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e NoeAa v nnatdopma

e KBaHTOBaHve BecoB

e Kak paboTtaeT nHgepeHc LLM (nmkbes)
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3avem N B cnuctemax XXECTKOro peasibHoro BpeMeHm?

@ [NpomblwneHHaa poboTOoTEXHMKA, aBMOHUKA, aBTOHOMHbIE CUCTEMbI
@ B aToM npeseHTaumnm -- «YMHbI COBETYMK>» HA OCHOBE AAHHbIX AATYMKOB:
e Temnepartypa, BNa)HOCTb, AaBNEHNe, CKOPOCTb BETpa
@ eCTeCTBEHHO0-A3bLIKOBOW BbiBOA: «PekoMeHayeTcA yKpblTb 060pyaoBaHne»
@ Ho: HopmaTuBHble gokymeHTbl (DO-178C, ISO 26262) TpebyioT

e rapaHTupoBaHHoro Worst-Case Execution Time (WCET)
@ CTPOrom BPEMEHHOM N NPOCTPaHCTBEHHON N30MALMN

[MpoTnBOpeumne

U mopenn cumtatotca «HenpenckasyembiMuy rno BpeMeHm»
= UX BHegpeHne B 6€30MnacHO-KpUTNYECKME CUCTEMbI COEPXKUBAETCA
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TpeboBaHua ctangapToB (DO-178C, ISO 26262)

DO-178C (aBuOHMKA)
@ YpOoBHU KpUTUYHOCTU A—E
@ WCET ana ka>kgown 3agaydn

@ CtaTunyeckoe BbloeneHne namATm
(Level A)

@ [leTepMnHMpOBaHHOE NnoBeaeHne

ISO 26262 (aBTOMOGUNIM)
@ ASIL A-D
@ [apaHTuUM BpeMeHu OTKnKa
@ /3onAaumA KOMMNOHEHTOB
@ BbesonacHocTb npu c60Ax

FnaBHbIK Bonpoc: MoxxHo i BcTpouTb LLM B cuctemy, yooBneTBOPAOLLYIO
3TUM TpeboBaHUAM?
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[Mnatdopma: POK + ARINC 653

@ POK - cBo6oaHoe Mukposaapo'?, peanusyiouee ARINC 653
@ ARINC 653: npuHumn pasgesos (partition)

@ BpEeMeHHaA U30MAUMA: KaXxXaoMy pasaeny — UKCUPOBaHHbIA BPEMEHHOM
cnot
@ MPOCTPaHCTBEHHAA U30NAUMA: pasfenibl He BAMAIOT Ha NamMATb Apyr gpyra

@ Xopowwo gsAa noTeHumanbHom cepTudmkaunm
@ [MosBonAaeTt nsonuposatb LLM-KOMMOHEHT OT OCTaslbHOW CUCTEMDI

"https://github.com/pok-kernel/pok
2Delange, Julien, and Laurent Lec. "POK, an ARINC653-compliant operating system released
under the BSD license." 13th Real-Time Linux Workshop. Vol. 10. 2011.
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https://github.com/pok-kernel/pok

N3yyaem POK

@ /3onAumA npocTpaHcTBa AaHHbIX
@ /3onAumA no BpemeHu

@ MN3onAauma Ha
AQpo/nonb3oBaTenbCKUN KOA,
KOTOpble B3aUMOAENCTBYIOT
yepes CUCTEMHbIE BbI30BbI

@ MsonAuma no API: B kaxkabin
pasfnen sarpyxaetca elf co cBoeun
cTaHpapTHOM 6UBNNOTEKON

@ [loBepx Bcero atoro pabortaeT
ARINC 653- nHtepdeiic,
AADL-koHurypauum un T.4.
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N3yyaem POK

@ POK ngeT ¢ npumepamu, otaenbHo cobupaemble yepes Makefile

@ MOXHO HavaTb C https://github.com/pok-kernel/pok/tree/
main/examples/semaphores (MUHUMASbHbLIA KOA MHOMONOTOYKN)

@ 3anyck Ha QEMU (x86-kopf paboTaeT 1 Ha opyrux nnatdgopmax npm
yCcTaHoBKe gemu-system-i386)

Mowu ny6nukauum:

@ Staroletov, Sergei Mikhailovich. "A formal model of a partitioned real-time
operating system in Promela." Tpyabl MIHCTUTYTa CUCTEMHOro
nporpammupoBaHnAa PAH 32.6 (2020): 49-66.
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https://github.com/pok-kernel/pok/tree/main/examples/semaphores
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BoibpaHHaAa LLM, kogoBaAa 6a3a, moaenb

D v ©) hitpsigithub.com/karpathyflama2.c
0 README &5 MIT license

llama2.c

Have you ever wanted to inference a baby model in pure C? No? Well, now you can!

