H#E4HR — Triton (kernel compiler) = Luminal (graph compiler) — E#NZ3& — £—Z5m

Al Compiler Drills: Triton + Luminal XI5 B
contributor il

BffAE “ MTIME#HEL”, M2 3—4 THAREKRAIFENTRMTSE: &£ Triton FIE— kernel M
tensor IR | PTX #9 lowering 5 layout, #£ Luminal FI& graph — e—-graph — #£Z& — H17itxl
— CUDA backend, H&ZB— T8GR, SEBAHIE—TEZOGRIFSNE (Triton B9

coalesce pass. FileCheck. autotuner; Luminal B9 e—graph. genome 2. plan_slab) Zap—

TEEEZE LA LAY Python 453,
H 16 &1 #4716 /DB 30 & 2EZHITE CPU LI (48 Python + numpy)
JRRDHEIEE EE commit: Triton - Luminal - egglog BU— TR TS 7 & PDF - GitHub

- BERFREFEZTNRESRE -


file:///Users/kzhoulatte/development/ai-compiler-drills/hints/index.html
file:///Users/kzhoulatte/development/ai-compiler-drills/ai-compiler-drills.pdf
https://github.com/kzhou003/ai-compiler-drills

Part 0 - Ei 0
IRESAE
FTEBX—T: N4 Triton Al Luminal E&—&E¥. BADERREN. BEHEAM, MUAH#HT 2GR

RZBEZ it 4.

1. BAR: — T EEBORAIBIFRARENL 3
2. MTIBRTAXAR 4. BEBEAM

Bin: — 1T EEHORAIBIFRARE L

BRI /AFFENIZ: GPU Compiler / Inference Performance Engineer — kernel

Il

lowering, execution planning, and performance correctness. E{f¥ii, MEXEMRMEEANR
BAREIHE, {RRAZEER LM TR D EMNE:
1. Triton: HEEBBHMMA—1T GPU kernel M&E /= tensor IR ZIBHIELSHIEMERE (TTIR —
TTGIR — LLVM IR — PTX, layout, coalescing. tl.dot — MMA) ,
2. Luminal: FEEREREFHCUHE— inference compiler ANMEB R, IRIFFMAR kernel KMITEN
BA (primitive graph — e—graph — LR — #1T1t% — CUDA backend) .

WNBENBM, tEREE kernel 32 421E graph compiler EEX A E. BRIIALA PR HE#S: B8
ZERE Triton H—% compiler BEMEFEAMB, Luminal H—2 backend Zi146E / EffETER, H
B{Rr8EA benchmark # IR / profile SR NENEIMNE.

MTHEZTAXRAR

—MEBI Python 3 GPU: A IERE—ER

BR / HEE Luminal: graph compiler TR
relu(x @ w + b) e-graph + STiE%R EMNZM. BAHE. RE

' GPU
SESTIR i
ﬂ%ﬂl*u R SM86 - RTX 3070
' 1

& 1

1
kernel & g Triton: kernel compiler /'
CuBLASLt - FlashInfer 'o —1 kernel - PTX

o

Triton EI&“— kernel B4R . EHFHER”; Luminal B1& “BiKENZIEMLSTI ., BHFALRNIT’ . Luminal 12
B— Triton: ENRZEFIA kernel IE (README: cuBLASLt. Flashinfer) , {R7E Luminal BITREAA~—F

=5 kernel,



XKEb - FEFENETER

Triton —MERSEZEBRBESBNEN: 23 0—REX", REXE. TRIIF. 51
BE (472) YB—8& (ayout) . Luminal (FEFEMH—BER: KEXECHTERNMLN
$M& (cuBLASLY , MI/LEAHE—MRE (fusion) , FLMBE. KABARE (AT
AT . EERRELAEE. BRERRN (TURER) , MARREER,

H[E) [ Triton M Luminal £ AED
GEMM E4  tile, layout, MMA lowering. pipeline IS GEMM SEIR / EE / TR K1, T2,
STm T3. L3
fusion — kernel A&, FEHEAM EZR rewrite. fRIEMITXIIEER K4, L2, L3
layout thread / warp / shared memory layout  tensor layout. buffer Hffp T2, L4
ENMERE B kernel microbenchmark, PTX. graph latency. search 7. imZ K2, T3.
Nsight Compute Uity L3. L4
EBARIEE compiler transformation. kernel #{{& graph rewrite. backend. K3. T4,
i reference-vs—device T5. L5

Part 0 Eifi: If8E - GPU HITHER - Triton FHIFRELE - Luminal £8 - FIOWE

HEEM K1-K4 GEMM #HiEMK - benchmark 7% - ZEEME - fusion BE
WEL |- T Triton T1 IR FUE - T2 coalesce/layout - T3 autotune - T4 B/NEM - T5 FileCh
L L Luminal L1 primitive graph : L2 e-graph - L3 % - L4 it%l5 arena - L5 %iig

i X1 E— fused MLP Mi&E—E - Pl F—%3Am

I
14 BitSHE - KR (PR BIR. ZF)

BAHOE: B 6 A Triton 4 60%. Luminal 29 40%; ZSI&SCRT issue / review HSIAE, FE[G
BRIEM I E 21K feature,

FEAEAM
1R “ERBRANAR", BEMXLL,
2. 7 mine/<HiS> x.py BEXU (BALKELN. BEHRENESMRMOEFHSE) .



3. M ./check.sh <@S> , M EHREHNZREXFHANBRITFEFEH, FENTEN
i,

4. TEFRE, RRA=ZLRT: RETESEE.

5. 1% hints/ BXEBMNBINART: SE@RBREA. BESEMGF. TIERASRIDHEER,

python3 -m venv .venv && .venv/bin/pip install pytest numpy markdown-it-py
./check.sh k1 # JREY mine/k1_gemm_model.py

./check.sh k1 —-solutions # WSZhE

./check.sh all ——solutions # 2= (9 100 ik, 75 1 #)

AT L ZEREHIEMZLE Python

Triton ;&8 macOS wheel, Luminal f9 CUDA R EREEFE HRIKIINIE. NS ERRIE—
MNHESLRIF I EI 48 B BETE (E A28 LKA Python: T2 % Triton B coalesce pass (i
H#] coalesce.mlir BY CHECK ZEZF—%{) , T5 BCEE FileCheck, L2 \EE e-graph, L4
718 Luminal #Y plan_slab ., BREAKREEH “7£ RTX 3070 LB EXTLER"MN—T, B4
Python Z5ie Ml BEfmiZasa0%ExT £,

v B FtAHLuminal FAE S — Triton”?

Triton RIFRIZRT GPU kernel (BAZE—T etriton.jit REL, HtE PTX/cubin) ,
Luminal fRiZFH2BiKiITEE: BIE&ERIR primitive ops, B e-graph R RENNE, BiEY
SN RABT PO RIEZI— XL AR ELE KR kernel, tBE[IAZE cuBLASLt,
Flashinfer FHME., FAARMILN “wiZE" REEARNERR, TEAEIHRARE,


file:///Users/kzhoulatte/development/ai-compiler-drills/hints/index.html

Part O - &t 1
oal17-8 2
%t —SLIRIfIE
LR ELRER, FHIBMIEIZER: GPU. driver. CUDA Toolkit, Python / PyTorch /
Triton, Rust, [FEE—" benchmark, B— issue EMHES| XK IRIE,

1. #£52: RTX 3070 (Ampere, SM86) 2. AT EENSR/NRE
3. AEEB MR

£/ RTX 3070 (Ampere, SM86)

triton » Triton README 3IHiE9 NVIDIA 3 M Compute Capability 8.0 #, RTX 3070 (SM86) 7&
EEMA. Luminal B9 CUDA 42 ( luminal_cuda_lite ) EIRZBFE YA . CUDA Toolkit F1IX5N
ERRIGIF—EMN—AFF issue IER CUDA 13.x F4RiZEXM (luminal #370, P1 SREME—%£R
BREVIRIE)

MEm B &

GPU nvidia-smi BS . compute capability, driver
CUDA nvcc ——version . echo $CUDA_HOME AEIE nvidia-smi G AN
Toolkit “CUDA Version” HE, Toolkit hR4s
Python #% python —c "import torch, triton; Triton build / test 5 reference

print(torch.__version

—_—

triton.__version__,

torch.cuda.is_available())"

Rust rustc -V . cargo -V Luminal workspace 5 feature flags

Profiler nsys —--version . ncu —-version X% host overhead. kernel

latency. memory / occupancy

# BEIHIZIRE: W#HE—7 issue / PR / benchmark R&

nvidia-smi ——query—gpu=name, compute_cap,driver_version ——format=csv
nvcc ——version | tail -2

python ——version

python —c "import torch, triton; print(torch.__version__, triton.__version__, torch.cuda.i
rustc -V && cargo -V

git -C triton rev-parse HEAD && git -C luminal rev-parse HEAD


https://github.com/luminal-ai/luminal/issues/370
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/README.md

f5l: driver fRZ&x # Toolkit fRZ

nvidia-smi: CUDA 13.0 nvcc: release 12.8 Triton E'ﬂ? ptxas
driver BEXIFHImEARZA BEIF4RiZAM Toolkit fE wheel %3

h 4

1
: BT Lt
1
driver 580.x - \ Luminal build.rs
MiZER + libcuda B 3% CUDA_HOME THYL3TfE

driver @M T~FEAIH Toolkit, FFIA (nvidia-smi Z7& 13.0 B, #1285 EAY Toolkit TERIBER 12.X, issue #370 X
[BFANE—F, MEEREDSFICE.

ELE - FTENHIRENFIHERR ER 14

driver ITENNIRTN: Ein“HEmxSEEIRAR 13.0 IRAAISUHEEIN” . Toolkit BIRAIHEARERE: EIR
EfRSEPRAE RLRY BB T ARARIS M . IEEhF . ERMFIERIE)E; (BRI “HAVAFREEZE 13.0" RE R
EahiXr5, MSIE bug IREEH.

AT B ENER/EE

# Triton (Linux + NVIDIA) : %/ wheel, FZ{ compiler A1EJE#3 build
pip install triton # B¢: git clone https://github.com/triton-lang/triton && pip i
python python/tutorials/@l-vector—-add.py

# Luminal: % ReferenceRuntime (CPU) , B CUDA

git clone https://github.com/luminal-ai/luminal && cd luminal

cargo test —p luminal_reference # 4 CPU

cargo run ——release -p luminal_cuda_lite ——example 1lama3 --features device # README ZE

Luminal tuminal > README  HY Usage — i/l F: Graph::new() — cx.tensor(...) —
a.matmul(b).output() — cx.compile(ReferenceRuntime::default(),

CompileOptions::default()) — set_data — execute — get_f32 ., }¥& a.matmul(b) X—1T
Taffig®, RRLEXT—TTR (L) .

4
CUDA build s&MAd



https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/README.md

REZTEAE, EAEMRMKB, 10F Toolkit, driver. cargo hRZA<F1 git rev-parse HEAD , BB
XHR issue FIRBES O, roadmap MWREIE: “BRMW, FRETELS, FEHRIUKHE”.
X HEROEME2RE—EmmmiE=x (P1) .

\

BIVBMIIIMEIRE Triton Y Python / CUDA {K#iF1 Luminal 9 Rust / CUDA build, AERN T E
i AN 5 E M581T4i— CUDA Toolkit kRZA, o BIiCREDRIERR,

AEEEHCHHERE
python3 -m venv .venv && .venv/bin/pip install pytest numpy markdown-it-py
./check.sh all ——solutions # 29 100 TN, £E548 Python
python3 build/sources.py fetch # B RMETEG: #&EE commit T#H#5IHEIEE (&
.venv/bin/python build/build.py # ZHE index.html
.venv/bin/python build/build_hints.py # 2R hints/*.html

v B: EEiR“FEAE3E CUDA 13, FRBA Luminal gL, {RAE)HA?

5la] nvce —-version BYEILEA] CUDA_HOME $8[@MBEE, nvidia-smi B9 “CUDA Version” 2
driver BEXIFMRSIZTIIRAS, FE2EHIZFAH Toolkit, REMIAZIRRHIZFAMNE 13.x Toolkit,
HEZHE main EEW, ZAEEIEEA)IZ] #370 XL “CUDA 13 APl T 895CHE,



Part O - &R 2

GPU MTRESAEFE (LE)

A NRERERPELE ﬂ—éﬂﬁﬁﬁilfﬂ D SEEALDY CTA / warp / lane, BUEMBEAREZR, —
SM EEEERIRTJLA CTA, *EFﬁ%ﬁ@m ﬁiﬁo

1. BT 2. AEBRF =12 IR
3. =% bound # roofline
MITEIR
B _fta Triton B[ EREIH= (RTX 3070, SM86)
grid — R launch BY£E8 CTA kernellgrid]l(...) (E=)
CTA MWE— SM ER—4ES% —~ program instance num_warps x 32 N&F2
(block) 2, = shared memory (tl.program_id )
warp 32 1 lane AFHITEI—% H layout By 32 lanes
8§< warpsPerCTA &HE
lane / HEBECHNEFES H threadsPerWarp . &% 255 1 32-bit F1F23
thread sizePerThread ZHF
SM 1T CTA MEEHETT — 46 1 SM; & SM 64K 5778, &S
100 KB shared memory. 1536 %72
—1 GEMM CTA H##ES I (BM x BN Hittl tile)
K &R Ldmatrlx warp }

’@*1&? A[BMxBK]. B[BKxBN] %é 9 tlLe HI—1k
A tile cp. async | Tensor Core |
BM x BN, Elg/\‘ CTA mma.sync m16n8k16

shared memory FFE
num_stages 14454 fp32 ZM2E BM-BN/LFZEK

Kl SIBES—IMAERHF: X CTAESDFT . BZ shared memory, &S/ VDEHEFR. — 1 SM 8ERULD
XHEH CTA, B grid EJ1% (wave)

AFERRM=15F W Rz



B ’E HEAR EIE

FEH S SM 256 KB &EFE F#8 Tt spill 2l local memory (ESL7E DRAM)

shared £ SM &% 100 CTA AHEZE, 324  bank conflict: [E— warp B9Z1 lane 1f[a)E—

memory KB bank bank B9AS[E bk

L2 4 MB 2 GPU #= GEMM ) A/B EEERAZEXEaGH

DRAM 8 GB, 448 A 32 B sector &  coalescing: — warp AYIFE)EE#/ DM sector
GB/s i HLaF

Etb - €F. |’%R. Ifa

DRAM EIIMIAREE (K. im. 1R 32 B &%) , L2 2 EM DL, shared memory
EEENAHEER (—PUAHA, BEOR 32 1&E0, E—1EOHBARE bank

conflict) , FEFHREBTIAFENIMESE (RIR, BaER/), BATMREEECE——
spill) . coalescing MEit— 1A 32 PAEMNRRERER/IEE—EIE.

=% bound f roofline

— kernel IBS(E] RS2 max(FLOPs / IEEEH, FHEK / BEFTR) , BINLEZEWN launch i
(JL&FY)
e compute-bound: EAREE (FLOP/Byte) 5T HlzsF &= (RTX 3070 FP16 Tensor Core
#) 40 TFLOP/s + 448 GB/s = 90 FLOP/B) ., X GEMM EBFiXz,
e memory-bound: elementwise. reduction. decode attention, {1t/ @2/ MREE
(fusion) . #R1SEEST (coalescing. MEf) .
e launch-bound: [E@X/)\, BEMBERIZ/LHP, launch K5 KRk, LA ERZ fusion,
CUDA graph (Luminal 8 cuda_graph.rs) .

v Bl: —1 [4096] fp32 EENMEZMFH bound?

% 2 X 16 KB, 5 16 KB, # 48 KB; 448 GB/s T4 0.1 us, &/)MF4 5 us B9 launch FF44,
FrAZ launch-bound, M EAETE]JLFE 22 launch, EFZ| memory-bound 174, MEZE
DENEHATE (K2 B9 benchmark iR EIXMNMEE) .



v Bill: F1t4 occupancy FAE#EHEF?

occupancy RigBE—1 SM ERERNIFE Z /> warp, AFREEIHFLER,. GEMM EEHERAK

tile (BXZEZFFE3. £ shared memory) HENESHVEIEER, occupancy BEE 11
CTA/SM RmER, K1 ] T3 RILHRER: HMEMBECEEE occupancy A&,



Part O - &t 3

Triton RiIFREE

Triton 3B— Python REURIZH— GPU kernel, X—EEENEBMER. B EXFILE AT
=, URBEBENNNE R, T1—T5 #EX5KME L,

—&MKE, ATHME 2. TTGIR L£/Y pass &
3. RERINE

—&mKek, ATHER

NVIDIA [GiREIMERE X TE  triton > third_party/nvidia/backend/compiler.py : make_ttir —
make_ttgir — make_llir — make_ptx — make_cubin , 8— S ML APEEE kernellgrid]
(...) JR[EIAY CompiledKernel.asm BEZ,

@triton.jit — cubin

@triton.jit B il TTIR — TTGIR to LLvn LLVM IR
Python AST tt.dot, #&E layout v #blocked / #mma / smem nvptx64, inline asm mma

|

NVPTX

cubin PTX
J D — ptxas .
ptxas 4 mma.sync / ldmatrix
o

REEN—HE TTIR > TTGIR: MXEFIR, S 1TKEXEHH L layout encoding ( tensor<64x64xf32,
#blocked> ) , RIFBRARRE “MPEEEZEM DR, T IHEENE R BEEXLEHFIZFEDHER,



https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/third_party/nvidia/backend/compiler.py#L291

B ER KEHZ RBAO

Frontend @triton.jit . AST — IR, triton > runtime/jit.py
constexpr 45t triton > compiler/code_generator.py

triton > compiler/compiler.py

TTIR program instance. block triton > TritonOps.td
tensor, mask, tt.dot .

canonicalization

TTGIR Blocked / Slice / MMA / triton » TritonGPUAttrDefs.td
DotOperand / Shared layout, lib/Dialect/TritonGPU/Transforms/

ttg.convert_layout

Lowering  TritonGPU — LLVM/NVVM — lib/Conversion/ . third_party/nvidia/lib/
PTX
Testing lit + FileCheck. Python B test/ ( triton » coalesce.mlir %)

triton > test_core.py

TTGIR £/ pass 5%

make_ttgir BB pass IiFASME—M “RiFst T MLEMAARBER (B compiler.py, SM86

=ERRIE D)

convert_to_ttgpuir HBTEKE—THIA layout (num_warps. threads-per-warp=32)
coalesce A load/store E&EHH7FH BlockedEncoding - T2 87—
remove_layout_conversions  fl{#=2 R ttg.convert_layout (REM/LX)
optimize_thread_locality

accelerate_matmul tt.dot #pY MMA layout (Ampere: nvidia_mma v2) «T1 # IR BEKE
optimize_dot_operands
pipeline & num_stages fEREM/K (cp.async + async_wait)

prefetch / reduce_data_duplication / reorder_instructions ...

£t - REIEMNERER

TTIR EFEE: MEHRE. WEEFERE (load. dot, store) , AEWREL., TTGIR EELYD
TE: SEIEDAMINUVIA. SARIW/LREE (layout) , MLEMPELGEITIHEE (shared
memory) . LLVM IR / PTX @81 TAMIRER: F/LLZMiRE. AWM

( mma.sync ) ., convert_layout FEEMTYIAEZEREMP—RE—VIARAIE—T (shuffle)
REEH, BENAEAZLNICESBE (shared memory) 7.

EIRBAY B


https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/triton/runtime/jit.py
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/triton/compiler/code_generator.py
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/triton/compiler/compiler.py
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/include/triton/Dialect/Triton/IR/TritonOps.td
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/include/triton/Dialect/TritonGPU/IR/TritonGPUAttrDefs.td
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/test/TritonGPU/coalesce.mlir
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/test/unit/language/test_core.py

1. Kernel semantics: B /5 tutorials 1 Triton Puzzles: program instance. block tensor.
mask. reduction, dot,

2. Frontend: @triton.jit — JITFunction.run — compile() , & constexpr AIZRLITF
.o

3. TTIR: Triton dialect B op X . canonicalization,

4. TTGIR: B, layout FX . triton > Coalesce.cpp .  triton > RemovelLayoutConversions.cpp |\
triton > AccelerateMatmul.cpp o

5. Lowering: i%& tl.dot # convert_layout FFREZIEER] PTX,

6. Testing: lit/FileCheck (T5) . Python %, |/NEWM (T4) ,

Gluon: HZEE layout

Gluon 2 Triton EERENRIZEE: layout FHBHERIFRER, MERMRERBESL®R, T2 &
#9 BlockedLayout, £ Gluon EBHi=Z ttgl.BlockedLayout(size_per_thread=...,
threads_per_warp=..., warps_per_cta=..., order=...) . Al J& triton > gluon/@l-intro.py

F  triton > gluon/@2-layouts.py o

v Bill: E—" vector-add B9 TTIR #1 TTGIR, op £E&&%TN5?

Ae (T MRHMEIE T X—R) . TEEE: tensor<1024xf32> IR tensor<1024xf32,
#blocked> , XHEFFkZT #blocked = #ttg.blocked<{sizePerThread = [4], ...}> #
"ttg.num-warps" = 4 ZZEHJ) module B, X matmul IAE: TTGIR 2%t
ttg.local_alloc . ttg.async_copy_global_to_local . ttg.local_load #[
ttg.convert_layout , XLEZ pipeline 1 MMA layout & 3AIHT op.


https://github.com/srush/Triton-Puzzles
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/lib/Dialect/TritonGPU/Transforms/Coalesce.cpp
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/lib/Dialect/TritonGPU/Transforms/RemoveLayoutConversions.cpp
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/lib/Dialect/TritonGPU/Transforms/AccelerateMatmul.cpp
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/tutorials/gluon/01-intro.py
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/tutorials/gluon/02-layouts.py

Part 0 - Eit 4

Luminal £

Luminal 2—"1"“CREBKE. EFENEFELNEER. BERHITITIT R inference compiler, X—
TIEHEM tensor API El| CUDA launch IEEHT, UMAEBIMHYDPERIEBEMNAME, L1-L5 #7EX
oKkt E L,

1. ZOEE (README) 2. Nt H e-graph + #%, MAE— pass
. ENEHEMAA: HIETE

ZIOIES (README)

e RISC M#§: —1I#BML AL —/\4H primitive ops, README %7 15 ~: Unary Log2, Exp2,
Sin, Sqrt, Recip ; Binary Add, Mul, Mod, LessThan ; Other SumReduce, MaxReduce,
Iota, Gather, Scatter, Cast , =B8] main Y tuminal > Logicalop MWELEXER (FF
Select . IndexMapApply . &#f scan &) , ERIFMRLURBAE.

o Compile everything: x + y Ait8, RiEEZI DAG; execute() KA,

e Search: “The best heuristic is no heuristic”, AE—X4%. WA SMN, mMEIEHRE
ZMMIZF B e—graph, BEMRIRMN,

e First-class dynamism: F2RAIAERFSRIAR ( (s, 4096) ) .

» Validated against PyTorch 5 ReferenceRuntime,

Luminal: M tensor API %] GPU

Tensor API B2 — logical graph R — e—graph HEVRIE search
cx.tensor / matmul / relu primitive ops + shape - egglog rewrites genome - SCifll ns

|

AFE

runtime W7t finalists
CUDA launch / graph LLIR + arena slab IE / AEFEME

L1 B4 logical graph; L2 MZESLH] e—graph 1 equality saturation; L3 3L} genome #Z ., rank_insert 5
finalists; L4 %48 arena B9 plan_slab; L5 B Reference vs CUDA RYST$HMIE, .



https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/logical/ir.rs#L115

B EiR BT RBAO

Tensor API . shape. dtype. broadcast luminal > src/graph.rs
/ graph i view luminal > frontend/matmul.rs

luminal > frontend/unary.rs

primitive primitive 85 . high-level op a0l luminal » logical/ir.rs - src/logical/op/*
ops EIE7S
e—graph e—class. rewrite, saturation. luminal > egglog_preamble.egg
extraction; rewrite B E MR luminal »> extraction.rs ) + egglog
search / RENEAER . ME. HER luminal » cuda_lite/search.rs
cost luminal » finalists.rs
X/ EPRIEGNEZERY buffer. slab. luminal > buffer/arena.rs
runtime launch luminal » cuda_lite/runtime.rs

luminal > cuda_graph.rs

kernel &£ CUBLASLt, Flashinfer BJiEANS luminal > ops/cublas1t/README.md
dispatch &% ops/cublaslt/egg/*.eqqg

BT ReferenceRuntime FJIEX . &% luminal > reference/runtime.rs
RIE luminal > narrow_float.rs

Nt 4H e-graph + #%, MAE—&H pass

README Y “What about XLA?” —28E Tohll: BRIz —AEBEAY (B@) RSN
m, MUIREEBEE R MNitL, TEHEHIFH., BE#HMZ, e-graph BIXE 2IEMRIF LY :
a+b - b+a HEEE— e-class EZI1— e-node, BEFRWVIEFAE. FRIEEERLERIIEE,
HiERE,
’
KL - —X“FAXGIFHR" AR —ZHIRLIE
£4 pass BREZELENTR: X THMEALE, FIARBMEIEENEN, e-graph &—KE X G
a8 F9iEEBIIEAESEMINE (e—class) , JAHBEHMEEMNTHETR., &/EHBAIET
BS” (S ZR) RESLRBMMRE, KNSIEEEERIE (L2 221 3 TULEBFEME 15
™ e-node, 6 InAF 608 1) , FRAAEFME,

BEREREMtA: HIRES

README 9 Environment flags — %I TAIBEF X, L4 MimZlin trace EERX/LD:


https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/graph.rs
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/frontend/matmul.rs#L32
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/frontend/unary.rs#L498
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/logical/ir.rs#L115
https://github.com/egraphs-good/egglog
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/egglog_core/egglog_preamble.egg
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/extraction.rs#L555
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/search.rs#L355
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/finalists.rs
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/buffer/arena.rs#L43
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/runtime.rs
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/cuda_graph.rs
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/ops/cublaslt/README.md
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_reference/src/runtime.rs
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_reference/src/narrow_float.rs
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LLIR_DUMP_DIR=dir IRy finalist B9 LLIR BAL .txt #1 .dot

LUMINAL_CUDA_PROFILE_RECAPTURE=1 %)X execute B prepare / allocate / launch / sync 9 f#

LUMINAL_CUBLASLT_AUTOTUNE=1 prepare B4 cuBLASLt EiE#l autotune
v B: Luminal 89 matmul R+A“AR=Bn) cast”?

luminal > matmul BT S5EREBH: matmul SIEMTE dtype BRIEE_EHRY broadcast +
reduce, MAFHEA cast; BEAREITERE, LITHAFE
lhs.cast(D).matmul(rhs.cast(D)) , ik cast R ANEBERRMNT R, WD dtype FRIEZEIRE.
RIEFHRFLE: BEEEEEERENN, BRI (L5) HMASWEENEREER T,


https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/frontend/matmul.rs#L32
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roadmap FIHEIFIIRKRE, GEMM tiling W& HILEE “F & tile B9 FLOPs, #URRIZEMEIES
A, XESEmITAL:
1. 0 : 23S 82 RiEl
LEREESN, XIE
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2. BB%: Nsight Compute IREEHR registers. shared memory. achieved occupancy. DRAM
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HEBRIA T HECE (shared memory RBFR. F1F2s spill) , FAREENIEM
Triton autotuner B early_config_prune F perf_model TEfRIZE

fiD &%

RS HEH

triton > Triton tutorial 03: matmul -  triton > autotuner.py: early_config_prune / perf_model

CUDA Programming Guide: occupancy * Nsight Compute

EREIrYFIR

— tiled GEMM LS CTA ik C B9—3R BM x BN, & K &)Xk A[BMxBK] F1 BI[BKxBN] 3

shared memory,


file:///Users/kzhoulatte/development/ai-compiler-drills/hints/k1_gemm_model.html
https://docs.nvidia.com/cuda/cuda-c-programming-guide/index.html#multiprocessor-level
https://docs.nvidia.com/nsight-compute/
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/tutorials/03-matrix-multiplication.py
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/triton/runtime/autotuner.py#L28
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gemm_flops(M, N, K)

gemm_min_bytes(M, N, K, in_bytes,
out_bytes)

arithmetic_intensity(flops, nbytes)
tiled_bytes(M, N, K, cfg, ...)

smem_bytes(cfg) / threads(cfg) /
regs_per_thread(cfg)

occupancy(gpu, cfg)

waves(gpu, M, N, cfg,
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"MKl - GEMM tile & resource model — your implementation (run ./check.sh k1).

Pure Python. Given a GEMM shape and a tile configuration (what Triton calls
BLOCK_M / BLOCK_N / BLOCK_K / num_warps / num_stages), predict xbefore running anythingsx:

how many FLOPs and how many bytes the problem needs at minimum,

how many bytes the tiled kernel really moves (A and B are re-read once per tile column
how much shared memory and roughly how many registers one CTA needs,

how many CTAs fit on one SM (occupancy) and which resource limits it,

how many waves of CTAs the grid needs and how full the last wave is,

a roofline estimate: is this config memory-, compute- or launch-bound?

These are exactly the numbers you compare against Nsight Compute in T3, and the numbers a
compiler's cost model (Luminal's search, Triton's autotuner pruning) reasons about.

from dataclasses import dataclass
from math import ceil

@dataclass(frozen=True)

class GPU:
name: str
sm_count: int
smem_per_sm: int # bytes of shared memory per SM
smem_per_block: int # max bytes one CTA may use
regs_per_sm: int # 32-bit registers per SM

max_threads_per_sm: int

max_blocks_per_sm: int

max_regs_per_thread: int

peak_flops: float # FLOP/s for the dtype being modelled (e.g. FP16 Tensor Co
peak_bw: float # bytes/s of DRAM bandwidth

launch_overhead: float = 5e-6 # seconds; below ~this a kernel is launch-bound

# Approximate public specs. RTX 3070 = GAl04, SM86 (the roadmap's starting GPU).

RTX3070 = GPU("RTX 3070 (SM86)'", sm_count=46, smem_per_sm=100 x 1024, smem_per_block=99 x
regs_per_sm=65536, max_threads_per_sm=1536, max_blocks_per_sm=16, max_regs_p
peak_flops=40e12, peak_bw=448€9)

@dataclass(frozen=True)
class TileConfig:

BM: int
BN: int
BK: int

num_warps: int = 4
num_stages: int = 3

def gemm_flops(M, N, K):



def

def

def

def

def

def

def

def

def

"""One multiply + one add per (m, n, k)."""
raise NotImplementedError("gemm_flops")

gemm_min_bytes(M, N, K, in_bytes=2, out_bytes=2):
""""Read A and B once, write C once: the lower bound on DRAM traffic.
raise NotImplementedError("gemm_min_bytes")

arithmetic_intensity(flops, nbytes):
raise NotImplementedError("arithmetic_intensity")

tiled_bytes(M, N, K, cfg: TileConfig, in_bytes=2, out_bytes=2):
"""Bytes a tiled kernel loads from DRAM (ignoring L2 hits).

