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HiSEESEE
AFASIE— MoonBit workflow FH4TER version-1 & FEIXI 5N =2

- FgiEaf workflow EHY MoonBit facade;
- ¥ workflow E5 compute FitXI FECN ABI Z4JH payload / descriptor FJ
Rk FFI 345,

- 934 workflow scheduler 25 compute lane Y native runtime,
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- RVFFIR FFT EZRA;
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- MoonBit #Ef1 C A WHEZ [AIFIZR M AT A BURSHAS ;

- race-free chunk & 5% 4 workflow capability f#i F 22K (1) 7 B2 X 55 ;
- native 5 JavaScript HArHY faithful realization Fr25200 & IR &1 X 55,
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BESEREYE



ASERGMIES:

- H_M 7%/8 MoonBit #, n_c &R C/ 15 A] UL,

- T 5 FFT USSR T AR TR RS

-+ b #or buffer i3, v #R view, p R plan, d 7R runtime descriptor;
* mapsto Ze/NTLIETR 7T RIE;

- Own_M(b). Borrow_C(b), Own_C(b) RRFTEPURE;

- T = IV RR—H AR ;

- prQ RN HAHE B ER S B A EY

* Interval(i, j) %%ZI—_\‘EF*‘}HZI\EH [ij)s

* Chunks(n, m) %‘%ﬁi’ﬁ [0, n) {Z”%j‘ﬂ m /I\?IZI‘EHE%J\@%,

- Den(p) 1 plan $57%;

© t4p s q FREERR « 23 MoonBit plan p NHBCH payload ¢;

- parse(t, q) = d FRELEEER payload f#HT A runtime descriptor d;
+ exec(d) = y ¥R runtime descriptor d FATIFEIFTEREE R yo

iEX Workflow EE

facade 724l workflow ¥, EHIMWIE F#HTEBER, £ NEATUBRES. PS5
compute LA, [MJCH @R EGSI TR,

workflow fRZEMM, version 1 HA workflow A TEHATIER, JiL LMY MapPlan,
ReducePlan, ScanPlan 5 MapReducePlan {E%%%}Wﬁ‘lﬁ?\]@, HRER ComputeNode FRRTHET Y
compute ¥ IR,

PAT AR, version 1 [FEE A workflow B 74 S5EHZERIT AL, BHZE submit
TEAME E3E SR submit_async IS fl% wait 5 ﬁ:?)ﬁ%ﬁ%& , I H ERVIR BLARZS PAB: 2¢ WorkflowResult status
N ME—1E SOR T,

barrier group MW, barrier group H workflow 5 S, MARHERSS5ERT
EZath, 18 version 1 77, barrier group FYBEEE N (barrier capability id, node depth)o 45 1>
barrier group S5 EHEK/NT 2, MI'E 23R group, 4477 2L BarriER BrOKEN fail closed,

ScalarKind == Int
| Ulnt
| Int64
| Ulnt64
| Float
| Double
1 WRERE,
Schedule == Static
| Dynamic
| Guided
B2 JEREER,



RuntimeConfig == {
threads : Nat ,
chunk : Nat ,
schedule : Schedule
}
3 BTN EIC R,
AccessMode == ReadOnly
| WriteOnly
| ReadWrite

Bl 4 JA5RsER,
BufferRef == ( Bufld , ScalarKind , Len , AccessMode , LayoutWitness )
K 5 facade & buffer 5|/,

OutRef == ( Bufld , ScalarKind , Len , LayoutWitness )
6 facade BfithsH.

LawClass == StrictAssoc
| DeterministicTree

B 7 KA,
MonoidLaw == ( LawClass , Opld , Identityld , AssocWitness )
8 L EHEIR T

Plan == MapPlan ( RuntimeConfig , Opld , BufferRef , BufferRef )
| ReducePlan ( RuntimeConfig , MonoidLaw , BufferRef , OutRef )
| ScanPlan ( RuntimeConfig , MonoidLaw , BufferRef , BufferRef )
| MapReducePlan ( RuntimeConfig , Opld , MonoidLaw , BufferRef , OutRef )

9 347 Plan ADT,
version 1 Z5(-{F& MoonBit FREUE S EE JavaScript 16 3R EGH A Plan,
X (RS TIBIRYSS) . ic ShapeOK (p) 4 HAXY:

th‘ MapPlan(cfg, op, src, dst), Len(src) = Len(dst) H ast EJ'L%',

5@‘ ReducePlan(cfg, mu, src, out), Len(out) = 1, ScalarKind(out) = ScalarKind(src), H. out % reduction E](J
ME—Z5RALE
X{f ScanPlan(cfg, mu, src, dst), Len(src) = Len(dst)y ScalarKind(src) =

ScalarKind(dst), H. ast ﬂg,
bS] MapReducePlan(cfg, op, mu, src, out), Len(out) = 1\ out EJE, H op PR TR S e &
3R reduction TEEIRAI—FL,

& (Plan $5F%) . ic Den(p) JHH plan A3 1M — g B AT WIS L5 5 -

Den(MapPlan(cfg, op, src, dst)) ZEéf-FﬁﬁHj buffer dst, HepRs5| i BTTERN Apply(op, srcli]);
Den(ReducePlan(cfg, mu, src, out)) = out[0] EPE"J*E‘%?%%, T H mu X sre #47 fold f%%u,
Den(ScanPlan(efg, mu, sre, dst)) 5& inclusive prefix #ith buffer ast, HP&5| i bFTRERET
Tj_:‘ mu ‘Fiﬁ src[0 .. i] E"J/*J”é’ﬂ?:'?%,



*  Den(MapReducePlan(cfg, op, mu, src, out)) ESH Den(ReducePlan(cfg, mu, upright("MapTmp")(op, src), out)), H

H1 MapTmp(op, src) J& X sre RN FH op 152 HIZ R ML 571
X (Plan BAgM:) . id PlanWF(p) 24 HANY:

*  threads > 0,

- HEEK chunk (WIFATHAT, BEAHTHE chunk > o;

N map 5 scan ATEH: shape XS5 hREME—E 45 R buffer N A R#5Z;