Train the Llama 2 LLM architecture in PyTorch then inference it with one simple 700-line C file (run.c). You might
think that you need many billion parameter LLMs to do anything useful, but in fact very small LLMs can have
surprisingly strong performance if you make the domain narrow enough (ref: paper). This repo is a
“fullstack” train + inference solution for Llama 2 LLM, with focus on minimalism and simplicity.

As the architecture is identical, you can also load and inference Meta's Liama 2 models. However, the current code
only inferences models in fp32, so you will most likely not be able to productively load models larger than 7B. Work
on model quantization is currently ongoing.

Please note that this repo started recently as a fun weekend project: | took my earlier , tuned it to
implement the Llama-2 architecture instead of GPT-2, and the meat of it was writing the C inference engine in

So the project is young and moving quickly. Hat tip to the awesome for inspiring this project. Compared to
llama.cpp, | wanted something super simple, minimal, and educational so | chose to hard-code the Llama 2
architecture and just roll one inference file of pure C with no dependencies.
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ABTOp Hebonbwnx GPT mogenen

@ Anppen KapnaTtbii (Andrej Karpathy)—
cnoBauKo-KaHaOACKNW Y4EHbIN B 0651aCTU
MaLLMHHOro oby4eHuA

@ 3aHuman Oo/mMKHOCTb AMpeKTopa no
NCKYCCTBEHHOMY UHTENNEKTY B
koMmnaHum Tesla.

@ OH ABNnAeTCcA coOCHOBAaTeNEM U ObIBLUNM
coTpyaHmkom OpenAl

@ B 2026 npennoxwun microgpt (200 cTpok
koga Ha Python) https://karpathy.
github.i0/2026/02/12/microgpt/
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BoibpaHHaAa LLM, kogoBaAa 6a3a, moaenb

Datasets: @roneneldan/TinyStories ©
Text Generation  Modalite Text Formats: < parquet English aniv:2305.07759

Libraries: @ Datasets & Dask  a Polars icense: & cdla-sharing-1.0

# Datasetcard @ Data Studio ® Community 24

@ Dataset Viewer o-converted to Paray Duplicate Datashudio > Copy to bucket ew
<> Use this dataset

split
train - 2.12M o
2 Edit dataset card

Search this datz

oads last month

umber of
One day, a little girl named Lily found a needle in her room. She knew it was difficult it
to play with it because it was sharp. Lily wanted to share the needle with her mom, so..

Once upon a time, there was a little car named Beep. Beep loved to go fast and play in
the sun. Beep was a healthy car because he always had good fuel. Good fuel made Beep.

One day, a little fish named Fin was swimming near the shore. He saw a big crab and
wanted to be friends. "Hi, I am Fin. Do you want to play?" asked the little fish. The. » Models trained or fine-tuned on Tonenel..

Once upon a time, in a land full of trees, there was a little cherry tree. The cherry

tree was very sad because it did not have any friends. All the other trees were big and.. O e dan T nyStories-10

Once upon a time, there was a little girl named Lily. Lily liked to pretend she was a ext Generation - Upd, 119k
popular princess. She lived in a big castle with her best friends, a cat and a dog. One..

Eldan, Ronen, and Yuanzhi Li. "Tinystories: How small can language models be
and still speak coherent English?." arXiv preprint arXiv:2305.07759 (2023).
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BbibpaHHaA LLM, koooBaAa 6a3a, mogesnb

Mopensb: TinyStories 15M UcnonHaemsbin Koa: llama2.c
@ 15 MunnroHoB napameTpoB @ Andrej Karpathy, unctbin C
@ dim=288, hidden_dim=768, n_layers=6, @ MuHumManbHbie 3aBUCUMOCTU
n_heads=6 @ MoxxeT paboTaTb Ha cnabom
@ cnosapb 32000 TOKEeHOB xenese
@ KsaHTOBaHue po int8 (Beca) @ Jlerko nopTtupyeTcA B
@ Pa3mep mopenn =~ 15 Mb MWKPOAAEPHYIo cpeny

Kak BcTpoeHa mogenb B POK-okpy>xeHune

Beca ckoHBepTMpoOBaHbI B CTaTU4ECKUIM MacCuB BHYTpU .h-charina v
npunnHKoBaHbl K ELF-06pasy pasgena.
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BbibpaHHaA LLM, koooBaAa 6a3a, mogesnb

Kak BcTpoeHa mogesnb B POK-okpy>keHune

Beca mogenvn cCKoHBEPTUPOBAHbLI B CTaTUYECKMIA MaccuB BHYTpU .h-cbanna n
npunnHkoBaHbl K ELF-06pasy pasgena.

stories15M.g80 (15M) -> model_weights.h (100M)
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KBaHTOBaHMe, TOYHOCTb VS. pecypchbl

@ HenpoceTn o6bl4HO TpeHupytoTcA B float32 (4 6ariTa Ha BecC)
@ 15M napameTtpoB x 4 6anta ~ 60 Mb (6e3 y4éTta ambeanmnHros)
@ [1nAa loT/scTpanBaemoro peasnbHOro BpeMeHu:
e O3Y 15-20 MB — pockoLub
e Kaw npoueccopa MeHbLUe, NpoMaxu AOpoXe
o Onepaunu c nnaearoLWwen TOHKOM MOryT OblTb HENPEACKa3yeMbIMU (pas3Hoe
BpemA)
@ PelleHue: noxxepTBOBaTb TOYHOCTLIO paauv pasmepa n npeackasyemMocTu

KBaHTOBaHue

MpeobpasoBaHue 4Yncen c nnasatowwen Toukon (float32) B uenvie yncna
MeHbLUen pas3pAgHocTyH (int8).

