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QAEMCANE{TRIIAE (Runtime Environment)
® localsBRGT (REHUEFEEER) © IERIABIRE (R P EEPEENIZTRNE
® symbolsfRET: IBRERFTE M EXS NAIATFIELE
® NFRIR: BRERELIR, IEDEHAFEARES
@ memory: 1ERE D HACAYHE(heap)Flik(stack) H1F
@ stack: ICRIARIRE(TRM) EmemoryPHECRIRNTE, REURHAIREL
@ region: ICR—ERIEZAFXE, base/ISiaitbit, SChRdatafiOCamiiz{TAY D BCAIETE
type region = { base : address; data : Bytes.t; }
type env = { program : program; (x ZENEITIERF *)
symbols : (gid, address) Hashtbl.t;
mutable locals : (uid, int64) Hashtbl.t; (x BREBLED *)
mutable memory : region Llist;
mutable next_addr : address; (x F—o]EREHEIL *)
mutable stack : region list;




:{klu‘%m

ARZFoED: ClEE— region
@ IZ8FIXI3F, SChRdatafHOCamiz{TRY D ECAIETE

let alloc env n =
if n<0 || n> Sys.max_string_length then

invalid_arg "Runtime: invalid allocation size";

let base = env.next_addr 1in
env.next_addr <- Int64.add base (Int64.of_int (align (max 1 n) 8));

let region = { base; data = Bytes.make n '\000' } in
env.memory <—- region :: env.memory;
region
@ allocafgFHalloca ECtiENTFE, 1CR{Estackd, BREUREIATEIE
@ alloc_heapiA allocoBECIERTF, EILAFEIWALE

| TLL
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AQAR7FEFE: storeFload
® /i (little-endian order): — MG ZNF0RY, (RFHRAERIBLUE,

SNFTIESMEL,

2505 . HE0x12345678IF4NF T 1FE et 100:

78 56 34 12
100 101 102 103

@ store: I EMBUEFrfEregion, LU/NmFRSEIRENEEEEMNE
let store env ty v addr = let n = size ty 1in
if n > 8 then invalid_arg "Runtime: aggregate store is not a scalar';
let region, offset = find_region env addr n 1in
let v = normalize ty v 1in
if n = 1 then
Bytes.set_uint8 region.data offset (Int64.to_int (Int64.logand v 255L))

else Bytes.set_int64_le region.data offset v
6




QINEYIRE: mk_env

O ERFBEERBHS (& built-in B82Y) FN symbols &

@ symbols RICRERT =R id RERFHBUL

o IEXI N ARt H I T ERNS
A£BFSFH

@ symbolfJsymbol_name73 3 ENE BT ENFHEUFOMBLE FAZS
Q53 =1FE: get_localfset_local

let get_local env uid =

match Hashtbl.find_opt env.locals uid with

| Some v —> v

| None —> failwith ("IR: unbound temporary " ~ uid)
let set_local env uid v = Hashtbl.replace env.locals uid v




Local/Temporary Variable Storage

(INeed space to store:
® Global variables
® Values passed as arguments to procedures

@® Local variables
@ either defined in the source program or introduced by the compiler

JProcessors provide two options
@ Registers: fast, small size (32 or 64 bits), very limited number

® Memory: slow, very large amount of space (2+ GB)
@ caching important

dIn practice on X86/RISC-V:

® Registers are limited (and have restrictions)
@® Divide memory into regions including the stack and the heap



SRR

ARZE -

® (RFE

XABEEE (call-by-value)

& HIEEBIAE (locals, stack), GliE R RAEREERENE

® %*‘B%iﬁmﬁjjﬁ%mﬁ (stackframe) FEREE X AR I EEPIMRER

@ REUAER

@ symbol&[

EE2750)

memory'::EHE £

BEEINE

59

Eﬂ%}ficallerﬂ]callee, =]



Stack frame example

10

void foo(...) {

bar () ;

void bar(...)
{ int
Xy yi
X = baz () ;

y:
quux () ;

int baz(...) {
int z;

Z:
baz () ;

return z;