: ?ifﬁﬁ)\ reduce A ETE Identityld ﬁ'éﬁﬁz*ﬁ?ﬂi% MonoidLaw HJ5ZH 1T 1dent1ty ﬁ%ﬁﬁjﬂ%%,
BNLAAATE lowering RiffE4E;

- 94> buffer 5| H#H#EN 23X scalar kind, K&, access mode il layout witness;

-~ A ouref FHET 3N scalar kind, KEF] layout witness;

- 8 operator id #REMTE]— DR EEAIEEM kernel descriptor;

- B monoid law #iRF##EH 23X law class. operator id. identity id, PAK
associativity 8¢ deterministic-tree witness id;

* ShapeOK(p) B8z,

X (gyniisztE) . id LawOK (p, 7) 24 HAY:

: % ClassOf(mu) = StrictAssoc, I}_\”J AssocWitness(mu) ﬁ%ﬁ%;’é@ tau J:Eng*gé%/El\%; H
: % ClassOf(mu) = DeterministicTree, I)_\“J tau in {Float, Double}, j‘JFH AssocWitness(mu) %%ﬁ_\‘% %ﬂ?ﬁ'ﬂﬁ
descriptor ZfE HIEE ML witness,

??)f—i reduce 5 scan Rﬁ%ﬁﬁ DeterministicTree ?BZ‘/E)\, zk%m*%z:j:e IEEE 754 bﬂ?iﬁil@f%}”ﬁﬂ?ﬁ
AIRARE AR
T GRERFEME profile) . id FPProfile(t) Sh HAR « A AN HIREIFSINR, B

rounding mode, contraction policy. NaN 5 infinity £4b#, subnormal 208, PAK
ﬁ@ﬁ DeterministicTree Zﬁ%ﬁﬁ %EE/‘J;H\:{@% ﬁ:o

AB| B[R
HATE MoonBit fiJs5 C film[FEME, A IF zero-copy i FHEIRRIREFAZLHY

transfer,

X Ut EAGR) . AiESh backend HAR ERY layout-bearing buffer view, & Xl
FAEdSt:

lv view == {
addr : UlntPtr ,
len : Ulnt64 ,
kind : Ulnt32 ,
mode : Ulnt32 |
stride : UInt64

}
10 BYEILSR view,

MYE boundary ABI AEMAR GRS FIE w S HRAY; Edb
profile aBrrofile(t) JZEE

E X (GA5t ABI profile) . asrwrofiler)y #5777 BH EH AR « I boundary record Firf FH HME—
T, A5 endian AE, M umtbtr, Umntes 5 Umesz HIBRET,

N

R — N SZH B E AR



FHREDRAE aBrProfile(ty MR NFIA R 77 12:
sizeof(Iv_view) = LVSize(ABIProfile(t)) A alignof(lv_view) = LV Align(ABIProfile(t))
offset(addr) = 0 A offset(len) = OffLen(ABIProfile(t)) A offset(kind) = OffKind(ABIProfile(t))
offset(mode) = OffMode(ABIProfile(t)) A offset(stride) = OffStride(ABIProfile(t))
EX (ffRidst) . WHEEMRE buffer LRI t, &L
Layout(r) = (size(r), align(r), stride(r), endian(r))

EX (fmFER) . id Iso(y,, 7o) 4 HAY:

Layout(ry,) = Layout(rg)
HMIAEARE AR, TUR W ENIESE G Y EEe—,
ZPR (L% JR Gate) .

Tars T,
I M>'C
SOLayoutOK

# LayoutOK KW, WISEHUHRER APV E—MIEMRIERTR, sERELER, ™M
FHRER R R AT SRl o

LayoutOK J& 223K 1 8] B bR A& E % view BIBAR A B — 328 T 1Y ABIProfile(t), SIS HE
HIRIITE F ABI 3RAMEHICRAGE,

(TM’ TC)

ZMEFRBBUREN
A FE FIBEEEON — R T IrA PR TR _E N A RIS RS
Fﬁﬁ*y:lﬁﬁo Xﬂf%’f buffer % oy b, jﬁiq:ﬁg:{k?g;-\ﬁ Own_M(b)s Borrow_MR(b)s Borrow_C(b)\

Own_C(b) ﬂ] Returned_M(b)o

Returned M(b) & — NADWEH) “IRIEFER” HEZS: C AU authority &K, H1E
rehydration FIaT, MoonBit BAIZE authority MAMKE

Fers i,

I' F Own_M(b) A LayoutOK(7, 7o) A Live(b) A ReadOnly(q)
I' - (I' = {Own_M(b)}) U {Borrow MR(b), Borrow_C(b)}
I' F Own_M(b) A LayoutOK(7,,, 7)) A Exclusive(b) A TransferOK(q)
I' 5 (' = {Own_M(b)}) U{Own_C(b)}
I' - Own_C(b) A Received(b) A Rebind(b)
I' 5 (T'— {Own_C(b)}) U {Returned M(b)}
I' - Returned M(b) A RehydrateOK(b)
I' - (I' — {Returned M(d)}) U {Own_M(b)}
I' - Borrow_MR(b) A Borrow_C(b) A BorrowDone(b)
I' » (' — {Borrow MR(b), Borrow_C(b)}) U {Own_M(b)}

11 ST AN,

(Borrow-Step)

(Transfer-Step)

(Return-Step)

(Rehydrate-Step)

(Discharge-Step)



SlEsRftE,  AEATANA BT SCERARERIN B E F — b Y ownmp) 5 own_c); EATTESNHHY
Borrow_C(b) #F<xFH1E MoonBit W\[U%gﬂj free, Ei” borrow token j@ it Discharge-Step HERERL,

version 1 Y Borrow RFTRHRIEEH, EMAIE A5 view EEIHE R Transfer-step;  ANHFL
FAE ] B8 A RPIRS KRR,

iR %% Payload
FFI A5 L M Plan S5MARKEGT view, mMAREENRE,
Fieh3S 1% Payload B4

typedef struct { PlanTag plan_tag; CfgBits cfg_bits; ViewVec views; OpBits op_bits; } Payload_Map;
typedef struct { PlanTag plan_tag; CfgBits cfg_bits; ViewVec views; LawBits law_bits; } Payload_Reduce;
typedef struct { PlanTag plan_tag; CfgBits cfg_bits; ViewVec views; LawBits law_bits; } Payload_Scan;
typedef struct { PlanTag plan_tag; CfgBits cfg_bits; ViewVec views; OpBits op_bits; LawBits law_bits; }
Payload_MapReduce;