BbMrpbiw: x4 3KOHOMUA NaMATU, LeNTIOYUCTIEHHaA apudmeTnka — ctabunbHee
BpemA BblYncneHun, paboTa Ha ycTponcTeax 6e3
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CumMmmeTpuyHoe int8 kBaHTOBaHWE (YNMPOLLEHHO)

Mpamoe kBaHToBaHuMe (float — int8)  [ekBaHToBaHue (int8 — float) npu
BbIYUCIIEHUAX
r) s_ max(|r)

g = round (g 127 r~S-gq

@ r—ucxogHoe float 3HaueHne

@ S—macwTtab (wkana), obwmn onAa
rpynnbl BECOB

@ XpaHuM TOMbKO g U WwKany S

@ [Mpn YMHOXEHUM MATPULL: MOXHO
paboTaTb NPAMO B LesblX Yncnax,

@ g — KBaHTOBaHHOe 3Ha4eHue (int8, a MacLwTabypoBaHMe NPYMEHUTb

NcxopHble Beca: [0.2, —0.5,0.8], max = 0.8, S = 0.8/127 ~ 0.0063
KeaHTOBaHHble: round([31.8, —79.4,127.0]) = [32, =79, 127]
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LLM «nop kanoTom»

BbixogHon

TokeHbl Embedding - N - cnon
(uicna) || (tabnuua) | Cron1 > Cnow2 > - | Cnon6 | (BepoaTHO-
cTH)

i
Camnnupo-
BaHue
cnepyoLLe-
ro ToKeHa

@ Kaxxabli NPAMOX NPOXOA reHepmpyeT POBHO OOMH HOBbIN TOKEH

@ Cnowu TpaHcdopmepa (BHMMaHue + MLP) BbinonHAKOTCA nocnenoBaTenbHO

@ Bpema o6paboTku ogHoro cnos npu cpmkcupoBaHHOU AJINHE
KOHTeKCTa NOCTOAHHO!

5 nioHA 2026 r.
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TokeHunsaTop

@ Mopenb «noHMMaeT» He CnoBa, a TOKeHbl — uesble 4Yucna ot 0 go
vocab size-1
@ TokeHnsaTop AeTepMUHUPOBAH: OOHOMY N TOMY XKe TEKCTY Bcerga
COOTBETCTBYET OfiHA U Ta >Xe NnocriefoBaTesibHOCTb Yucen
@ B llama2.c ncnonbsyetca anropntm Byte-Pair Encoding (BPE) c
oMKCUpOBaHHbIM crioBapém pasmepom 32 000 TokeHOB
@ [pouecc:
@ TekcT pasbusaeTca Ha NOACTPOKM MO TabnunLe CINAHMIA
@ Kaxpaans noacTpoka vweTcA B crioBape — nosiyyaeT YMCIoBOM
naeHTngunkaTop
@ Bpewma TokeHnsauum nponopumMoHasibHO AJIMHE BXOAHOMU CTPOKMU U He
3aBUCUT OT CMbICNa
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TokeHunsaTop