Call chain
foo
int quux (...) { 1
return 42; bar
: l\u

baz quux

1

baz

1

baz



Stack frame example

Call chain

L Ho0 tebp —>
*bar(); foo

TESP ey
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Stack frame example

12

vold_ ) |

) void bar (...)
{ int

Xy Yr

*x = baz () ;

L]

y:
quux () ;

Call chain

foo

1

bar

TEDP m—

TESP ey

foo

bar




Stack frame example
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void , |

)|V

0id

Call chain

foo

1

int baz (...) {
int z;

Z =
baz () ;

_? return z;
}

bar

1

baz

1

baz

1

baz

TEDP m—p

foo

bar

baz

baz

baz




Stack frame example
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void foo (...) {|

}

}

volid bar (...)

{ int
Xy Yr
x = baz();

y:
quux () ;

Call chain

foo

1

bar

TEDP m—

TESP ey

foo

bar




Stack frame example

15

void foo(...) {|
void bar(...)

int quux (...) {

return 42;

Call chain

foo

1

bar

N

quux

TEDP m—

TESP ey

foo

bar

quux




Stack frame example

Call chain

void foo(...) { £o0 S .
TEDP mmm—
bar () ; O/esp foo
1

16



SRR

QRZER: XBAEE#E (call-by-value)
¢ (RFEHE RIS E locals, stack), BIEHEAE BRI E

_\_

6%*‘5%&113%’?731‘)%% (stackframe) RS AR ESIAEESE
o REVARERET, WERARENEERIAE

@ symbolFL[ memory'::EHE S ﬁ: Eﬂ%}ficallerﬂ]callee, =}

let with_frame env params args f =

if List.length params <> List.length args
then failwith "Runtime: argument count mismatch";

let old_locals = env.locals and old_stack = env.stack in

env.locals <— Hashtbl.create 16; env.stack <- [];

Fun.protect (fun () —> List.iter2 (fun (ty, u) x —>
set_local env u (normalize ty x)) params args; f ())

~finally:(fun () —> env.memory <- List.filter
(fun region —> not (List.exists (( == ) region) env.stack)) env.memory;
env. locals <- old_locals; env.stack <- old_stack)

17



SRR

ALl Eiz178F Wruntime0.ml

/5 BE .
e AFFIIE=IBETIRAY
® N AFEEIUL
QfERIIA:
G*ETHE;&E’JP{IY_?EH see runtime.ml
@ NNfreefRZEY, HITFNAFIEN

18



AENR

JThe code & data (or “text”) segment
@ contains compiled code, constant strings, etc.

JThe Heap stores dynamically allocated objects
@® Allocated via “malloc”, deallocated via “free”
@® C runtime system

JThe Stack

@ Stores local variables, allocated via “alloca”
@ Stores the return address of a function

A Heap

Larger Addresses

dIn practice, most languages use this model

o AZHBMERRTETIXNMNE, B8iF: &% Unix,
Linux x86-64, macOS 64-bit, Windows x64ZF

19



SRR

AFM={TEIIAE

' program : program;

Esymbols : (gid, address) Hashtbl.t;

Emutable locals : (uid, int64) Hashtbl.t;

' mutable memory : region list;

:mutable next _addr : address;
TBE@QLQ_EF?SB_E_EQQ%QH_}}§E _________________ L
:mutable sp : address; '
' mutable heap : region list;

 mutable free_blocks : (address x int) list;

20

memory -

Stack
Heap
Data

sp

next_addr



SRR

QFfrruntime MEARFSEC

let alloca env ty count =

if count < OL then invalid_arg "Runtime: invalid alloca count";

let size = size ty in

if count > Int64.of_int (Sys.max_string_length / max 1 size) then
invalid_arg "Runtime: invalid alloca count";

let n = size % Int64.to_int count in

let bytes = Int64.of_int (span n) in

if bytes > Int64.sub env.sp env.next_addr then
failwith "Runtime: address space exhausted";

let base = Int64.sub env.sp bytes in

let region = add_region env base n in

env.sp <—- base;

env.stack <- region :: env.stack;

region.base

21



:{klu‘%m

QFfrruntime FHERTFSEC

o bt 4 t, A CISE SN
@ B8 B etk ek fic

@ FIFRTEA @Z’ \EEHiH" R

let alloc env n =
check _alloc_size (Int64.of_int n);
let base = env.next_addr in

————————————————————————————————————————————————————————————————————————————————————————

let region = add_region env base n 1in
env.next_addr <- Int64.add base bytes; region

22



SRR

k3 . Z\
Qifruntime FERFFDEC (| | oomosrpsmsaemrmns.