Each CTA owns a BM x BN tile of C and walks all of K, so the whole of A is read once p
column of tiles (ceil(N / BN) times) and the whole of B once per row of tiles."""
raise NotImplementedError("tiled_bytes")

smem_bytes(cfg: TileConfig, in_bytes=2):
"""num_stages copies of one A tile (BM x BK) and one B tile (BK x BN)."""
raise NotImplementedError("smem_bytes")

threads(cfg: TileConfig):
raise NotImplementedError("threads")

regs_per_thread(cfg: TileConfig, overhead=40):

"""Rough estimate: the fp32 accumulator tile spread over the CTA's threads, plus a fix
overhead for addresses, loop counters and operand fragments. Real numbers come from
“ptxas -v' / Nsight; this is the first-order term that grows with the tile."""

raise NotImplementedError("regs_per_thread")

occupancy(gpu: GPU, cfg: TileConfig, in_bytes=2):
""U"CTAs that can be resident on one SM, and which resource is the limit.

Returns {"blocks": int, "limiter": str, "valid": bool, "reason": str}."""
raise NotImplementedError("occupancy")

waves(gpu: GPU, M, N, cfg: TileConfig, blocks_per_sm):
"""How many rounds of CTAs the grid needs, and how full the last round is (@..1]."""
raise NotImplementedError("waves')

roofline(gpu: GPU, flops, nbytes):
""!"| ower-bound time and the bound that sets it."""



raise NotImplementedError("roofline")

def analyze(gpu: GPU, M, N, K, cfg: TileConfig, in_bytes=2, out_bytes=2):

"""Everything above for one (shape, config) pair.
raise NotImplementedError("analyze")

1o

./check.sh k1

tests/test_kl_gemm_model.py 76 1T =k



import math

import pytest

from drill import load

kl =

G =
C =

def

def

def

def

def

load("k1l_gemm_model")
k1.RTX3070
kl.TileConfig

test_flops_and_min_bytes():

assert kl.gemm_flops(4096, 4096, 4096) == 2 * 4096 *x* 3

# fplé A, B, C: three 4096x4096 matrices x 2 bytes

assert kl.gemm_min_bytes (4096, 4096, 4096) == 3 x 4096 x 4096 x 2

assert kl.gemm_min_bytes(8, 16, 4, in_bytes=4, out_bytes=4) == (8 x 4 + 4 x 16 + 8 * 1

test_tiled_bytes_rereads_operands():

# 102473 with 128x128 tiles: A is read 1024/128 = 8 times, B 8 times

got = kl.tiled_bytes(1024, 1024, 1024, C(128, 128, 64))

assert got == (1024 * 1024 * 8 * 2) * 2 + 1024 x 1024 % 2

# partial tiles count as a full re-read

assert kl.tiled_bytes(100, 100, 10, C(64, 64, 16), in_bytes=1, out_bytes=1) == 100 * 1

test_smem_regs_threads():

cfg = C(128, 128, 64, num_warps=4, num_stages=3)

assert kl.smem_bytes(cfg) == 3 % (128 % 64 + 64 % 128) x 2 == 98304
assert kl.threads(cfg) == 128

assert kl.regs_per_thread(cfg) == 128 % 128 // 128 + 40

test_occupancy_limiters():
big = kl.occupancy(G, C(128, 128, 64, 4, 3))
assert big["valid"] and big["blocks"] == 1 and big["limiter"] == "smem"

small = kl.occupancy(G, C(64, 64, 32, 4, 2))
# threads 12, regs 65536 // (72x128) = 7, smem 102400 // 16384
assert small["blocks"] == 6 and small["limiter"] == "smem"

6, blocks 16

too_much_smem = kl.occupancy(G, C(128, 256, 64, 8, 3))
assert not too_much_smem["valid"] and too_much_smem["limiter"] == "smem"

spills = kl.occupancy(G, C(256, 256, 32, 4, 2))

assert not spills["valid"] and spills["limiter"] == "regs"

test_waves_and_tail():
w = kl.waves(G, 4096, 4096, C(128, 128, 64), blocks_per_sm=1)



def

def

R

assert w["tiles"] == 1024 and w["per_wave"] == 46 and w["waves"] == 23
assert w["tail_fill"] == pytest.approx(12 / 46)

exact = kl.waves(G, 46 x 64, 64, C(64, 64, 32), blocks_per_sm=1)
assert exact["waves"] == 1 and exact["tail_fill"] == 1.0

test_roofline_bounds():
flops = kl.gemm_flops (4096, 4096, 4096)
r = kl.roofline(G, flops, kl.gemm_min_bytes (4096, 4096, 4096))

assert r["bound"] == "compute" and r["time"] == pytest.approx(flops / G.peak_flops)
# a vector add: 1 flop per 6 bytes

n=1<< 24

assert kl.roofline(G, n, 6 * n)I["bound"] == "memory"

# tiny problem: below the launch overhead
tiny = kl.roofline(G, kl.gemm_flops(64, 64, 64), kl.gemm_min_bytes(64, 64, 64))
assert tiny["bound"] == "launch" and tiny["time"] == G.launch_overhead

test_analyze_bundle():

a = kl.analyze(G, 2048, 2048, 2048, C(128, 128, 32, 4, 3))

assert al["flops"] == 2 * 2048 *x 3

assert a["intensity"] == pytest.approx(a["flops"] / al"tiled_bytes"])
assert al["occupancy"]["valid"] and "waves" in a

bad = kl.analyze(G, 2048, 2048, 2048, C(256, 256, 64, 4, 4))

assert not bad["occupancy"]["valid"] and "waves" not in bad

assert math.isclose(al["roofline"]["t_compute"], a["flops"] / G.peak_flops)

HERGEMND 58 (EEESE) i -

gemm_flops . gemm_min_bytes . smem_bytes . threads #E—{TAIN. tiled_bytes ;F=FH
ceil : 100 1THYIE)ES 64 1789 tile, B hEWHIEL 2 &,

occupancy KIPI EBR RS %0 (RERE) i -

threads: max_threads_per_sm // t, regs: regs_per_sm // (regs : t), smem:
smem_per_sm // smem, blocks: max_blocks_per_sm , BN BAEAT "HER (smem
81t smem_per_block . FfFesidid 255) , BE&/IVE. BAR/NIIEZFHE, RIE limiter
THE



roofline fl waves /¥2%% (2EEH) 2 -

max (flops/peak_flops, bytes/peak_bw) ; #& t < launch_overhead , bound

tiles = [M/BM]:[N/BN] , per_wave =
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= "launch" . time = launch_overhead , waves :

sm_count - blocks_per_sm, Exa—®HIERE = (tiles - (waves—1)-per_wave) /

per_wave ,
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"MKl - GEMM tile & resource model — reference solution.

Pure Python. Given a GEMM shape and a tile configuration (what Triton calls
BLOCK_M / BLOCK_N / BLOCK_K / num_warps / num_stages), predict xbefore running anythir

how many FLOPs and how many bytes the problem needs at minimum,

how many bytes the tiled kernel really moves (A and B are re-read once per tile cc
how much shared memory and roughly how many registers one CTA needs,

how many CTAs fit on one SM (occupancy) and which resource limits it,

how many waves of CTAs the grid needs and how full the last wave is,

a roofline estimate: is this config memory-, compute- or launch-bound?

These are exactly the numbers you compare against Nsight Compute in T3, and the number
compiler's cost model (Luminal's search, Triton's autotuner pruning) reasons about.

from dataclasses import dataclass
from math import ceil

@dataclass(frozen=True)

class GPU:
name: str
sm_count: int
smem_per_sm: int # bytes of shared memory per SM
smem_per_block: int # max bytes one CTA may use
regs_per_sm: int # 32-bit registers per SM

max_threads_per_sm: int

max_blocks_per_sm: int

max_regs_per_thread: int

peak_flops: float # FLOP/s for the dtype being modelled (e.g. FP16 Tensc
peak_bw: float # bytes/s of DRAM bandwidth

launch_overhead: float = 5e-6 # seconds; below ~this a kernel is launch-bound

# Approximate public specs. RTX 3070 = GAl04, SM86 (the roadmap's starting GPU).

RTX3070 = GPU("RTX 3070 (SM86)", sm_count=46, smem_per_sm=100 % 1024, smem_per_block=¢
regs_per_sm=65536, max_threads_per_sm=1536, max_blocks_per_sm=16, max_re
peak_flops=40e12, peak_bw=448¢e9)

@dataclass(frozen=True)
class TileConfig:

BM: int
BN: int
BK: int

num_warps: int = 4
num_stages: int = 3

def gemm_flops(M, N, K):



def

def

def

def

def

def

def

"""One multiply + one add per (m, n, k)."""
return 2 * M x N *x K

gemm_min_bytes(M, N, K, in_bytes=2, out_bytes=2):
""""Read A and B once, write C once: the lower bound on DRAM traffic."""
return (M x K + K x N) x in_bytes + M x N * out_bytes

arithmetic_intensity(flops, nbytes):
return flops / nbytes

tiled_bytes(M, N, K, cfg: TileConfig, in_bytes=2, out_bytes=2):
"""Bytes a tiled kernel loads from DRAM (ignoring L2 hits).

Each CTA owns a BM x BN tile of C and walks all of K, so the whole of A is read on
column of tiles (ceil(N / BN) times) and the whole of B once per row of tiles."""
a_reads = M x K x ceil(N / cfg.BN)

b_reads = K x N x ceil(M / cfg.BM)

return (a_reads + b_reads) * in_bytes + M *x N * out_bytes

smem_bytes(cfg: TileConfig, in_bytes=2):
"""'num_stages copies of one A tile (BM x BK) and one B tile (BK x BN)."""
return cfg.num_stages x (cfg.BM % cfg.BK + cfg.BK *x cfg.BN) x in_bytes

threads(cfg: TileConfig):
return cfg.num_warps * 32

regs_per_thread(cfg: TileConfig, overhead=40):

"""Rough estimate: the fp32 accumulator tile spread over the CTA's threads, plus &
overhead for addresses, loop counters and operand fragments. Real numbers come frc
“ptxas -v' / Nsight; this is the first-order term that grows with the tile."""
return cfg.BM x cfg.BN // threads(cfg) + overhead

occupancy(gpu: GPU, cfg: TileConfig, in_bytes=2):
""IUCTAs that can be resident on one SM, and which resource is the limit.

Returns {"blocks": int, "limiter": str, "valid": bool, "reason": str}."""
t = threads(cfg)
regs = regs_per_thread(cfg)
smem = smem_bytes(cfg, in_bytes)
if smem > gpu.smem_per_block:

return {"blocks": @, "limiter": "smem", "valid": False,

"reason": f'"needs {smem} B shared memory, a CTA may use {gpu.smem_per_

if regs > gpu.max_regs_per_thread:

return {"blocks": 0, "limiter": "regs", "valid": False,



"reason": f'~{regs} registers/thread > {gpu.max_regs_per_thread}:

limits = {
"threads": gpu.max_threads_per_sm // t,
"regs": gpu.regs_per_sm // (regs x t),
"smem'": gpu.smem_per_sm // smem if smem else gpu.max_blocks_per_sm,
"blocks": gpu.max_blocks_per_sm,
b
limiter = min(limits, key=lambda k: (limits([k], k))
blocks = limits[limiter]
return {"blocks": blocks, "limiter": limiter, "valid": blocks > 0,
"reason": "" if blocks > 0 else f"{limiter} allows @ CTAs per SM"}

def waves(gpu: GPU, M, N, cfg: TileConfig, blocks_per_sm):

def

def

"""How many rounds of CTAs the grid needs, and how full the last round is (0
tiles = ceil(M / cfg.BM) x ceil(N / cfg.BN)

per_wave = gpu.sm_count x blocks_per_sm

n = ceil(tiles / per_wave)

last = tiles - (n - 1) % per_wave

will

o odbll ot

return {"tiles": tiles, "per_wave": per_wave, "waves": n, "tail_fill": last / per_

roofline(gpu: GPU, flops, nbytes):
""" ower—bound time and the bound that sets it."""
t_compute = flops / gpu.peak_flops
t_memory = nbytes / gpu.peak_bw
t = max(t_compute, t_memory)
if t < gpu.launch_overhead:
bound = "launch"
else:
bound = "compute" if t_compute >= t_memory else "memory"

return {"time": max(t, gpu.launch_overhead), "t_compute": t_compute, "t_memory": t

analyze(gpu: GPU, M, N, K, cfg: TileConfig, in_bytes=2, out_bytes=2):
"""Everything above for one (shape, config) pair."""
occ = occupancy(gpu, cfg, in_bytes)
flops = gemm_flops(M, N, K)
moved = tiled_bytes(M, N, K, cfg, in_bytes, out_bytes)
out = {
"flops": flops,
"min_bytes": gemm_min_bytes(M, N, K, in_bytes, out_bytes),
"tiled_bytes": moved,
"intensity": arithmetic_intensity(flops, moved),
"smem': smem_bytes(cfg, in_bytes),
"regs": regs_per_thread(cfg),
"occupancy": occ,
"roofline": roofline(gpu, flops, moved),

¥

if occ["valid"]:



out["waves"] = waves(gpu, M, N, cfg, occ["blocks"])
return out

£ RTX 3070 LxH8

# kernel[grid](...) i&[E] CompiledKernel; launch Z/SEF& ptxas IREHIZIFEE

# (python/triton/compiler/compiler.py: self.n_regs, self.n_spills = driver.active.utils.lc

k = matmul_kernellgridl(a, b, ¢, M, N, K, a.stride(0), a.stride(1), b.stride(0), b.stride(
c.stride(0), c.stride(1), BLOCK_SIZE_M=128, BLOCK_SIZE_N=128, BLOC
GROUP_SIZE_M=8, num_warps=4, num_stages=3) # 1 # @autotune HIHZ7Z

print(k.n_regs, k.n_spills, k.metadata.shared) # X/4% regs_per_thread() / smem_bytes()

ncu —set full -k regex:matmul_kernel python run_matmul.py # Registers Per Thread. Achie)

B n_regs FRE—MEITEER: fiHRIEZD? ZE o EMULTTE . A/B BRIEHFE ( ldmatrix
B FF:E) RKERE,

v Bill: RATRIT L2 BEEISIR 40962 GEMM 2 memory-bound?

128 X128 # tile T, A f1 B FHEEIL 32 /X, tiled_bytes =~ 2.2 GB, 448 GB/s E 4.9
ms, Lt 40 TFLOP/s T#Y 3.4 ms I EIfEIEK, EHEX GPU £E—7F tile By CTA JLFERTE
EE—IR A, BEREIFBHLEEZNESHTH 4 MB 1 L2, EIFE) DRAM MFT3EIE gemm_min_bytes
(#9100 MB) , F2%R compute-bound, XFi=Z Triton tutorial 2 grouped ordering
( GROUP_SIZE M) MIEE: iLEREITH CTA HEEZ A/B tile, 125 L2 @sHE, T3 AYIK
BHERETEXMNHIR NG, REMEENLRERE.



HEEM - Track K - #£EZNRIFEL - 55 2 &
(#) T1{5/Y benchmark: warmup. ¥ . H{i%k. compile
5 run 58

— P EIRT 8% "M PR BENBEW RS, BURTRINERIE, XEHE — A AFER benchmark
harness: warmup. B#. BEEEPE. BHEZFE / ERZNENRSHESF, HEREERATE
BEIAIREIR”,

@ 30 min HE 3 fRE mine/k2_bench_harness.py IS . /check.sh k2

SEMR solutions/k2_bench_harness.py L BB AR T

1. 55 6. IRUL
2. RS HER 7. 1
3. ZFHEINEIR 8. SEfR
4. MEER 9. £ RTX 3070 L£: & launch-bound %
5. ST memory—bound Y33 &
=13
=hd

roadmap % 9 TX4EE PR NEKRE: “RIEIRE. RA. warmup, EERE. median /
variance, compile 5 runtime 28", XMNGSEMITIERH=EER:
o Triton: FE—RIAAE JIT ¥ (ML autotune, AEE/LF) , ZEEXERRE/LHMD,
e Luminal: cx.compile(...) BEHEE e-graph BHFMRIEER (FIRE/LTF) , 2FW
execute 7S,
e GPU @%%¥ ) kernellgrid]l(...) IR[EIF kernel AIEEMRIZFFIRME; 5
torch.cuda.synchronize() RiiZERTER, MEIEYZ launch BYRT(E],

PSS
triton > triton.testing.do_bench & ( quantiles . return_mode ) -

triton > autotuner ARy quantiles=(0.5, 0.2, 0.8)  * Luminal README B9
LUMINAL_CUDA_PROFILE_RECAPTURE (prepare / launch / sync 2fi#) - Nsight Systems

EREIRYFIR


file:///Users/kzhoulatte/development/ai-compiler-drills/hints/k2_bench_harness.html
https://docs.nvidia.com/nsight-systems/
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/triton/testing.py#L288
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/triton/runtime/autotuner.py#L143

—REI SRR

warmup X N sync { t0 = clock() }\ n()
JIT. autotune., &7F. SMZE H= Z RIS TIE %44 launch
median - IQR s t1 - t0 sync
A min, THER —PEER EXORIIESER

MR sync T—A1]: FHARBIAR sync, MAEEREHRT E—8IEE; ZRAIA sync, MBI R Z launch B9 CPU F
%ﬁo

SKitE A4

median SHBANEREA (BWARHIZIE S, MFKED) A8 mean SW—TEEHENEE
IQR (g3 - q1) IREMRE; MAIERN QR XEES, MAIRESIR

p20 / p80 Triton autotuner A quantiles=(0.5, 0.2, 0.8) REMMIBX=1

CV (stdev / mean) RBEM; CVAKFILTED R, SEBMEEIRMKL

Tukey fences [ql - 1.5-IQR, g3 + 1.5-IQR] HMEIRIREAIT AN ESEE

£Lt - SRE

BEERE—RAE, RBPATIRETRE: BREK, FEFHBSE—LFT. AIENHER:
BRE—E (RAF=) . TR (warmup) | EEE—FEEALMIER, B ERANPAUELLE: &
BrEsERE (IQR) BREE, MAIREBEEMMEBKI. “S—RE"LEFE THAER. AN
jB——3F 2 compile time, E&JHiC,

B E# K

£ mine/k2_bench_harness.py EBSLI ( FakeClock B84 : 8% work() I#EHETE, BAFEEMNRXE
78 GPU) :



R
percentile(xs, q)

summarize(samples)

bench(fn, warmup, repeats, timer,

sync)

compile_vs_run(make_fn, repeats, timer,

sync)
outliers(samples, k)

compare(base, new)

B

mine/k2_bench_harness.py 72 17

ZMEE, M numpy BRIA—

n. median, mean, stdev. min, max. p10. p90. ql. g3.

iqr. cv

warmup AITES; B TMEARBIES sync —IR; warmup Z5t0
sync —&

make_fn() BYMIIEETE + E5—XIBAA = —RMRA; ZEHF

I8 = BE
Tukey fences Z MY TR

speedup = base.median / new.median ; IQR F~NEZ7 #l faster

/ slower

Sl



""UK2 - A benchmark harness you can trust — your implementation (run ./check.sh k2).

The

* ¥ ¥ X X

same rules apply to a Triton kernel, a Luminal graph or a cuBLAS call:

warm up first (JIT compile, autotune, caches, clocks) and never time the warmup;
synchronize before reading the clock (GPU launches are asynchronous);

repeat, and report the median and the spread, not the best run;

keep compile / search time separate from steady-state run time;

only call a change faster when the difference is larger than the noise.

Everything takes an injectable “timer® and “sync’, so tests drive it with a fake clock and
real run passes " time.perf_counter® and “torch.cuda.synchronize’.

import statistics
import time

def

def

def

def

def

def

percentile(xs, q):
"""l inear-interpolation percentile, q in [@, 100] (same as numpy's default)."""
raise NotImplementedError("percentile")

summarize(samples):
"""Robust statistics of a list of timings.
raise NotImplementedError("summarize")

bench(fn, warmup=10, repeats=50, timer=time.perf_counter, sync=lambda: None):
"""Time fn() “repeats’ times after “warmup’ untimed calls.

sync() runs before xstartingx the clock (drain earlier async work) and before xstoppin
(wait for this call's work). Returns summarize(samples) plus the raw samples."""
raise NotImplementedError("bench")

compile_vs_run(make_fn, repeats=20, timer=time.perf_counter, sync=lambda: None):
"""Separate one-time cost (building / compiling / searching + the first call) from
steady-state cost. make_fn() returns the callable; that construction is part of the
one—-time cost, exactly like "torch.compile’, a Triton JIT or a Luminal search."""
raise NotImplementedError("compile_vs_run")

outliers(samples, k=1.5):
"""Tndices outside Tukey's fences [gl - kxIQR, g3 + kxIQR]."""
raise NotImplementedError("outliers")

compare(base, new):
"""Ts ‘new’ faster than ‘base'? Both are summarize() results.



speedup = base.median / new.median. The verdict is "faster" / "slower" only when the
interquartile ranges do not overlap; otherwise "within noise"."""
raise NotImplementedError("compare")

class FakeClock:
"""Deterministic clock for tests and for reasoning about the harness: each fn() call
advances time by the next duration in “durations” (cycled)."""

il

def

def

__init_ (self, durations):

self.t = 0.0
self.durations = list(durations)
self.i =0

self.calls = 0

__call_ (self):

return self.t

def work(self):

self.t += self.durations[self.i % len(self.durations)]
self.i += 1
self.calls += 1

./check.sh k2

tests/test_k2_bench_harness.py 59 1T Sl



import pytest

from drill import load

k2 =

def

def

def

def

def

load("k2_bench_harness")

test_percentile_matches_numpy_linear():

xs =[5, 1, 4, 2, 3]

assert k2.percentile(xs, 0) == 1 and k2.percentile(xs, 100) == 5 and k2.percentile(xs,
assert k2.percentile([1, 2, 3, 4], 25) == pytest.approx(1.75)

test_summarize_basic():
s = k2.summarize([1.0, 2.0, 3.0, 4.0, 100.0])

assert s["median"] == 3.0 and s["min"] == 1.0 and s["max"] == 100.0

assert s["ql"] == 2.0 and s["g3"] == 4.0 and s["iqr"] == 2.0

assert s["mean"] == 22.0 # the mean is dragged by the outlier, the median is
test_bench_skips_warmup_and_syncs():

# warmup calls take 10 s (compilation), steady calls take 1 s

clock = k2.FakeClock([10.0] * 3 + [1.0] *x 100)

syncs = []

r = k2.bench(clock.work, warmup=3, repeats=20, timer=clock, sync=lambda: syncs.append(
assert r["n"] == 20 and r["median"] == 1.0 and max(r["samples"]) == 1.0

assert clock.calls == 23

assert len(syncs) == 1 + 2 % 20 # once after warmup, before and after every timed

test_compile_vs_run():
clock = k2.FakeClock([1.0])
built = []

def make():
clock.t += 7.0 # "compilation
built.append(1)
return clock.work

r = k2.compile_vs_run(make, repeats=5, timer=clock)
assert built == [1]

assert r["first_call"] == pytest.approx(8.0)

assert r["steady_median"] == pytest.approx(1.0)
assert r["one_time_cost"] == pytest.approx(7.0)

test_outliers():
xs = [1.0, 1.1, 0.9, 1.0, 1.05, 0.95, 5.0]
assert k2.outliers(xs) == [6]



def test_compare_needs_more_than_noise():
base = k2.summarize([10, 11, 12, 10.5, 11.5])
clearly = k2.summarize([5, 5.5, 6, 5.2, 5.8])
noisy = k2.summarize([9.5, 11, 12.5, 10, 11.8])

assert k2.compare(base, clearly)["verdict"] == "faster"
assert k2.compare(base, clearly) ["speedup"] == pytest.approx(11l / 5.5)
assert k2.compare(base, noisy)["verdict"] == "within noise"
assert k2.compare(clearly, base)["verdict"] == "slower"
RT
percentile 7 (ZERIE) Wi -

HEFE, pos = (n - 1)-q/100, 7 s[floor(pos)] F slfloor(pos)+1] Z[E4&4iHEE. [1,
2, 3, 41 Wy 25 H{IE 1.75,

sync BIREX RRSHERY (FEEIE) i -

MIXERIZ: warmup Zf5 1R, BTEARRIESE 1R, £ 1 + 2-repeats X,

compile_vs_run 5 compare /I1¥2E% (EEZEE) Ktie -

compile_vs_run : sync(); t0 = timer(); fn = make_fn(); fn(); sync(); first = timer()
- 10, AREXNT fn lB—K bench , one_time_cost = first - steady_median , compare : [X

8 [ql, 93] E& < not (new.q3 < base.ql or base.g3 < new.ql) ,



p
solutions/k2_bench_harness.py %8255, HINiLEE 2 -

solutions/k2_bench_harness.py 114 17 il




""MK2 - A benchmark harness you can trust — reference solution.

The

2 TE e we 9e

same rules apply to a Triton kernel, a Luminal graph or a cuBLAS call:

warm up first (JIT compile, autotune, caches, clocks) and never time the warmup;
synchronize before reading the clock (GPU launches are asynchronous);

repeat, and report the median and the spread, not the best run;

keep compile / search time separate from steady-state run time;

only call a change faster when the difference is larger than the noise.

Everything takes an injectable “timer® and “sync’, so tests drive it with a fake clock
real run passes " time.perf_counter® and “torch.cuda.synchronize’.

import statistics
import time

def

def

def

percentile(xs, q):
""" inear-interpolation percentile, q in [0, 100] (same as numpy's default)."""
s = sorted(xs)
if not s:
raise ValueError("no samples")
pos = (len(s) - 1) x q / 100
lo = int(pos)
hi = min(lo + 1, len(s) - 1)
return s[lo] + (s[hi] - s[lo]) * (pos - 1lo)

summarize(samples):
"""Robust statistics of a list of timings.
med = statistics.median(samples)
mean = statistics.fmean(samples)
sd = statistics.stdev(samples) if len(samples) > 1 else 0.0
ql, g3 = percentile(samples, 25), percentile(samples, 75)
return {
"n": len(samples), "median": med, "mean": mean, "stdev": sd, "min": min(sample
"pl@": percentile(samples, 10), "p90": percentile(samples, 90),
"g1": g1, "q3": g3, "igr": g3 - ql, "cv": sd / mean if mean else 0.0,

bench(fn, warmup=10, repeats=50, timer=time.perf_counter, sync=lambda: None):
"""Time fn() “repeats” times after “warmup’ untimed calls.

sync() runs before xstartingx the clock (drain earlier async work) and before xstc
(wait for this call's work). Returns summarize(samples) plus the raw samples.'""
for _ in range(warmup):

n()
sync()
samples = []



def

def

def

for _ in range(repeats):
sync()
t0 = timer()
fn()
sync()
samples.append(timer() - t0)
out = summarize(samples)
out["samples"] = samples
return out

compile_vs_run(make_fn, repeats=20, timer=time.perf_counter, sync=lambda: None):
"""Separate one-time cost (building / compiling / searching + the first call) fron
steady-state cost. make_fn() returns the callable; that construction is part of th
one-time cost, exactly like “torch.compile’, a Triton JIT or a Luminal search."""
sync()
t0 = timer()
fn = make_fn()
fn()
sync()
first = timer() - to
steady = bench(fn, warmup=2, repeats=repeats, timer=timer, sync=sync)
return {"first_call": first, "steady_median": steady["median"],

"one_time_cost": first - steady["median"], "steady": steady}

outliers(samples, k=1.5):

"""TIndices outside Tukey's fences [ql - kxIQR, g3 + k*xIQR]."""
gl, g3 = percentile(samples, 25), percentile(samples, 75)

lo, hi =gl - k x (g3 - q1), g3 + k *x (g3 - q1)

return [i for i, x in enumerate(samples) if x < lo or x > hi]

compare(base, new):
"""Ts “new  faster than “base ? Both are summarize() results.

speedup = base.median / new.median. The verdict is '"faster" / "slower" only when t

interquartile ranges do not overlap; otherwise "within noise".
speedup = base["median"] / new["median"]

overlap = not (new["g3"] < basel["ql"] or base["g3"] < new["ql"])
if overlap:

verdict = "within noise"
else:

verdict = "faster" if speedup > 1 else "slower"

return {"speedup": speedup, "verdict": verdict}

class FakeClock:

"""Deterministic clock for tests and for reasoning about the harness: each fn() ce
advances time by the next duration in “durations” (cycled)."""



def _init_ (self, durations):

self.t = 0.0
self.durations = list(durations)
self.i =0

self.calls = 0

def __call__(self):
return self.t

def work(self):
self.t += self.durations[self.i % len(self.durations)]

self.i += 1
self.calls += 1

£ RTX 3070 L: MY launch-bound % memory-bound B85

import torch, triton
from solutions.k2_bench_harness import bench, compare
for n in [2xxk for k in range(10, 27, 2)]:
x = torch.randn(n, device="cuda"); y = torch.randn_like(x)
r = bench(lambda: x + y, warmup=20, repeats=100, sync=torch.cuda.synchronize)
print(f"{n:>10} {r['median']*1e6:8.1f} us {3x4xn/r['median']/1e9:7.1f} GB/s cv={r['c
# HB# triton.testing.do_bench(lambda: x + y, quantiles=(0.5, 0.2, 0.8)) HIZZZEXtt

/NEER median EARFRZE (launch-bound) , GB/s i n &% EF; KEILEATEEEFIARE
n 4184, GB/s &k 448 GB/s B9 LPR (memory-bound) ., J¥&E time.perf_counter +
synchronize MAYEEFE launch MIIHEZEIHAETE], do_bench FH CUDA event HESRZIEE L2 £
7, mMEEN n B2EEH,

v Billl: AFAHKRE min RAKkE median?

min B“&EBMN—R": EFRIFHR. MRRETS. REFITE. EAUEN, MK KRBFEE
ZIpYRTE], median 2HEME, L IQR FAEIRAAIEE ., roadmap AY T3 HiFEIRIAE: “FER
RERIR—R; IRE median FaEM, 7



HEEM - Track K - £E&NREL - 56 3 W
(B HEEMRE: ULP, B, BE4E8. BRERK
RS EERRERIEE: spllt K. WH Y329, RS epilogue. e-graph BfJ (a+b)+c — a+(b+c),
T—E"ILEFETBT”, REFRMEXoAENTR: ULP IEE. [ dtype MIANKERBHNNE
% EZABUETN:OLE PN
@ 45 min HWE H RS mine/k3_numerics.py I8 ./check.sh k3

S Z#E solutions/k3_numerics.py L YRR TT

1. B8R 5. &@T
2. RiB5&ER 6. Il
3. ZHAIMAIIR 7. 1R
4. BEER 8. &R
9. £ RTX 3070 k: TF32 g9if
GE

roadmap BIHEEIIRER: “Numerical correctness: FP32 accumulation. rounding.
reassociation. tolerance — fi&EBFEMXFED ML, T4 (Triton H/NEM) F L5 (Luminal
JTiH) EFSEHE import ZKEAHY check_close . tolerance . edge_sizes ,

o Triton: E— tl.sum ¥ num_warps , JFAAIRFEMETT; tl.dot 7£ Ampere Lt fp32 %
ABRAZE TF32 ( input_precision ) , iREM le-7 ERZTHM 1e-3 EX.

e Luminal: L2 S1EBH (a+b)+c # a+(b+c) 7 e-graph BEZ[RE—"" e-class, {BfE fp32 B
BEZEH 2 ¥, ReferenceRuntime IS T & F A TF32 L ( wminal > narrow_float.rs

luminal » tf32.rs ) °

RS &R

What Every Computer Scientist Should Know About Floating—Point Arithmetic -

torch.testing.assert_close * | wminal > Luminal maximum B9 NaN &3GERE

EREIrYFIR


file:///Users/kzhoulatte/development/ai-compiler-drills/hints/k3_numerics.html
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_reference/src/narrow_float.rs
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_reference/src/tf32.rs
https://docs.oracle.com/cd/E19957-01/806-3568/ncg_goldberg.html
https://pytorch.org/docs/stable/testing.html
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/frontend/binary.rs#L557

dtype REH{I eps (1 MHEAEIRE)  HEAR

fp32 23 278 = 1.2e-7 Zhnss
fp16 10 27° =~ 9.8e-4 7Zf# / Tensor Core B, SEE/ (FAK 65504)
bf16 7 27 =~ 7.8e-3 =i, SCE fp32 —#F

o ULP BE: EFREEREA“BRA/NFNELE" (FS-HE — *MIKIG) , MBZEMZES
EfE T /LN ARRE. -0.0 f +0.0 1HEE O ULP,

o DENMNLHE VK 18K KE k BKkF], E—FHNENRERHMEN, RIFNREGHEINE, L
vk - eps o FRBA rtol = c - eps - vk,

e |a - e| s atol + rtol-|e| : &L O WEMBWTIZELSEENX, & atol FE

E—AE, PAFRAIGR

5= 250 { ZRA
le8+1 R

[1e8, 1, -1e8, 1] X 4 check_close
fp32 EZZDTEE?
SR AEED| { ZRB+*A
FFE
N EREE EIAM fp32 i2FR7HM L . HIBTRIZREIRE bug, LERIZF floatcd SEENEER —MiREH

BHNBFEAN, MARRMEREERESEMUAS.