static const uint8_t tokenizer_datal] = {
0x1B, 0x00, 0x00, 0x00, 0x00, 0x00, 0x00, 0x00, 0xd5, 0x00, 0x00, 0x00,
0x3C, 0x75, OXGE, Ox6B, Ox3E, 0x00, 0x00, 0x0, @xd0, 0x05, 0x00, 0x00,
0x00, Ox0A, 0x3C, 0x73, Ox3E, OxOA, 0x00, 0x20, 0x00, 0x00, 0x06, 0x00,
0x00, 0x00, Ox0A, 0x3C, 0x2F, 0x73, OX3E, 0x0A, 0x00, 0x00, 0x00, 0x00,
0x06, 0x00, 0x00, 0x0, 0x3C, 0x30, 0x78, 0x30, 0x30, Ox3E, 0x00, 0x00,
0x00, 0x00, 0x06, 0x0, 0x00, 0x00, OX3C, 0x30, 0x78, 0x30, 0x31, OX3E,
0x00, 0x00, 0x00, 0x00, 0x06, 0x00, 0x00, 0x0, @x3C, 0x30, 078, 0x30,
0x32, Ox3E, 0x00, 0x20, 0xB0, 0x00, 0x06, 0x0, 0xB0, 0x00, 0x3C, 0x30,
0x78, 0x30, 0x33, Ox3E, 0x00, 0x00, 0x00, 0x0, 0x06, 0x00, 0x00, 0x00,
0x3C, 0x30, 0x78, 0x30, 0x34, Ox3E, 0x00, 0x00, 0x00, 0x00, 0x06, 0x00,
0x00, 0x00, 0X3C, 0x30, 0x78, 0x30, 0x35, OX3E, 0x00, 0x00, 0x00, 0x00,
0x06, 0x00, 0x00, 0x00, 0x3C, 0x30, 0x78, 0x30, @x36, Ox3E, 0x00, 0x00,
0x00, 0x00, 0x06, 0x80, 0xB0, 0x00, Ox3C, 0x30, 0x78, 0x30, 0x37, OX3E,
0x00, 0x00, 0x00, 0x20, 0x06, 0x00, 0x00, 0x80, 0x3C, 0x30, 078, 0x30,
0x38, Ox3E, 0x00, 0x00, 0x00, 0x00, 0x06, 0x0, 0x00, 0x00, 0X3C, 0x30,
0x78, 0x30, 0x39, OX3E, 0x00, 0x00, 0x00, 0x0, 0x06, 0x00, 0x00, 0x00,
0x3C, 0x30, 0x78, 0x30, 0x41, Ox3E, 0x00, 0x00, 0x00, 0x00, 0x06, 0x00,
0x00, 0x00, 0x3C, 0x30, 0x78, 0x30, 0x42, Ox3E, 0x00, 0x00, 0x00, 0x00,
0x06, 0x00, 0x00, 0x80, 0x3C, 0x30, 078, 0x30, 0x43, Ox3E, 0x00, 0x00,
0x00, 0x00, 0x06, 0x0, 0x00, 0x00, Ox3C, 0x30, 0x78, 0x30, 0x44, OX3E,
0x00, 0x00, 0x00, 0x00, 0x06, 0x00, 0x00, 0x20, 0x3C, 0x30, 078, 0x30,
0x45, OX3E, 0x00, 0x00, 0x00, 0x00, 0x06, 0x0, 0x00, 0x00, OX3C, 0x30,
0x78, 0x30, 0x46, Ox3E, 0x00, 0x00, 0x00, 0x00, 0x06, 0x00, 0x00, 0x00,
0x3C, 0x30, 0x78, 0x31, 0x30, Ox3E, 0x00, 0x0, 0xd0, 0x00, 0x06, 0x00,
0x00, 0x00, 0x3C, 0x30, 0x78, 0x31, Ox31, OX3E, 0x00, 0x00, 0x00, 0x00,
0x06, 0x00, 0x00, 0x0, 0x3C, 0x30, 0x78, 0x31, 0x32, Ox3E, 0x00, 0x00,
0x00, 0x00, 0x06, 0x00, 0x00, 0x00, OX3C, 0x30, 0x78, 0x31, 0x33, OX3E,
0x00, 0x00, 0x00, 0x00, 0x06, 0x00, 0x00, 0x00, @x3C, 0x30, 078, 0x31,
0x34, Ox3E, 0x00, 0x00, 0xB0, 0x00, 0x06, 0x20, 0xB0, 0x00, 0x3C, 0x30,
0x78, 0x31, 0x35, Ox3E, 0x00, 0x00, 0x00, 0x0, 0x06, 0x00, 0x00, 0x00,
0x3C, 0x30, 0x78, 0x31, 0x36, Ox3E, 0x00, 0x20, 0x00, 0x00, 0x06, 0x00,
0x00, 0x00, 0X3C, 0x30, 0x78, 0x31, 0x37, OX3E, 0x00, 0x00, 0x00, 0x00,
0x06, 0x00, 0x00, 0x00, 0x3C, 0x30, 0x78, 0x31, 0x38, Ox3E, 0x00, 0x00,
0x00, 0x00, 0x06, 0x0, 0x00, 0x00, Ox3C, 0x30, 0x78, Ox31, 0x39, OX3E,
0x00, 0x00, 0x00, 0x0, 0xB6, 0x00, 0x00, 0x20, 0x3C, 0x30, 078, 0x31,

tokenizer.bin(400kb) -> tokenizer_data.h (2.5M
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Embedding -- npeBpallaem TOKEH B BEKTOP

@ KaxxaoMy TOKEHY t COOTBETCTBYET BEKTOP (PUKCUPOBAHHOW pa3MepHOCTU
dmodel = 288

@ MaTtpuua ambeaanHros E ¢ R32000%288 (kgaHTOBaHa A0 int8)
@ OnepauuA: x = E[t] (NpPOCTO YTEeHWe CTPOKN Tabnuupl)

@ B Hawewm pelleHnn: BbluMciAeM ambeaauHr «Ha neTty» 6e3 xpaHeHuA
BCeun pacnakoBaHHou float-Tabnuubl

[MpenckasyemocTb
N3BneyeHne ogHoro ambepanHra — 3T0:

@ apgpecHanA apudpmeTmka (6a30BbI aApec + t - dmodel)