Zfree_heaph G EIBEATE, iFcMfree heaphEEFHEL;

let alloc_heap env n = ffree_heapP BEBATIE, FHrolc—R=E
check _alloc_size n;

let n = Int64.to_int n 1in ‘{////,
let bytes = span n in
let rec take = function
| [ — (alloc env n, [])
| (base, len) :: rest when len >= bytes —>
let region = add_region env base n in let rest = if len = bytes then rest
else (Int64.add base (Int64.of_int bytes), len - bytes) :: rest in (region, rest)
| block :: rest —> let region, rest = take rest in (region, block :: rest) in
let region, rest = take env.free_blocks in

env.free_blocks <- rest; env.heap <- region :: env.heap; region.base

23




SRR

QFfrru ntlme_Fd‘i—ZW{? o[l
o AT S AR E R Mo IS

II.I.

let with_frame env params args f =
if List.length params <> List.length args then
failwith "Runtime: argument count mismatch";
let old_locals = env.locals and old_stack = env.stack and old_sp
env.locals <- Hashtbl.create 16; env.stack <- [];

Fun.protect (fun () —
List.iter2 (fun (ty, u) x —> set_local env u (normalize ty x)) params args; f ())

= env.sp 1n

~finally: (fun () —>
env.memory <— List.filter (fun region —> not (List.exists (( == ) region) env.stack))

env.memory;
env.locals <- old_locals; env.stack <— old_stack; env.sp <— old_sp)

24




SRR

QFfruntime FHERTF

H

KT

® T EIMAIRFIR MheapAT

@ IN\Zlfree_blockseR, HB/MEHILIHBSFRIRFRMN1ZEF

FIR

o BABEIZABRFNE=I

25

e

memoryH

P — T RHIA



type cfg = block x (lbl * block) list

T3 Ve type b10fk ={ .
RIS e it Vst
}
ARGREE I —MESKEREFFTITES —FERANENX
o xXE ?sz JOcamIZEfERELLVMLite IRFEFFANIE X
QRO RRRRREL, o ERERIRIEN
® exec_func: T}'l,«fj'lﬁl 2

- %ﬂ%@qﬁﬂ{t‘r—ﬂx})\ﬂﬁ% mainBREFTIR, BrHEENOREL
@ =65

AMTINE interpret ?(entry = "main") program =
exec_func (mk_env program) entry []

@ exec_block: I T)JCLE—AEZIKEQ

@ exec_insn: FUTEHBIESHEAAES

® exec_term: Ji'E}f:FJZQI_EZIKi;& W =AEIRENE

® eval_bop/eval_cmpop/eval_castop: TTEREE AN/ /SRR E
® eval_opn: R ESEEITEE NI TIHE

26



AREEMTIT: exec func

:ITE{Wprmt println, allocEFAFERRZET
AXNTEENEE, TEMFEHEN, BN

let rec exec_func env name args =
match (name, args) with
"print", [ v 1 —> Printf.printf "sLd" v; OL
"println", [ v 1 —> Printf.printf "sLd\n" v; OL
"alloc", [ size ] —> alloc_heap env size
_ —> let func_def = match List.assoc_opt name env.program.fndefs with
| Some func_def —> func_def
| None —> failwith ("IR: unknown function " ~ name)
in with_frame env func_def.param args (fun () —>
exec_block env func_def.cfg (fst func_def.cfg))

G INRE ST

\/
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FREEMIT: exec_block, exec_term
QTR I T— 1 EANRE EIE SR EE

and exec_block env cfg block =
List.iter (exec_insn env) block.insns;
exec_term env cfg block.term