£t - BTRAMRFE

fp32. fp16. bf16 BZIELFIE 0.1 mm,. 1Tmm. 1cm WRF., A1cm ZENRFELREE 3
mm, REERMEET; BF 0.1 mm WRFE 3 mm MIZE—ET ., BEMEXIERF. X
AKNERA, SEMNRETE —RFHEE. ENERHAEZ (FYLEK) , BEEX,

cI=E

£ mine/k3_numerics.py B3I (EPS F to_bfle BZH) :



BRI 2N B

ulp_diff(a, b, dtype) fp32 / fp16 / bf1e =F; & 0 B -tiny F| +tiny 2 2
sum_sequential(xs) / F—HEE fp32 BEN; pairwise T TN RE—TEETIT—%

sum_pairwise(xs)
tolerance(dtype, k, c) (rtol, atol) , rtol = atol = c-eps-vk

check_close(actual, expected, IR[EI#RE: ok. mismatched. total. max_abs. max_rel. index; FZIRA

rtol, atol) B3 NaN (UEARREEEKXW
edge_sizes(block, limit) 1. block-1. block. block+1, 2-block+1, 97, AKR—1PAKBIEEIER T
edge_values(dtype) +0. &/NEME. tHAERE. FARBLHAE. tinf. NaN

A
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""M"K3 - Numerical correctness: ULPs, tolerances, reassociation, edge shapes — your impleme

Compilers reorder floating—point work all the time (split-K, tree reductions, fused epilog
e—-graph rewrites like (a+b)+c -> a+(b+c)). The result is xdifferentx, not necessarily xwro
To tell the two apart you need: a distance in ULPs, a tolerance that scales with the dtype
reduction length, and inputs that hit the edges (non-divisible shapes, size 1, huge/tiny v

import math
import numpy as np

EPS = {"float32": 2.0 xx -23, "floatl6": 2.0 **x -10, "bfloatl6": 2.0 *x -7}

def to_bfl6(x):
"""Round float32 values to bfloatl6é (round-to-nearest-even), returned as float32 value
a = np.asarray(x, dtype=np.float32)
bits = a.view(np.uint32).astype(np.uint64)
rounding = ((bits >> 16) & 1) + Ox7FFF # ties go to the even mantissa
out = ((bits + rounding) >> 16) << 16
return out.astype(np.uint32).view(np.float32)

def ulp_diff(a, b, dtype="float32"):
"""Number of representable “dtype’ values between a and b (@ means identical)."""
raise NotImplementedError("ulp_diff")

def sum_sequential(xs):
raise NotImplementedError("sum_sequential")

def sum_pairwise(xs):
"""Tree reduction, the order a GPU block reduction (or tl.sum) uses."""
raise NotImplementedError("sum_pairwise'")

def tolerance(dtype, k=1, c=2.0):
"""(rtol, atol) for comparing a result computed in "dtype’ with a high-precision refer

The error of a length-k reduction grows roughly like sqrt(k) * eps when the rounding e
are random, so rtol = c x eps * sqrt(k). atol covers values near zero, where relative
is meaningless; using the same number is a reasonable default for 0(1) data."""

raise NotImplementedError("tolerance")

def check_close(actual, expected, rtol, atol):
""" ike torch.testing.assert_close, but returns a report instead of raising.



passes iff |actual - expected| <= atol + rtol x |expected| everywhere (NaNs must match
raise NotImplementedError("check_close")

def edge_sizes(block, limit=None):
"""Sizes that break tiled kernels: 1, block-1, block, block+1l, 2xblock+1l, a prime, and
(optionally) a large non-multiple. Sorted and de-duplicated.™""
raise NotImplementedError("edge_sizes")

def edge_values(dtype="floatl16"):

"""Values that stress a dtype: zeros of both signs, the smallest normal, the largest f
values whose square overflows, and +/-inf / NaN."""
raise NotImplementedError("edge_values")

Cild

./check.sh k3
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import math

import numpy as np
import pytest

from drill import load

k3 = load("k3_numerics")

def test_bf16_rounding():
X = np.array([1.0, 1.0 + 2 %k =8, 1.0 + 3 % 2 %k -8, 3.14159265], np.float32)

got = k3.to_bf16(x)

assert got[0] == 1.0

assert got[l] == 1.0 # exactly halfway —> even mantissa (1.0)
assert got[2] == np.float32(1.0 + 2 *x —6) # halfway between 1+2"-7 and 1+2"-6 —> eve
assert abs(got[3] - 3.140625) < le-7 # bfl6 keeps 8 significant bits

def test_ulp_diff():
one = np.float32(1.0)

nxt =
assert
assert
assert
tiny =
assert
assert
assert

np.nextafter(one, np.float32(2.0))
k3.
k3.
k3.
np.
k3.
k3.
k3.

ulp_diff(one, nxt) == 1

ulp_diff(one, one) == 0

ulp_diff(np.float32(-0.0), np.float32(0.0)) == 0
nextafter(np.float32(0), np.float32(1))

ulp_diff(-tiny, tiny) == # across zero
ulp_diff(np.floatl6(1.0), np.floatl6(1.0 + 2 *x -10), "floatle") == 1
ulp_diff(1.0, 1.0 + 2 %k -7, "bfloatl6") == 1

def test_reassociation_changes_the_bits():
Xs = np.array([1e8, 1.0, -1e8, 1.0] *x 4, np.float32)
seq, tree = k3.sum_sequential(xs), k3.sum_pairwise(xs)
assert seq !'= tree # same math, different rounding
assert k3.sum_pairwise([1.0, 2.0, 3.0]) == 6.0 and k3.sum_pairwise([]) == 0.0

def test _tolerance_scales():
rl, al = k3.tolerance("float32", 1)
r4, _ = k3.tolerance("float32", 4)

assert
assert

assert k3.

ri
r4

== al == 2 % 2 xx -23
== pytest.approx(2 *x rl)
tolerance("bfloatl6", 1)[0] > k3.tolerance("floatl6", 1)[0] > ri1

def test_check_close_report():
e = np.array([1.0, 2.0, 0.0, np.nan])
ok = k3.check_close(e + 1e-9, e, rtol=le-6, atol=1le-6)
assert ok["ok"] and ok['"mismatched"] == 0



bad = k3.check_close(np.array([1.0, 2.1, 0.0, np.nan]), e, rtol=le-3, atol=1le-6)
assert not bad["ok"] and bad["mismatched"] == 1 and bad["index"] == (1,)

nanmis = k3.check_close(np.array([1.0, 2.0, np.nan, np.nan]), e, le-3, le-3)
assert not nanmis["ok"] and "NaN" in nanmis["reason"]

assert not k3.check_close(np.zeros(3), np.zeros(4), 1, 1)["ok"]

def test_fpl6_matmul_needs_a_tolerance():
rng = np.random.default_rng(0)

k = 512

a, b = rng.standard_normal((64, k)), rng.standard_normal((k, 64))

ref =a@b

low = (a.astype(np.floatl6) @ b.astype(np.floatl6)).astype(np.float64)

assert not k3.check _close(low, ref, *xk3.tolerance("float32", k))I["ok"]
rtol, atol = k3.tolerance("floatl6", k, c=4.0)
assert k3.check_close(low, ref, rtol, atol *x math.sqrt(k))["ok"]

def test_edge_sizes_and_values():
s = k3.edge_sizes(64, 1limit=1000)
assert s[0] == 1 and {63, 64, 65, 129, 97}.issubset(s) and s == sorted(set(s))
assert any(x % 64 for x in s if x > 129)
v = k3.edge_values("float16")
assert np.isnan(v).any() and np.isinf(v).sum() ==
assert np.isinf(np.floatl6(v[5]) * np.floatl6(vI[5])) # its square overflows fpl6

R
ULP: IBIERXTERBAFEN 50 (2EE5) W2 -

fp32: i = a.view(np.int32) ; IEHMMIERN ARG MEIEILER, ANEME: 1 <0 BFE -(4i
& Ox7FFFFFFF) , X& -0.0 1 +0.0 #FAREIZE| O, fp16 EIE ( intl6 . Ox7FFF) , bfl6 2
fp32 BYS 16 fiI: to_bfl6(a).view(np.uint32) >> 16 , M S{IE 0x8000 ,

check_close HIIfifE #fE55MN (RERE) i -

SeEEFZIR, BLEE NaN fif& ( np.isnan(a) !'= np.isnan(e) ) , AGE7E3E NaN RONIBEE diff

M allowed = atol + rtol-|e| , index BYX argmax(diff - allowed) F unravel_index ,



F1t4 fp16 matmul F fp32 BE—EKM NFesx (EEH) i -

MIXE a.astype(floatl6) @ b.astype(floatl6) EHAFTART fp16, BX—LHEMIRE
A 2-t, @KF 2-2-23-v512 , FB tolerance("floatl6", k, c=4) FIE atol BF vk
(ERERAN vk) MEEEBEH,

SEMR
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"""K3 - Numerical correctness: ULPs, tolerances, reassociation, edge shapes — referenc

Compilers reorder floating—point work all the time (split-K, tree reductions, fused ef
e—-graph rewrites like (a+b)+c —-> a+(b+c)). The result is xdifferentx, not necessarily
To tell the two apart you need: a distance in ULPs, a tolerance that scales with the ¢
reduction length, and inputs that hit the edges (non-divisible shapes, size 1, huge/ti

import math
import numpy as np

EPS = {"float32": 2.0 xx -23, "floatl6": 2.0 *x -10, "bfloatl6": 2.0 *x -7}

def to_bfl6(x):
"""Round float32 values to bfloatlé (round-to-nearest-even), returned as float32 v
a = np.asarray(x, dtype=np.float32)
bits = a.view(np.uint32).astype(np.uint64)
rounding = ((bits >> 16) & 1) + Ox7FFF # ties go to the even mantissa
out = ((bits + rounding) >> 16) << 16
return out.astype(np.uint32).view(np.float32)

def _ordered_int(a, dtype):
"""Map floats to integers whose order and spacing follow the float line (sign-magr
two's—complement trick), so that |int(a) - int(b)| is the number of representable
between a and b."""
if dtype == "float32":
i = np.asarray(a, np.float32).view(np.int32).astype(np.int64)
return np.where(i < 0, —-(i & Ox7FFFFFFF), 1)
if dtype == "floatl6":
i = np.asarray(a, np.floatl6).view(np.int16).astype(np.int64)
return np.where(i < 0, -(i & Ox7FFF), i)
if dtype == "bfloatl6":
i = (to_bfl6(a).view(np.uint32) >> 16).astype(np.int64)
return np.where(i >= 0x8000, —(i & Ox7FFF), i)
raise ValueError(dtype)

def ulp_diff(a, b, dtype="float32"):
"""Number of representable “dtype’ values between a and b (@ means identical)."""
return np.abs(_ordered_int(a, dtype) - _ordered_int(b, dtype))

def sum_sequential(xs):
acc = np.float32(0)
for x in np.asarray(xs, np.float32):
acc = np.float32(acc + x)
return acc



def

def

def

def

sum_pairwise(xs):
"""Tree reduction, the order a GPU block reduction (or tl.sum) uses.
v = list(np.asarray(xs, np.float32))
if not v:
return np.float32(0)
while len(v) > 1:
nxt = [np.float32(vI[i] + vI[i + 1]1) for i in range(@, len(v) - 1, 2)]
if len(v) % 2:
nxt.append(v[-1])
v = nxt
return v[0]

tolerance(dtype, k=1, c=2.0):
"""(rtol, atol) for comparing a result computed in “dtype’ with a high-precision r

The error of a length-k reduction grows roughly like sqrt(k) * eps when the roundi
are random, so rtol = c x eps * sqrt(k). atol covers values near zero, where relat
is meaningless; using the same number is a reasonable default for 0(1) data."""
eps = EPS[dtypel

rtol = ¢ x eps * math.sqrt(max(k, 1))

return rtol, rtol

check_close(actual, expected, rtol, atol):
""" ike torch.testing.assert_close, but returns a report instead of raising.

passes iff |actual - expected| <= atol + rtol x |expected| everywhere (NaNs must m

a = np.asarray(actual, np.float64)
e = np.asarray(expected, np.float64)
if a.shape != e.shape:
return {"ok": False, "reason": f"shape {a.shape} !'= {e.shape}"}
nan_a, nan_e = np.isnan(a), np.isnan(e)
if (nan_a !'= nan_e).any():
idx = tuple(int(i) for i in np.argwhere(nan_a != nan_e) [0])

return {"ok": False, "reason": f"NaN mismatch at {idx}", "index": idx}
diff = np.where(nan_a, 0.0, np.abs(a - e))
allowed = atol + rtol * np.abs(np.where(nan_e, 0.0, e))
bad = diff > allowed
rel = diff / np.maximum(np.abs(e), 1e-30)
worst = tuple(int(i) for i in np.unravel_index(int(np.argmax(diff - allowed)), dif
return {"ok": not bad.any(), "mismatched": int(bad.sum()), "total": int(diff.size)
"max_abs": float(diff.max()) if diff.size else 0.0,
"max_rel": float(np.where(nan_e, 0.0, rel).max()) if diff.size else 0.0, "

edge_sizes(block, limit=None):

""MSjizes that break tiled kernels: 1, block-1, block, block+l, 2xblock+1l, a prime,
(optionally) a large non-multiple. Sorted and de-duplicated.™""

s = {1, block - 1, block, block + 1, 2 * block + 1, 97}



if limit:
s.add(limit - (limit % block) + block // 2)
return sorted(x for x in s if x >= 1)

def edge_values(dtype="floatl6"):
"""Values that stress a dtype: zeros of both signs, the smallest normal, the large
values whose square overflows, and +/-inf / NaN."'""
fi = np.finfo(np.floatle if dtype == "floatl6" else np.float32)
return np.array([0.0, -0.0, float(fi.tiny), float(fi.max), -float(fi.max), math.sc
1.0, -1.0, math.inf, -math.inf, math.nan], dtype=np.float32)

£ RTX 3070 Lt: TF32 fiin

import torch, triton, triton.language as t1
a = torch.randn(512, 512, device="cuda"); b = torch.randn(512, 512, device="cuda")
ref = (a double() @ b.double())

# 5—1g/) tl.dot kernel, 75/ input_precision="1ieee" #f] "tf32", F check_close + toleranc
REEER| "ieee" BETX tolerance("float32", 512) , "tf32" HEETIEZ T tolerance("bfloatl6",

512) ERMBZE (TF32 B 10 {URE%, Lt bfl6 X% 3 fu, Ex@MTF fp32) . XMENT4 PR E
REENRANEER dtype. BERAMNEEEH,

v Bl: e-graph iEBAT (a+b)+c = a+(b+c), N ARIFSIEE/JOMERXFZFLN?

e-graph B “E M EXBRBM LENEMN., BFRE, ESETHKIL: (1e8 + (-1e8)) + 1 =

ﬁ'ﬁ 1e8 + ((-1e8) + 1) = 0 (fp32 B -1e8 + 1 \[E -1e8) ., MRFZREHERIXF
umu — MEEEAEERER THESAE., IMHMER: RERELTERSINGRER (Kb
WNE fp32 Ehnzs. BEMRH) , HA L5 XA RE



HEEM - Track K - £ENREL - 5 4 W
(O Fusion B9: launch, REERFESFEREN
Fusion 814 launch, B EZERE DRAM BREIR, BIEEZHRAEHR— kernel WEFFRE,
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KRB EKRRIRAY,

@ 30 min HE fRE mine/k4_fusion.py QUL ./check.sh k4

S2EME solutions/k4_fusion.py L ey fR T

1. B8R 5. &@T
2. RiB5&ER 6. FlL
3. ZHAIMAIIR 7. 1R
4. BEER 8. &R

9. 7£ RTX 3070 88
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roadmap BB EIIRER: “Fusion: )&’ launch / intermediate traffic 5 register pressure K

trade—off — Xtk unfused 5 fused epilogue”,

e 7 Triton B, fusion fi 2L bias. activation, residual 5# GEMM kernel #J epilogue: &
MR ESFRERNMILFLE elementwise fi5e, RE—RER,

e 7£ Luminal B, fusion 2EIRAVIEIRE: cuBLASLt AJLAT CUBLASLT_EPILOGUE_RELU_BIAS —&
S5ER matmul + bias + relu ( wninal > cublaslt/device_call.rs ) , WAILAIRB =" launch;

BR (L3) JRE AWM,

R85 &

triton > Triton tutorial ©3: fused activation - CuBLASLt epilogue

luminal > Luminal cuBLASLt 3%AH

2 2R
IEHRELIALE TR, SEBR—1 kernel:

o —EIEMFT = EXAMA stage HIMERIIA (1XE. bias. residual) + E—EfHit; SrF
T = RRRE— stage W%,


file:///Users/kzhoulatte/development/ai-compiler-drills/hints/k4_fusion.html
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/ops/cublaslt/device_call.rs#L271
https://docs.nvidia.com/cuda/cublas/#cublasltepilogue-t
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/python/tutorials/03-matrix-multiplication.py#L330
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/ops/cublaslt/README.md
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X spill_penalty” AB& &L ,
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"""K4 - Fusion: fewer launches and less DRAM traffic vs more register pressure — your impl

A chain of ops is a list of stages. Unfused, every stage is its own kernel: it reads its i
DRAM and writes its output back. Fused, a group of consecutive stages runs in one kernel:
group's external inputs are read and only its last output is written; the intermediates 1i
registers. That is the Triton view (one kernel, an epilogue) and the Luminal view (a graph
that merges nodes) of the same trade-off.

from dataclasses import dataclass

@dataclass(frozen=True)
class Stage:

name: str

out_elems: int # elements written by this stage

ext_in_elems: int # elements read from outside the chain (weights, bias, residua
flops: int

live_regs: int = 0 # registers per thread this stage keeps live inside a fused ke

def chain_mlp_epilogue(M, N, K):
""YGEMM followed by bias, GELU, residual add — the canonical fused epilogue.
return [
Stage("matmul, M *x N, M x K+ K x*x N, 2 *x M x N x K, live_regs=128),
Stage("bias", M % N, N, M x N, live_regs=8),
Stage("gelu", M x N, @, 8 x M x N, live_regs=16),
Stage("residual™, M x N, M x N, M x N, live_regs=8),

def groups_of(stages, fuse):
"""fuse: list of group sizes summing to len(stages), e.g. [1, 1, 1, 1] (unfused) or [4
assert sum(fuse) == len(stages) and all(g > @ for g in fuse)
out, i =101, 0
for g in fuse:
out.append(stages[i:i + gl)
i+=g
return out

def traffic(stages, fuse, elem_bytes=2):
"""DRAM bytes, launches, and peak live registers for a fusion plan.
raise NotImplementedError("traffic")

def time_estimate(stages, fuse, peak_flops, peak_bw, launch=5e-6, elem_bytes=2, reg_limit=
"""Roofline per group + launch overhead. If a fused group's live registers exceed reg_
its memory time is multiplied by spill_penalty (local-memory spills)."""
raise NotImplementedError("time_estimate")



def best_plan(stages, peak_flops, peak_bw, sxxkw):
"""Try every way to cut the chain into consecutive groups (2”~(n-1) plans)."""
raise NotImplementedError("best_plan")

Ll

./check.sh k4
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import pytest
from drill import load
k4 = load("k4_fusion")

S = 4096
PF, BW = 40el2, 448e9

def test traffic_unfused vs_fused():

st = kd4.chain_mlp_epilogue(S, S, S)

mn =S %S

un = k4.traffic(st, [1, 1, 1, 1])

# matmul: A + B + C ; bias: C + b + C' ; gelu: 2 MN ; residual: 3 MN (x 2 bytes)
assert un["bytes"] == (2 *x mn + mn + (mn + S + mn) + 2 * mn + 3 * mn) % 2

assert un["launches"] == 4

fused = k4.traffic(st, [4])

assert fused["bytes"] == (2 x mn + S + mn + mn) *x 2 and fused["launches"] == 1

assert fused["peak_regs"] == 128 + 8 + 16 + 8
assert k4.traffic(st, [1, 3])["bytes"] == kd.traffic(st, [2, 2])["bytes"]

def test_groups_validation():
st = k4.chain_mlp_epilogue(8, 8, 8)
with pytest.raises(AssertionError):
k4.groups_of(st, [2, 11)

def test_best_plan_fuses_the_epilogue():
t, plan = kd4.best_plan(k4.chain_mlp_epilogue(S, S, S), PF, BW)
assert plan == [4]
t_un = k4.time_estimate(k4.chain_mlp_epilogue(S, S, S), [1, 1, 1, 11, PF, BW)
assert t < t_un

def test_register_pressure_can_make_fusion_lose():
n =1<< 26
heavy [k4.Stage("a", n, n, n, 200), k4.Stage("b", n, 0, n, 100)]
fused = k4.time_estimate(heavy, [2], PF, BW, spill_penalty=3.0)
split = kd4.time_estimate(heavy, [1, 1], PF, BW, spill_penalty=3.0)
assert split < fused
assert k4.best_plan(heavy, PF, BW, spill_penalty=3.0)[1] == [1, 1]
light = [k4.Stage("a", n, n, n, 100), k4.Stage("b", n, 0, n, 100)]
assert k4.best_plan(light, PF, BW, spill_penalty=3.0)[1] == [2]

def test_small_problem_is_launch_bound():
st = kd4.chain_mlp_epilogue(16, 64, 64)
t_un = k4.time_estimate(st, [1, 1, 1, 11, PF, BW)



t_f = k4.time_estimate(st, [4], PF, BW)
assert t_un == pytest.approx(4 x 5e-6, rel=0.05) and t_f == pytest.approx(5e-6, rel=0.

Rm

traffic BB »1o (2ERE)

B v
#3P prev_out (#)1E O) : SEX reads = ¥ ext_in_elems + prev_out, writes =
grpl-11.out_elems , #Af§ prev_out = writes ,
spill FRSHEM (PERE) W2 -
regs = ¥ live_regs ; regs > reg_limit BY t_mem *= spill_penalty ,
WEYNE NTRER (BEEB) i -

A—1 n -1 ukYH8: 5 i N 1 XA stage | ZIEYI—7]. EEBENIERERKRIIR, X%

time_estimate
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"""K4 - Fusion: fewer launches and less DRAM traffic vs more register pressure — refer

A chain of ops is a list of stages. Unfused, every stage is its own kernel: it reads i
DRAM and writes its output back. Fused, a group of consecutive stages runs in one kern
group's external inputs are read and only its last output is written; the intermediate
registers. That is the Triton view (one kernel, an epilogue) and the Luminal view (a g
that merges nodes) of the same trade-off.

from dataclasses import dataclass

@dataclass(frozen=True)
class Stage:

name: str

out_elems: int # elements written by this stage

ext_in_elems: int # elements read from outside the chain (weights, bias, res
flops: int

live_regs: int = 0 # registers per thread this stage keeps live inside a fuse

def chain_mlp_epilogue(M, N, K):
"MUGEMM followed by bias, GELU, residual add — the canonical fused epilogue.
return [
Stage("matmul", M x*x N, M x K+ K *x N, 2 *x M x N x K, live_regs=128),
Stage("bias", M % N, N, M x N, live_regs=8),
Stage("gelu", M x N, @, 8 x M x N, live_regs=16),
Stage("residual™, M x N, M x N, M x N, live_regs=8),

def groups_of(stages, fuse):
"""fyse: list of group sizes summing to len(stages), e.g. [1, 1, 1, 1] (unfused) c
assert sum(fuse) == len(stages) and all(g > @ for g in fuse)
out, i =11, 0
for g in fuse:
out.append(stages[i:i + gl)
i+=g
return out

def traffic(stages, fuse, elem_bytes=2):
"""DRAM bytes, launches, and peak live registers for a fusion plan.
total, regs, prev_out =0, 0, 0
grps = groups_of(stages, fuse)
for grp in grps:
reads = sum(s.ext_in_elems for s in grp) + prev_out # + the previous group'
total += (reads + grp[-1].out_elems) *x elem_bytes
prev_out = grp[-1].out_elems
regs = max(regs, sum(s.live_regs for s in grp))
return {"bytes": total, "launches": len(grps), '"peak_regs": regs}



def time_estimate(stages, fuse, peak_flops, peak_bw, launch=5e-6, elem_bytes=2, reg_1li
"""Roofline per group + launch overhead. If a fused group's live registers exceed
its memory time is multiplied by spill_penalty (local-memory spills)."""
t =0.0
prev_out = None
for grp in groups_of(stages, fuse):
reads = sum(s.ext_in_elems for s in grp) + (prev_out or 0)
nbytes = (reads + grp[-1].out_elems) *x elem_bytes
regs = sum(s.live_regs for s in grp)
t_mem = nbytes / peak_bw x (spill_penalty if regs > reg_limit else 1.0)
t_cmp = sum(s.flops for s in grp) / peak_flops
t += max(t_mem, t_cmp) + launch
prev_out = grp[-1].out_elems
return t

def best_plan(stages, peak_flops, peak_bw, sxxkw):
"""Try every way to cut the chain into consecutive groups (2~(n-1) plans).
n = len(stages)
plans = []
for mask in range(1l << (n - 1)):
sizes, cur = [], 1
for i in range(n - 1):
if mask >> i & 1:
sizes.append(cur)
cur = 1
else:
cur += 1
sizes.append(cur)
plans.append((time_estimate(stages, sizes, peak_flops, peak_bw, sxkkw), sizes))

return min(plans)
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""UT1 . IR dump lab: one kernel, four representations — your implementation (run ./check.s

Triton compiles a @triton.jit function through a fixed list of stages (see
third_party/nvidia/backend/compiler.py: make_ttir —> make_ttgir —> make_1llir —> make_ptx -
“kernel[grid]l(...)" returns a CompiledKernel whose “.asm’ dict holds the text of each stag

k = add_kernel[grid] (x, y, out, n, BLOCK=1024)
k.asm["ttir"], k.asm["ttgir"], k.asm["llir"], k.asm["ptx"]

This drill is the x*readingx half: given those texts (fixtures/tl/x), tell which stage a du
count ops per dialect, pull out layout encodings and layout conversions, list the tensor-c
instructions in PTX, and diff which concepts appear / disappear between stages.