@ 4yTeHue 288 nocnegoBaTesibHbIX 6aNT (UM UX OEeKBaHTU3aLUUA)
Bpemsa cTporo noCToAHHO 4714 Nt060ro TokeHa.
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Embedding

static void get token embedding(TransformerWeightsx w, int
vocab size, int dim,

int token, floatx out) {

QuantizedTensorx gt = w->g_tokens;

int offset = token % dim;
for (int i = 0; 1 < dim; 1i++) {
out[i] = (float) (gt->gloffset + i]) % gt->s[(offset + i) / GS];

}
}
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[lonosku BHMMaHUA (Multi-Head Attention)

@ OpHa ronoBa BHUMaHMA yY4MUTCA «CMOTPETb» Ha OOHY B3aMMOCBA3b MEXAY
TOKEeHamMu
@ HecKonbKo ronoB (npeads = 6) aHANM3NPYOT pa3Hble OTHOLIEHUA,
Hanpumep:
@ CUHTaKcum4yeckume (noanexxallee—ckasyemoe)
@ cemaHTuyeckme (06BbEKT—CBONCTBO)
@ MO3ULUOHHbIE (COcefHMNE TOKEHbI)
e nT.O.

@ PesynbTaTbl BCEX ronoB 06beAMHAIOTCA U IMHEMHO NPOeuupyoTCA

@ Bce ronosbl umeroT OAVHAKOBYIO pa3MepHOCTb
dhead - dmodel/nheads = 288/6 =48
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[lonosku BHMMaHUA (Multi-Head Attention)

BxopaHon BekTOp 288-MepHbIi

NMHENHbIE NPOEKLMN

6 ronos x 48-mepHbIX

KoHkaTteHauma 6 x 48 = 288

BbixogHom BeKTOp 288-MepHbIN
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[lonosku BHMMaHUA (Multi-Head Attention)

,DJ'IFl Ka)XJoro TokeHa B nocsiegoBatefibHOCTU ASINHbI T
V.
Qi::VVQXh kuZVVKXh vi= W',

o We WK WY — maTpuubl pasmepa 48 x 288 (LeflovncrieHHble)
@ 3arteM BbIYUCMAIOTCA CKanApHbIe NPOU3BeaeHUA MeXay 3anpocamm 1
KoYamu:

-
q; k;
score; = — =2
\/48

@ MaTtpuua S pasmepa T x T nponyckaeTcA Yepes3 softmax NO CTPOKaM
@ PesynbTar B3BELUMBAET BEKTOPbI 3HAYEHUI: o; = » | softmax(S);v;

Bce maTtpuubl — KOHCTaAHTHOro pasmepa. Linknbl Bcerga BbINOAHAKT OOHO M
TO XX€ YMUCIIO0 YMHOXEHUN U CITIOXXEHUN. HeT BETBNEHUN, 3aBUCALLMX OT OAHHbIX.
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[[0N0BKM BHUMaHUA

for (h = 0; h < p->n heads; h++) {
floatx g = s—>g + h x head size;
floatx att = s—>att + h x p—->seqg len;
for (int t = 0; t <= pos; t++) {
floatx k = s—>key cache + loff + t x kv dim + (h / kv _mul) %
head size;
float score = 0.0f;

for (int i = 0; i < head size; i++) score += g[i] x k[i];
score /= sqrtf (head size);
att[t] = score;

}
softmax (att, pos + 1);
floatx xb = s—>xb + h x head size;
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[[0N0BKM BHUMaHUA

{

memset (xb, 0, head size % sizeof(float));

for (int t = 0; t <= pos; t++) {

floatx v = s—>value cache + loff + t % kv dim + (h / kv mul) =«

head size;
float a = att[t];

[
for (int i = 0; i < head size; i++) xb[i] += a x v[i];
}
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[[0N0BKM BHUMaHUA

void softmax (floatx x, int size) {
float max val = x[0];
for (int 1 = 1; i < size; i++) i

if (x[1] > max val) max val = x[i];

float sum = 0.0f;

for (int i = 0;
sum += x[1]; }

for (int i = 0;

i < size; i++) { x[i] = expf(x[i] - max val);

i < size; i++4) x[1i] /= sum;
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OTcyTCcTBME YCNOBHbIX BETBIEHUIN (KPpOME

CaMnNMpoBaHUA)

@ BHyTpu TpaHcdOpMepHbIX CNOEB UCMONb3YIOTCA TOMbKO:

@ MaTpUYHble YMHOXEHWUA Haa MaccnusaMm (OMKCMPOBAHHOrO pasmepa

@ NoanemMeHTHble HennHenHocTn (SwiGLU, softmax), koTopble peann3oBaHbl
6e3 if

@ CNoXXeHue BeKTOPOB, Hopmanusauma (LayerNorm) — BCé npeackasyemo

@ HeT uuknoB ¢ NnepemMeHHbIM YACNOM NTepaumi, 3aBUCALLMM OT 3HAYEHUIN
@ HeT noucka, copTupoBku, switch-case no cogep>xmmomy
@ EanHcTBEHHOE MeCcTO BeTBJIEHUA: BbIOOP Cneayrowero TokeHa

e >KagHbll BbI6Op (argmax) — AETEPMUHUPOBAH U TpebyeT (PUKCMPOBAHHOIO
yucna cpaBHEHUN (vocab size)
e CnyyanHoe cemMnnupoBaHue — TOXE BbINOSIHAETCA 3a KOHCTAHTHOE BpemA
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Sampling

int sample (Sampler% sampler, floatx logits) {
if (sampler->temperature == 0.0f) {
next = sample argmax(logits, sampler—->vocab size);
} else {
for (int g=0; g<sampler->vocab size; g++) logits[q] /= sampler
—>temperature;
softmax (logits, sampler—->vocab size);
float coin = random f32(&sampler->rng state);
if (sampler->topp <= 0 || sampler->topp >= 1) {
next = sample mult(logits, sampler—->vocab size, coin);
} else {
next = sample topp(logits, sampler—->vocab size, sampler—>topp,
sampler->probindex, coin);
}
}
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OTcyTCcTBME YCNOBHbIX BETBIEHUIN (KPpOME
CaMnNMpoBaHUA)

Bpemsa npAmMoro npoxoaa 0gHOro ToOKeHa MOXXHO TOYHO paccyuTaTb
aHanuTn4eckn unu nameputb kak WCET.
OTO 1 OaéT KBaHT OJ/1A Halero MexaHn3ma npoBepkn AeananHoB.
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[Toyemy BpemaA crioA NOCTOAHHO?

@ Bce onepauuun BHyTpy cnoA: MaTpuyHble YMHOXEHMA (DUKCUPOBaAHHOMO
pasmepa

@ HeT yCcnoBHbIX BETBMEHMI, 3aBUCALLMX OT AaHHbIX (KPOME CIMMINPOBaHUA
Ha BbIX04e€)

@ KBaHTOBaHHbIE LenoYnCrieHHble BblYMCNeHnA — eweé ctabunbHee
@ [lporHosunpyeman ANNTENbHOCTb 06PabOTKMN OAHOMO CNOA Tyye,

OcHoBHaAa naeA peweHna

Mcnonb3oBaTh rpaHuLbl CTIOEB KaK TOYKU KoornepaTUBHOMN NPOBEPKHU
cobniogeHna pepnanHal
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MexaHn3M «Crioii — NpoBepKa BPpeMeH»

@ Tonyyaem HavanbHbIA NPOMNT (BOMPOC K MOOENM)
© 3anyckaem aBTOpPerpeccMoHHYIo reHepaLuio: TOKEH 3a TOKEHOM

Q |_|pl/1 reHepaunmn Ka>kaoro TokeHa MOEM NO CNoAM:

@ nepen BXxonom B cne,u,yroumﬁ CNo Bbi3blBaeM pok_time_get ()
@ CpaBHMBaeM C yCTaHOBJIEHHbIM beannanHom
@ ecnu gennamnH npesblilleH — HeMmeaJieHHO 3aBepLllaemM reHepayuto

Y10 9TO paéTt?

[MoTok rapaHTUPOBAaHHO YCTYNUT yNpas/ieHe He No3xe, Yem Yepes T, .,
nocne NpeBbIWEeHVA geananHa.
WCET 3apaun = { T prompt_processing + K - Tiayery OTPaHMYEHA
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MVP: 'eHepaumA ¢ KOHTPOJSIEM BPEMEHM

Tokenizer %tokenizer,

void generate (Transformer xtransformer,

Sampler xsampler, char xprompt, int steps) {

transformer—->deadline exceeded = 0;

while (pos < steps) {

floatx logits = forward(transformer, token, pos);

if (transformer->deadline exceeded) {

printf ("\n[TRUNCATED at %d tokens due to deadline]l\n", pos);
break;

}

next = sample (sampler, logits);

pos++;

charx piece = decode (tokenizer, token, next);

printf ("%s", piece);

token = next;

5 nioHA 2026 r.
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MVP: 'eHepaumA ¢ KOHTPOJSIEM BPEMEHM

floatx forward(Transformer« transformer, int token, int pos) {
get token embedding(w, p->vocab size, dim, token, x);
for(int 1 = 0; 1 < p—>n layers; 1++) {
// attention rmsnorm
// gkv matmuls
// ROPE
// KV cache
// multihead attention
// ffn rmsnorm
// SwiGLU
pok time t ns; pok time get (&ns);
if (transformer->deadline us > 0 && ns >= transformer—>
deadline us) {
transformer—>deadline exceeded = 1; return s->logits;

}
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[MpenmyLLecTBa KoonepaTUBHOIO noaxona

@ He Hy>XHO BbITECHATL NOTOK (preemption) — [O6pPOBOABHAA NPOBEPKA
@ He HapywaeTcA BHyTpeHHee COCTOAHME Moaenu