Payload_Map T%ﬁ; LawBitso Payload_Reduce ‘? Payload_Scan T%ﬁ; OpBitso  Payload_MapReduce IEJHT,H%
W o IS A absent 7B, target-defined Miyt, B#ZM&H) payload
S

B view IHERHES:

buffer HEL5 view handle;
scalar kind ##%%;

KE;

access mode;

layout witness 8 layout class Fr%;
ownership mode (Borrow ﬁ Transfer)o

£ version 1 1, ownership mode Borrow HAT I view A[4252, A5 1 540 H 2475 DA
ownership mode Transfer N

DN REZME,  Adme, @ 1Y DU R SRR :

payload 7% JE T HFr « BY payload 1&i%;

P view BRI E LayoutOK;

q IERAIEA ownership transition #RELIEIREHHEE;

/—/\ [/J\ Borrow E(%ZE/J view %BIE ReadOnly ;

/I\ operator B{ monoid id #RETE HAR « LT EI—DMHEAISZ{EHE: descriptor
B¢ law,

BERBT SR FAIRK
C wrapper 2 JS/N-API {152 M payload &{%%| runtime descriptor FIfRFER.
3% 79 Runtime descriptor,

typedef struct { PlanTag plan_tag; CfgNorm cfg_norm; ChunkPolicy chunk_policy; BufSliceVec buf_slices; KernelDesc
kernel_desc; } Descriptor_Map;

typedef struct { PlanTag plan_tag; CfgNorm cfg_norm; ChunkPolicy chunk_policy; BufSliceVec buf_slices; KernelDesc
kernel_desc; LawHandle law_handle; } Descriptor_Reduce;

typedef struct { PlanTag plan_tag; CfgNorm cfg_norm; ChunkPolicy chunk_policy; BufSliceVec buf_slices; KernelDesc
kernel_desc; LawHandle law_handle; } Descriptor_Scan;

typedef struct { PlanTag plan_tag; CfgNorm cfg_norm; ChunkPolicy chunk_policy; BufSliceVec buf_slices; KernelDesc
kernel_desc; LawHandle law_handle; } Descriptor_MapReduce;



Descriptor_Map x%% LawHandle, Descriptor_Reduce Descriptor_Scan ﬂ] Descriptor_MapReduce %‘%%’A“/I\

Eﬁgﬂ-T E/‘J LawHandleo

Kernel descriptor 5 registry,

typedef struct {
Kernelld kernel_id;
FnPtr fn_ptr;
PurityWitness purity_witness;
FootprintWitness footprint_witness;
LayoutContract layout_contract;
ArityMeta arity_meta;
LawMeta law_meta;
TargetMeta target_meta;

} KernelDesc;

KernelRegistry(t) & B AR t _E M Kernelld 2] KernelDesc E‘J%%?‘S’%ﬁiﬁ%ﬁﬂ‘o Kernelld J& plan payload
HlE— R BT kernel RARIRFF; mee (B THIE, 4415 MoonBit plan JA5,

b R R
Il ParseCoreMap(t, q,p,c, V, k) 24 HAXY:

DecodePlan(q) = p;

NormCfg(q) = c;

NormViews(q) = V;
ResolveKernel(KernelRegistry(t), q) = k; H
plan_tag(p) = MapPlano

it ParseCoreLaw(t, q,p,c, V, k, ) 25 HAXY:

DecodePlan(q) = p;

NormCfg(q) = c;

NormViews(q) = V;
ResolveKernel(KernelRegistry(t), q) = k; AN

ResolveLaw(q) = muo

id VieWSOK(V) %H{R% /l\ vinV %Bﬁﬁﬂ‘(ﬁf/@ LayoutOK(v) ’—3 OwnerOK(v)o
It ParseReadyMap(t, p, V, k) 5 HAN2Y KernelOK(k, p, V, emptyset, t)o
I ParseReadyLaw(t,p, V, k, i) 25 HAXY KernelOK(k, p, V, mu, t)o

ParseCoreMap(t, ¢, p, ¢, V, k) A ViewsOK (V') A ParseReadyMap(¢,p, V', k)
parse(t, q) — Descriptor_Map(p, ¢, ChunkPolicy(c), V, k)

ParseCoreLaw(t, q,p,c, V, k, u) A ViewsOK (V') A ParseReadyLaw(t,p, V', k, ) A plan_tag(p) = ReducePlan
parse(t, q) — Descriptor_Reduce(p, ¢, ChunkPolicy(c), V, k, i)
ParseCoreLaw(t,q,p,c,V, k, u) A ViewsOK (V') A ParseReadyLaw(t,p, V', k, u) A plan_tag(p) = ScanPlan
parse(t, ¢) — Descriptor_Scan(p, ¢, ChunkPolicy(c), V, k, u)

ParseCoreLaw(t, q,p,c, V, k, u) A ViewsOK (V) A ParseReadyLaw(¢,p, V', k, u) A plan_tag(p) = MapReducePlan
parse(t, q) — Descriptor_ MapReduce(p, ¢, ChunkPolicy(c), V, k, u)

12 EARET R,

iR R ELRRN, 7~ HiAY descriptor &R FE plan FYMEIE 251, 81 buffer AY scalar
kind 5 layout class, #1451 view AT ownership mode. plan FriZ# Kerelid




FHMNZEE registry FREAT I ET T descriptor, plan #iE T2 KM shape Y55, PA
&EX scan FJIJ 1%){*[] map-reduce lowerlng H’J%KQH%)L(ElﬁﬁFo

1A

* Descriptor_Map Z:{% %{f{ﬂ LawHandle
* Descriptor_Reduce '5‘ Descriptor_MapReduce %{%%4‘ I reduction law handle, H
* Descriptor_Scan TR —> scan law handle AKX H: carry correctness FHf#ifY T join

contract,

Fork-Join I#{EiENX

BANAEE—DRTHECE confc, 1, 5) BIFRIE/NETENY, HA u B1E 1M, s /& worker Al
store, H=#r =X ERFYLEAMAER T C/OpenMP sLBIHY 23X fail-closed
IR AR,
Worker ik,
Worker == Read ( Addr )

| Write ( Addr , Val )

| MapStep ( Op , Addr , Addr )

| ScanStep ( Law , Addr , Addr , State )

| Seq ( Worker , Worker )

| Done ( Val )