Runs anywhere — on a GPU box, “dump_stages()' produces the real texts.

import re

from collections import Counter

# stage detection

def detect_stage(text):
" iptx! | '"Wlir' | 'ttgir' | 'ttir' (checked in that order: lower stages are unambigu
raise NotImplementedError("detect_stage'")

# MLIR ops
_OP = re.compile(r"~\sx(?:%[\w#:]+(?:\sx,\s*%[\w#:]+)*x\skx=\sx%)?2\"?([a-z_]+\. [a-z_] [\w.]%)\

def mlir_ops(text):
"""Counter of fully qualified op names ('tt.load', 'ttg.convert_layout', 'scf.for',
One op per line in printed MLIR; attribute alias lines (#x = ...) and comments are ski
raise NotImplementedError("mlir_ops")

def dialect_histogram(text):
"""Counter dialect —> number of ops ('tt', 'ttg', 'arith', 'scf', ...)."""
raise NotImplementedError("dialect_histogram")

# layouts

def parse_attr_body(body):
"""isizePerThread = [1, 4], order = [1, @], vec = 8, parent = #blocked' —> dict.
Lists become lists of ints, ints become ints, anything else stays a string."""
raise NotImplementedError("parse_attr_body")

def layout_aliases(text):
nenftgblocked': {'kind': 'blocked', 'sizePerThread': [...], ...}, '"#mma': {'kind': 'nv
raise NotImplementedError("layout_aliases")



def

convert_layouts(text):
"""[(src_encoding, dst_encoding)] for every ttg.convert_layout."""
raise NotImplementedError("convert_layouts")

#

PTX / LLVM

_PTX_KINDS = {

"mma": r"\b((?:mma|wgmma\.mma_async)\.[\w.]+)",

"ldmatrix": r"\b(ldmatrix\.[\w.]+)",

"cp_async": r"\b(cp\.async\.[\w.]+|cp\.async\.bulk[\w.]x)",
"pbarrier": r"\b(bar\.sync|barrier\.sync|mbarrier\. [\w.]1+)",
"global_vec": r"\b((?:1d|st)\.global(?:\.\w+)*x\.v\d\.\w+)",

b
def ptx_instructions(text):
""{'mma': Counter({'mma.sync.aligned.m16n8k16.row.col.f32.f16.f16.f32': 2}), 'ldmatri
Works on PTX and on LLVM IR (Triton emits these as inline asm strings there)."""
raise NotImplementedError("ptx_instructions")
def mma_shape(instr):
""" 'mma.sync.aligned.m16n8k16.row.col.f32.f16.f16.f32' -> (16, 8, 16)."""
raise NotImplementedError("mma_shape")
# concepts per stage
CONCEPTS = {
"program_id": r"tt\.get_program_id|ctaid",
"block_tensor": r'"tensor<",
"pointer_tensor": r'"tensor<[”>]x!tt\.ptr",
"layout_encoding": r"#ttg\.(blocked|nvidia_mma|slice|dot_op) |, #\w+>",
"shared_memory": r'ttg\.local_alloc|memdesc|addrspace\(3\)|\.shared",
"async_copy": r'"async_copy|cp\.async",
"mma_instruction": r'mma\.sync|wgmma|ldmatrix",
"thread_id": r"tid\.x|%tid",
"virtual_registers": r"\.reg\s+\.",
"high_level_dot": r"tt\.dot\b",
I
def concepts(text):
raise NotImplementedError("concepts")
def concept_diff(stages):

"""stages: ordered list of (name, text). Returns [(from, to, appeared, disappeared)]."

raise NotImplementedError("concept_diff")



# the GPU half

def dump_stages(compiled_kernel):
"""0On a CUDA machine: compiled = kernell[grid](...); dump_stages(compiled) —> {stage: t
return {k: compiled_kernel.asm[k] for k in ("ttir", "ttgir", "1lir", "ptx") if k in co

o8

./check.sh t1
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from pathlib import Path

from drill import load

tl
FX

load("tl1_ir_anatomy")
Path(__file_ ).resolve().parent.parent / "fixtures" / "t1"

def read(name):
return (FX / name).read_text()

def test_detect_stage():

assert tl.detect_stage(read("add.ttir.mlir")) == "ttir"
assert tl.detect_stage(read("add.ttgir.mlir")) == "ttgir"
assert tl.detect_stage(read("matmul.ttgir.mlir")) == "ttgir"
assert tl.detect_stage(read("matmul.llir.11")) == "1lir"
assert tl.detect_stage(read("matmul.ptx")) == "ptx"

def test_ops_and_dialects():
ops = tl.mlir_ops(read("add.ttir.mlir"))

assert ops["tt.load"] == 2 and ops["tt.store"] == 1 and ops["tt.splat"] == 5
assert ops["tt.addptr"] == 3 and ops["arith.addf"] == 1 and ops["tt.return"] == 1
assert ops["tt.func"] == 1

d = tl.dialect_histogram(read("matmul.ttgir.mlir"))

assert d["ttg"] >= 6 and d["scf"] == 2 and d["tt"] >= 3

mm = tl.mlir_ops(read("matmul.ttgir.mlir"))

assert mm["tt.dot"] == 1 and mm["ttg.local_load"] == 2 and mm["ttg.convert_layout"] ==

def test_same_ops_ttir_vs_ttgir():
# adding layouts must not change which ops exist in this simple kernel
assert tl.mlir_ops(read("add.ttir.mlir")) == tl.mlir_ops(read("add.ttgir.mlir"))

def test_layout_aliases():
a = tl.layout_aliases(read("matmul.ttgir.mlir"))
assert a["#blocked"] == {"kind": "blocked", "sizePerThread": [1, 8], "threadsPerWarp":
"warpsPerCTA": [4, 1], "order": [1, 0]}

assert a["#mma"] ["kind"] == "nvidia_mma" and a["#mma"] ["versionMajor"] == 2
assert al["#mma"] ["instrShape"] == [16, 8] and al"#mma"] ["warpsPerCTA"] == [2, 2]
assert al["#shared"]["kind"] == "swizzled_shared" and a["#shared"]["vec"] == 8
assert al["#smem"] == {"kind": "shared_memory"}

assert tl.layout_aliases(read("add.ttir.mlir")) == {}

def test_parse_attr_body_nested():
d = tl.parse_attr_body("opIdx = 0, parent = #mma, kWidth = 2")
assert d == {"opIdx": @, "parent": "#mma", "kWidth": 2}



def test_convert_layouts():
cv = tl.convert_layouts(read("matmul.ttgir.mlir"))
assert cv == [("#mma", "#blockedl")]
assert tl.convert_layouts(read("add.ttgir.mlir")) == []

def test_ptx_instructions():
p = tl.ptx_instructions(read('"matmul.ptx"))
mma = p['mma"]
assert sum(mma.values()) ==
(name,) = mma

assert name == "mma.sync.aligned.m16n8k16.row.col.f32.f16.f16.f32"

assert tl.mma_shape(name) == (16, 8, 16)

assert sum(p["ldmatrix"].values()) == 2 and "ldmatrix.sync.aligned.m8n8.x4.trans.share
assert pl["cp_async"]["cp.async.wait_group"] == 1 and p["barrier"]["bar.sync"] == 1

assert pl["global_vec"]["st.global.v4.b32"] == 1
# the LLVM IR carries the same instructions as inline asm
assert tl.ptx_instructions(read("matmul.llir.11")) ["mma"] == mma.__class__({name: 1})

def test_concept_diff_tells_the_story():

stages = [(s, read(f)) for s, f in [("ttir", "matmul.ttir.mlir"), ("ttgir", "matmul.tt
("1lir", "matmul.llir.11"), ("ptx", "matmul.ptx")]

diff = {(a, b): (app, gone) for a, b, app, gone in tl.concept_diff(stages)}

app, gone = diff[("ttir", "ttgir")]

assert "layout_encoding" in app and "shared_memory" in app and "async_copy" in app and

app, gone = diff[("ttgir", "1lir")]

assert "mma_instruction" in app and "thread_id" in app

assert {"block_tensor", "layout_encoding", "high_level_dot", "program_id"} <= set(gone

app, gone = diff[("1lir", "ptx")]

assert "virtual_registers" in app

R
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"""T7T1 - IR dump lab: one kernel, four representations — reference solution.

Triton compiles a @triton.jit function through a fixed list of stages (see
third_party/nvidia/backend/compiler.py: make_ttir —> make_ttgir —> make_1lir —> make_g
“kernel[grid]l(...)" returns a CompiledKernel whose “.asm’ dict holds the text of each

k = add_kernel[grid] (x, y, out, n, BLOCK=1024)
k.asm["ttir"], k.asm["ttgir"], k.asm["1lir"], k.asm["ptx"]

This drill is the *readingx half: given those texts (fixtures/tl/x), tell which stage
count ops per dialect, pull out layout encodings and layout conversions, list the tens
instructions in PTX, and diff which concepts appear / disappear between stages.

Runs anywhere — on a GPU box, “dump_stages()' produces the real texts.

import re

from collections import Counter

# stage detection
def detect_stage(text):
"t iotx' | '"1lir' | 'ttgir' | 'ttir' (checked in that order: lower stages are unan
if re.search(r"~\sx\.version\s+\d", text, re.M) and re.search(r"”\sx\.target\s+sm_
return "ptx"
if re.search(r"~\sxdefine\s", text, re.M) and "nvptx" in text:
return "1lir"
if "#ttg." in text or '"ttg.num-warps"' in text:
return "ttgir"
if "tt.func" in text:
return "ttir"
raise ValueError("not a Triton stage dump")

# MLIR ops
_OP = re.compile(r"~\sx(?:%[\w#:]1+(?2:\s%,\sx*%[\w#:]+)x\sk=\sx)?\"?([a-z_]+\. [a-z_] [\w.

def mlir_ops(text):
"""Counter of fully qualified op names ('tt.load', 'ttg.convert_layout', 'scf.for'
One op per line in printed MLIR; attribute alias lines (#x = ...) and comments are
¢ = Counter()
for line in text.splitlines():
s = line.strip()
if not s or s.startswith(("//", "#", "}")):
continue
m = _OP.match(line)
if m:
clm.group(1)] += 1
return c

def dialect_histogram(text):



"""Counter dialect —> number of ops ('tt', 'ttg', 'arith', 'scf', ...)."""
c = Counter()
for op, n in mlir_ops(text).items():
clop.split(".")[0]] +=n
return c

def

def

def

def

#

layouts
parse_attr_body(body):
""igjzePerThread = [1, 4], order = [1, @], vec = 8, parent = #blocked' —> dict.
Lists become lists of ints, ints become ints, anything else stays a string."""
out = {}
for m in re.finditer(r" (\w+)\sx=\sx(\ [["\11\] [#[\w. 1+ (2:<\{.%x?\}>)?|[*,]1+)", body
k, v = m.group(1), m.group(2).strip()
if v.startswith("["):
out[k] = [int(x) for x in v[1:-1].split(",") if x.strip()]
elif re.fullmatch(r"-?\d+", v):
out[k] = int(v)
else:
out[k] = v
return out

layout_aliases(text):
i '#blocked': {'kind': 'blocked', 'sizePerThread': [...], ...}, '#mma': {'kind':
out = {}
for m in re.finditer(r"~(#[\wl+)\skx=\sx#ttg\. (\w+) (?:<\{(.%)\}>)?\s*$", text, re.V
d = {"kind": m.group(2)}
if m.group(3):
d.update(parse_attr_body(m.group(3)))
out[m.group(1)] = d
return out

_encoding_of(tensor_type):

"""ltensor<64x64xfl6, #mma>' —> '#mma'; nested '#ttg.dot_op<{opIdx = @, parent = #
inner = tensor_typeltensor_type.index("<") + 1: tensor_type.rindex(">")]

parts = inner.split(",", 1)

return parts[1].strip() if len(parts) > 1 else None

convert_layouts(text):

"""[(src_encoding, dst_encoding)] for every ttg.convert_layout."""

out = []

for m in re.finditer(r"ttg\.convert_layout\s+%[\w#]+\s*x:\skx(tensor<.%?>)\skx—>\sx*(t
out.append((_encoding_of(m.group(1)), _encoding_of(m.group(2))))

return out

PTX / LLVM

_PTX_KINDS = {



def

def

#

mma": r"\b((?:mma|wgmma\.mma_async)\. [\w.]1+)",

"ldmatrix": r'"\b(ldmatrix\.[\w.]+)",

"cp_async": r"\b(cp\.async\.[\w.]+|cp\.async\.bulk[\w.]x*)",
"barrier": r"\b(bar\.sync|barrier\.sync|mbarrier\.[\w.]+)",
"global_vec": r"\b((?:ld|st)\.global(?:\.\w+)*x\.v\d\.\w+)",

ptx_instructions(text):
""{'mma': Counter({'mma.sync.aligned.m16n8k16.row.col.f32.f16.f16.f32': 2}), 'ldr
Works on PTX and on LLVM IR (Triton emits these as inline asm strings there)."""
out = {}
for kind, pat in _PTX_KINDS.items():

out[kind] = Counter(m.group(1).rstrip(".") for m in re.finditer(pat, text))
return out

mma_shape(instr):

""" 'mma.sync.aligned.m16n8k16.row.col.f32.f16.f16.f32' -> (16, 8, 16)."""
m = re.search(r"\.m(\d+)n(\d+)k(\d+)", instr)

return tuple(int(x) for x in m.groups()) if m else None

concepts per stage

CONCEPTS = {

def

def

"program_id": r"tt\.get_program_id|ctaid",

"block_tensor": r"tensor<",

"pointer_tensor": r"tensor<[">]x!tt\.ptr",

"layout_encoding": r"#ttg\.(blocked|nvidia_mma|slice|dot_op)|, #\w+>",
"shared_memory": r'ttg\.local_alloc|memdesc|addrspace\(3\)|\.shared",
"async_copy": r"async_copy|cp\.async",

"mma_instruction": r'mma\.sync|wgmma|ldmatrix",

"thread_id": r"tid\.x|%tid",

"virtual_registers": r"\.reg\s+\.",

"high_level_dot": r"tt\.dot\b",

concepts(text):
return {k for k, pat in CONCEPTS.items() if re.search(pat, text)}

concept_diff(stages):
"""stages: ordered list of (name, text). Returns [(from, to, appeared, disappearec
out = []
for (a, ta), (b, tb) in zip(stages, stages[1:]):
ca, cb = concepts(ta), concepts(tb)
out.append((a, b, sorted(cb - ca), sorted(ca - cb)))
return out



# the GPU half

def dump_stages(compiled_kernel):
"""0On a CUDA machine: compiled = kernell[grid](...); dump_stages(compiled) —> {stag
return {k: compiled_kernel.asm[k] for k in ("ttir", "ttgir", "llir", "ptx") if k i

£ RTX 3070 k: BZSH) dump

import torch, triton, triton.language as t1
from solutions.tl_ir_anatomy import *

@triton.jit
def add_kernel(x, y, out, n, BLOCK: tl.constexpr):
offs = tl.program_id(@) * BLOCK + tl.arange(@, BLOCK)
m = offs < n
tl.store(out + offs, tl.load(x + offs, mask=m) + tl.load(y + offs, mask=m), mask=m)

x = torch.randn(4096, device="cuda"); y = torch.randn_like(x); o = torch.empty_like(x)
k = add_kernel[(4,)](x, y, o, 4096, BLOCK=1024)
st = dump_stages(k) # {"ttir": ..., "ttgir": ..., "llir": ..., "ptx"
for a, b, app, gone in concept_diff(list(st.items())):
print(f"{a} —> {b}: +{app} -{gonel}")
print(layout_aliases(st["ttgir"]))

37 tutorial 03 B9 matmul #EHEE, B ptx_instructions(st["ptx"]1) ["mma"] FTENHFE: %
SM86 EiZ%Z&EZ| mma.sync.aligned.m16n8k16.row.col.f32.f16.f16.f32 ; & num_warps .
BLOCK_SIZE_K PX—IX, EX—%{ mma.sync BITEEAZT (B warp BN K HZFEE (warp B9 M 3
/ 16) x (warp B9 N R / 8) x (BK / 16) %%) . BEE pass ZGH IR, i%
MLIR_ENABLE_DUMP=1 ; RAEIEBEBEXATFMN M, A TRITON_KERNEL_DUMP=1
TRITON_DUMP_DIR=./dump ,

v Bill: A1t vector add B9 TTGIR B3&HF convert_layout, matmul E#1H?

vector add MkFIE RBE—F layout ( #blocked , BEIE 4 MEL fp32) , load. add. store
HEELE, FHREEHR, matmul BREMNZBFLIE Tensor Core ERM #mma layout, M&R/E

f) tt.store BESHIHEFEM #blockedl , MEXN “MPNERIFEM N TR NWREAE, AT
store ZBIEHE— ttg.convert_layout %9 : ...#mma —> ...#blockedl , T2 SEHIFIRIX/XEE
HMEARELZT shared memory,




WEL - Track T - Triton (kernel compiler) - 2 6 &
Layout reasoning: £%l coalesce pass, lane — #

¥%, convert_layout BJ{X{R

Triton BY coalesce pass AE1 load / store Hi—1 BIockedEncodmgo XEFA Python E{TEZ
ENMERESARE, MY EM coalesce.mlir B CHECK BEFE—; ABAIX layout @ T2 =
Na@: 81 lane AL SR, load BB EHIHFE. —IR convert_layout BFFsEam&. warp

shuffle X2 E$ shared memory,

75 min HE M fRE mine/t2_coalesce_layout.py IR . /check.sh t2

SEMR solutions/t2_coalesce_layout.py EEN--P i pad: )
1. 55 6. B+
2. RS EH 7. B
3. ZHFIMFIIR: coalesce pass B 8. I&/ R
4. ERFINAMIA: lane &, A7, convert_layout 9. EME
A=A 10. £ RTX 3070 Lk: TTGIR 5§ PTX %88

5. MEEK
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roadmap B9 T2: “i& 2D blocked layout, 4% size-per—thread. threads-per—-warp. warps—
per-CTA; FEE lane MEMILELFT; 4 global load 278 coalesced; flliE— layout
conversion, W shared memory / shuffle 2 & EHM., 3Z{F: lane-coordinate & + PTX / TTGIR
g, 7

S5HERRRSE, TUNEEERIFREALRE: tritongpu-coalesce X pass JRE T8 AZE load
/ store #J layout, MEMZKODREMEL TR,

RiS5S ER
e | triton > Utility.cpp: getNumElementsPerThread : B4 EORREZ] LT TE
e triton » CoalesceUtils.cpp: getEncoding : EBFQ numElems / numThreads 0, #3i&
BlockedEncoding
e | triton > TritonGPUAttrDefs.td: BlockedEncodingAttr # builder : MERMRHEHFIESD lane. 7
warp

e  triton > test/TritonGPU/coalesce.mlir : ZL‘%J@E’\JB@”Q*B_T)&Z_


file:///Users/kzhoulatte/development/ai-compiler-drills/hints/t2_coalesce_layout.html
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/lib/Dialect/TritonGPU/Transforms/Utility.cpp#L177
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/lib/Dialect/TritonGPU/Transforms/CoalesceUtils.cpp#L125
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/include/triton/Dialect/TritonGPU/IR/TritonGPUAttrDefs.td#L857
https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/test/TritonGPU/coalesce.mlir

e | triton > Analysis/Utility.cpp: cvtReordersRegisters / cvtNeedsWarpShuffle / cvtNeedsSharedM
e Linear Layouts i3 : Triton MERLB L MR/ L —RRFAE layout

ERZIHEIR: coalesce pass BIFE
F—&: BEE/L1T7TE (perThread)

elem_bytes = elem_bits / 8

max_multiple = divisibility_bytes / elem_bytes # EBHNFATHRAEE
max_contig = min(contiguity, shapelorder([0]]) # axis analysis IFRRRYELZEKE
perThread = min(max_multiple, max_contig, 128 / elem_bits) # —%iESHESZ 128 bit
perThread = min(perThread, max(numElems / numThreads, 1)) # L& ERET

sizePerThread = [1, ..., perThread (7 order[0Q] ), ..., 1]

F_%: 9 lane ] warp (BlockedEncodingAttr builder)

rem_lanes, rem_threads, rem_warps = 32, num_warps*32, num_warps
for d in order[:-1]: # MERIREFIR, RISHFRIP
threads_cta = clamp(rem_threads, 1, max(1, shapeld] / sptl[d]))

tpw[d] = clamp(threads_cta, 1, rem_lanes)
wpc [d] = clamp(threads_cta / tpwld]l, 1, rem_warps)
rem_sxk /= .

32 / (RIEEH tpw ZFR) # RIEHEZFEFRTH lane F warp
num_warps / (BIEIZ4 wpc ZFR

tpwlorder[-1]]
wpc[order([-1]]

FH coalesce.mlir Y @transpose (64X64 fp32, num-warps = 4, tt.divisibility = 16 )

e 3E: order = [1, 0], perThread = min(16/4, 64, 128/32, 4096/128) = 4 — spt = [1,
4] , dim 1: threads_cta = clamp(128, 1, 64/4=16) = 16, tpw[1l] = 16, wpcll] =1 ;
dim 0 EZFITHY: tpwl0] = 32/16 = 2, wpcl0] = 4, Z53R #ttg.blocked<{sizePerThread
= [1, 4], threadsPerWarp = [2, 16], warpsPerCTA = [4, 1], order = [1, 0]1}>, IEEMi®
XHER [[row_layout]] ,

e 5§ (%8, order = [0, 1] ) : [IE15H| sizePerThread = [4, 1], threadsPerWarp = [16,
21, warpsPerCTA = [1, 4], Bl [[col_ layoutl] .


https://github.com/triton-lang/triton/blob/1887644bdea84fde07825813158782fa526871fd/lib/Analysis/Utility.cpp#L1155
https://arxiv.org/abs/2505.23819

coalesce pass: MIEf 2 HEl layout

{ AxisInfo 21

contiguity - divisibility

perThread BlockedEncodingAttr::get #blocked
min(X43%, %4, 128 bit, %) %4 lane, B9 warp [1,4] [2,16] [4,1] [1,0]

order | ) ___-- -7
& contiguity HEF

MANRBORE: KEAIR. TEMSR. IBFHDERIRHR contiguity / divisibility., num_warps, ErBAR— kernel #
dtype (fp32 — fp16) KJ, perThread M 4 ZTRY 8, layout IREZ,

ERZIMEIA: lane ¥. §Hib7E. convert_layout BI=#4{EM

e lane &: &%1E (warp, lane) MIZE r DNHFFEINNAYEMR (F1 gpu—kernel—drills G1 BE—12
) : coord[d] = repld]-tileld] + warp_cl[d]-sptld]-tpwld] + lane_c[d]-spt[d] +
s[d] , BXf shape BME (KELt tile INREESPNEREEFER—TE) .

o BHibTE: warp 0 WE—M@E load, B lane 3£ vec = min(sptlorder[0]l]l, 16 /
elem_bytes) NELTTE; H—TEZTZP 32 B sector, WK = EKRFT / (sector L X
32),

o convert_layout B9=#4 (Triton A& MHEFEMRFIM, XTH“THRARAM) :

FEMiL M () Triton B K1

registers BITENFELIES cvtReordersRegisters SREFEHREWR, 0 KA
BrE

warp_shuffl SPTRMER— cvtNeedsWarpShuffle (BREXRERE HTFK shfl.sync

e warp B EER)

shared_memo HITZEEE warp cvtNeedsSharedMemory 5 smem — barrier — &

ry smem

KL - 2

—R layout BEMREM NIRRT RE, 8TAFENIEAE, REMRTITOR (registers)
—FpA; B—NAREEE—T (warp shuffle) —1RIR; TEAERLS—MNNARIA
(B85 warp) , MSEHMEIAHTRRE. FMEAHBKI (barrier) . BZFBEZXW (shared
memory) —&x|€, remove_layout_conversions X pass FEMNEX, MERE7NLITE#
TARE,




ISP
£ mine/t2_coalesce_layout.py E5CH] ( Blocked . parse_blocked . clamp . _delinearize .
tile B%4H)
R X iR[E
build_blocked(shape, spt, order, num_warps, tpw=32) £ builder

elements_per_thread(shape, order, elem_bits, contiguity, &%l getNumElementsPerThread + 5% £

divisibility_bytes, num_warps) FR

coalesced_layout(shape, order, elem_bits, contiguity, rTERSEENR

divisibility bytes=16, num_warps=4)

thread_elements(L, shape, warp, lane) BEEFERINFELIRGI &R

owners(L, shape) coord - {(warp, lane)}
lane_table(L, shape, warp=0) [(lane, coords)]
first_load_sectors(L, shape, elem_bytes, strides=None) (iEKFT, sector #, WXK)
classify_conversion(src, dst, shape) "registers" / "warp_shuffle" /

"shared_memory"
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"MUT2 - Layout reasoning: re-derive Triton's coalesce pass, then map lanes to elements — y

Triton's “tritongpu-coalesce’ pass picks a BlockedEncoding for every load/store. Two piece
real code decide it, and this drill reimplements both in Python:

1. lib/Dialect/TritonGPU/Transforms/Utility.cpp getNumElementsPerThread()
perThread = min(divisibility_bytes / elem_bytes, contiguity, shapelorder[@]], 128
then CoalesceUtils.cpp also caps it by max(numElems / numThreads, 1).
2. include/triton/Dialect/TritonGPU/IR/TritonGPUAttrDefs.td BlockedEncodingAttr builder
walk dims from the fastest (order[@]) and hand out lanes, then warps; the slowest
takes whatever is left.

With the layout in hand we answer the T2 questions: which lane owns which coordinates, is
first load of a warp coalesced, and does a ttg.convert_layout stay in registers, need warp
shuffles, or go through shared memory (lib/Analysis/Utility.cpp: cvtReordersRegisters /
cvtNeedsWarpShuffle / cvtNeedsSharedMemory).

import re

from dataclasses import dataclass

from itertools import product

from math import prod

@dataclass(frozen=True)

class Blocked:
size_per_thread: tuple
threads_per_warp: tuple
warps_per_cta: tuple
order: tuple

def __ str_ (self):
f = lambda v: "[" + ", ".join(map(str, v)) + "]"
return (f"#ttg.blocked<{{sizePerThread = {f(self.size_per_thread)}, threadsPerWarp
f"{f(self.threads_per_warp)}, warpsPerCTA = {f(self.warps_per_cta)}, order

def parse_blocked(text):

"""Parse '#ttg.blocked<{sizePerThread = [1, 4], threadsPerWarp = [2, 16], ...}>'."""
def grab(key):

m = re.search(key + r'\sx=\s*x\[(["\]1]%)\]", text)

if not m:

raise ValueError(f"missing {key}")

return tuple(int(x) for x in m.group(1).split(","))

return Blocked(grab("sizePerThread"), grab("threadsPerWarp"), grab("warpsPerCTA"), gra

def clamp(x, lo, hi):
return max(lo, min(x, hi))



def

def

def

build_blocked(shape, size_per_thread, order, num_warps, threads_per_warp=32):
"""Port of the BlockedEncodingAttr::get(shape, sizePerThread, order, numWarps, numThre
raise NotImplementedError("build_blocked")

elements_per_thread(shape, order, elem_bits, contiguity, divisibility_bytes, num_warps
""""getNumElementsPerThread + the numElems/numThreads cap from CoalesceUtils.cpp.
raise NotImplementedError("elements_per_thread")

coalesced_layout(shape, order, elem_bits, contiguity, divisibility bytes=16, num_warps
"""The layout the coalesce pass gives a load/store whose pointer has this contiguity a
raise NotImplementedError("coalesced_layout")

who owns what

def

def

def

def

def

_delinearize(idx, sizes, order):

"""Split a linear index into per—-dim coordinates; order[@] varies fastest."""
c = [0] % len(sizes)
for d in order:
cld] = idx % sizesI[d]
idx //= sizes[d]
return c

tile(L: Blocked):
return tuple(s *x t x w for s, t, w in zip(L.size_per_thread, L.threads_per_warp, L.war

thread_elements(L: Blocked, shape, warp, lane):

""""Coordinates held by (warp, lane), in register order (inside a chunk first, then rep
both linearized along “order™)."""

raise NotImplementedError("thread_elements")

owners(L: Blocked, shape):
"""coord —> set of (warp, lane) holding it (more than one = broadcast / duplication)."
raise NotImplementedError("owners")

lane_table(L: Blocked, shape, warp=0):
"""[(lane, [coords...])] for one warp — the T2 deliverable.
raise NotImplementedError("lane_table")

def

coalescing
first_load_sectors(L: Blocked, shape, elem_bytes, strides=None):

"""Simulate warp 0's first vectorized load instruction on a tensor with element stride
“strides’ (row-major contiguous by default). Each lane loads one vector of

vec = min(sptlorder[0]], 16 // elem_bytes) contiguous elements along order[0].