@ HeT roHOK AaHHbIX: CUHXPOHM3auuA BCTpoeHa

@ B03MOXXHOCTb MArkoro geananHa (cMm. ganee)

°

MopxoauT AnA cepTUmUMpyembiX CUCTEM, FAe NPepbIBaHNA MOTYT 6bITb
orpaHnyeHbl
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TpyaHOCTU NOPTUPOBAHMA U UX NPEOAOSIEHNE

Mpobnema 1: [e-kBaHTn3aumA embedding-Tabnuupbl

@ OpurvHanbHbIN KOA: nocne 3arpy3ku cpasy npespawaert int8 B float32
= 32000 x 288 x 4 6anta ~ 36 Mb goONONHMUTENBHON NaMATH

@ MeHepxep Kyun POK He mor BblgennTb Takon 610K

@ PeweHue: NOMHOCTLIO OTKa3annchb OT Ae-KBaHTU3UPOBaHHOM Tabnmupl
Bbluucnaem embedding «Ha nety» npu Kaxxaom npAMOM rnpoxoae

v

Mpobnema 2: [JuHamnyeckaa namATb

@ Kop ncnonb3oBan malloc Ha 3Tane nHMumanmsaunm

@ PelwueHue: 3amMeHa Ha cTaTnyeckne MaccuBbl N apuUPMETUKY yKkasaTenemn
= NaMATb BbIOENAETCA Ha 3Tane KoMNuIAaLmMmn

A\
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[lononHuUTenbHbIe N3MEHEHUA

@ libc: B POK oTcytcTBOBanu gsort, bsearch, sprintf...
() Hy)KHO 6b1n10 ,D,O6aB|/|Tb MUHUMAal1bHbl€ aHaJ10lr'
@ Cbopka B eauHbin ELF-06pa3s pasgena POK

@ Mopenb BCTpoeHa KakK CTaTU4eCKUN MaccuB const unsigned char
model datal]

@ [MoNHbIN 0TKa3 OT AMHAMWUYECKOro BblOENEHNA NaMATU nocne
nHMumannsaumm
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Tpu noToka B 0gHOM paspgene

_________ N sensor_job
(onpoc / aMynALMA NaTHMKOB)
AaHHble

_________ | estimator_job

(umcna - kaTeropun)

KaTeropum
lim_job

———————— >

(NpoMNT + MHMPEpEeHC)

@ CuHxpoHunsauua Yyepes cemadgopbl POK
@ Kaxgable N MmnnncekyHg: onpoc — Kateropusauma — reHepauuA coseTta
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[Mpumep paboyero unkna

(Tak xoTen, HO Hy>kHa gpyrasa mogenb, stories okaszanocb He NoAxXoauT)
Q@ sensor job:
@ JMynupyeT AaTyuKK (CnydarHble YMcna + CKonb3Alee cpegHee)
Q estimator job:

e Temnepatypa 35°C — «xapko»
@ BNnaXxHocTb 20% — «CyX0»
e BeTep 15 M/c — «BETPEHO»
Q 1lm job (ynpomeHHO, HyXHa OOydYeHHad MOHeJb) .
@ MNpoOMNT: «TemnepaTypa >apKo, BaXXHOCTb CyX0, BETEp BETPEHO. Kakon
coBeT?»
@ reHepauua: «PekomeHagyeTcA 0O6UIbHbBI MONVB 1 3awmTa OT BeTpa»
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[ByxcTyneH4yaTbl gennanH gna rpaMmmMmaTmnyeckon
3aBepLeHHOCTH

Npobnema

[NpocToe NpepbiBaHNE MOXET OCTaBUTb OTBET CMHTAKCUYECKM
HEe3aBEPLIEHHBIM «PekOMeHayeTCa OOMIILHBIA ITOJI»

PeweHune
@ Markun geanaiiH — 3a X% BpeMeHu [0 XXECTKOro aeanaiiHa
©@ Paspeliaem moaenu Bbiaath ellé He 6onee K ToKeHoB (Hanpumvep, 3-5)

© Ecnu B 3TOM OKHe BCTpe4daeTCA 3HaK KOHLa npenfnoXXeHnA — 3asepLuaem
YNCTO

© WHaue — 3akaHuYMBaeM no XECTKOMY AeanarHy Kak ecTb
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[emoHcTpaumna (CKPUHLLIOT)

[Estimator] classified temp=26 pressure=735 humidity=53 wind_speed=10

-—- scheduling partition: @, low:®, high:1@
—-—- Scheduling processor: @

scheduling thread 2 (priority 42)
elected 2 !!!
non-ready: @ (1/stopped), 1 (4@/waiting), 3 (42/lock), 4 (@/stopped), 5 (@/stopped), 6 (@/stopped), 7 (@/stopped), 8 (@/sto|