13 worker 1B,

Read #inij,

H(a)=v
Conf(Read(a), H, S) — Conf(Done(v), H, S)
&14 BB,

Write Hpj,

Writable(a, S)
Conf(Write(a, v), H, S) — Conf(Done(v), H[a := v], S)
K15 HH¥K,

Map KW,

H(a,) = A Writable(ag, S) A Apply(op, z) =
Conf(MapStep(op, ay,a,), H,S) — Conf(Done(y), H[ =yl,S)

RS 1 MU B,

Scan HW,
H(ay) = x A Writable(a,g, S) A Combine(y, s, z) = s’
Conf(ScanStep(u, ag, ay, s), H,S) — Conf(Done(s’), H[a, := s'],5)
&116 scan #¥K,

Sequence R,



Conf(C,,H,S) — Conf(Cy,,H',S")
Conf(Seq(C, Gy), H,S) — Conf(Seq(Cy/,Cy), H',S”)
Conf(C,, H,S) — Conf(C,,H',S")
Conf(Seq(Done(v), Cy), H,S) — Conf(Cy, H’,S")
)17 WAL,

Footprint 5, re) /& c ¥ RIATIMEE S, we & c P E AHBIEES, e -RrEO)
union W(C)o

Descriptor JUEHEX IR, X5 MENT ISR descriptor d, & X Metaofd) H R ITTEHE X,
HATFEBEELR runtime configuration, operator handle &HZ#(, law handle,
PAK spawned workers s & THXIH &,

Chunk 738, Chunks(n, k) =[1 0, .. 1 (k-1)] SBELEXAIE S [0, n) BRHAMEIZN A KA,

Worker L&l % worker ci VIR Li 26k, W rpc_i) AFETE AddrOf(Li) union
MetaOf(d) Z PN, H. MetaOf(d) DA R4 H 152,

Jlif join-state X7, I JoinState(d, o) A worker FER 2 5 {5 F A IE FRACITF RS,
Xt MapPlan, JoinState AJZ5; X ReducePlan 55 MapReducePlan, 1 — fold accumulator; Xt
ScanPlan, ‘EHET MAEIFH chunk summaries 5 prefix carries,

Fork 5 Join,

Chunks(n, k) = [I, -, I;,_1] A Vi. Spawn(d, I,) = C,
Conf(Fork(d), H,S) — Conf(Par([Cy, -, C,_1]), H, S)
plan_tag(d) = MapPlan A Vi.C; = Done(y,)
Conf(Par([Cy, -+, Cy_4]), H, S) — Conf(Done(MapResult(d)), H, S)
plan_tag(d) € {ReducePlan, MapReducePlan} A Vi.C; = Done(y;)
Conf(Par([Cy, -+, Cy_4]), H, S) — Conf(Done(Fold(u, TreeOf(d), [yg, -, Yr_1])), H, S)
plan_tag(d) = ScanPlan A Vi.C; = Done(y;) A JoinScan(d, [y, Yp_1]) = 0
Conf(Par([C,, -+, Cy,_4]), H, S) — Conf(Done(ScanResult(d, o)), H, S)

18 fork 5 join #%&,

Scan 5 map-reduce FJHULRM, # plan_tag(d) = ScanPlan, 1| spawn(d, 1i) 22 HY worker
HEEF H chunk-local scan it F1%E4 chunk fJ— summary, joinscan(d, ..) #6Z4% M
ARNGRFHEXLE summary, FHHEHSH Denscanplan(.)) FTZEKAY inclusive prefix
g, H plan_tag(d) =

MapReducePlan, I}_\”J descriptor normalization L[Z‘@i{%j% Den(MapReducePlan(...)) {E}Eﬁ E/‘J “516 map
Ff reduce” HUZ4E lowering; RETEATMERERAZN, SCEUA AT DOS VBT IRL A&

Xf scanPlan, carry correctness fK#i joinscan JX—JIif¥> join contract; EREAIRIGHNAIE
metadata, tATE version 1 AR audited scratch region,

TERH G, 75 ClassOfimu) = DeterministicTree, M| Treeof(d) J& T~ descriptor normalization A9
—¥#5r, HME—E split-combine ¥, worker WEE FREHERSSERH o EER H
B IR ERIETE 2R — B ARJRIER rrprofilety N EEE HATIVEE SRASE ; 15 HArEE RIEHLLER
EARr B T 3 A2 8 THF S profile BN A #EEK,

#ﬁ’fﬁ!ﬂ%’%ﬁ:o %‘k Conf(C_i, H, S) -> Conf(C_i\ H', S'), ')"JJTLEF'?I‘:ZEIJ Par(...) H"Jﬂ%ggé;-\ 1. W(C_i) n FP(C_j) = emptyset

X 1= 1 BRRRAZIN A A 252,




EHATME ARG T Joinstate, KN Joinstate HAE worker AT EXES o Jg A # R AE,

JS ArrayBuffer 1R &
JavaScript S BEEE 8 FALE ER HARRH LR RS
JS EETA,
JSView == ( ArrayBufferKind , Offset , Len , ScalarKind , AccessMode , Share )
19 JavaScript JIFME,

ISR,

Kind(v) = Shared ArrayBuffer A Access(v) = ReadOnly A LayoutOK(v) A AtomicOK(v)
(Own_M(b),v) — (Borrow MR(b) * Borrow_C(b),v)
Kind(v) = ArrayBuffer A CopyBytes(b) = b’ A CopyOwner(b’) = HostRuntime
(Own_M(b),v) = (Own_M(b) * Own_C(b’), v)
TransferOK(v) A Tombstone(v)
(Own_M(b),v) — (Own_C(b),v)
& 20 JS L5 LR borrow, copy 5 transfer,

BUEMIZAE, HEERAEMESEIETE EMBISS: & shae PALESMHMEFAHE,
=X ERE AR,

PR S5, — S50 AR SharedArrayBuffer {8 FHAIUER A 52 A\ DI — M IZ R PR IR
R, SKELRT DUEIS Sl PREGILIE], B AL PTIEA TN ESF A AMLHI SCBLZ PR ; (H— B
PATHEERE, BRI BRI ZIHTHI A ORI Denp), MIAZEXSEE21E L5 ATREF Den(p)o

A PRIROE TS 2 S, IZEHIHETEE A PTIES : B2 OIS buffer identity,
2 ownership fidelity, tUASHEZBHEARE M borrow 7334 copy.