QFRITREIES . FEFATR#EARREEIR(EE

and exec_term env cfg term =

let jump label = let blocks = snd cfg in

let next = List.assoc label blocks in exec_block env cfg next

in match term with
Ret None —> 0L
Ret (Some (ty, v)) —> eval_opn env ty v
Br label —> jump label
Cbr (cond, tlbl, flbl) —> jump (if eval _opn env I1 cond <> OL then tlbl else flbl)

28




BEEFITT: exec insn

QP TEBEIESHEFNAE
@ EiTset_localXIE ST EEREBEHI TIASEH
® Alloca, Load, Store3 3l EL. EENFIFEARF
® NHE R fi#Frgetelementptris SHNENSCIL, EftbEB{ELS

and exec_insn env (uid, insn) =
let v = match insn with
Alloca (elem_ty, count) —> alloca env elem_ty (eval I64 count)
Load (ty, addr) —> load env ty (eval Ptr addr)
Store (ty, v, addr) —> store env ty (eval ty v) (eval Ptr addr); 0oL
Gep (elem, base, indices) —> eval _gep env elem base indices
_ —> failwith "TODO: need implementation";
in Option.iter (fun uid —> set_local env uid v) uid

29



Review: LLVM getelementptr Instruction

| Gep of ty x opn * typed_opn list” in LLVMLite

Q“type insn
sval, tl1 1idxl, t2 idx2 ,..

insn ::= .. | getelementptr t*

OExample 1: IBEEZSE— T RE x D&

struct Rect { struct Point 11, 1lr, ul, ur };

struct Point { int x; int y; };
$tmpl = getelementptr ?%Rect* $%square, i32 0, i32 0
$tmp2 = getelementptr 3%Point* 2%tmpl, i32 0, i32 0

QExample 2: £ OCaml 1, FHEBIARIAERE S KEESISIRETEET
{ i32, [0 x i32]}~*

[int array] =
@ FRENOCamIZRH A/ [length a] :

getelementptr {i32,
load 132, 1i32* %1

[0 x i32]}* %a, i32 0, 132 O

[lengtha]] := %1 =
52 =

30



REEEIT: exec_gep

AR 5258Y(Aggregate type): EHEGETAUNREIE ST

let eval_gep env elem_ty base indices =

let rec descend addr ty = function N *ﬁ%ﬁﬁ%ﬁﬁ”??l"“’ﬁ-f&%
| [1 —> addr , FREH)E, HEFI|RALHU,

| (idx_ty, idx) :: rest —> ignore (bits idx_ty);
match ty, idx with
:| Array (_, item_ty), _ —
l let offset = Int64.mul (eval_opn env idx_ty idx) (Int64.of_int (size item_ty)) in

| Struct fields, Const _ —> let idx = eval_opn env idx_ty idx in
if idx < OL || idx >= Int64.of_int (List.length fields) then
invalid_arg "IR: invalid struct index";
let i = Int64.to_int idx in
let addr = Int64.add addr (Int64.of _int (field offset fields i)) in
descend addr (List.nth fields i) rest
| _ —> invalid_arg "IR: GEP needs array or constant struct index"
in descend (eval_opn env Ptr base) (Array (0, elem_ty)) indices

31



REEMT: 3UEETR

JdDemo:
@ Interpreter.ml, Runtime.ml, IR.ml, IRPrinter.ml, Util.mI, main.ml
A Y \ = — .
QmIFIET:
® dune build
@ dune exec ./main.exe

32



1Z1THJ$81% (Runtime Error)

QREFHRTEEFREIE AR R BN SERYER.
efal: AWM. IRE. Tiaftna. IBEENFRIEE.
QsEIRA IR 51
let func_def = match List.assoc_opt name env.program.fndefs with

| Some func_def —> func_def
| None —> failwith ("IR: unknown function " ~ name)

in v
ALINHIEZITHEIR, MAERE AR FEEIMANES:
| _ —> failwith “TODO: unimplemented ...

33



InE1: SCIR

:

o IR (HIARIR SR e,

LLVMLite IRERFE=S

@ Thkfa, Hinterpreter.mISGFIRATZE0)

@ OJIZM{ERZLHIRFE

34

R SRR SE I e 51

E1TATIAE (Runtime.ml), SCIPSEEZRY LLVMLite IREFFEES
NEERSZFFHILLVMLIte IRIEENX.
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