[Sensor] get temperature 25 C
[Sensor] get humidity 53 %

[Sensor] get pressure 733 mm
[Sensor] get wind speed 8 m/s

scheduling partition: @, low:®, high:1@
—-—- Scheduling processor: @

scheduling idle thread

non-ready: @ (1/stopped), 1 (4@/waiting), 2 (42/waiting), 3 (42/lock), 4 (@/stopped), 5 (@/stopped), 6 (@/stopped), 7 (@/st
-—- scheduling partition: @, low:®, high:1@
--- Scheduling processor: @

scheduling thread 2 (priority 42)
elected 2 !!!

non-ready: @ (1/stopped), 1 (4@/waiting), 3 (42/lock), 4 (@/stopped), 5 (@/stopped), 6 (@/stopped), 7 (@/stopped), 8 (@/sto
-—- scheduling partition: @, low:®, high:1@
——- Scheduling processor: @

scheduling idle thread

non-ready: @ (1/stopped), 1 (4@/waiting), 2 (42/lock), 3 (42/lock), 4 (@/stopped), 5 (@/stopped), 6 (@/stopped), 7 (@/stopp:
-—- scheduling partition: @, low:®, high:1@
--- Scheduling processor: @

scheduling thread 1 (priority 40)
elected 1 !!!

non-ready: @ (1/stopped), 2 (42/lock), 3 (42/lock), 4 (@/stopped), 5 (@/stopped), 6 (@/stopped), 7 (@/stopped), 8 (@/stoppe
[LLM] generation:
Temperature is hot and pressure is comfortable and wind is windy and humidity is comfortable. What to do?
Her mom had a surprise for her. She brought out a bag of colorful popcorn and said, "Let's all eat this popcorn together!"
Alice was very excited and said, "Yay!" They all shared the popcorn and enjoyed it in the sunshine.

[TRUNCATED at 91 tokens due to deadline]
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YTOo Mbl nony4nnu

@ [lemo pabotaeTt nog QEMU (i386)
@ Mopenb TinyStories 15M int8 BHyTpu pasgena POK
@ [MonHbIN UMK C KOHTPONEM geananHa

JKcnepumMmeHT CkopocTb reHepauuu
Raspberry Pi (Cortex-A) 2.18 TOKeHoB/cek

LLM cnoco6Ha pa6oTtaTb B paMmKax CeKyHAHbIX AeajlanHoB
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A Kak >Xe MUKPOCEKYHOHbIE AeasianHbl?

TunnyHble obnactu npuMmeHeHuAa LLM-coBeTumka

@ NHTepnpeTauma nokasaHnin 4aTYNKOB HA eCTECTBEHHOM A3blKe
@ dopmMmpoBaHME pEKOMEHJALMN onepaTopy (YenoBeky)
@ JlormpoBaHue U gnarHoCTnKa ClIOXXHbIX COBbITUI

Bo Bcex aTux cueHapmnAx gonyctumMblie 3aaep>Xkm — ot 100 mc Ao eauHuy
CeKYHJA, a He MUKPOCEKYHAbI.

(naBHOe — He abcontoTHaA CKOPOCTb, a NpenckasyemMocTb

Mol nokasanu, kak gaoKasatenbHo orpaHuunte WCET gona nHdepenca LLM.
MexaHn3m «npoBepKa Ha rpaHuue Crof» He 3aBUCUT OT TOro, CKOJIbKO ANNTCA
cnon. OH rapaHTMpyeT cobnogeHve noboro Hanepén 3afaHHoro gennanHa.
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[epnaviHbl 1 rapaHTnK

Koraa Hy>XHbl
Koraa Hy>XHbl HAaHO-/MUKPOCEKYHAbI MUISTUCEKYHAbI/CEKYHADI

@ 3aMKHyTbIV KOHTYpP ynpaBneHua @ AHanus cutyaumu
asurartenem @ CoBeT 4yenoseky
@ ObpaboTka NpepbiBaHU OT @ TekcToBbIM BbIBOA AN1A BOPTOBOro
0aTyYMKOB XypHana
— LLM 3pecb He npumeHseTcA — LLM pa6oTaeT, rapaHTMpOBaHHO

yKiaabiBaACb
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@ LLM moxeT 6bITb agantTmpoBaHa K napagurMme XXECTKOro peasibHoro
BpEMEHMU
@ OCHOBHbIE 3/IEMEHTbI peLUEHUA:
@ CTaTu4eckad nNamMATb N 0TKa3 OT AMHaAMUWU4YeCKOro BbligeneHmnA
@ KBAHTOBaAHHbIe LUeNo4YUCieHHble BblYNCIT1EeEHNA
e KoornepaTuBHaA NPoOBepKa AeAnanHa Ha rpaHunuax croés
e BpemeHHanA nsonAaumA cpegcteamm ARINC 653

@ MoxxHo nony4ynTb NpeackasyemMyro BepxHAA rpaHnua BpeMeHn BbINnoJIHEHNA
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Bonpocbl?

CtaponeTos C.M.
serg_soft@mail.ru
https://github.com/SergeyStaroletov/LLM-POK
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