IS AEMRABIN S, X copy BN, f&F runtime £¥6 v I HAFUEGREIR—R, Al
B release 8¢ finalizer 52/%, X transfer #iN|, 18 FRRLE transfer #EAJG 2RI A
tombstone JRA; explicit return fL5ET finalizer /&3, 1M finalizer FEHLSET fault
G ARV, % transfer 25 runtime #EABE worker $47 fail closed, NIH
PRI C /] WA buffer & i —45% M MEROTE PRI,

SESMEES NS
2 ) 73 1 A,
SepChunks(b, [Iy, -, I, ]) = Vi # j. AddrOf(I;) N AddrOf(I;) = &

ParOK([Cy, -, Cj,_1]) = Vi # j. W(C;) NFP(C)) = @

el (BEsEFHm). &

1. KernelSafe(d) }J&\ﬁ, EDE%*EE"J%%H’ kernel descriptor Zﬁ)ﬂ PurityWitness\ FootprintWitness.
LayoutContract ‘—? LawMeta
2. SepChunks(b, [L_0, ..., I_(k-1)]),

10



3. 84 worker c_i #H 1i 4K,
4. FP(C_i) subset.eq AddrOf(L i) union MetaOf(d) XTI G i i Z, H.
5. MetaOf(d) %;-\1;”2 Elg,

NN AT IAECE Conf(Par((C 0, .., C_(k-1)]), H, S) AR JE ParOK([C_0, ..., C_(k-1)])o

ERH,  WHESEEAG, ZHIH chunk-spawn RAEZUR sepchunks FUE K EIESE], #iTE
(1) % EM 7F “ZH 1T kernel Al#52M4E” (I NS, M worker footprint BYAT#S:
PEOUKH plan B, 139920, BIRIAE—D worker ci #17/0, BT (4), ci i
E)\%E AddrOf(I_i) ':F'; Xﬂ‘ﬂ:ﬁr_‘% jl=1i, ﬁﬁil% (4) é/El\l[:El FP(C_j) subset.eq AddrOf(I_j) union MetaOf(d)o ﬁﬁ
2 (2) RIE addrofr_i) 5 addrofa_j) AEZZ, HifE (5) ZEIES A Metaofd)o I W(C i) inter FP(C_j)
= emptyset X{fﬁﬁﬁ jl=i 1)3)323, ﬁ#ﬁ@ﬂﬁﬁ% ParOK,

& AL AE) o 4 Borrow_C(b) 1651, MoonBit A REF HREIENZRAE b HI25 R ; 75 own M(b)
->0wn_c(h) BEEKA, N MoonBit TNREFE A T3 Return-Step 5 JG4E Rehydrate-step FRTE T Tk
EX@ b E‘Jﬂﬁ authority; % Borrow_MR(b) * Borrow_C(b) Eijj s m\IJ Own_M(b) Rﬁﬁﬁﬁ Discharge-Step
(V=

B KMUEFEM

Native IR

native SEILEEEN:

MoonBit facade -> workflow descriptor -> pthread scheduler runtime -> compute lane -> OpenMP compute runtime
—MFEMEM native STELRZI:

- HURCE— &R0y R workflow &l

- ORI NI R B AR IR EE— N SZ H LY aBIprofile(r), BAEA A AN BT UL

- REMEFTEBURSHISEI A BE borrow 5 transfer i4;

- HAE RS — B B & FAVETE AR AT chunk;

C YEP—MEETSS, F S capability IRESIERER workflow scheduler £

- ik compute T REHET A compute lane $47, MAZELIE scheduler worker H
BHH%37F OpenMP team;

- BRFEAZERX workflow submit, FARIEHIRPRESEE X EETIRKERSP workflow
result AYEZ¥ status.

JavaScript SEIR{K

JavaScript SLELERIEN:

MoonBit facade -> MoonBit JS FFI -> JS wrapper -> N-API addon -> runtime descriptor -> C runtime
—MFE MR JavaScript SEELAZI:

- i typed-array F#EAE ROV BATTRAMERER payload view;

- ARG AN AT R S TR R LSS IIE AR

- 5 native SEBIRFFEF workflow / compute $8FFF1 split-combine &1F; HH Y
X7 7 BAFRZS epprofile I, A 2SR BHBRINES HARAH S ;

o RIBHE AR SharedArrayButter T, DUZHRPLIRA 77 ORUEFSFRIE 3 ;

- f£ runtime FATFFUERT,  copy 5 transfer #127%E X owner, tombstone, finalizer
5 explicit-return 174;
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-+ 1F runtime BUTHIA Z B15EK borrow B¢ transfer LKA,

Facade X5
—MNFE R facade 247

- HEFEA workflow #iE 1. compute FIHRIME FFERPITAIL;

- BT R R EE MR ST B S R ERASHE workflow El5( compute Fit-X;
- RHENSHIAER view 457E T3\ ownership mode 5 access mode;

- BTN EEY ownership mode Borrow TR ’E lowering HIAEEAZ ;

- RS ELHEHRSHRHEIME 582 —8) capability &,

Runtime X353
—MNFEMHER runtime A4

- FE S —E 5 ) workflow / compute #4318 T-2851f#8 descriptor;

- EAUTIERE access 5 ownership mode Borrow ZH & £ — 2 descriptor;

- XA AR 9 E B side condition B descriptor A TH TR ;

- R R EL view PR RY ownership mode;

- RERMER T Oy BRSNS B T 5

- FRIRFER, panic (EREEHRRITESIE FFT AR,

- 1E worker SAATITHUARET, X AERIADALE AT T E M A6 Jm P BB 46

- P SAMFPE R @R blocking IRA, AR R

- 4iEF| descriptor TAVF. HARARARELHITH runtime 25N fail closed, £

& RwLock, Semaphore 5 OpaqueCapabilityo

AEZFRmE
PLRFANBEARET version-1 &A):