Returns (bytes_requested, sectors_touched, efficiency = bytes / (sectors x 32))."""



raise NotImplementedError("first_load_sectors")

# convert_layout cost
def classify_conversion(src: Blocked, dst: Blocked, shape):
"l registers' every element stays in the same thread(s): only registers are rena
(Triton: cvtReordersRegisters)
'warp_shuffle' every element stays in the same warp: lanes exchange with shfl

(Triton: cvtNeedsWarpShuffle — the real check also limits the per
'shared_memory' some element must cross warps: write to smem, barrier, read back
(Triton: cvtNeedsSharedMemory)'"""
raise NotImplementedError("classify_conversion")

gl
./check.sh t2
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from drill import load

t2 = load("t2_coalesce_layout")

B =

def

def

def

def

def

t2.Blocked

test_parse_roundtrip():

s = "#ttg.blocked<{sizePerThread = [1, 4], threadsPerWarp = [2, 16], warpsPerCTA = [4,
L = t2.parse_blocked(s)

assert L == B((1, 4), (2, 16), (4, 1), (1, 0))

assert str(L) == s

test_reproduces_coalesce_mlir_transpose():

# test/TritonGPU/coalesce.mlir @transpose: 64x64 132, num-warps 4, tt.divisibility = 1

row = t2.coalesced_layout([64, 64], order=[1, 0], elem_bits=32, contiguity=64)

col = t2.coalesced_layout([64, 641, order=[0, 1], elem_bits=32, contiguity=64)

assert str(row) == ("#ttg.blocked<{sizePerThread = [1, 4], threadsPerWarp = [2, 16], "
"warpsPerCTA = [4, 1], order = [1, @]}>")

assert str(col) == ("#ttg.blocked<{sizePerThread [4, 1], threadsPerWarp = [16, 2], "
"warpsPerCTA = [1, 4], order = [0, 1]}>")

test_elements_per_thread_limits():

# fpl6: 128 bits —> 8 elements per thread

assert t2.elements_per_thread([128, 64], [1, @], 16, 64, 16, 4) == 8
# alignment 8 bytes only —> 2 fp32

assert t2.elements_per_thread([128, 64], [1, @], 32, 64, 8, 4) == 2
# contiguity 1 (gather-like pointer) —> 1

assert t2.elements_per_thread([128, 64], [1, @], 32, 1, 16, 4) == 1
# tiny tensor: 64 elements over 128 threads —> 1

assert t2.elements_per_thread([64], [0], 32, 64, 16, 4) == 1

test _build _blocked 1d_and_small():

assert t2.build_blocked([1024], [4]1, [ol, 4) == B((4,), (32,), (4,), (0,))

# 16 columns of fplé with 8 per thread: only 2 lanes along dim 1, the rest go to rows
L = t2.build_blocked([64, 16], [1, 8], [1, @I, 4)

assert L == B((1, 8), (16, 2), (4, 1), (1, 0))

test_thread_elements_and_lane_table():

L = B((1, 4), (2, 16), (4, 1), (1, 0))

assert t2.tile(L) == (8, 64)

assert t2.thread_elements(L, [8, 641, 0, 0) == [(o0, @), (0, 1), (0, 2), (0, 3)]
assert t2.thread_elements(L, [8, 641, 0, 17) == [(1, 4), (1, 5), (1, 6), (1, 7)1
assert t2.thread_elements(L, [8, 64], 3, 16)[0] == (7, 0)

# 64x64: the tile repeats 8 times along rows —> 32 registers per thread

regs = t2.thread_elements(L, [64, 64], 0, 0)

assert len(regs) == 32 and regs[4] == (8, 0)



table = t2.lane_table(L, [8, 64])
assert len(table) == 32 and table[16][1]1[0] == (1, 0)

def test_broadcast_when_tensor_smaller_than_tile():
L =B((1, 4), (2, 16), (4, 1), (1, 0))

own = t2.owners(L, [4, 64]) # tile is 8 rows, tensor has 4
assert len(own) == 4 *x 64

assert len(own[(0, 0)]) == # warp @ lane @ and warp 2 lane 0
assert ownl[(0, 0)] == {(0, @), (2, 0)}

def test_coalescing():
row = B((1, 4), (2, 16), (4, 1), (1, 0))
n, sectors, eff = t2.first_load_sectors(row, [64, 64], 4)
assert n == 32 x 16 and sectors == 16 and eff == 1.0
# the same row layout reading a column-major (transposed) tensor
n, sectors, eff = t2.first_load_sectors(row, [64, 64], 4, strides=[1, 64])
assert sectors == 64 and eff == 0.25 # rows 0 and 1 share a sector, 64 column
# one element per lane, lanes along the slow dim —> 32 different rows
bad = B((1, 1), (32, 1), (4, 1), (1, 0))
assert t2.first_load_sectors(bad, [128, 64], 4)[1] == 32

def test_classify_conversion():
shape = [64, 64]
row = B((1, 4), (2, 16), (4, 1), (1, 0))
assert t2.classify_conversion(row, row, shape) == "registers"
# order also decides how lanes are numbered, so flipping it is NOT a register—-only cha
flipped = B((1, 4), (2, 16), (4, 1), (0, 1))
assert t2.classify_conversion(row, flipped, shape) != "registers"
# each warp keeps the same rows; only which lane holds which column changes
narrow = B((1, 2), (2, 16), (4, 1), (1, 9))
assert t2.classify_conversion(row, narrow, shape) == "warp_shuffle"
# lanes stacked 16 tall: warp @ now owns rows 0-15, which warps 0-3 shared before
tall = B((1, 4), (16, 2), (4, 1), (1, 0))

assert t2.classify_conversion(row, tall, shape) == "shared_memory"
col = B((4, 1), (16, 2), (1, 4), (0, 1))
assert t2.classify_conversion(row, col, shape) == "shared_memory"

R



%ik coalesce.mlir BIFA layout & 7»1 (2ERES)
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""MUT2 . Layout reasoning: re-derive Triton's coalesce pass, then map lanes to elements

Triton's “tritongpu-coalesce’ pass picks a BlockedEncoding for every load/store. Two [
real code decide it, and this drill reimplements both in Python:

1. lib/Dialect/TritonGPU/Transforms/Utility.cpp getNumElementsPerThread()
perThread = min(divisibility_bytes / elem_bytes, contiguity, shapelorder[0]],
then CoalesceUtils.cpp also caps it by max(numElems / numThreads, 1).
2. include/triton/Dialect/TritonGPU/IR/TritonGPUAttrDefs.td BlockedEncodingAttr bui
walk dims from the fastest (order[@]) and hand out lanes, then warps; the slow
takes whatever is left.

With the layout in hand we answer the T2 questions: which lane owns which coordinates,
first load of a warp coalesced, and does a ttg.convert_layout stay in registers, need
shuffles, or go through shared memory (lib/Analysis/Utility.cpp: cvtReordersRegisters
cvtNeedsWarpShuffle / cvtNeedsSharedMemory).

import re

from dataclasses import dataclass

from itertools import product

from math import prod

@dataclass(frozen=True)

class Blocked:
size_per_thread: tuple
threads_per_warp: tuple
warps_per_cta: tuple
order: tuple

def __ str_ (self):
f = lambda v: "[" + ", ".join(map(str, v)) + "]"
return (f"#ttg.blocked<{{sizePerThread = {f(self.size_per_thread)}, threadsPer
f"{f(self.threads_per_warp)}, warpsPerCTA = {f(self.warps_per_cta)}, c

def parse_blocked(text):

"""Parse '#ttg.blocked<{sizePerThread = [1, 4], threadsPerWarp = [2, 16], ...}>'."
def grab(key):

m = re.search(key + r'"\skx=\s*x\[(["\]1]%)\]", text)

if not m:

raise ValueError(f"missing {key}")

return tuple(int(x) for x in m.group(1).split(","))

return Blocked(grab("sizePerThread"), grab("threadsPerWarp"), grab("warpsPerCTA"),

def clamp(x, lo, hi):
return max(lo, min(x, hi))



def build_blocked(shape, size_per_thread, order, num_warps, threads_per_warp=32):
"""Port of the BlockedEncodingAttr::get(shape, sizePerThread, order, numWarps, num
rank = len(size_per_thread)
tpw, wpc = [0] % rank, [0] * rank
rem_lanes, rem_threads, rem_warps = threads_per_warp, num_warps * threads_per_warg
prev_lanes = prev_warps = 1
for d in range(rank - 1):
i = order[d]
threads_cta = clamp(rem_threads, 1, max(1l, shapelil // size_per_thread[i]))
tpwl[i] = clamp(threads_cta, 1, rem_lanes)
wpc[i]l = clamp(threads_cta // tpwlil, 1, rem_warps)
rem_warps //= wpc[i]
rem_lanes //= tpwl[il
rem_threads //= threads_cta
prev_lanes *x= tpwl[il
prev_warps *= wpcl[il]
tpwlorder[rank - 11] = threads_per_warp // prev_lanes
wpclorder[rank — 1]1] = num_warps // prev_warps
return Blocked(tuple(size_per_thread), tuple(tpw), tuple(wpc), tuple(order))

def elements_per_thread(shape, order, elem_bits, contiguity, divisibility_bytes, num_w
"""getNumElementsPerThread + the numElems/numThreads cap from CoalesceUtils.cpp.""
elem_bytes = max(elem_bits // 8, 1)
max_multiple = max(divisibility_bytes // elem_bytes, 1)
max_contig = min(contiguity, shapelorder([0]])
alignment = min(max_multiple, max_contig)
per_thread = min(alignment, 128 // elem_bits)
return min(per_thread, max(prod(shape) // (num_warps * threads_per_warp), 1))

def coalesced_layout(shape, order, elem_bits, contiguity, divisibility_bytes=16, num_w
"""The layout the coalesce pass gives a load/store whose pointer has this contigui
per = elements_per_thread(shape, order, elem_bits, contiguity, divisibility_bytes,
spt = [1] * len(shape)
sptlorder[0]] = per
return build_blocked(shape, spt, order, num_warps)

# who owns what
def _delinearize(idx, sizes, order):
"""Split a linear index into per-dim coordinates; order[@] varies fastest."'""
c = [0] x len(sizes)
for d in order:
cld] = idx % sizes[d]
idx //= sizes[d]
return c

def tile(L: Blocked):
return tuple(s x t x w for s, t, w in zip(L.size_per_thread, L.threads_per_warp, L



def thread_elements(L: Blocked, shape, warp, lane):

def

def

"""Coordinates held by (warp, lane), in register order (inside a chunk first, ther
both linearized along “order™)."""

t = tile(L)
reps = [max(1, -(-s // td)) for s, td in zip(shape, t)]
lc = _delinearize(lane, L.threads_per_warp, L.order)
wc = _delinearize(warp, L.warps_per_cta, L.order)
out = []
for r in range(prod(reps)):

rc = _delinearize(r, reps, L.order)

for s in range(prod(L.size_per_thread)):

sc = _delinearize(s, L.size_per_thread, L.order)

coord = tuple((rcld] * t[d] + wcld]l x L.size_per_thread[d] * L.threads_per
+ lc[d] * L.size_per_thread[d] + sc[d]) % shapeld] for d ir
out.append(coord)
return out

owners(L: Blocked, shape):
"""coord —> set of (warp, lane) holding it (more than one = broadcast / duplicatic
num_warps = prod(L.warps_per_cta)
lanes = prod(L.threads_per_warp)
own = {}
for w in range(num_warps):
for 1n in range(lanes):
for ¢ in thread_elements(L, shape, w, 1n):
own.setdefault(c, set()).add((w, 1n))
return own

lane_table(L: Blocked, shape, warp=0):
""" [(lane, [coords...])] for one warp — the T2 deliverable."""
return [(ln, thread_elements(L, shape, warp, ln)) for ln in range(prod(L.threads_g

def

coalescing
first_load_sectors(L: Blocked, shape, elem_bytes, strides=None):
""MSimulate warp @0's first vectorized load instruction on a tensor with element st
“strides’ (row-major contiguous by default). Each lane loads one vector of
vec = min(sptlorder[0]], 16 // elem_bytes) contiguous elements along order[0].
Returns (bytes_requested, sectors_touched, efficiency = bytes / (sectors *x 32)).""
if strides is None:

strides = [prod(shapeld + 1:]1) for d in range(len(shape))]
vec = min(L.size_per_thread[L.order[0]1], max(16 // elem_bytes, 1))
sectors = set()
nbytes = 0
for 1n in range(prod(L.threads_per_warp)):

first = thread_elements(L, shape, 0, 1n)[:vec]

for ¢ in first:



addr = sum(ci x si for ci, si in zip(c, strides)) *x elem_bytes
sectors.add(addr // 32)
nbytes += elem_bytes

return nbytes, len(sectors), nbytes / (32 *x len(sectors))

# convert_layout cost
def classify_conversion(src: Blocked, dst: Blocked, shape):
"'iregisters’ every element stays in the same thread(s): only registers are
(Triton: cvtReordersRegisters)
'warp_shuffle' every element stays in the same warp: lanes exchange with shfl

(Triton: cvtNeedsWarpShuffle — the real check also limits the
'shared_memory' some element must cross warps: write to smem, barrier, read be
(Triton: cvtNeedsSharedMemory)"""
a, b = owners(src, shape), owners(dst, shape)
if all(alc] == blc] for c in a):
return "registers"
warps = lambda s: {w for w, _ in s}
if all(warps(alc]l) == warps(b[c]) for c in a):
return "warp_shuffle"
return "shared_memory"

£ RTX 3070 L: TTGIR 5 PTX 3}88

1. A3 coalesce.mlir 2B 556 : triton-opt test/TritonGPU/coalesce.mlir —-split-input-
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2. E— 64x064 B35 & kernel, & k.asm["ttgir"l EHJ ttg.convert_layout , BTE
k.asm["ptx"] EE#¥ st.shared / ld.shared / bar.sync : {REY classify_conversion 3%
shared_memory RYFRREEHR, PTX ERNZIEFNN—H smem § + barrier + smem £,

3. 38 1d.global.v4.f32 (BT 4 1 fp32 =16 B) 1 first_load_sectors HIENE: 17
BiZTERKERNBE 1.0; EF— layout BiZEZEMKE, WEIEF 0.25,

v Bill: Aft4 fp16 1Y [128, 64] 5k&E perThread & 8 A= 4?

—£2RBIHFEIES RS 128 bit (128 / elem_bits ) : fp32 & 4 1, fp16 2 8 1, REIRs
16 B $3% ( divisibility = 16 — 16 / 2 = 8) . EEKEZE/) 8. ENEEFHEDLHE 8
TrcE (8192 /128 = 64) , perThread ®i@ 8, XK PTX By 1d.global.v4.b32 (4 4 32
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GEMM tile sweep: prune — perf model — do_bench
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early_prune(configs, gpu, M, N, K)

perf_model(gpu, M, N, K, cfg)
top_k(configs, model, k)
quantiles(samples, qs)
sweep(configs, measure, repeats)
pick_best(rows)

bound(gpu, M, N, K, cfg)

autotune(gpu, M, N, K, measure,

configs, k, repeats)
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"MMT3 - GEMM tile / resource sweep, the way triton.autotune does it — your implementation

python/triton/runtime/autotuner.py runs, per new key:
configs —> early_config_prune(configs, nargs) # drop configs that cannot work

—> perf_model + top_k # keep only the k most promising
—> do_bench(kernel_call, quantiles=(0.5, 0.2, 0.8)) # measure the survivors
—> pick the smallest median

We build the same pipeline in Python. The pruning and the perf model reuse Kl1's resource m

(solutions.kl_gemm_model, given), and “measure™ is injectable: on the RTX 3070 it launches

real Triton kernel, in tests it is a seeded fake.

import csv

import io

import random

import statistics

from itertools import product

from math import ceil

from solutions.kl_gemm_model import RTX3070, TileConfig, occupancy, roofline, smem_bytes,

def config_space(BM=(32, 64, 128, 256), BN=(32, 64, 128, 256), BK=(32, 64), num_warps=(4,
return [TileConfig(xc) for c¢ in product(BM, BN, BK, num_warps, num_stages)]

def early_prune(configs, gpu, M, N, K):
"""Drop configs that cannot launch (K1 occupancy invalid) or whose tile is pointlessly
than the problem (BM > 2 x M rounds a 100-row problem up to a 256-row tile)."""
raise NotImplementedError("early_prune')

def perf_model(gpu, M, N, K, c, in_bytes=2):
"""Predicted seconds = max(compute with wave quantization, DRAM traffic) + launch over

Compute: tiles run in waves of sm_count * blocks_per_sm CTAs; a partly empty last wave
still costs a full wave, so time = waves * per_wave x tile_flops / peak."""
raise NotImplementedError("perf_model")

def top_k(configs, model, k):
"""The k configs with the smallest predicted time (stable on ties)."""
raise NotImplementedError("top_k")

def quantiles(samples, gs=(0.5, 0.2, 0.8)):
raise NotImplementedError("quantiles")

def sweep(configs, measure, repeats=25):
"""Measure each config “repeats® times. Rows: cfg fields + median/p20/p80/cv."""



raise NotImplementedError("sweep")

def pick_best(rows):
"""Smallest median; if another row's interval [p2@, p80] overlaps the winner's, prefer
one with less shared memory (more occupancy headroom, same speed within noise)."""
raise NotImplementedError("pick_best")

def bound(gpu, M, N, K, c):
""imemory' | ‘'compute' | ‘launch' from the K1 roofline of this config's real traffic.
raise NotImplementedError("bound")

def to_csv(rows):
buf = i0.StringIO()
w = csv.DictWriter(buf, fieldnames=1list(rows[0]))
w.writeheader()
w.writerows(rows)
return buf.getvalue()

def autotune(gpu, M, N, K, measure, configs=None, k=8, repeats=25):
"""The whole autotuner: prune —> perf_model top-k —> sweep —> pick. Returns (best_row,
raise NotImplementedError("autotune")

def fake_measure(gpu, M, N, K, seed=0, noise=0.03):
"""A seeded stand-in for a real launch: the perf model times a config-specific efficie
factor (what the model does not know) times multiplicative noise."""
rng = random.Random(seed)

def m(c):
eff = 1.0 + 0.15 x ((hash((c.BM, c.BN, c.BK, c.num_warps, c.num_stages)) % 7) / 7)
return perf_model(gpu, M, N, K, c) *x eff x (1 + rng.gauss(0, noise))

return m

o8

./check.sh t3

tests/test_t3_autotune_sweep.py 7117 gkl



import pytest

from drill import load
from solutions.kl_gemm_model import RTX3070 as G, TileConfig as C, occupancy

t3 = load("t3_autotune_sweep")

S = 4096

def test_space_and_prune():
cs = t3.config_space()

assert len(cs) == 4 x 4 x 2 x 2 x 3

alive = t3.early_prune(cs, G, S, S, S)

assert len(alive) == 146 and all(occupancy(G, c)["valid"] for c in alive)

skinny = t3.early_prune(cs, G, 100, S, S)

assert max(c.BM for ¢ in skinny) == 128 # 256-row tiles are pruned for M = 10

def test_perf_model_wave_quantization():
c = C(128, 128, 32, 4, 3) # 2 CTAs / SM (smem-limited) —> 92
assert occupancy(G, c)I["blocks"] == 2
t = t3.perf_model(G, S, S, S, c)
assert t == pytest.approx(0.004873388571428571)
# the same tile on 92 tiles (exactly one wave) vs 93 tiles (a second, almost empty wav
one = t3.perf_model(G, 128 % 92, 128, 4096, c)
two = t3.perf_model(G, 128 * 93, 128, 4096, c)
assert two > one

def test_top_k_is_sorted_by_model():
alive = t3.early_prune(t3.config_space(), G, S, S, S)
m = lambda c: t3.perf_model(G, S, S, S, c)
k = t3.top_k(alive, m, 5)
assert len(k) == 5 and [m(c) for c in k]l == sorted(m(c) for c in k)
assert all(m(k[-1]) <= m(c) for c in alive if ¢ not in k)

def test_quantiles_match_do_bench_defaults():
med, p20, p80 = t3.quantiles(list(range(11)))
assert (med, p20, p80) == (5, 2, 8)

def test_sweep_pick_and_csv():
m = t3.fake_measure(G, S, S, S, seed=0)
cands = [C(128, 256, 32, 8, 2), C(128, 128, 32, 4, 3), C(64, 64, 32, 4, 2)]
rows = t3.sweep(cands, m, repeats=15)
assert len(rows) == 3 and all(r["p20"] <= r["median"] <= r["p80"] for r in rows)
best = t3.pick_best(rows)
assert best["median"] <= min(r["median"] for r in rows) * 1.1
text = t3.to_csv(rows)



assert text.splitlines()[0].startswith("BM,BN,BK,num_warps,num_stages,median")
assert len(text.strip().splitlines()) == 4

def test_pick_best_prefers_less_smem_within_noise():
rows = [{"median": 1.00, "p20": 0.95, "p80": 1.05, "smem": 98304},
{"median": 1.02, "p20": 0.97, "p80": 1.07, "smem": 32768},
{"median": 1.50, "p20": 1.45, "p80": 1.55, "smem": 8192}]
assert t3.pick_best(rows)["smem"] == 32768

def test_autotune_end to_end():
best, rows, pruned = t3.autotune(G, S, S, S, t3.fake_measure(G, S, S, S, seed=0), k=8)
assert pruned == 46 and len(rows) ==
assert (best["BM"], best["BN"]1) in {(128, 256), (256, 128)}

def test _bound():

assert t3.bound(G, 64, 64, 64, C(32, 32, 32)) == "launch"
# no L2 in the model: a 4096”3 fplé GEMM with 128x128 tiles re-reads 2 GB —> "memory"
assert t3.bound(G, S, S, S, C(128, 128, 32)) == "memory"
R
B sM (EEEE) e -

occupancy(gpu, c)["valid"] —{TIREHZFERE, 192 MECEEER 46 TEN shared memory
FBFRE 1T S FZ83HE1T 255 B,

wave Bft HBRSEAN (PEEE) i -
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best = min(rows, key=median) ; ties = [r for r in rows if r.p20 <= best.p8@ and
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"MMT3 - GEMM tile / resource sweep, the way triton.autotune does it — reference soluti

python/triton/runtime/autotuner.py runs, per new key:
configs —> early_config_prune(configs, nargs) # drop configs that cannot wor

—> perf_model + top_k # keep only the k most promis
—> do_bench(kernel_call, quantiles=(0.5, 0.2, 0.8)) # measure the survivc
—> pick the smallest median

We build the same pipeline in Python. The pruning and the perf model reuse K1's resour

(solutions.kl_gemm_model, given), and “measure™ is injectable: on the RTX 3070 it laur

real Triton kernel, in tests it is a seeded fake.

import csv

import io

import random

import statistics

from itertools import product

from math import ceil

from solutions.kl_gemm_model import RTX3070, TileConfig, occupancy, roofline, smem_byt

def config_space(BM=(32, 64, 128, 256), BN=(32, 64, 128, 256), BK=(32, 64), num_warps=
return [TileConfig(*c) for c in product(BM, BN, BK, num_warps, num_stages)]

def early_prune(configs, gpu, M, N, K):
"""Drop configs that cannot launch (K1 occupancy invalid) or whose tile is pointle
than the problem (BM > 2 x M rounds a 100-row problem up to a 256-row tile)."""
keep = []
for ¢ in configs:
if not occupancy(gpu, c)["valid"]:
continue
if ¢.BM > max(32, 2 *x M) or c.BN > max(32, 2 % N) or c.BK > max(16, K):
continue
keep.append(c)
return keep

def perf_model(gpu, M, N, K, c, in_bytes=2):
"""Predicted seconds = max(compute with wave quantization, DRAM traffic) + launch

Compute: tiles run in waves of sm_count * blocks_per_sm CTAs; a partly empty last
still costs a full wave, so time = waves * per_wave * tile_flops / peak."""

occ = occupancy(gpu, c, in_bytes)

tiles = ceil(M / c.BM) % ceil(N / c.BN)

per_wave = gpu.sm_count x occ["blocks"]

waves = ceil(tiles / per_wave)

t_compute = waves x per_wave *x (2 *x c.BM % c.BN x K) / gpu.peak_flops

t_memory = tiled_bytes(M, N, K, c, in_bytes) / gpu.peak_bw

return max(t_compute, t_memory) + gpu.launch_overhead



def

def

def

def

def

def

top_k(configs, model, k):
"""The k configs with the smallest predicted time (stable on ties)."""
return sorted(configs, key=model) [:k]

quantiles(samples, qs=(0.5, 0.2, 0.8)):
s = sorted(samples)
out = []
for q in gs:
pos = (len(s) - 1) * q
lo = int(pos)
hi = min(lo + 1, len(s) - 1)
out.append(s[lo] + (s[hi] - s[lo]l) * (pos - lo))
return out

sweep(configs, measure, repeats=25):
"""Measure each config " repeats’ times. Rows: cfg fields + median/p20/p80/cv."""
rows = []
for ¢ in configs:
xs = [measure(c) for _ in range(repeats)]
med, p20, p80@ = quantiles(xs)
mean = statistics.fmean(xs)
rows.append({"BM": c.BM, "BN": c.BN, "BK": c.BK, "num_warps": c.num_warps, 'nt
"median": med, "p20": p20, "p80": p8@, "cv': statistics.pstdev(xs

return rows

pick_best(rows):

"""Smallest median; if another row's interval [p2@0, p80] overlaps the winner's, pr
one with less shared memory (more occupancy headroom, same speed within noise)."""
best = min(rows, key=lambda r: r["median"])

ties = [r for r in rows if r["p20"] <= best["p80"] and best["p20"] <= r["p80"]]
return min(ties, key=lambda r: (r["smem"], r["median"]))

bound(gpu, M, N, K, c):
" memory' | ‘compute' | 'launch' from the K1 roofline of this config's real traf
return roofline(gpu, gemm_flops(M, N, K), tiled_bytes(M, N, K, c))["bound"]

to_csv(rows):

buf = i0.StringIO()

w = csv.DictWriter(buf, fieldnames=1list(rows[0]))
w.writeheader()

w.writerows(rows)

return buf.getvalue()



def autotune(gpu, M, N, K, measure, configs=None, k=8, repeats=25):

configs = configs or config_space()

alive = early_prune(configs, gpu, M, N, K)

cand = top_k(alive, lambda c: perf_model(gpu, M, N, K, c), k)
rows = sweep(cand, measure, repeats)

return pick_best(rows), rows, len(configs) - len(alive)

def fake_measure(gpu, M, N, K, seed=0, noise=0.03):

factor (what the model does not know) times multiplicative noise."""
rng = random.Random(seed)

def m(c):

return perf_model(gpu, M, N, K, c) *x eff % (1 + rng.gauss(0, noise))
return m

"""The whole autotuner: prune —> perf_model top-k —> sweep —> pick. Returns (best_

"MUA seeded stand-in for a real launch: the perf model times a config-specific eff

eff = 1.0 + 0.15 x ((hash((c.BM, c.BN, c.BK, c.num_warps, c.num_stages)) % 7)

f£f RTX 3070 Lk: E3CHY sweep Fl CSV

import torch, triton

from solutions.t3_autotune_sweep import *

from solutions.kl_gemm_model import RTX3070 as G
# matmul_kernel: tutorial 03 Z#2 @autotune AIMRZA
def real_measure(c, M=4096, N=4096, K=4096):

a = torch.randn(M, K, device="cuda", dtype=torch.floatl6); b = torch.randn(K, N, devic

out = torch.empty(M, N, device="cuda", dtype=torch.floatl6)
grid = (triton.cdiv(M, c.BM) * triton.cdiv(N, c.BN),)

run = lambda: matmul_kernellgrid](a, b, out, M, N, K, a.stride(0), a.stride(1), b.stri
out.stride(0), out.stride(1), BLOCK _SIZE M=c.BM, BLO
BLOCK_SIZE_K=c.BK, GROUP_SIZE_M=8, num_warps=c.num_w

return triton.testing.do_bench(run, warmup=10, rep=50) * le-3 # ms —> s
best, rows, pruned = autotune(G, 4096, 4096, 4096, real_measure, k=12, repeats=5)
open("t3_sweep.csv'", "w").write(to_csv(rows))

£ CSV EBM=%: k.n_regs . k.n_spills . k.metadata.shared (FKBRIFLM kernel) ,
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"MUT4 . Correctness bug minimization: fuzz —> fail —> shrink —> regression test — your imp
The loop every compiler contributor runs before opening an issue:

1. random differential test against a reference (fixed seed, edge-heavy shapes, several
non—-contiguous strides);

2. keep the first failing input;

shrink it — smallest shape, simplest dtype, contiguous if possible — while it still f

4. print it as a pytest regression (or a lit test once you know which pass is wrong).

w

“ddmin® is Zeller's delta debugging for lists (e.g. a list of IR lines or of ops in a grap
“shrink_case” is the structured version for (shape, dtype, layout) cases.

import random

import numpy as np

from solutions.k3_numerics import check_close, edge_sizes, to_bfl6, tolerance

# generic list shrinking
def ddmin(items, fails):

"""Smallest sub-list (1-minimal) for which fails(sub) is still True. fails(items) must
raise NotImplementedError("ddmin")

def shrink_int(n, fails, lo=1):
"""Smallest m in [lo, n] with fails(m) (assumes fails(n)); halve first, then step down
raise NotImplementedError("shrink_int")

# structured cases
DTYPE_ORDER = ["float32", "floatl6", "bfloatl6"] # simplest first

def shrink_case(case, fails):
"“"“case = {'shape': [..], 'dtype': str, 'contiguous': bool}. Shrink until nothing chan
raise NotImplementedError("shrink_case")

def random_case(rng, block=64):
sizes = edge_sizes(block, limit=4 *x block)
return {"shape": [rng.choice(sizes), rng.choice(sizes)], "dtype": rng.choice(DTYPE_ORD
"contiguous": rng.random() < 0.7}

def fuzz(check, n=200, seed=0, block=64):
"""Run “check(case) —> bool ok™ on n random cases; return (first failing case or None,
raise NotImplementedError("fuzz")



# the op under test
NP = {"float32": np.float32, "floatl6e": np.floatl6, "bfloatl6": np.float32} # numpy has

def make_input(case, seed=0):
m, n = case["shape"]
rng = np.random.default_rng(seed)
if case["contiguous"]:

X = rng.standard_normal((m, n))
else:

X = rng.standard_normal((n, m)).T # same values pattern, transposed str
x = x.astype(NP[case["dtype"]])
return to_bfl16(x) if casel["dtype"] == "bfloatl6" else x

def row_sum_reference(x):
return np.asarray(x, np.float64).sum(axis=1)

def differential_check(impl, case, seed=0):
"""impl(x) vs float64 reference with a K3 tolerance for this dtype and row length."""
raise NotImplementedError("differential_check")

def buggy_row_sum(x, BLOCK=64):
"UMMA 'tiled kernel' with a classic bug: the single-block path is masked, the multi-blo
walks only full blocks and forgets the tail."""
m, n = X.sShape
acc = np.zeros(m, np.float32)
if n <= BLOCK:
acc += x.astype(np.float32).sum(axis=1)
else:
for k@ in range(@, n - BLOCK + 1, BLOCK): # BUG: drops n % BLOCK trailing colu
acc += x[:, k@:k0 + BLOCK].astype(np.float32).sum(axis=1)
return acc

def to_pytest(case, name="test_row_sum_regression", impl="row_sum", seed=0):
"""Emit a standalone regression test for the minimized case."""
raise NotImplementedError("to_pytest")

il

./check.sh t4

tests/test_t4_minimize.py 57 17 il



import numpy as np
from drill import load

t4 = load("t4_minimize")

def test_ddmin_finds_the_two_culprits():
items = list(range(20))
fails = lambda xs: 3 in xs and 17 in Xxs
assert sorted(t4.ddmin(items, fails)) == [3, 17]
assert t4.ddmin(list("abcdefgh"), lambda xs: "e" in xs) == ["e"]

def test_ddmin_ir_lines():
ir = ["%0 = tt.get_program_id x", "%1 = tt.make_range", "%2 = tt.load %p", "%3 = tt.do
"%4 = ttg.convert_layout %3", "tt.store %q, %4", "tt.return"]
crash = lambda lines: any("tt.dot" in 1 for 1 in lines) and any("convert_layout" in 1
assert t4.ddmin(ir, crash) == ["%3 = tt.dot %a, %b", '"%4 = ttg.convert_layout %3"]

def test_shrink_int():
assert t4.shrink_int(1000, lambda m: m >= 65) == 65
assert t4.shrink_int(1000, lambda m: m % 64 != 0 and m > 64) == 65
assert t4.shrink_int(7, lambda m: True) ==

def test_reference_impl_passes_and_bug_is_found():
good = lambda x: x.astype(np.float32).sum(axis=1)
for case in [{"shape": [3, 129], "dtype": "floatl16", "contiguous": False},
{"shape": [1, 11, "dtype": "float32", "contiguous": Truel}]:
assert t4.differential_check(good, case)
bad, tried = t4.fuzz(lambda c: t4.differential_check(t4.buggy_row_sum, c), n=200, seed
assert bad is not None and bad["shape"][1] > 64 and bad["shape"][1] % 64 != 0

def test shrink _case_to_minimal():
check = lambda c: t4.differential_check(t4.buggy_row_sum, c)
start = {"shape": [129, 255], "dtype": "bfloatl6", "contiguous": False}
assert not check(start)
m = t4.shrink_case(start, lambda c: not check(c))
assert m == {"shape": [1, 65], "dtype": "float32", "contiguous": True}

def test_to_pytest_runs():
code = t4.to_pytest({"shape": [1, 65], "dtype": "float32", "contiguous": True}, impl="
ns = {"np": np, "buggy": t4.buggy_row_sum}
exec(code, ns)
try:
ns["test_row_sum_regression"] ()



except AssertionError:
pass
ellisel
raise AssertionError("the emitted regression test should fail on the buggy kernel"
ns["buggy"] = lambda x: x.astype(np.float32).sum(axis=1)
exec(code, ns)
ns["test_row_sum_regression"] ()

