Thumb version) (Pl F5s,

; Q (quit) 7 + O; system call
£ (lool:)) rl « r15; rl -=4- Push 1
;3 (return)  pop 15
: < (read)
> (write)
; Push rl « r7; r7 + 4(write); rO « 1(stdout);rl « r13; Push rO; r2 « 1; syscall; pop ri-r7
- n= <equals?) cmp rO, #n
. n? (skip unless) be n+4; 4 pad bytes (no-op)
- nS (skip) b n+4 4 Pacl bytes (no-op)

R d‘le’C) rle n; r’]+:r]53 =
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Table c:leﬁnitions for our sgmbol

comPiler(PZ/ 2)

;@ (at) r2 « [F]B;rl+=1
o] (POP) pop rl
:+ (next) rl+e1r2
; n- (minus) rO-+n
; $ (string) Push F-r7; r7 4(write); rO < 1(stdout); sgsca”; pop ri-r7
G (copg) Push r2; pop rO
s nL (skip less) BLE n + 4
.0 (null? cmp r2, #0
5~ (same?) cmp rO, r2
S lhimes). | rOS~er =t
; P(Plus) rO+¢ r2

. H (header)

L — —— - .