- {E3 MoonBit EEETE foreign worker £F2 ERIHST;

- {EE JavaScript 16 32 RETE native worker $0ATHARIIZTT;

- MHERIM ABI Id kel BH it TR XA o) B g ;

- AGTL TR SRR A A

- EIEEE B split-combine 2 KRR chunk 8 ;

- {EE1@ workflow scheduler worker Wi#J3H OpenMP team K47 compute 7
=1

PARNY ;
. %ﬁ%ﬁ%% RwLock, Semaphore ﬁ OpaqueCapability {’F?ﬂﬂ#&ﬁ native VVOl"kﬂOW )7‘?&%0
Hats

— NSRRI R DA R SR AR DU FRAE & A AR

- 'EMJ MoonBit-facing API Hi&E S —&R 7> i) workflow E5 compute ¥ IR;

- BRILS payload fRFHE R layout witness 5 ownership witness;

- &R wrapper i e BT R A S ITAENRE;

- ‘B scheduler/runtime i@ workflow capability %4, chunk [EZZMFT split-
combine fE&14;

- FrEARL. ARRIREA A R A 2 2T SKERA S T AT fail closed,

fFEtEE
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ML, U SRBLE DU R SRARRS, A RTFR O B SEHY:

: M2 payload # 23 B workflow Bl lowering;

- 1 borrow / transfer JOHESESFLM: A BURSHL;

- B AIE chunk JEEERHE SepChunks;

- 1 reduction / scan combine EEEH AR monoid #iid F<#; H

- FEMETRHMLR payload. workflow descriptor, compute descriptor 5 join %

TRAEROREE 55— AN BIRIE 1251,

FFETERI, SR B SLIEZ EA workflow w, TIHAT w BYRTILERES AR A Ak
DEEARFETEEIN,  NREIELE w, MZIE4a U AR SLVFRY fail-closed 53R,
MEER compute T, “AIMEREERT 19E 2 £ — WA profile NEEHT
SERRRE; 15 HAMESE TR GRART 27 profile Z AIEK,

LN 37k
1. $#28%2—"> workflow, HHHA compute Ti R #EH IEME S B FR L E AR R A EAA RIS

K, FHAZEER: ERXEBURFRTEM AR, EE fail-closed 544,

2. R —"MIE HiE borrow B2 workflow, F7E borrow B2 M MoonBit
2845 1% buffer, FHALEHE: % mutation #HE48E 4% borrow &0 HFHZE,

3. #8R— workflow, HAFHFA compute TR ERMAIE chunk JAE R4 ESE, W
g5 descriptor JEAEL runtime #EATEHITHTRIK,

4. 12— workflow, HHHA reduce 8 scan compute 17 siffiH 7 AR monoid
R TE T, WALEE: % compute 17 fifE fork-join $AATRIPHEL,

5. 1822 —" transfer workflow, 3225081 [H alias £ MoonBit ik i% buffer, i
HZER . Al RIAARATELE, RIZIREAE 4,

6. £ native 5 JavaScript W BFR EHITEMIIER compute 7, (EMILAITFER
profile NHRA, WUHLER: BN EHIRNEEREFENE, HEAERE HRHESE,

7. 1R BHFRATE A profile B EAR EHUTEM AR A compute T, TSR : MIALR
FEHE IR L B R LS 45 SRR BT A2

8. &% — transfer-return-reuse workflow, F#7E Rehydrate-Step & A 2218 reuse, FifH
Z55: 1F rehydration FMIZ i, reuse #AEH,

9. $8—" JS copy = transfer workflow, H7r5lfi’& explicit return, finalizer
cleanup #1 fail-closed runtime admission, FUALER: RS BHAY A & 5
SR 8 E RV

10. TE?%/P%,'%ZI‘EW?E%E’J workflow, WiHHZER: facade MEEK native #EASERAT
lEEEER

11. 4858 —/M LockNode ZFE E| Channel ] workflow, &5 HE : facade K ¥s native
ANE4E capability FRUCHEL,

12. #82—MEH rRwLock, Semaphore ok OpaqueCapability 1 workflow, TIHAZER : descriptor
4y bRl ge%32, {H native runtime fEITHTEAE I unsupported runtime status
fail closed,

13. 1R —PNHEE A BarrierNode 15 barrier group, FUHAZESR: % workflow B
ZZIRZAS N BARRIER BROKEN,

Closure Checklist

AL RF 2RI, ARUSA B S

1.

2.

B FHPSTIE RESFEH workflow ADT 7R, i compute i&RNI/EHN compute T
TR Ro
TFANIBT view ##EH T layout witness 5 ownership witness,
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3. #5% zero-copy BE{ZLHN M E AT R Rl

4. &% borrow E&1ZER RS MoonBit R4 B2 borrow B,

5. B4k transfer F2ERTH % MoonBit MY AIZE authority, I H @R X return fil
rehydration 15

6. B AIE chunk JEHEIE 7 BREERIE,

7. %% reduction 3¢ scan combine BZHSHAE XX monoid law 2,

8. TEIEATAT R, panic B abort F&1Z¥5 L FFI 14 5t ki,

9. &% zero-copy HEARIZEN ZE T AT R 5 X TR A,

0. M55 JS copy 5 transfer BFHEA —NMAGHNEHEKE, U5 finalizer 5 fail-
closed 1%,

11. B4 witness S5 HMUET 2] — AT H Y artifact 153X,

12. BN EEmM AR ZEEED EAORSRM, mAZRREAA R E AT,

13. 2R 5 | H B IR UEES 22 X BRIA,

SE=ERSr: SEMM—ELEIE

SEISEIES Fail-Closed i5X

5B — 534 worker HUTEBA I RFR/ND o [SERY)BSEIEL 4] & MoonBit, C
wrapper 5 native runtime FA]REHIIATRTA = H A2 R,

W&3R, FAIINA WHIRBER L UE T — DB RS SR R :