R
shrink_int 51 (ZEE:S) i -

while n > lo:
half = max(lo, n // 2)
if half < n and fails(half): n = half
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"""T4 . Correctness bug minimization: fuzz —-> fail —> shrink —> regression test — refe
The loop every compiler contributor runs before opening an issue:

1. random differential test against a reference (fixed seed, edge-heavy shapes, seve
non—-contiguous strides);

2. keep the first failing input;

. shrink it — smallest shape, simplest dtype, contiguous if possible — while it sti

4. print it as a pytest regression (or a lit test once you know which pass is wrong)

w

“ddmin® is Zeller's delta debugging for lists (e.g. a list of IR lines or of ops in a
“shrink_case” is the structured version for (shape, dtype, layout) cases.

import random
import numpy as np

from solutions.k3_numerics import check_close, edge_sizes, to_bfl6, tolerance

# generic list shrink
def ddmin(items, fails):
"""Smallest sub-list (1-minimal) for which fails(sub) is still True. fails(items)
assert fails(items), "the full input must fail"
n =2
while len(items) >= 2:
chunk = —(-len(items) // n)
subsets = [items[i:i + chunk] for i in range(@, len(items), chunk)]
progress = False
for 1, sub in enumerate(subsets):
if fails(sub): # reduce to a subset
items, n, progress = sub, 2, True

break

rest = [x for j, s in enumerate(subsets) if j != i for x in s]

if len(subsets) > 2 and fails(rest): # reduce to a complement
items, n, progress = rest, max(n - 1, 2), True
break

if not progress:
if n >= len(items):
break
n = min(n % 2, len(items))
return items

def shrink_int(n, fails, lo=1):
"""Smallest m in [lo, n] with fails(m) (assumes fails(n)); halve first, then step
assert fails(n)
while n > lo:
half = max(lo, n // 2)
if half < n and fails(half):



n = half
elif fails(n - 1):

n =1
else:
break
return n
# structured cases
DTYPE_ORDER = ["float32", "floatl6", "bfloatl6"] # simplest first

def shrink_case(case, fails):
"""case = {'shape': [..], 'dtype': str, 'contiguous': bool}. Shrink until nothing
case = dict(case, shape=list(case["shape"]))
assert fails(case)
changed = True
while changed:
changed = False
for d in range(len(case["shape"])):
def f(m, d=d):
c = dict(case, shape=case["shape"][:d] + [m] + case["shape"][d + 1:])
return fails(c)
m = shrink_int(case["shape"]1[d], f)
if m != case["shape"][d]:
case["shape"][d] = m
changed = True
for dt in DTYPE_ORDER[:DTYPE_ORDER. index(case["dtype"])]:
if fails(dict(case, dtype=dt)):
case["dtype"] = dt
changed = True
break
if not case["contiguous"] and fails(dict(case, contiguous=True)):
case["contiguous"] = True
changed = True
return case

def random_case(rng, block=64):
sizes = edge_sizes(block, limit=4 % block)
return {"shape": [rng.choice(sizes), rng.choice(sizes)], "dtype": rng.choice(DTYPE
"contiguous": rng.random() < 0.7}

def fuzz(check, n=200, seed=0, block=64):
"""Run “check(case) —> bool ok™ on n random cases; return (first failing case or N
rng = random.Random(seed)
for i in range(n):
¢ = random_case(rng, block)
if not check(c):
return ¢, i + 1



return None, n

# the op under test
NP = {"float32": np.float32, "floatl6": np.floatl6, "bfloatl6": np.float32} # numpy

def make_input(case, seed=0):
m, n = case["shape"]
rng = np.random.default_rng(seed)
if case["contiguous"]:

X = rng.standard_normal((m, n))
else:

X = rng.standard_normal((n, m)).T # same values pattern, transposec
x = x.astype(NP[case["dtype"]])
return to_bfl6(x) if case["dtype"] == "bfloatl6" else x

def row_sum_reference(x):
return np.asarray(x, np.float64).sum(axis=1)

def differential_check(impl, case, seed=0):
"""impl(x) vs float64 reference with a K3 tolerance for this dtype and row length.

x = make_input(case, seed)

rtol, atol = tolerance(case["dtype"], casel["shape"][1], c=4.0)

return check_close(impl(x), row_sum_reference(x), rtol, atol % max(1.0, case["shag

def buggy_row_sum(x, BLOCK=64):
"MYA 'tiled kernel' with a classic bug: the single-block path is masked, the multi
walks only full blocks and forgets the tail."""
m, n = Xx.sShape
acc = np.zeros(m, np.float32)
if n <= BLOCK:
acc += x.astype(np.float32).sum(axis=1)
else:
for k@ in range(@, n - BLOCK + 1, BLOCK): # BUG: drops n % BLOCK trailing
acc += x[:, k@:k@ + BLOCK].astype(np.float32).sum(axis=1)
return acc

def to_pytest(case, name="test_row_sum_regression", impl="row_sum", seed=0):
"""Emit a standalone regression test for the minimized case."""
m, n = case["shape"]
make = (f"rng.standard_normal(({m}, {n}))" if case["contiguous"]
else f'"rng.standard_normal(({n}, {m})).T")
return (f"def {name}():\n"
f" # minimized by t4_minimize.shrink_case; seed={seed}\n"
f* rng = np.random.default_rng({seed})\n"



" x = {make}.astype(np.{NP[case['dtype']l]l.__name__})\n"
f" np.testing.assert_allclose({impl}(x), Xx.astype(np.float64).sum(axis=
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"MUT5 - A mini FileCheck: how Triton's lit tests decide pass / fail — your implementation

Every file under triton/test/ starts with a RUN line such as

// RUN: triton-opt %s —split—-input-file —tritongpu—-coalesce | FileCheck %s
lit runs the pass, pipes the output to LLVM's FileCheck, and FileCheck matches the “// CHE
comments of the same file against that output. Supported here (the subset Triton tests use

CHECK: match somewhere at or after the current position

CHECK-NEXT: match on the line right after the previous match

CHECK-SAME: match on the same line as the previous match, after it

CHECK-NOT: must not appear between the previous match and the next positive match
CHECK-LABEL: splits input into blocks first; checks never cross a label

CHECK-DAG: a group of consecutive DAG checks may match in any order

CHECK-COUNT-n: match n times in a row (each after the previous)

Patterns: literal text, except {{regex}} and [[VAR:regex]] (capture) / [[VAR]] (use), with
the *$° prefix ([[$VAR]]) meaning "global": with —-—enable-var-scope only those survive a C
match any whitespace run in the input (FileCheck's default canonicalization).

import re

DIRECTIVE = re.compile(r"(?://|; |#)\s*(CHECK(?:-NEXT|-SAME |-NOT |-LABEL | -DAG |-COUNT-\d+)?) :

class CheckFailure(AssertionError):
pass

def parse_checks(source, prefix="CHECK"):
""" [(kind, pattern, line_no)] from a test file. kind: 'CHECK', 'NEXT', 'SAME', 'NOT',
raise NotImplementedError("parse_checks")

def compile_pattern(pat, env):
"""Turn a FileCheck pattern into a Python regex. Returns (regex, [capture variable nam
raise NotImplementedError("compile_pattern")

def filecheck(check_source, output, prefix="CHECK", enable_var_scope=False):
"""Raise CheckFailure (an AssertionError) if “output® does not satisfy the CHECKs in ¢
raise NotImplementedError("filecheck")



def split_input_file(text):
"""triton-opt —-split-input-file: chunks separated by a line "// ——— e
return [c.strip("\n") for c in re.split(r"~// ——— \sx$", text, flags=re.M)]

Ll

./check.sh t5
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import pytest

from drill import load

t5 = load("t5_filecheck")
FC t5.filecheck
Fail = t5.CheckFailure

OUT = """#blocked = #ttg.blocked<{sizePerThread = [1, 4], threadsPerWarp = [2, 16], warpsP
#blockedl = #ttg.blocked<{sizePerThread = [4, 1], threadsPerWarp = [16, 2], warpsPerCTA =
module {
tt.func @transpose(%arg@: !'tt.ptr<f32>) {
%8 = ttg.convert_layout %7 : tensor<64x64x!tt.ptr<f32>, #blocked2> —> tensor<64x64x!tt
%9 = tt.load %8 : tensor<64x64x!tt.ptr<f32>, #blocked>
%10 = ttg.convert_layout %9 : tensor<64x64xf32, #blocked> —> tensor<64x64xf32, #blocke
tt.store %11, %10 : tensor<64x64x!tt.ptr<f32>, #blockedl>
tt.return
¥
tt.func @other() {
%0 = arith.constant @ : 132
tt.return
¥
}IIIIII

def test_parse_checks():
src = "// CHECK: a\n// CHECK-NEXT: b\n // CHECK-COUNT-2: c\n// CHECK-NOT: d\n// CHECK
kinds = [k for k, _, _ in t5.parse_checks(src)]
assert kinds == ["CHECK", "NEXT", "CHECK", "CHECK", "NOT", "LABEL", '"SAME"]
assert t5.parse_checks("// MMA: x", prefix="MMA") == [("CHECK", "x", 1)1

def test_compile_pattern():
rx, names = t5.compile_pattern("[[L:#.%]] = #ttg.blocked<{{.*}}order = [1, @]", {})
assert names == ["L"] and rx.search(OUT).group("L") == "#blocked"
rx, _ = t5.compile_pattern("tt. load [[PI]", {"P": "%8"})
assert rx.search("%9 = tt.load %8 : x")

def test_real_coalesce_style_checks_pass():

checks = """
// CHECK: [[row:#.x]] = #ttg.blocked<{sizePerThread
// CHECK: [[col:#.x]] = #ttg.blocked<{sizePerThread
// CHECK-LABEL: @transpose
// CHECK: [[ptr:%.*x]] = ttg.convert_layout {{.*}} —> tensor<64x64x!tt.ptr<f32>, [[row]]>
// CHECK-NEXT: [[val:%[0-9]+]1] = tt.load [[ptr]]
// CHECK-SAME: [[row]]>
// CHECK-NOT: tt.dot
// CHECK: tt.store {{.x}}, [[colll>

[1, 4], threadsPerWarp = [2, 16]
(4, 11



def

def

def

def

def

def

R

assert FC(checks, OUT)

test_failures_are_reported():
with pytest.raises(Fail, match="not found"):
FC("// CHECK: tt.dot", OUT)
with pytest.raises(Fail, match="CHECK-NEXT"):
FC("// CHECK: tt.func @transpose\n// CHECK-NEXT: tt.load", OUT)
with pytest.raises(Fail, match="CHECK-NOT"):
FC("// CHECK: @transpose\n// CHECK-NOT: tt.load\n// CHECK: tt.store", OUT)
with pytest.raises(Fail, match="no check strings"):
FC("// nothing here", 0OUT)

test_order_matters_unless_dag():
with pytest.raises(Fail):
FC("// CHECK: tt.store\n// CHECK: tt.load", OUT)
assert FC("// CHECK-DAG: tt.store\n// CHECK-DAG: tt.load", OUT)

test_labels_bound_the_search():
# arith.constant exists, but only in @other: it must not satisfy a check in the @trans
with pytest.raises(Fail):

FC("// CHECK-LABEL: @transpose\n// CHECK: arith.constant\n// CHECK-LABEL: @other",
assert FC("// CHECK-LABEL: @transpose\n// CHECK: tt.return\n// CHECK-LABEL: @other\n//

test_count_and_variables():
assert FC("// CHECK-COUNT-2: ttg.convert_layout", OUT)
with pytest.raises(Fail):

FC("// CHECK-COUNT-3: ttg.convert_layout", OUT)
with pytest.raises(Fail, match="undefined"):

FC("// CHECK: tt.load [[NOPE]]", OUT)

test_var_scope():
src = "// CHECK: [[B:#blockedl]] =\n// CHECK-LABEL: @transpose\n// CHECK: tt.store {{.
assert FC(src, OUT)
with pytest.raises(Fail, match="undefined"):
FC(src, OUT, enable_var_scope=True)
assert FC(src.replace("[[B", "[[$B"), OUT, enable_var_scope=True)

test_split_input_file():
parts = t5.split_input_file("a\n// ———— \nb\nc\n// ——— \nd")
assert parts == ["a", "b\nc", "d"]
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"U"UT5 . A mini FileCheck: how Triton's lit tests decide pass / fail — reference soluti

Every file under triton/test/ starts with a RUN line such as

// RUN: triton-opt %s —split-input-file —tritongpu-coalesce | FileCheck %s
lit runs the pass, pipes the output to LLVM's FileCheck, and FileCheck matches the “//
comments of the same file against that output. Supported here (the subset Triton tests

CHECK: match somewhere at or after the current position

CHECK-NEXT: match on the line right after the previous match

CHECK-SAME: match on the same line as the previous match, after it

CHECK-NOT: must not appear between the previous match and the next positive match
CHECK-LABEL: splits input into blocks first; checks never cross a label

CHECK-DAG: a group of consecutive DAG checks may match in any order

CHECK-COUNT-n: match n times in a row (each after the previous)

Patterns: literal text, except {{regex}} and [[VAR:regexl] (capture) / [[VAR]] (use),
the *$° prefix ([[$VAR]]) meaning "global": with --enable-var-scope only those survive
match any whitespace run in the input (FileCheck's default canonicalization).

import re

DIRECTIVE = re.compile(r"(?://|; |#)\sx(CHECK(?:-NEXT |-SAME | -NOT |-LABEL | -DAG | -COUNT-\d+

class CheckFailure(AssertionError):
pass

def parse_checks(source, prefix="CHECK"):
""" [(kind, pattern, line_no)] from a test file. kind: 'CHECK', 'NEXT', 'SAME', 'NC
out = []
rx = re.compile(DIRECTIVE.pattern.replace("CHECK", re.escape(prefix)))
for i, line in enumerate(source.splitlines(), 1):
m = rx.search(line)
if not m:
continue
tag, pat = m.group(1), m.group(2).strip()
kind = tagl[len(prefix):].1lstrip("-") or "CHECK"
if kind.startswith("COUNT-"):
out.extend([("CHECK", pat, i)] * int(kind[6:]))
else:
out.append((kind, pat, 1i))
return out

def compile_pattern(pat, env):
"""Turn a FileCheck pattern into a Python regex. Returns (regex, [capture variable
rx, names, i ="", [1, 0
while i < len(pat):
if pat.startswith("{{", i):



j = pat.index("}}", i + 2)
rx += "(?:" + pat[i + 2:j1 + ")"
i=3+2
elif pat.startswith("[[", i):
j = pat.index("]]", i + 2)
body = pat[i + 2:j]

if ":" in body:
name, sub = body.split(":", 1)
key = re.sub(r"\w", "_", name)

rx += f"(?P<{key}>{sub})"
names.append (name)

else:
if body not in env:

raise CheckFailure(f"undefined variable [[{body}]1]")

rx += re.escape(env[body])

i=3+2

elif pat[i].isspace():
while i < len(pat) and pat[i].isspace():

i+=1
rx += r'"\s+"
else:
rx += re.escape(patl[i])
i+=1

return re.compile(rx), names

def _search(pat, text, pos, end, env):
rx, names = compile_pattern(pat, env)
m = rx.search(text, pos, end)
if m:
for n in names:
env[n] = m.group(re.sub(r"\w", "_", n))
return m

def _line_bounds(text, pos):
s = text.rfind("\n", 0, pos) + 1
e = text.find("\n", pos)
return s, (len(text) if e < 0 else e)

def _check_block(checks, text, start, end, env):
pos = start

last = None # (match_start, match_end) of the previous positive match
pending_not = []
i=20

while i < len(checks):
kind, pat, ln = checks[il
if kind == "NOT":
pending_not.append((pat, 1ln))
i+=1



continue
if kind == "DAG":
group = []
while i < len(checks) and checks[i] [0] == "DAG":
group.append(checks[i])
i+=1
used, hi = [], pos
for _, p, L in group:
rx, names = compile_pattern(p, env)
found = None
for m in rx.finditer(text, pos, end):
if all(m.end() <= a or m.start() >= b for a, b in used):
found = m
break
if not found:
raise CheckFailure(f"line {1}: CHECK-DAG: {p!r} not found")
for n in names:
env[n] = found.group(re.sub(r"\w", "_", n))
used.append((found.start(), found.end()))
hi = max(hi, found.end())
_check_nots(pending_not, text, pos, min(a for a, _ in used), env)
pending_not, pos, last = [], hi, (min(a for a, _ in used), hi)
continue
if kind == "SAME":
if last is None:
raise CheckFailure(f"line {ln}: CHECK-SAME with no previous match")
_, le = _line_bounds(text, last[1] - 1 if last[1] > last[@] else last[1])

m = _search(pat, text, last[1], le, env)
if not m:
raise CheckFailure(f"line {ln}: CHECK-SAME: {pat!r} not on the same 1i
elif kind == "NEXT":

if last is None:

raise CheckFailure(f"line {ln}: CHECK-NEXT with no previous match")
_, le = _line_bounds(text, max(last[1] - 1, last[0l))
if le >= end:

raise CheckFailure(f"line {ln}: CHECK-NEXT: no next line")

ns, ne = _line_bounds(text, le + 1)
m = _search(pat, text, ns, ne, env)
if not m:
raise CheckFailure(f"line {ln}: CHECK-NEXT: {pat!r} is not on the next
else:
m = _search(pat, text, pos, end, env)
if not m:

raise CheckFailure(f"line {ln}: CHECK: {pat!r} not found")
_check_nots(pending_not, text, pos, m.start(), env)
pending_not = []
last, pos = (m.start(), m.end()), m.end()
i+=1
_check_nots(pending_not, text, pos, end, env)



def _check_nots(nots, text, lo, hi, env):
for pat, ln in nots:

rx, _ = compile_pattern(pat, env)
m = rx.search(text, lo, hi)
if m:

raise CheckFailure(f"line {ln}: CHECK-NOT: {pat!r} found: {m.group(@)!r}")

def filecheck(check_source, output, prefix="CHECK", enable_var_scope=False):
"""Raise CheckFailure (an AssertionError) if “output® does not satisfy the CHECKs
checks = parse_checks(check_source, prefix)
if not checks:
raise CheckFailure("no check strings found")

env = {}
# 1. labels cut the input into blocks
labels = [(i, c) for i, c in enumerate(checks) if c[@] == "LABEL"]

if not labels:
_check_block(checks, output, 0, len(output), env)
return True

starts = []

pos = 0

for _, (_, pat, 1n) in labels:
m = _search(pat, output, pos, len(output), env)
if not m:

raise CheckFailure(f"line {ln}: CHECK-LABEL: {pat!r} not found")
starts.append((m.start(), m.end()))
pos = m.end()
idx = [i for i, _ in labels] + [len(checks)]
if labels[0][0] > o:
_check_block(checks[:labels[0][0]], output, 0, starts[@][0], env)
for b, (s, e) in enumerate(starts):
block_end = starts[b + 1]1[0] if b + 1 < len(starts) else len(output)
if enable_var_scope: # FileCheck ——enable-var-scope: only [[$VAR]] survive
env = {k: v for k, v in env.items() if k.startswith("$")}
_check_block(checks[idx[b] + 1: idx[b + 11], output, e, block_end, env)
return True

def split_input_file(text):
"""triton-opt -split-input-file: chunks separated by a line "// ——— S oo
return [c.strip("\n") for c in re.split(r"~// ———— \sx$", text, flags=re.M)]
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"""L1 - Graph semantics: y = relu(x @ w + b) as a Luminal-style primitive graph — your imp

Luminal records every tensor operation into a static DAG instead of running it (lazy, ahea
time). High-level ops are *xspelledx with a small primitive set (README: "Everything in Lum
boils down to 15 primitive ops"; src/logical/ir.rs “LogicalOp" has the current full list):

matmul(a, b) = broadcast both to [M, N, KI —> Mul -> ReduceSum(K) (src/frontend
relu(x) = maximum(x, @) = Select(LessThan(x, 0), 0, x) (src/fronten
exp(x) = Exp2(x * log2(e)) (src/fronten
a + b[N] = Add(a, Expand(b)) — broadcasting is a *viewx, not a copy

This file is a ~150-line Python model of that design: a Graph of nodes with shapes and dty
a GraphTensor API that records, a node-semantics table, and a reference runtime (numpy) th
executes the DAG in topological order — the analogue of Luminal's ReferenceRuntime.

from dataclasses import dataclass, field
import numpy as np

PRIMITIVES = {"Input", "Constant", "Add", "Mul", "Recip", "Exp2", 'Log2", "Sqrt", "Sin", "
"Select", "ReduceSum", "ReduceMax", "Expand", "Permute", "Cast"}
MOVEMENT = {"Expand", "Permute"} # views: change indexing, move no data

@dataclass
class Node:
id: int
op: str
inputs: list
shape: tuple
dtype: str = "f32"
attrs: dict = field(default_factory=dict)

class Graph:
def __init__ (self):
self.nodes = []
self.outputs = []

def add(self, op, inputs, shape, dtype="f32", x*xattrs):
assert op in PRIMITIVES, op
n = Node(len(self.nodes), op, [t.id for t in inputs], tuple(shape), dtype, attrs)
self.nodes.append(n)
return Tensor(self, n.id)

def tensor(self, shape, name, dtype="f32"):
return self.add("Input", [], shape, dtype, name=name)

def constant(self, value, dtype="f32"):
return self.add("Constant", [I, (), dtype, value=float(value))



# ———— 1nspection

def topo_order(self):
"""Node ids such that every input comes before its user (ids already are; we verif
raise NotImplementedError("Graph.topo_order")

def op_counts(self):
raise NotImplementedError("Graph.op_counts")

def semantics_table(self):
"""[(id, op, input ids, shape, dtype, note)] — the L1 deliverable."""
raise NotImplementedError("Graph.semantics_table")

def materialized_bytes(self, elem_bytes=4):
"""Bytes a naive executor would allocate: every non-view, non-input node gets a bu
raise NotImplementedError("Graph.materialized_bytes")

@dataclass(frozen=True)
class Tensor:

g: Graph

id: int

@property
def shape(self):

return self.g.nodes[self.id].shape

@property
def dtype(self):
return self.g.nodes[self.id].dtype

def output(self):
self.g.outputs.append(self.id)
return self

# ———— movement
def expand(self, axis, size):
s = list(self.shape)
s.insert(axis, size)
return self.g.add("Expand", [self], s, self.dtype, axis=axis, size=size)

def expand_to(self, shape):
"""Right-aligned numpy-style broadcast by inserting leading / size-1-free axes."""
t = self
for axis in range(len(shape) - len(self.shape)):
t = t.expand(axis, shapelaxis])
assert t.shape == tuple(shape), (t.shape, shape)
return t

def permute(self, axes):
return self.g.add("Permute", [self], [self.shapelal for a in axesl], self.dtype, ax



# ———— binary (shapes must already agree, like Luminal: broadcasting is explicit)
def _bin(self, op, other, dtype=None):
if not isinstance(other, Tensor):
other = self.g.constant(other).expand_to(self.shape) if self.shape else self.g
assert self.shape == other.shape, f"{op}: {self.shape} vs {other.shape}"
return self.g.add(op, [self, other]l, self.shape, dtype or self.dtype)

def __add__(self, o):
return self._bin("Add", o)

def __mul__ (self, o):
return self._bin("Mul", o)

def 1lt(self, o):
return self._bin("LessThan", o, "bool")

def select(self, a, b):

self is the boolean condition.
assert self.shape == a.shape == b.shape
return self.g.add("Select", [self, a, bl, a.shape, a.dtype)

def sum(self, axis):
s = list(self.shape)
s.pop(axis)
return self.g.add("ReduceSum", [self], s, self.dtype, axis=axis)

# ———— high-level ops, spelled with primitives

def matmul(self, w):
""" [M, KI @ [K, Nl: both operands become [M, N, K] views, then Mul and ReduceSum(K
raise NotImplementedError("Tensor.matmul")

def relu(self):
raise NotImplementedError("Tensor.relu")

def exp(self):
raise NotImplementedError("Tensor.exp")

def exp2(self):
return self.g.add("Exp2", [self], self.shape, self.dtype)

def build_mlp(M, K, N):
"""y = relu(x @ w + b). Returns (graph, x, w, b, y)."""
raise NotImplementedError("build_mlp")

# reference runtime
def run(g, feeds):



"""Execute in topological order with numpy. feeds: {input name: array}. Returns {node
raise NotImplementedError("run')

i
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import numpy as np
import pytest

from drill import load

11 = load("11_graph")

def test_recording_does_not_compute():

g = 11.Graph()

X = g.tensor((2, 3), "x")

y = X + X

assert isinstance(y, 11.Tensor) and len(g.nodes) == 2 and g.nodes[1].op == "Add"

def test _matmul_is_broadcast_mul_reduce():
g = 11.Graph()
a, b = g.tensor((5, 3), "a"), g.tensor((3, 7), "b")
c = a.matmul(b).output()

assert c.shape == (5, 7)

ops = [g.nodes[i].op for i in g.topo_order()]

assert ops.count("Mul") == 1 and ops.count("ReduceSum") == 1 and ops.count('"Permute")
mul = next(n for n in g.nodes if n.op == "Mul")

assert mul.shape == (5, 7, 3) # the [M, N, K] product

with pytest.raises(AssertionError):
a.matmul(g.tensor((4, 7), "bad"))

def test_mlp_graph_shape_and_counts():
g, X, w, b, y = 1l.build_mlp(2, 3, 4)
assert y.shape == (2, 4) and y.dtype == "f32"
assert g.op_counts() == {"Input": 3, "Expand": 5, "Permute": 1, "Mul": 1, "ReduceSum":
"Constant": 1, "LessThan": 1, "Select": 1}
table = g.semantics_table()

1t = next(r for r in table if r[1] == "LessThan")
assert 1t[4] == "bool"
assert any("view" in r[5] for r in table if r[1] == "Expand")

assert all(set(g.nodes[r[@]].op for r in table) <= 11.PRIMITIVES for _ in [0])

def test_reference_runtime_matches_numpy():
rng = np.random.default_rng(0)
for M, K, N in [(2, 3, 4), (1, 1, 1), (7, 13, 5)]:
g, X, w, b, y = 11l.build_mlp(M, K, N)
X, W, B = rng.standard_normal((M, K)), rng.standard_normal((K, N)), rng.standard_n
v = 1l.run(g, {"x": X, "w": W, "b": B})
np.testing.assert_allclose(v([y.id], np.maximum(X @ W + B, 0), rtol=le-5, atol=le-5

def test_relu_is_select_and_exp_is_exp2():



g = 11.Graph()

X = g.tensor((3,), "x")

r = x.relu().output()

assert g.nodes[r.id].op == "Select"
e = x.exp().output()

assert g.nodes[e.id].op == "Exp2"

v = 1l.run(g, {"x": np.array([-1.0, 0.0, 2.01)})
np.testing.assert_allclose(vI[r.id], [0, 0, 2])
np.testing.assert_allclose(v[e.id], np.exp([-1.0, 0.0, 2.0]), rtol=le-6)

def test_naive_execution_materializes_the_product():
g, *_ = ll.build_mlp(64, 256, 64)
# Mul [64, 64, 256] alone is 4 MiB of fp32 — that's what fusion must avoid
assert g.materialized_bytes() >= 64 *x 64 x 256 % 4
assert g.materialized_bytes() == (64 *x 64 x 256 + 4 * 64 *x 64) * 4
R
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""UL1 - Graph semantics: y = relu(x @ w + b) as a Luminal-style primitive graph — refe

Luminal records every tensor operation into a static DAG instead of running it (lazy,
time). High-level ops are xspelledx with a small primitive set (README: "Everything ir
boils down to 15 primitive ops"; src/logical/ir.rs “LogicalOp" has the current full li

matmul(a, b) = broadcast both to [M, N, KI —-> Mul -> ReduceSum(K) (src/fron
relu(x) = maximum(x, @) = Select(LessThan(x, 0), 0, x) (src/frc
exp(x) = Exp2(x * log2(e)) (src/frc
a + b[N] = Add(a, Expand(b)) - broadcasting is a *viewkx, not a copy

This file is a ~150-line Python model of that design: a Graph of nodes with shapes anc
a GraphTensor API that records, a node-semantics table, and a reference runtime (numpy
executes the DAG in topological order — the analogue of Luminal's ReferenceRuntime.

from dataclasses import dataclass, field
import numpy as np

PRIMITIVES = {"Input", "Constant", "Add", "Mul", "Recip", "Exp2", "Log2", "Sqrt", "Sir
"Select", "ReduceSum", "ReduceMax", "Expand", "Permute", "Cast"}
MOVEMENT = {"Expand", "Permute"} # views: change indexing, move no data

@dataclass
class Node:
id: int
op: str
inputs: list
shape: tuple
dtype: str = "f32"
attrs: dict = field(default_factory=dict)

class Graph:
def __init_ (self):
self.nodes = []
self.outputs = []

def add(self, op, inputs, shape, dtype="f32", *x*xattrs):
assert op in PRIMITIVES, op
n = Node(len(self.nodes), op, [t.id for t in inputs], tuple(shape), dtype, att
self.nodes.append(n)
return Tensor(self, n.id)

def tensor(self, shape, name, dtype="f32"):
return self.add("Input", [], shape, dtype, name=name)

def constant(self, value, dtype="f32"):
return self.add("Constant", [], (), dtype, value=float(value))



# ———— Inspection

def topo_order(self):
"""Node ids such that every input comes before its user (ids already are; we v
seen, order = set(), []

def visit(i):
if 1 in seen:
return
seen.add (i)
for j in self.nodes[il.inputs:
visit(j)
order.append (i)
for o in (self.outputs or [len(self.nodes) - 1]):
visit(o)
return order

def op_counts(self):
c = {}
for i in self.topo_order():
c[self.nodes[i].op] = c.get(self.nodes[il.op, @) + 1
return c

def semantics_table(self):