RejectReason == ParseReject
| LayoutReject
| OwnershipReject
| DescriptorReject
| OperatorReject
| KernelLookupReject
| KernelWitnessReject
| KernelLayoutReject
| KernelArityReject
| KernelLawReject
| BorrowLifecycleReject
| TransferLifecycleReject
| JSLifecycleReject
| DeterministicTreeReject

| TargetSupportReject
B 21 BHARE LR R 5,
Status == Ok

| Reject ( RejectReason )
| Fault ( RuntimeFault )
| Worker ( WorkerFault )

B 22 HARERITT SIS,
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MREETIRE, S EUETTI TR MoonBit #7 native kernel 5 wrapper A,
#hs IR [E— ABI-safe &5 R ETEE:
typedef struct {

Status status;

Payload payload,;
} FFIResult_Payload,;
B IR 1] HARRF B LE P EAT N _ BN TR TR ETT, panic Ei&8iE 1 R HEEE
#ANT BB FFT 3457,

R Bt 55, B DR ok IRASERLAU B AR FF S PR Bz —

- facade MiGEHE4L;

- wrapper parse fH4;

- descriptor #EAfE4E;

- FATEGETAY runtime $E45; 5

- FEATEN worker B9 fail-closed & A
I BRI 8 T A R A R —EB4r, MoonBit M A/ EENS B A PTED, sl s
RN BER API IREIX—1F R,
#3% worker IRA&, 1F native TN, worker HEEEN — M HEME FIRASFIEEE
W, ZAREFHIEN oko

typedef struct {
_Atomic uint32_t code;
} AtomicStatusWord;

Worker #REMMN, 4 worker FIEIFEIRIRES 1= ok, NITRH:

1. Phrelease IE X 5 A AtomicStatusWord, FRARSERTES AT WA E ok KA
2. REAEAHIGHSN, NERSCZEFE A;
3. HAPUTIEME early-exit HI%, EHEIFFITIE join,

Hx worker DAUTERE N SEIBIMGE s DA acquire 18 XS HERAET, —BUEFHE
ok {H, WU NTAE IR early exit,

CFG I‘?ﬂ@.)‘(%o *NF #pragma omp parallel W—%ﬂﬁﬁﬁﬁﬂ(ﬁ%%, %Iﬂ%‘ﬁﬁﬁ%ﬁ%*ﬁ\
RESH I EREMICIEIER: B HREELTYI RNz —& 1k
PA ok IEH 52K worker;
- EREAA—ANE ok RIS A HITE
KM ZEE e R & AR ok AR early exit,

AMFEEEDER aborg, RIFRFF KR, 5L FHSRITBRTE IEHI LR IERIFE 2,

HREMNERES R

S —HB 31 Layoutok IR IE XA RIS G HENTSEBLRMINE I T 1 P ST 5 5 2038
KR SRIF BRI,

CIRILFE NS5, * v view, CISSELAAUEL BN, packing FELESEMH ABL AZENL
fil, PREFE—E24A B FITE size. alignment 5 field offset 77 F&,

XL AL E R — D E AR ABIProfile(t), T A2 40T ST H SR A E 7%,
S RIS, native wrapper S UESRIRIHITE RFI5&4F:
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© sizeof(lv_view) —% alignof(lv_view) ;

* addry len. kind\ mode 5 stride E"J?«F&{ﬁ%,
- JGNEFR profile T Umtbtr, Umntos 5 umtsz HY 5 ERGE ;
- WESN B AR ERIARESEE S endian R1%,

IXELAGERAIIH static_assert B AT MEAT N AT G HIH LI ROE

#1Z zero-copy gate, 1EFELSE view PUCHE V77 AN borrow B transfer 2
fil, descriptor JERUAREE :

- base pointer X IFRICRNFHIBIZRERNF;

- stride ST IxbR R APE A RARIZE S F A ;

- RFNEEARAANREREREL;

- JR5 HARW layout witness TEAR R MFEFIHEE | —2L
HE—RERW, KIAREERREZ view,
W PERRRARN, XA EFR, SEMAUY AR B R AR —:

* CopyConforming : SHFTREIFEMRNER NGRS 5
*  RejectNonlsomorphic: 1E runtime A RTEEE4L,

IEEERON 40 B VR AR AR IR, AMSAEUESRRYE 32 ABL FAM

M TERPUEAR BFREE TR, SSINERRAHE ABProfile(ty M FITIERELAR N SCA (Y Ay — AN AT B T
[ 35 E TRl

BFLES Plan A

R B HEERE T worker footprint ] DAY H plan #dE#H ., it facade 5
lowering 3 5L FHEL LA R IRIE effect N2l FFI AR BT HATAZ

Kernel registry i, version 1 BYR[#/T Plan REEHEHRELEIS AN HARAYERSZ it
KernelRegistry(t) EP%*HE]/‘J Kernelld 5 ”Eﬁo H:% MoonBit I\Zﬂ@\ 1%%2\ ]avaScript %E@éﬁ(\ ﬂ%)\
Y native BREFEE, PAKAEIR T RIZSINEAYME, HCAZ2RIHE5ZH) plan payload,

4%{%& H/‘J KernelDesc %B%‘zﬁ%% .

* Kemelld, Bl plan ME—A]ULH kernel ZARIRTT;

- [ native roper, HAMFESE MoonBit plan i45%;
* PurityWitness,

* FootprintWitness ;

*  LayoutContract,

*  ArityMeta,

*  LawMeta, PAN

*  TargetMetao

ISR kernel TEMANE TAER, FFEMEAHBKIESZH I registry HEA
[ descriptor,

Xi”?)f—\:'; reduce —% scan, %’Dﬁﬁl‘ﬁ’\]‘(&)\%#%%\ﬁi‘%{% DeterministicTree fi Witl’leSS, {é runtime
descriptor NHEEZ I TEE ME—HIH SR,

LEMR NS, —NFFEMER MoonBit-facing APT AR : AT EId SR AIAG 25 -4 1
ANBIITIER, #F< lowering A—PHE worker footprint (X DA FMEEHRZE M plan:
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- plan HiET;

- .3\ buffer view 5 layout witness;

: %1%@3 E"J Kernelld —% E%*ﬁ‘ E"J KernelDesc,

- ¥ pranwr SRV runtime configuration FE%,

B AR E 54, RRIRRZESIH, SN TLIEMKYE sepchunks, FTEMNZME 51057
access mode IEFHEZ 2R effectful B HIRRIMERTR, BRAIBHEL,