"vv[(id, op, input ids, shape, dtype, note)] — the L1 deliverable."""
rows = []
for i in self.topo_order():

n = self.nodes[il]

note = ""
if n.op == "Expand":

note = f"broadcast axis {n.attrs['axis'l} to {n.attrs['size'l} (view)"
elif n.op == "Permute":

note = f"axes {n.attrs['axes']} (view)"
elif n.op in ("ReduceSum", "ReduceMax"):
note = f"reduce axis {n.attrs['axis'l}"

elif n.op == "Input":
note = n.attrs["name"]
elif n.op == "Constant":

note = repr(n.attrs["value"])
rows.append((n.id, n.op, list(n.inputs), n.shape, n.dtype, note))
return rows

def materialized_bytes(self, elem_bytes=4):

"""Bytes a naive executor would allocate: every non-view, non-input node gets
total = 0
for i in self.topo_order():

n = self.nodes[il]

if n.op not in MOVEMENT and n.op not in ("Input", "Constant"):

total += int(np.prod(n.shape)) * elem_bytes

return total



@dataclass(frozen=True)
class Tensor:

g: Graph

id: int

@property
def shape(self):
return self.g.nodes[self.id].shape

@property
def dtype(self):
return self.g.nodes[self.id].dtype

def output(self):
self.g.outputs.append(self.id)
return self

# ———— movement
def expand(self, axis, size):
s = list(self.shape)
s.insert(axis, size)
return self.g.add("Expand", [self]l, s, self.dtype, axis=axis, size=size)

def expand_to(self, shape):
""M"Right-aligned numpy-style broadcast by inserting leading / size-1-free axes
t = self
for axis in range(len(shape) - len(self.shape)):
t = t.expand(axis, shapelaxis])
assert t.shape == tuple(shape), (t.shape, shape)
return t

def permute(self, axes):
return self.g.add("Permute", [self], [self.shapelal for a in axes], self.dtype

# ———— binary (shapes must already agree, like Luminal: broadcasting is explicit)
def _bin(self, op, other, dtype=None):
if not isinstance(other, Tensor):
other = self.g.constant(other).expand_to(self.shape) if self.shape else se
assert self.shape == other.shape, f'"{op}: {self.shape} vs {other.shape}"
return self.g.add(op, [self, other], self.shape, dtype or self.dtype)

def __add__(self, o):
return self._bin("Add", o)

def __mul__(self, o):
return self. bin("Mul", o)

def 1t(self, o):
return self._bin("LessThan", o, "bool")



def

def select(self, a, b):
""gself is the boolean condition.
assert self.shape == a.shape == b.shape
return self.g.add("Select", [self, a, bl, a.shape, a.dtype)

def sum(self, axis):
s = list(self.shape)
s.pop(axis)
return self.g.add("ReduceSum", [self], s, self.dtype, axis=axis)

# ———— high-level ops, spelled with primitives

def matmul(self, w):
"M, Kl @ [K, Nl: both operands become [M, N, K] views, then Mul and ReduceS
(m, k), (k2, n) = self.shape, w.shape

assert k == k2, "contract dim mismatch"
a = self.expand(1, n) # [M, N, K]
b = w.permute([1, 0]).expand(@, m) # [K, N] = [N, K] == [M, N, K]

return (a * b).sum(2)

def relu(self):
zero = self.g.constant(0.0).expand_to(self.shape)
return self.lt(zero).select(zero, self)

def exp(self):
return (self x float(np.log2(np.e))).exp2()

def exp2(self):
return self.g.add("Exp2", [self], self.shape, self.dtype)

build_mlp(M, K, N):

"""y = relu(x @ w + b). Returns (graph, x, w, b, y)."""

g = Graph()

X, w, b = g.tensor((M, K), "x"), g.tensor((K, N), "w"), g.tensor((N,), "b")
y = (x.matmul(w) + b.expand_to((M, N))).relu().output()

return g, x, w, b, vy

def

reference runtime
run(g, feeds):
"""Execute in topological order with numpy. feeds: {input name: array}. Returns {r
vals = {}
for i in g.topo_order():
n = g.nodes[il]
a = [vals[j] for j in n.inputs]
if n.op == "Input":
v = np.asarray(feeds[n.attrs["name"]1], np.float32)
assert v.shape == n.shape, (n.attrs['"name"]l, v.shape, n.shape)
elif n.op == "Constant":
v = np.float32(n.attrs["value"])
elif n.op == "Expand":



v = np.broadcast_to(np.expand_dims(a[@], n.attrs["axis"]), n.shape)

elif n.op == "Permute":
v = np.transpose(al@], n.attrs["axes"])
elif n.op == "Add":
v = al[0] + a[1ll
elif n.op == "Mul":
v = al[0] x a[ll
elif n.op == "LessThan":
v = al[0] < al1ll
elif n.op == "Select":
v = np.where(a[0], all], al2])
elif n.op == "ReduceSum":
v = al[0].sum(axis=n.attrs["axis"], dtype=np.float32)
elif n.op == "ReduceMax":
v = al0]l.max(axis=n.attrs["axis"])
elif n.op == "Exp2":
v = np.exp2(alol)
elif n.op == "Recip":
v=1/ alo]
else:

raise NotImplementedError(n.op)
vals[i] = v
return vals

£ Luminal B: EEIENE

use luminal::prelude: :x*;

let mut cx = Graph::new();

let x = cx.tensor(vec![2, 3], DType::F32);

let w = cx.tensor(vec![3, 4], DType::F32);

let b = cx.tensor(vec![4], DType::F32);

let y = (x.matmul(w) + b.expand_rhs(vec![2, 41)).relu().output();
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WEL - Track L - Luminal (graph compiler) - % 11 @&
E-graph MAZE5: union-find. rebuild, rewrite.
saturation. extraction
Luminal B RTEE—1 e-graph: FIEEMEFENEFEE, XERIERH. XEBEMNZEE— e-
graph (hashcons. union-find. congruence rebuild, e-matching. equality saturation, H=Fl&
S, EFAMBY extraction) , A (a+b)+c. a+(b+c). b+a FHEHIE, BF Luminal HTARX
BTN IRE,
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FMFE src/logical/op/<op>/*.eqqg , G0 tuminal > add/rewrite.eqq FFkFE—ERESE NTRHE

B

; Encoding bits are observable. Float operand permutation can change a NaN

; payload, so unqualified floating commutativity is not a bit-exact equality.

; Retain the law for exact integer encodings only (fail closed on unknown dtype).
(rule ((= ?out (LogicalAdd ?lhs ?rhs)) (= (dtype-of ?out) (Int)))

((union ?out (LogicalAdd ?rhs ?1lhs)))

:ruleset main_ruleset :name "add/rewrite: commutativity, Int")

E a+b-b+a HRANBHAR —ETRHRESHE.

RB5HEH
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https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/logical/op/add/rewrite.egg
https://arxiv.org/abs/2004.03082
https://arxiv.org/abs/2304.04332
https://github.com/egraphs-good/egglog/blob/6c3a0c910247f616e6d17b2c3923a757948a7841/README.md
https://github.com/egraphs-good/egglog-python/blob/22bfc5a7f22733537d32940472a9c46af59f4459/README.md
https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/src/egglog_core/egglog_preamble.egg#L1347
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IIIIIIL2 .

Luminal's search space is an e—graph built by egglog (src/egglog_core/egglog_preamble.egg

E-graphs and equality saturation from scratch — your implementation (run ./check.s

the rules). An e-graph stores sxmany equivalent programs at oncex:

e-node an operator applied to e-classes "+, cl, c2)
e-class a set of e-nodes known to be equal {a+b, b+a}
rewrite 1lhs —> rhs: when lhs matches in class C, add rhs and union it into C (nothing i

rebuild restore congruence: if a = b then f(a) = f(b)

saturate
extract

Terms are tuples:

pick one e-node per class to minimize a cost —> one concrete program

from itertools import count

class EGraph:

def

__init_ (self):

self.parent = {} # union-find over class ids
self.classes = {} # canonical id —-> set of canonical e-nodes
self.hashcons = {} # canonical e-node —> class id

self._ids = count()
self.pending = []

def

def

union-find
find(self, a):
while self.parent[a] !'= a:
self.parent[a] = self.parent[self.parent[a]]
a = self.parentl[al
return a

canon(self, enode):
op, *kids = enode
return (op, *(self.find(k) for k in kids))

def

def

building
add_enode(self, enode):
enode = self.canon(enode)
if enode in self.hashcons:
return self.find(self.hashcons[enode])
cid = next(self._ids)
self.parent[cid] = cid
self.classes[cid] = {enode}
self.hashcons[enode] = cid
return cid

add(self, term):
if isinstance(term, tuple):
return self.add_enode((term[0], x(self.add(t) for t in term[1:1)))

apply all rules until nothing new appears (or a node / iteration budget runs ou

("+", x, y), leaves are strings or numbers. Pattern variables start with



return self.add_enode((term,))

def union(self, a, b):
raise NotImplementedError("EGraph.union")

def rebuild(self):
"""'"Re—canonicalize every e-node; merge classes whose e-nodes became identical (con
raise NotImplementedError("EGraph.rebuild")

# queries
def equiv(self, t1, t2):
raise NotImplementedError("EGraph.equiv")

def num_classes(self):
return len(self.classes)

def num_nodes(self):
return sum(len(v) for v in self.classes.values())

# e-matching

def ematch(self, pattern, cid, subst=None):
"UYATL substitutions {?var: class id} under which “pattern’ matches something in ¢
raise NotImplementedError("EGraph.ematch")

def instantiate(self, pattern, subst):
raise NotImplementedError("EGraph.instantiate")

# saturation

def run(self, rules, iter_limit=20, node_limit=10_000):
"""Equality saturation. rules: [(name, lhs, rhs)]. Returns a report dict."""
raise NotImplementedError("EGraph.run")

# extraction

def extract(self, cid, cost):
"""Cheapest term in class cid. cost(op, child_costs) —> number. Bottom-up fixpoint
(classes may be cyclic, e.g. x*x1 = x)."""
raise NotImplementedError("EGraph.extract")

# rule sets
COMM_ASSOC = [
("comm-add", ("+", "?a", "?b"), ("+", "7?b", "?a")),
("assoc—add", ("+", ("+", "?a", "?b"), "?c"), ("+", "?7a", ("+", "?b", "?c"))),
|
ALGEBRA = COMM_ASSOC + [
("mul-one", ("x", "2a", 1), "7a"),
("add-zero", ("+", "?a", 0), "?a"),
("factor"™, ("+", ("x", "?a", "?b"), ("x", "?a", "?2c")), ("x", "?a", ("+", "?b", "?c"))
("exp2-log2", ("exp2", ("log2", "?a")), "7a"),



def ast_size(op, kids):
return 1 + sum(kids)

def op_cost(op, kids):
"""Rough kernel cost: multiplies cost more than adds; leaves are free."""
return {"x": 4, "+": 1, "exp2": 8, "log2": 8}.get(op, @) + sum(kids)

def evaluate(term, env, dtype=float):

"""Evaluate a term with Python floats or numpy scalars — to show which rewrites change
import math
if isinstance(term, tuple):

op, *k = term

v = [evaluate(t, env, dtype) for t in K]

return {"+": lambda a, b: dtype(a + b), "x": lambda a, b: dtype(a * b),

"exp2'": lambda a: dtype(2.0 xx a), "log2": lambda a: dtype(math.log2(a))}I[

return dtype(env[term]) if isinstance(term, str) else dtype(term)

Cild

./check.sh 12
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import numpy as np
from drill import load
12 = load("12_egraph")

E = 12.EGraph

def test_hashcons_shares_subterms():
g = E()

a - g.add((ll+“' Ilall' Ilbll))
b = g.add((“+“' Ilall' Ilbll))
assert a == b and g.num_classes() == 3 and g.num_nodes() ==

def test_union_and_congruence():
g = E()
fa, fb = g.add(("f", "a")), g.add(("f", "b"))
assert g.find(fa) != g.find(fb)
g.union(g.add("a"), g.add("b"))
g.rebuild()
assert g.find(fa) == g.find(fb) #a=b => f(a) = f(b)

def test_ematch():
g = E()
root = g.add(("+", ("+", "a", "b"), "c"))
subs = g.ematch(("+", ("+", "2x", "?2y"), "?z"), root)
assert len(subs) == 1 and g.find(subs[0]["?x"]) == g.find(g.add("a"))
assert g.ematch(("+", "?x", "?x"), root) == []
assert len(g.ematch(("+", "?x", "?x"), g.add(("+", "a", "a")))) ==

def test_three_term_saturation_counts():
g = E()
g.add((ll+ll' (II+II' Ilall' Ilbll)' IICII))
rep = g.run(12.COMM_ASSOC)

assert rep["stop"] == "saturated"
# classes: a, b, c, a+b, a+c, b+c, a+b+c ; e-nodes: 3 leaves + 2 per pair + 6 at the t
assert g.num_classes() == 7 and g.num_nodes() == 15

assert g.equiv((ll+ll, Ilall, (II+II, Ilbll, “C“))' (II+II' (II+II, Ilall’ Ilbll), “C"))
assert g.equj-\l((ll+ll’ II+II' "C"' Ilall)’ Ilbll)' II+II’ Ilbll, II+II’ IICII’ Ilall)))
assert not g.equiv((ll+ll’ Ilall, Ilbll)' (II+II’ llall, "C"))

def test_blowup_is_exponential():
sizes = []
for n in (3, 4, 5, 6):
g = E()
t = "xo"



for i in range(1, n):

t = ("+", t, f"x{i}")
g.add(t)
assert g.run(12.COMM_ASSOC, iter_limit=30, node_limit=10 *x 6) ["stop"] == "saturat
assert g.num_classes() == 2 %k n - 1
assert g.num_nodes() == 3 %k n - 2 %k (n + 1) + 1 + n

sizes.append(g.num_nodes())
assert sizes == [15, 54, 185, 608]

def test_budgets_stop_the_search():
g = E()
t = "xo"
for i in range(1, 8):
t = ("+", t, f'x{i}")

g.add(t)

assert g.run(12.COMM_ASSOC, iter_limit=2)["stop"] == "iter_limit"

g2 = E()

g2.add(t)

assert g2.run(12.COMM_ASSOC, iter_limit=50, node_limit=500) ["stop"] == "node_limit"

def test_extraction_picks_the_cheaper_program():
g = E()
root = g.add(("+", ("x", "x", "y"), ("x", "x", "z")))
g.run(12.ALGEBRA)
cost, term = g.extract(root, 12.op_cost)
assert cost == 5 and term[0] == "x" and g.equiv(term, ("x", "x", ("+", "y", "z")))
g = E()
root = g.add(("x", ("exp2", ("log2", "x")), 1))
g.run(12.ALGEBRA)
assert g.extract(root, 12.op_cost) == (0, "x")
assert g.extract(root, 12.ast_size) == (1, "x")

def test_reassociation_is_not_bit_exact():
env = {"a": 1e8, "b": -1e8, "c": 1.0}
left = 12.evaluate(("+", ("+", "a", "b"), "c"), env, np.float32)

right = 12.evaluate(("+", "a", ("+", "b", "c")), env, np.float32)
assert left == 1.0 and right == 0.0 # equal in the e-graph, different in fp32

R
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IIIIIIL2 N

E-graphs and equality saturation from scratch — reference solution.

Luminal's search space is an e—graph built by egglog (src/egglog_core/egglog_preamble.
the rules). An e-graph stores xmany equivalent programs at oncex:

e-node an operator applied to e-classes "+, cl, c2)

e-class a set of e-nodes known to be equal {a+b, b+a}

rewrite 1lhs —> rhs: when lhs matches in class C, add rhs and union it into C (nothi
rebuild restore congruence: if a = b then f(a) = f(b)

saturate apply all rules until nothing new appears (or a node / iteration budget rur
extract pick one e-node per class to minimize a cost —> one concrete program

Terms are tuples: ("+", x, y), leaves are strings or numbers. Pattern variables start

from itertools import count

class EGraph:

def

__init__ (self):

self.parent = {} # union-find over class ids

self.classes = {} # canonical id —> set of canonical e-nodes
self.hashcons = {} # canonical e-node -> class id

self._ids = count()
self.pending = []

union-find

def

def

find(self, a):

while self.parentl[al != a:
self.parent[a] = self.parent[self.parent[a]]
a = self.parentlal

return a

canon(self, enode):
op, *kids = enode
return (op, *(self.find(k) for k in kids))

def

def

building
add_enode(self, enode):
enode = self.canon(enode)
if enode in self.hashcons:
return self.find(self.hashcons[enode])
cid = next(self._ids)
self.parent[cid] = cid
self.classes[cid] = {enode}
self.hashcons[enode] = cid
return cid

add(self, term):
if isinstance(term, tuple):
return self.add_enode((term[0], x(self.add(t) for t in term[1:1)))



def

def

return self.add_enode((term,))

union(self, a, b):

a, b = self.find(a), self.find(b)

if a == b:
return False

if len(self.classes[al) < len(self.classes[b]):
a, b=~>b, a

self.parent[b] = a

self.classes[a] |= self.classes.pop(b)

self.pending.append(a)

return True

rebuild(self):
""""Re—canonicalize every e-node; merge classes whose e-nodes became identical
changed = True
while changed:
changed = False
new_hash = {}
for cid in list(self.classes):
cid = self.find(cid)
if cid not in self.classes:
continue
self.classes[cid] = {self.canon(n) for n in self.classes[cid]}
for cid, nodes in list(self.classes.items()):
for n in nodes:
other = new_hash.get(n)
if other is not None and self.find(other) != self.find(cid):
self.union(other, cid)
changed = True
new_hash[n] = self.find(cid)
self.hashcons = {self.canon(n): self.find(c) for n, c in new_hash.items()}

self.pending.clear()

def

def

def

queries
equiv(self, t1, t2):
return self.find(self.add(tl)) == self.find(self.add(t2))

num_classes(self):
return len(self.classes)

num_nodes(self):
return sum(len(v) for v in self.classes.values())

def

e-matching
ematch(self, pattern, cid, subst=None):
"""ALl substitutions {?var: class id} under which “pattern’ matches something
subst = dict(subst or {})
cid = self.find(cid)
if isinstance(pattern, str) and pattern.startswith("?"):

if pattern in subst:



return [subst] if self.find(subst[pattern]) == cid else []
subst[pattern] = cid
return [subst]
if not isinstance(pattern, tuple):
return [subst] if (pattern,) in self.classes[cid] else []
out = []
op, *pkids = pattern
for n in self.classes[cid]:
if n[@0] '= op or len(n) - 1 !'= len(pkids):
continue
partial = [subst]
for p, k in zip(pkids, n[1:]):
partial = [s2 for s in partial for s2 in self.ematch(p, k, s)]I
out.extend(partial)
return out

def instantiate(self, pattern, subst):
if isinstance(pattern, str) and pattern.startswith("?"):
return subst[pattern]
if not isinstance(pattern, tuple):
return self.add_enode((pattern,))
return self.add_enode((pattern[0], *(self.instantiate(p, subst) for p in patte

# saturation
def run(self, rules, iter_limit=20, node_limit=10_000):
"""Equality saturation. rules: [(name, lhs, rhs)]. Returns a report dict."""
history = []
for it in range(iter_limit):
before = (self.num_classes(), self.num_nodes())
matches = []
for name, lhs, rhs in rules:
for cid in list(self.classes):
for s in self.ematch(lhs, cid):
matches.append((name, cid, rhs, s))
unions = 0
for name, cid, rhs, s in matches:
unions += self.union(cid, self.instantiate(rhs, s))
self.rebuild()
history.append({"iter": it, "matches": len(matches), "unions": unions,
"classes": self.num_classes(), "nodes": self.num_nodes()})

if unions == 0 and (self.num_classes(), self.num_nodes()) == before:
return {"stop": "saturated", "history": history}
if self.num_nodes() > node_limit:
return {"stop": "node_limit", "history": history}
return {"stop": "iter_limit", "history": history}
# extraction

def extract(self, cid, cost):
"""“Cheapest term in class cid. cost(op, child_costs) —> number. Bottom-up fixg
(classes may be cyclic, e.g. x*x1 = x)."""
best = {}



changed = True
while changed:
changed = False
for ¢, nodes in self.classes.items():
for n in nodes:
if all(self.find(k) in best for k in n[1:]):
cc = cost(n[0], [best[self.find(k)]1[0] for k in n[1:]11)
if ¢ not in best or cc < best[c][0]:
best[c] = (cc, n)
changed = True

def build(c):

_, n = best[self.find(c)]

return n[@] if len(n) == 1 else (n[0], *x(build(k) for k in n[1:]))
c = self.find(cid)
return best[c][@], build(c)

# rule sets
COMM_ASSOC = [

("comm-add", ("+", "?a", "?b"), ("+", "?b", "?a")),

("assoc-add", ("+", ("+", "?a", "?b"), "?c"), ("+", "?a", ("+", "?b", "?c"))),

]

ALGEBRA = COMM_ASSOC + [
("mul—one", (n*u, u?au' 1)' u?au)'
(Iladd_zeroll' (II+II' Il?all' 0)’ Il?all)'

(Ilfactorll’ (II+II, (II*II' Il?all' Il?bll)' (II*II’ Il?all' "?C")), (II*II' Il?all’ (II+II' Il?bll’ II?

(uexpz_logzu’ (nexpzu' ("1092", u?au))’ u?an)'

def ast_size(op, kids):
return 1 + sum(kids)

def op_cost(op, kids):
"""Rough kernel cost: multiplies cost more than adds; leaves are free.
return {"x": 4, "+": 1, "exp2": 8, "log2": 8}.get(op, 0) + sum(kids)

def evaluate(term, env, dtype=float):

"""Evaluate a term with Python floats or numpy scalars — to show which rewrites ch

import math
if isinstance(term, tuple):
op, *xk = term
v = [evaluate(t, env, dtype) for t in K]
return {"+": lambda a, b: dtype(a + b), "x": lambda a, b: dtype(a * b),

"exp2": lambda a: dtype(2.0 xx a), "log2": lambda a: dtype(math.log2(e

return dtype(env[term]) if isinstance(term, str) else dtype(term)




egglog /\3iL3& (roadmap HIZZ{T4)

BEER examples/12_egglog_experiment.py A egglog A Python #EME—43E: FHB Num £
BIA +, SEMRCHRE. £E1%E, run(10) , B check(eq(left).to(right)) ,

.venv/bin/pip install egglog && .venv/bin/python examples/12_egglog_experiment.py
# equal after saturation

# Num.var("a") + Num.var("b") + Num.var("c")

# 4 iterations

4 2 REM, FIRECHK e-graph B9 history KE—#&, EEXMHEE: (1) BIENE 6, ME
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https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/finalists.rs#L16
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https://github.com/luminal-ai/luminal/blob/1cbb9173dc53482bb6d87463aea2f1cfd94a1cf1/crates/luminal_cuda_lite/src/ops/cublaslt/README.md

EREIrYFIR

STMIERNAE FR

genome
% > &I e-node

rank_insert
-7 1R keep 7
-

O

aFNKY e-graph
FPNEZD e-node

y ————

HIE + BT
measured ns

ABPZ[E)Z mlp_space() :

e
Xt
X
o @
n >
ot
]

_____ ol finalists
IIERW - T—=&

matmul (primitive_loop / tiled_kernel / cublaslt) X epilogue (separate /

fused) X w_layout X accumulate (fp32 / fp16) , #t 24 1 genome, ESEMZ B EE e-class EINEAIT

R, RETESE,

=

e
best-so—far #fi
57

RIBRA

EESES

finalists

break—even

£Eb - EET

I=E-PR

EMRSKEIFIz, TNERBENENR
T HIRE—NBRS

A

budget : TFZM/LTAERY

genome

curve

mlp_proxy

spearman(proxy, measured)

select_finalist

break_even_runs

BERM genome BN ( fingerprint X&)

RIETE; ENPRSFMR BZE—S)LETE"

FLOP / 1R, 9FREFE tile f cuBLASLt, RN

layout
ALY 0.82: KAEXN, M

fp16 EhNTE K=256 FEEAREHE, primitive_loop MY
arena BINE

SRR B ERNIT S R elik(E15K

RERARGEREMISATESD . AHREE CREMASERAOME) , BORNERRTE 4.5 o0
D, BERPBEEX—WIRONE (FIE) . finalists &
WEE (HIERW, AFBME) , AMEE "R, break-even BT
@: ATBWREFLZ—RR, T—TEBELESHNET, MEEXMIHEZATIUE?



£ mine/13_search.py EBSLI (BT A space_size / all_genomes / fingerprint /
random_genome / mutate / crossover , AKX mlp_x LTEfAFEZLRWE)

BRI 2N

rank_insert(ranked, nanos,

genome, keep)

genetic_search(space, measure,
budget, population, keep, seed,

mutation)

proxy_search(space, proxy,

measure, k)
spearman(xs, ys)

select_finalist(ranked,

validate)

break_even_runs(search_a,

lat_a, search_b, lat_b)

aF

mine/13_search.py 127 17

EII\\

%18 search.rs: i 7 EALERENRI AT BAUBERE —MEEIERN
fiE; M2 keep

5 population NBEAN genome, FARTEIF: M ranked BiEFH PR
— crossover — mutate — Il (EMTAOBKT) ; FLE 50 REEH

genome Fi{E

RREHFEEE genome, RMAT k

MRAEXR, FIIERTFYFE

(rank, nanos, genome, rejected) ; EER#LIEH RuntimeError(*no

finalist ...")

(search_a - search_b) / (lat_b - lat_a) ; a AERENRE inf

Sl



"M 3 - Search cost vs measured latency: a Luminal-style genome search — your implementati

After saturation the e—-graph holds many programs. Luminal's CUDA backend does not trust a
formula to choose between them; it *measuresx. The pieces (crates/luminal_cuda_lite/src/se
finalists.rs, src/extraction.rs):

Genome one producer choice per e-class (which e-node implements this class)

GA a genetic search over genomes; each candidate is compiled + run, metric = me

rank_insert keep only the best “keep  genomes, sorted by measured ns

finalists walk the ranking; a candidate that fails validation (e.g. its arena exceeds
device memory budget) is rejected and the next rank is tried

Here the "e-graph" is a dict {class: [option, ...]} and “measure(genome)” is injectable.
"mlp_space()” is a small but honest model of y = relu(x @ w + b) on a GPU.

import random

from itertools import product

from math import prod

def space_size(space):
return prod(len(v) for v in space.values())

def all_genomes(space):
keys = sorted(space)
return [dict(zip(keys, combo)) for combo in product(x(spacel[k] for k in keys))]

def fingerprint(genome):
return tuple(sorted(genome.items()))

def random_genome(space, rng):
return {k: rng.choice(v) for k, v in sorted(space.items())}

def mutate(genome, space, rng, p=0.3):
g = dict(genome)
for k in sorted(space):
if rng.random() < p:
glkl = rng.choice(spacelk])
return g

def crossover(a, b, rng):
return {k: (a if rng.random() < 0.5 else b)[k] for k in sorted(a)}

def rank_insert(ranked, nanos, genome, keep):



"""Port of search.rs rank_insert: ranked is [(nanos, genome)] ascending, at most " keep
raise NotImplementedError("rank_insert")

def genetic_search(space, measure, budget, population=6, keep=4, seed=0, mutation=0.3):
"""Measure at most “budget® distinct genomes. Returns ranked finalists, the number of
measurements, and the best-so-far curve (one entry per measurement)."'""
raise NotImplementedError('"genetic_search")

def proxy_search(space, proxy, measure, k):
"""The cheap alternative: rank *xeveryx genome by a cost proxy, measure only the top k.
raise NotImplementedError("proxy_search")

def spearman(xs, ys):
"""Rank correlation (no tie correction needed for the tests; ties get average rank).""
raise NotImplementedError('"spearman")

def select_finalist(ranked, validate):
""“finalists.rs: walk ranks 1, 2, ...; return (rank, nanos, genome, rejected[]) of the
candidate that validates. validate(genome) —> None if OK, else a reason string."""
raise NotImplementedError("select_finalist")

def break_even_runs(search_seconds_a, latency_a, search_seconds_b, latency_b):
"""How many executions until spending more search time (a) pays off over b. inf if nev
raise NotImplementedError("break_even_runs")

# the workload
def mlp_space():
"""Decision points for y = relu(x @ w + b) after saturation (simplified)."""
return {
"matmul": ["primitive_loop", "tiled_kernel", "cublaslt"],
"epilogue": ["separate", "fused"],
"w_layout": ["row_major", "col_major"l,
"accumulate": ["fp32", "fpl6"],

MATMUL_NS = {"primitive_loop": 2400, "tiled_kernel": 130, "cublaslt": 95}
FUSE_SAVING = {"primitive_loop": 0, "tiled_kernel": 25, "cublaslt": 22} # CuBLASLt: EP

def mlp_measure(noise=0.0, seed=0):
" iMeasured' ns: what a GPU would show, including effects a FLOP proxy cannot see.
rng = random.Random(seed)

def m(g):



ns = MATMUL_NSI[g["matmul"]]

ns += 30 if g["epilogue"] == "separate" else 30 — FUSE_SAVING([g["matmul"]]
if g["matmul"] == "tiled_kernel" and g["w_layout"] == "row_major":
ns += 20 # B tile loads along K are strided for this kern
if g["accumulate"] == "fpl6":
ns —-= 8
return ns *x (1 + rng.gauss(@, noise)) if noise else ns
return m

def mlp_proxy(g):
""YA FLOP/byte proxy: knows the primitive loop is bad and fusion saves a pass, but can
tell a hand-written tile from cuBLASLt, nor see layout effects."""
base = {"primitive_loop": 2000, "tiled_kernel": 100, "cublaslt": 100} [g["matmul"]]
return base + (30 if g["epilogue"] == "separate" else 10) + (-5 if g["accumulate"] ==

def mlp_validate(budget_bytes=8 << 20, M=64, N=64, K=256, max_err_ulps=None):
"""Reject plans whose intermediates exceed the arena budget, and fpl6é accumulation (pr

def v(g):
if g["matmul"] == "primitive_loop" and M % N x K % 4 > budget_bytes:
return f"arena {M x N x K x 4} B > budget {budget_bytes} B"
if g["accumulate"] == "fpl6":

return "fpl6é accumulation fails the K=%d tolerance" % K
return None
return v

il

./check.sh 13
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import pytest

from drill import load

13 =
S =

def

def

def

def

def

def

load("13_search™)
13.mlp_space()

test_space():

assert 13.space_size(S) == 3 *x 2 x 2 % 2

gs = 13.all_genomes(S)

assert len(gs) == 24 and len({13.fingerprint(g) for g in gs}) == 24

test_rank_insert_keeps_best_k_sorted():

r= 1[I

for ns, name in [(50, "a"), (30, "b"), (70, "c"), (10, "d"), (60, "e")]:
13.rank_insert(r, ns, name, keep=3)

assert r == [(10, "d"), (30, "b"), (50, "a")]