Witness X 55, XML descriptor k = KernelDesc(...):

* PurityWitness(k) A BH A TTE A BH E/‘J%‘ﬁ)\/%‘ﬁ& view Fl MetaOf(d) Z&l‘]&ﬁﬁﬁi”ﬁzﬁﬁy
* FootprintWitness(k) WAAIE AH worker EA%&KE%UEE%EE@J 1) chunk V‘j, ﬁﬁﬁ;.{ﬂﬁ%llfl

chunk BYIEECERN R T 75 BA i A B MetaOf(d);

*  LayoutContract(k) ‘/[Z‘@iﬁ runtime ﬁ\ﬁﬁﬁﬁﬂﬁﬁﬁﬁ@lﬁ@iﬂﬁ view %ﬁﬁﬁ%,
© ArityMeta(k) 05 plan AUAEIE T-2E5IMT access mode PLFE; H
© LawMeta(l) I E mu FTESRIYIA R X 55, B R 780 deterministic-tree

e}

XL LSS H AR, PATHHUEIL starus 1% FAUELE 73 SCHHEHE,

A4t witness #§3. & MET witness [ registry 4% B &BAHIRTE— AN & Y
artifact bundle, &/NJ#5 bundle €5

- FRAEM) kernel FRIARF, DN ST SEIIEEE FIMRA S BUG T ;

- X purity. footprint, layout. arity 5 law FBHRALAS ARG A B el ZAR (LR 2
 JXEE R B R I AR H FREL ABrprofile(ry 57 AL profile Ri%;

- FUEARTRAE T I artifact, ESOEER, MRIEH, sATHHIZ

3 PAK
- DI =5 AIIX gy RS YR 8RR IEEMIIE U AV E A G,
iﬁ?&ﬁ(%ﬁ%ﬁﬁﬂ?ﬁ‘lﬁ; artifact &= FHRTE M A AR & mAE B IR R/ N AT 552
UEHE,
BT 32LR958IE 5B 5
ﬁglﬁ?ﬁﬁﬂf\ﬁﬁﬁﬂ—éﬂﬁﬁﬂﬁ ISR RE 1, IZFEMEE 2. 541 fail-closed $UT
BEAEE,
1. J—_Elﬁ,lifmﬂﬁ %ﬁl\lﬂ’ﬂ map~ reduce, scan —‘_j map-reduce Plan EE?&)\E"J native ‘—5 ]avaScript
HAr L REEEIR plan 15755 FE ST,
2. FHEEHIR: EANEFREE, 2ERN. B payload 5 runtime AT PAE
RS HE, mrE DAOHELKIERTE,
3. RS FENRLE: FHRMNFF. A% stride. FEFIHM scalar kind 57 HEE
EH‘E, ﬁgé\*ﬁﬁﬁ Eﬁ\%ﬂﬂﬂﬁﬁlﬁ CopyConforming ﬁﬁﬁ?ﬁg@o
4. FiEMYS chunk Z4: #&nP]S chunk. transfer JFFRIH alias. 735 borrow
AIFYZRAE, PAM double-borrow ZiR, #SAMLEAEE ST A A RTFIK,
5. BTN AR, 18 EREL AH Kemed, BXEMMAAIIUFAAR Plan, AHE
facade 2( wrapper #: \HBEWHEA,
6. FREEEML): XE—NEWEAMNE S reduce 5 scan descriptor, £ worker 1

AR NESHT, #RAHEE —HAR profile NMIEIAHRIRIZH S-S ARRIRT AT
WERESER ;B8 HAMBSENE RS B B A RIS # T A profile M,
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7. {EHRAEMER: I discharge 21KE own_mp); M F discharge, EEE discharge,
SERA TGS AR 24X discharge, %‘BM\&WBZTE?@

8. Transfer-return 4@ EEA:  BINAY Return-Step I Rehydrate-Step 23PKE Own_Mb); TMHLE
Returned_M(b) I Teuse, EEE return, SIEREIES] own_co) N return, #HAHUET
TransferLifecycleReject %BZEF E?@o

9. JS @Al copy HiSK buffer A —1 owner HHRA—FKRNIKRE; transfer
tombstone BHIEFRIHIEEEA; finalizer 5 explicit-return M & 57 SRS RA
I E SRR ; B2 snapshot X 558GE . A RN, RAAUEIT JsLifecycleReject TE A,

10. Borrow Z2f: {T{aLA ownership mode Borrow RN view #RAHUE Readonly; FJ'E
borrow ZIRMTE HUTRIBAEL,

11. Je¥dEa#: worker 7£H: chunk footprint Z 4N GEEZEN Metaofd); AR R] 5 Sl
B TCEHE X IR A0 T P T R A i 4,

12. Registry f##Hr: B Kemend = AT N3 H 1 descriptor; ARA id &6 /#
KernelLookupReject TEQE
13. Witness ®5%: &4 purity, footprint, layout, arity, law, profile 5 target-
support IFHERT, M\éﬁﬁﬁf XL E’J?ﬂﬂﬁ@ﬁi‘ii‘ﬁéﬁ
14. i’g e}rrtlfgct SR SR R SR A registry 2% H# A HibR IR HIEHE bundle
ek

:EE 0l 5 o B I S S D E v A S LT A S

- BB RATRTE S

- IELEEURICE AT R AERIMTER . facade #9iE, wrapper parse, descriptor {EA. AT
HHT runtime F27, S0H17EN worker B fail-closed % 1f;

© PHARHIFRAS stats 7332,  PARIE FINEIHE 48 7 5 A,

Heh, borrow discharge BT E] BorrowLifecycleReject, transfer-return i3 kL5 21|
TransferLlfecycleRe]ect 1] IS snapshot / copy / transfer 4 nJE RS %)Lﬂy%ﬁfﬂ JSLifecycleRejecto

i X595, HA SRR RN IRER A R R ARESOy AR E XE B, FFH
i%g&ﬁﬂﬂi&ﬁ%ﬁﬁ%ﬁi BRHEIR, FRRBUREIUA R E AT I, SHUA AT — B
7_-[: o
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