13.rank_insert(r, 50, "tie", keep=3) # cannot displace an equal worst

assert r[-1] == (50, "a")

test_true_optimum():

m = 13.mlp_measure()

best = min(13.all_genomes(S), key=m)

assert m(best) == 95 and best["matmul"] == "cublaslt" and best["epilogue"] == "fused"

test_genetic_search_budget_and_curve():

m = 13.mlp_measure()

r = 13.genetic_search(S, m, budget=10, seed=0)

assert r["measured"] == 10 and len(r["curve"]) == 10

assert all(a >= b for a, b in zip(r["curve"l, r["curve"]l[1:]1)) # best-so-far never
assert r["ranked"]1[0][0] == 95 and len(r["ranked"]) == 4

small = 13.genetic_search(S, m, budget=3, seed=1)

assert small["measured"] == 3

test_proxy_is_correlated_but_not_exact():

m = 13.mlp_measure()

gs = 13.all_genomes(S)

rho = 13.spearman([13.mlp_proxy(g) for g in gsl, [m(g) for g in gs])
assert 0.7 < rho < 0.95

assert 13.spearman([1, 2, 31, [10, 20, 30]) == pytest.approx(1.0)
assert 13.spearman([1, 2, 3], [3, 2, 1]) == pytest.approx(-1.0)

test_finalists_walk_past_invalid_candidates():
m = 13.mlp_measure()



r = 13.genetic_search(S, m, budget=24, seed=0)

rank, ns, g, rejected = 13.select_finalist(r["ranked"], 13.mlp_validate())

assert rank == 3 and ns == 103 and g["accumulate"] == "fp32" and len(rejected) ==
assert all("fpl6" in why for _, why in rejected)

def test_proxy_top_k_can_all_be_invalid():
ranked = 13.proxy_search(S, 13.mlp_proxy, 13.mlp_measure(), k=3)
with pytest.raises(RuntimeError, match="no finalist"):
13.select_finalist(ranked, 13.mlp_validate())

def test_primitive_loop_breaks_the_arena_budget():
v = 13.mlp_validate(budget_bytes=1 << 20)
g = {"matmul": "primitive_loop", "epilogue": "separate", "w_layout": "row_major", "acc
assert "arena" in v(g)

def test_break_even():
# 2 s of search to save 30 ns per call vs 0.1 s of search
assert 13.break_even_runs(2.0, 87e-9, 0.1, 117e-9) == pytest.approx(1.9 / 30e-9)
assert 13.break_even_runs(1.0, 120e-9, 0.1, 117e-9) == float("inf")

R

rank_insert 155 51 (ZEEI3) 2 -

nanos >= ranked[-1][0] BIAE (F Rust hR—3: BFLAEEFEAIA) ; BAMUEA nanos
< metric #FE -, MMNBFNFRERHECSEELZE.

genetic_search BJiH# 5% N (FERE) i -

FIH# seenl[fingerprint] = ns EIITMEFFITE evaluate 7£ len(seen) >= budget HY
BHiEREl, 8M—13 genome Fi rank_insert FiE ranked[0][0] BANZEI curve , XA
seed=0, budget=10 FEMRMGIFMT 10 1. LRI, #HET 95 ns BIHMN.



p
solutions/I3_search.py %HZ255%. BINLBEE

solutions/13_search.py 186 17

i -

=kl




""" 3 - Search cost vs measured latency: a Luminal-style genome search — reference sol

After saturation the e-graph holds many programs. Luminal's CUDA backend does not trus
formula to choose between them; it *measuresx. The pieces (crates/luminal_cuda_lite/sr
finalists.rs, src/extraction.rs):

Genome one producer choice per e-class (which e-node implements this class)

GA a genetic search over genomes; each candidate is compiled + run, metric

rank_insert keep only the best “keep' genomes, sorted by measured ns

finalists walk the ranking; a candidate that fails validation (e.g. its arena exce
device memory budget) is rejected and the next rank is tried

Here the "e-graph" is a dict {class: [option, ...l]} and “measure(genome)” is injectabl
‘mlp_space()” is a small but honest model of y = relu(x @ w + b) on a GPU.

import random

from itertools import product

from math import prod

def space_size(space):
return prod(len(v) for v in space.values())

def all_genomes(space):
keys = sorted(space)
return [dict(zip(keys, combo)) for combo in product(x(spacel[k] for k in keys))]

def fingerprint(genome):
return tuple(sorted(genome.items()))

def random_genome(space, rng):
return {k: rng.choice(v) for k, v in sorted(space.items())}

def mutate(genome, space, rng, p=0.3):
g = dict(genome)
for k in sorted(space):
if rng.random() < p:
glkl = rng.choice(spacelk])
return g

def crossover(a, b, rng):
return {k: (a if rng.random() < 0.5 else b)[k] for k in sorted(a)}

def rank_insert(ranked, nanos, genome, keep):



def

def

def

"""Port of search.rs rank_insert: ranked is [(nanos, genome)] ascending, at most °
keep = max(keep, 1)
if len(ranked) >= keep and nanos >= ranked[-1][0]:

return
pos = next((i for i, (m, _) in enumerate(ranked) if nanos < m), len(ranked))
ranked. insert(pos, (nanos, genome))
del ranked[keep:]

genetic_search(space, measure, budget, population=6, keep=4, seed=0, mutation=0.3)
"""Measure at most “budget® distinct genomes. Returns ranked finalists, the number
measurements, and the best-so-far curve (one entry per measurement).'"'""

rng = random.Random(seed)

seen, ranked, curve = {}, [1, []

def evaluate(g):
fp = fingerprint(g)
if fp in seen or len(seen) >= budget:
return seen.get(fp)
ns = measure(g)
seen[fp] = ns
rank_insert(ranked, ns, g, keep)
curve.append(ranked[0] [@])
return ns

pop = [random_genome(space, rng) for _ in range(population)]
for g in pop:
evaluate(g)
stale = 0
while len(seen) < min(budget, space_size(space)) and stale < 50:
parents = [g for _, g in ranked] or pop
a, b = rng.choice(parents), rng.choice(parents)
child = mutate(crossover(a, b, rng), space, rng, mutation)
before = len(seen)
evaluate(child)
stale = stale + 1 if len(seen) == before else 0
return {"ranked": ranked, "measured": len(seen), "curve": curve}

proxy_search(space, proxy, measure, k):
"""The cheap alternative: rank *xeveryx genome by a cost proxy, measure only the tc
cand = sorted(all_genomes(space), key=proxy) [:k]
ranked = []
for g in cand:
rank_insert(ranked, measure(g), g, k)
return ranked

spearman(xs, ys):
"""Rank correlation (no tie correction needed for the tests; ties get average rank
def ranks(v):



order = sorted(range(len(v)), key=lambda i: v[i])
r = [0.0] % len(v)

i=20
while i < len(order):
1=
while j + 1 < len(order) and vlorder[j + 1]1] == v[order[i]]:

j =1
for t in range(i, j + 1):
rlorder[t]] = (1 + j) / 2
i=3j+1
return r
rx, ry = ranks(xs), ranks(ys)
n = len(xs)
mx, my = sum(rx) / n, sum(ry) / n
cov = sum((a - mx) * (b - my) for a, b in zip(rx, ry))
vx = sum((a — mx) *x 2 for a in rx) *x 0.5
vy = sum((b = my) sk 2 for b in ry) *x 0.5
return cov / (vx *x vy)

def select_finalist(ranked, validate):

"""finalists.rs: walk ranks 1, 2, ...; return (rank, nanos, genome, rejected[]) of
candidate that validates. validate(genome) -> None if OK, else a reason string."""
rejected = []
for rank, (ns, g) in enumerate(ranked, 1):

why = validate(g)

if why is None:

return rank, ns, g, rejected

rejected.append((rank, why))

raise RuntimeError(f'no finalist validated: {rejected}")

def break_even_runs(search_seconds_a, latency_a, search_seconds_b, latency_b):
"""How many executions until spending more search time (a) pays off over b. inf if
if latency_a >= latency_b:
return float("inf")
return (search_seconds_a - search_seconds_b) / (latency_b - latency_a)

# the workload
def mlp_space():
"""Decision points for y = relu(x @ w + b) after saturation (simplified)."""
return {
"matmul": ["primitive_loop", "tiled_kernel", "cublaslt"],
"epilogue": ["separate", "fused"],
"w_layout": ["row_major", "col_major"l,
"accumulate": ["fp32", "fp16"],

MATMUL_NS = {"primitive_loop": 2400, "tiled_kernel": 130, "cublaslt": 95}



FUSE_SAVING = {"primitive_loop": 0, "tiled_kernel": 25, "cublaslt": 22} # CuBLASLt

def mlp_measure(noise=0.0, seed=0):
" i*Measured' ns: what a GPU would show, including effects a FLOP proxy cannot see
rng = random.Random(seed)

def m(qg):
ns = MATMUL_NS[g["matmul"]]
ns += 30 if g["epilogue"] == "separate" else 30 - FUSE_SAVINGI[g["matmul"]]
if g["matmul"] == "tiled_kernel" and g["w_layout"] == "row_major":
ns += 20 # B tile loads along K are strided for this
if g["accumulate"] == "fpl6":
ns —= 8
return ns * (1 + rng.gauss(@, noise)) if noise else ns
return m

def mlp_proxy(g):
""YA FLOP/byte proxy: knows the primitive loop is bad and fusion saves a pass, but
tell a hand-written tile from cuBLASLt, nor see layout effects."""
base = {"primitive_loop": 2000, "tiled_kernel": 100, "cublaslt": 100} [g["matmul"]]
return base + (30 if g["epilogue"] == "separate" else 10) + (-5 if g["accumulate"]

def mlp_validate(budget_bytes=8 << 20, M=64, N=64, K=256, max_err_ulps=None):
"""Reject plans whose intermediates exceed the arena budget, and fpl6 accumulation

def v(g):
if g["matmul"] == "primitive_loop" and M *x N x K *x 4 > budget_bytes:
return f"arena {M x N x K x 4} B > budget {budget_bytes} B"
if g["accumulate"] == "fpl6":

return "fpl6é accumulation fails the K=%d tolerance" % K
return None
return v
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""" 4 - Backend trace: from the selected plan to GPU launches and one memory slab — your i

Once search picked a genome, the backend turns the plan into:

=

. a DAG of kernels / library calls (the LLIR the README's LUMINAL_LOG_LLIR prints),
. buffer lifetimes: the DAG nodes at which each buffer is read or written,
. one device slab with an offset per buffer — src/buffer/arena.rs “plan_slab:

* transitive closure of the DAG ("u happens-before v"),
* two buffers may share bytes only if xeveryx use of one precedes xeveryx use of th
x first fit in request order, sizes rounded up to the alignment (256 B on CUDA),

. an execution timeline, split into phases (graph compile / search / prepare / execute

what LUMINAL_CUDA_PROFILE_RECAPTURE breaks TTFT/TPOT into).

from dataclasses import dataclass

@dataclass
class SlabBuffer:

def

def

def

def

def

def

id: str
bytes: int
uses: list # DAG node names

toposort(dag):
"""dag: {node: [successors]}. Kahn's algorithm with sorted tie-break (deterministic)."
raise NotImplementedError("toposort")

reachability(dag):
"""after[u] = set of nodes strictly reachable from u.
raise NotImplementedError("reachability")

aligned(n, a):
return —(-max(n, 1) // a) * a # empty buffers still reserve one aligned unit

plan_slab(dag, buffers, capacity, alignment=256):
"""Port of arena.rs plan_slab (FirstFit). Returns {buffer id: offset}; raises on overf
raise NotImplementedError("plan_slab")

slab_bytes(buffers, offsets, alignment=256):
"""High-water mark: what finalists.rs compares to the device budget."""
raise NotImplementedError("slab_bytes")

naive_bytes(buffers, alignment=256):
"""One allocation per buffer, no reuse.
raise NotImplementedError("naive_bytes")



def check_no_overlap(dag, buffers, offsets, alignment=256):
"""Tnvariant: buffers whose lifetimes are not ordered never share a byte."""
raise NotImplementedError("check_no_overlap")

# the MLP plan
def mlp_plan(M=64, K=256, N=64, fused=True, elem=4):
"""The selected plan for relu(x @ w + b) as (dag, buffers, launches).
fused=True : one cuBLASLt call with the RELU_BIAS epilogue.
fused=False: cuBLASLt matmul, then an add-bias kernel, then a relu kernel."""
if fused:
dag = {"upload": ["lt_matmul_relu_bias"], "lt_matmul_relu_bias": ["readback"], "re
bufs = [SlabBuffer("x", M x K x elem, ["upload", "1lt_matmul_relu_bias"]),
SlabBuffer("w", K x N x elem, ["upload", "lt_matmul_relu_bias"]),
SlabBuffer("b", N x elem, ["upload", "1lt_matmul_relu_bias"]),
SlabBuffer("workspace", 1 << 20, ["lt_matmul_relu_bias"]),
SlabBuffer("y", M x N *x elem, ["lt_matmul_relu_bias", "readback"])]
launches = [("1t_matmul_relu_bias", "cublasLtMatmul", 2 * M x N % K)]
else:
dag = {"upload": ["lt_matmul"], "lt_matmul": ["add_bias"], "add_bias": ["relu"],
"relu": ["readback"], "readback": []}
bufs = [SlabBuffer("x", M x K x elem, ["upload", "lt_matmul"]),
SlabBuffer("w", K x N *x elem, ["upload", "lt_matmul"]),
SlabBuffer("b", N x elem, ["upload", "add_bias"]),
SlabBuffer("workspace", 1 << 20, ["lt_matmul"l),
SlabBuffer("t0", M x N x elem, ["lt_matmul", "add_bias"]),
SlabBuffer("t1", M x N x elem, ["add_bias", "relu"l),
SlabBuffer("y", M x N x elem, ["relu", "readback"])]
launches = [("lt_matmul", "cublasLtMatmul", 2 * M * N % K),
("add_bias", "kernel", M x N), ("relu", "kernel™, M % N)I
return dag, bufs, launches

# phases
PHASES = ("graph_compile", "search", "prepare", "execute")

def phase_breakdown(events):

"""eyvents: [(phase, seconds)] possibly repeated. Returns {phase: total, 'share': {phas
raise NotImplementedError("phase_breakdown")

def achieved(flops, seconds, peak_flops):

""“Achieved FLOP/s and fraction of peak — compare theory with the profiled kernel time
raise NotImplementedError("achieved")



il
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import pytest
from drill import load

14 = load("14_plan_trace")
= 14.SlabBuffer

def test_toposort_and_reachability():
dag = {"a": ["b", "c"I, "b": ["d"], "c": ["d"], "d": []}
assert 14.toposort(dag) == ["a", "b", "c", "d"]
after = 14. reachablllty(dag)
assert after["a"] == {"b", "c", "d"} and after["b"] == {"d"} and after["d"] == set()
with pytest.raises(ValueError):
14.toposort({"a": ["b"1, "b": ["a"]l})

def test_chain_reuses_memory():

dag = {"a": ["b"I], "b": ["c"I, "c": [1}

bufs = [B("p", 1000, ["a"]), B("q", 100, ["b"]1), B("r", 300, ["c"]), B("s", 10, ["a",
off = 14.plan_slab(dag, bufs, 10_0@0)

assert off == {"p": 0, "qg": 0, "r": 0, "s": 1024} # p, q, r never live together

assert 14.slab_bytes(bufs, off) == 1280
assert 14.naive_bytes(bufs) == 1024 + 256 + 512 + 256

def test _unordered branches_cannot_alias():
dag = {"a": ["b", "c"1, "b": ["d"], "c": ["d"], "d": []}
bufs = [B("p", 256, ["b"]), B("q", 256, ["c"1), B("r", 256, ["d"])]
off = 14.plan_slab(dag, bufs, 10_000)
assert off["p"] != off["q"] # b and c may run concurrentl
assert off["r"] == 0 # d is after both
assert 14.check_no_overlap(dag, bufs, off)

def test_alignment_and_capacity():
dag = {"a": [1}
assert 14.aligned(1, 256) == 256 and l4.aligned(0@, 256) == 256 and l4.aligned(257, 256
with pytest.raises(MemoryError, match="capacity"):
14.plan_slab(dag, [B("x", 300, ["a"l), B("y", 300, ["a"]1)], capacity=768)
with pytest.raises(ValueError):
14.plan_slab(dag, [B("x", 1, ["a"1)], 100, alignment=0)

def test_mlp_plans():
dag, bufs, launches = 14.mlp_plan(fused=True)
off = 14.plan_slab(dag, bufs, 64 << 20)
assert len(launches) == 1 and launches[0] [1] == "cublasLtMatmul"
assert 14.check_no_overlap(dag, bufs, off)
dag2, bufs2, launches2 = 14.mlp_plan(fused=False)



off2 = 14.plan_slab(dag2, bufs2, 64 << 20)
assert [1[0] for 1 in launches2] == ["lt_matmul", "add_bias", "relu"]

assert off2["t1"] == @ and off2["y"] == 16384 # x is dead by then: its byte

assert 14.slab_bytes(bufs2, off2) < 14.naive_bytes(bufs2)
assert 14.check_no_overlap(dag2, bufs2, off2)

def test_phases_and_achieved():
ph = 14.phase_breakdown([("graph_compile", 0.4), ("search", 3.0), ("prepare", 0.1),
("execute", 0.0005), ("execute", 0.0005)1)
assert ph["execute"] == pytest.approx(0.001)
assert ph['share"]["search"] == pytest.approx(3.0 / 3.501)
with pytest.raises(ValueError):
14.phase_breakdown( [("lunch", 1.0)])
f, frac = 14.achieved(2 x 64 x 64 *x 256, 10e-6, 40el2)
assert f == pytest.approx(2 *x 64 x 64 x 256 / 10e-6) and frac < 0.01 # tiny GEMM:
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off =0
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MXBRFNLEE LFess (25 i -

Bt a-b-c b, p/q/rBRE—"TTRER, RIL™&TE, FRLA#RTE offset 0; s &l a
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""" 4 - Backend trace: from the selected plan to GPU launches and one memory slab — re

Once search picked a genome, the backend turns the plan into:

. a DAG of kernels / library calls (the LLIR the README's LUMINAL_LOG_LLIR prints),
. buffer lifetimes: the DAG nodes at which each buffer is read or written,
. one device slab with an offset per buffer — src/buffer/arena.rs “plan_slab™:

* transitive closure of the DAG ("u happens-before v"),
* two buffers may share bytes only if xeveryx use of one precedes xeveryx use C
*x first fit in request order, sizes rounded up to the alignment (256 B on CUDA)

. an execution timeline, split into phases (graph compile / search / prepare / exec

what LUMINAL_CUDA_PROFILE_RECAPTURE breaks TTFT/TPOT into).

from dataclasses import dataclass

@dataclass
class SlabBuffer:

def

def

id: str
bytes: int
uses: list # DAG node names

toposort(dag):
"""'dag: {node: [successors]}. Kahn's algorithm with sorted tie-break (deterministi

nodes = set(dag) | {s for v in dag.values() for s in v}
indeg = {n: @ for n in nodes}
for v in dag.values():
for s in v:
indeg[s] += 1
ready = sorted(n for n in nodes if indeg[n] == 0)
out = []
while ready:
n = ready.pop(0)
out.append(n)
for s in sorted(dag.get(n, [1)):
indeg[s] =1
if indeg[s] == 0:
ready.append(s)
ready.sort()

if len(out) != len(nodes):

raise ValueError("slab lifetime graph must be acyclic")
return out
reachability(dag):
"mafter[u] = set of nodes strictly reachable from u."""
after = {}

for n in reversed(toposort(dag)):
acc = set()



def

def

def

def

def

for s in dag.get(n, [1):
acc.add(s)
acc |= after[s]
after[n] = acc
return after

aligned(n, a):
return —(-max(n, 1) // a) * a # empty buffers still reserve one aligned u

plan_slab(dag, buffers, capacity, alignment=256):
"""Port of arena.rs plan_slab (FirstFit). Returns {buffer id: offset}; raises on c
if alignment <= 0:
raise ValueError("slab alignment must be positive")
after = reachability(dag)
precedes = lambda a, b: all(v in after[u] for u in a.uses for v in b.uses)
sizes = [aligned(b.bytes, alignment) for b in buffers]
offsets = []
for i, b in enumerate(buffers):
occupied = sorted((offsets[j], sizes[jl) for j in range(1i)
if not precedes(b, buffers[j]l) and not precedes(buffers[jl,
off = 0
for start, n in occupied:
if off + sizes[i] <= start:
break
off = max(off, start + n)
if off + sizes[i] > capacity:
raise MemoryError(f"slab capacity {capacity} exceeded while placing reques
offsets.append(off)
return {b.id: o for b, o in zip(buffers, offsets)}

slab_bytes(buffers, offsets, alignment=256):
"""High-water mark: what finalists.rs compares to the device budget."""
return max((offsets[b.id] + aligned(b.bytes, alignment) for b in buffers), default

naive_bytes(buffers, alignment=256):
"""One allocation per buffer, no reuse.
return sum(aligned(b.bytes, alignment) for b in buffers)

check_no_overlap(dag, buffers, offsets, alignment=256):
"""Tnvariant: buffers whose lifetimes are not ordered never share a byte."""
after = reachability(dag)
precedes = lambda a, b: all(v in after([u] for u in a.uses for v in b.uses)
for i, a in enumerate(buffers):
for b in buffers[i + 1:1]:
if precedes(a, b) or precedes(b, a):
continue



a0, al = offsets[a.id], offsets[a.id] + aligned(a.bytes, alignment)
bod, bl = offsets[b.id], offsets[b.id] + aligned(b.bytes, alignment)
if a® < bl and b@ < al:
return False
return True

# the MLP plan
def mlp_plan(M=64, K=256, N=64, fused=True, elem=4):
"""The selected plan for relu(x @ w + b) as (dag, buffers, launches).
fused=True : one cuBLASLt call with the RELU_BIAS epilogue.
fused=False: cuBLASLt matmul, then an add-bias kernel, then a relu kernel."""
if fused:
dag = {"upload": ["lt_matmul_relu_bias"], "lt_matmul_relu_bias": ["readback"],
bufs = [SlabBuffer("x", M x K x elem, ["upload", "1lt_matmul_relu_bias"]),
SlabBuffer("w", K x N x elem, ["upload", "lt_matmul_relu_bias"]),
SlabBuffer("b", N x elem, ["upload", "1lt_matmul_relu_bias"]l),
SlabBuffer("workspace", 1 << 20, ["lt_matmul_relu_bias"]),
SlabBuffer("y", M x N *x elem, ["lt_matmul_relu_bias", "readback"])]
launches = [("1t_matmul_relu_bias", "cublasLtMatmul", 2 * M % N x K)]
else:
dag = {"upload": ["lt_matmul"], "lt_matmul": ["add_bias"], "add_bias": ["relu"
"relu": ["readback"], "readback": []}
bufs = [SlabBuffer("x", M x K x elem, ["upload", "lt_matmul"]),
SlabBuffer("w", K x N *x elem, ["upload", "lt_matmul"]),
SlabBuffer("b", N x elem, ["upload", "add_bias"]),
SlabBuffer("workspace", 1 << 20, ["lt_matmul"]),
SlabBuffer("t0", M x N x elem, ["lt_matmul", "add_bias"]),
SlabBuffer("t1", M x N x elem, ["add_bias", "relu"l),
SlabBuffer("y", M x N x elem, ["relu", "readback"])]
launches = [("1lt_matmul", "cublasLtMatmul", 2 * M * N % K),
("add_bias", "kernel"™, M x N), ("relu", "kernel", M % N)]
return dag, bufs, launches

# phases
PHASES = ("graph_compile", "search", "prepare", "execute")

def phase_breakdown(events):

"""events: [(phase, seconds)] possibly repeated. Returns {phase: total, 'share': {
tot = {p: 0.0 for p in PHASES}
for p, s in events:

if p not in tot:

raise ValueError(f"unknown phase {p}")

tot[p] += s
all_s = sum(tot.values())
tot["share"] = {p: (totlp] / all_s if all_s else 0.0) for p in PHASES}
return tot



def achieved(flops, seconds, peak_flops):
"""Achieved FLOP/s and fraction of peak — compare theory with the profiled kernel
f = flops / seconds
return f, f / peak_flops
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"5 . Differential test: ReferenceRuntime vs CUDA, written as a regression test — your i

Luminal ships two runtimes for the same compiled graph: " luminal_reference® (a CPU interpr
that defines the semantics, with explicit narrow-float and tf32 emulation: narrow_float.rs
tf32.rs) and "luminal_cuda_lite' (the real device). A backend contribution is judged by
"does CUDA agree with Reference within a tolerance I can justify?".

This drill builds that harness in Python around one op (softmax over the last axis, a clas
place for backend bugs: max-subtraction, masked tails, fpl6 overflow):

reference_softmax float64, the semantics

device_softmax a 'device' implementation: tiled in blocks, fp32 accumulation, outpu
the storage dtype — with switchable, realistic bugs

tolerance_for rtol/atol from the dtype's eps and the reduction length (K3), plus a
documented rationale string that goes into the test

run_differential random shapes (edge-heavy), dtypes, seeds —> list of failures

emit_rust_test the regression test in the style of crates/luminal_cuda_lite/tests

import math
import random

import numpy as np

from solutions.k3_numerics import EPS, check_close, edge_sizes, to_bf16

STORAGE = {"float32": np.float32, "floatl6": np.floatl6, "bfloatl6": np.float32}
def store(x, dtype):

X = np.asarray(x, np.float32).astype(STORAGE [dtypel)
return to_bf16(x) if dtype == "bfloatl6" else x

def reference_softmax(x):

X = np.asarray(x, np.float64)
m = X.max(axis=-1, keepdims=True)
e = np.exp(x — m)

return e / e.sum(axis=-1, keepdims=True)

def device_softmax(x, dtype, block=64, bug=None):
"""Two passes over the row in blocks of “block : online max+sum, then normalize.
bug: None | 'no_max_sub' (overflows for large inputs) | 'tail' (last partial block ign
the sum) | 'fpl6_acc' (accumulate in the storage dtype)."""
x = store(x, dtype).astype(np.float32)
rows, n = X.shape
acc_t = np.floatle if bug == "fpl6_acc" else np.float32
out = np.empty_like(x)
for r in range(rows):
m = np.float32(-np.inf) if bug !'= "no_max_sub" else np.float32(0)



def

def

def

def

s = acc_t(0)
stop = n if bug !'= "tail" else (n // block) * block or n
for k@ in range(@, stop, block):
blk = x[r, k@:min(k@ + block, stop)]
if bug != "no_max_sub":
m_new = max(m, blk.max())
s = acc_t(s *x acc_t(np.exp(m — m_new)) + acc_t(np.exp(blk — m_new).sum()))
m = m_new
else:
with np.errstate(over="ignore"):
s = acc_t(s + acc_t(np.exp(blk).sum()))
with np.errstate(over="ignore", invalid="ignore"):
out[r] = np.exp(x[r] = m) / np.float32(s)
return store(out, dtype)

tolerance_for(dtype, n):

"""'(rtol, atol, rationale). Softmax outputs are in [0, 1]; the error comes from (a) ro
the xoutput* to the storage dtype (half an ulp: eps/2 relative) and (b) the length-n s
fp32 (~sqrt(n) * eps32). atol guards the tiny probabilities where relative error is no
raise NotImplementedError("tolerance_for")

make_input(rows, n, dtype, seed, scale=3.0):
rng = np.random.default_rng(seed)

X = rng.standard_normal((rows, n)) * scale
return store(x, dtype)

run_differential(impl, cases=60, seed=0, block=64, dtypes=("float32", "floatl6", "bflo
"""Returns (failures, tried). failures: [{'rows',6'n',6 'dtype', 'seed', 'report'}]."""
raise NotImplementedError("run_differential)

smallest_failure(fails):
raise NotImplementedError("smallest_failure")

RUST_DTYPE = {"float32": "F32", "floatl6": "F16", "bfloatl6": "Bf16"}

def

emit_rust_test(f, name="softmax_matches_reference"):

""YA Rust regression test sketch: same graph compiled for both runtimes, compared with
justified tolerance. (Adapt the API calls to the current crate before submitting.)"""
raise NotImplementedError("emit_rust_test")



./check.sh 15
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import numpy as np

from drill import load

15 = load("15_differential")

def impl(bug=None):
return lambda x, d: 15.device_softmax(x, d, bug=bug)

def test_reference_is_stable():
y = 15.reference_softmax(np.array([[1000.0, 1000.0], [0.0, -np.infl]))
np.testing.assert_allclose(y, [[0.5, ©0.5], [1.0, 0.0]1])

def test_correct_device_passes_everywhere():
fails, tried = 15.run_differential(impl(None), cases=60, seed=0)

assert tried == 60 and fails == []
fails, _ = 15.run_differential(impl(None), cases=30, seed=1, scale=40.0)
assert fails == []

def test_tail_bug_found_and_minimized():
fails, _ = 15.run_differential(impl("tail"), cases=60, seed=0)
assert len(fails) == 26
f = 15.smallest_failure(fails)
assert f["rows"] == 1 and f["n"] % 64 != 0 and f["n"] > 64

def test_fpl6_accumulation_bug_found():
fails, _ = 15.run_differential(impl("fpl6_acc"), cases=60, seed=0)
assert len(fails) == 11 and all(f["report"]["max_abs"] < le-2 for f in fails) # smal

def test_overflow_bug_needs_large_inputs():
# N(9, 3) inputs never overflow exp(): the missing max-subtraction is invisible ...
fails, _ = 15.run_differential(impl("no_max_sub"), cases=60, seed=0)
assert fails == []
# ... until the test includes large logits
fails, _ = 15.run_differential(impl("no_max_sub"), cases=60, seed=0, scale=40.0)
assert len(fails) == 44

def test_tolerance_rationale():
rtol, atol, why = 15.tolerance_for("floatl6", 65)
assert rtol > 2 x 2 %k =10 and atol < rtol
assert "floatl6" in why and "n=65" in why
r32, _, _ = 15.tolerance_for("float32", 65)
assert r32 < rtol < 15.tolerance_for("bfloat16", 65)[0]



def test_emit_rust_test():
fails, _ = 15.run_differential(impl("tail"), cases=60, seed=0)
src = 15.emit_rust_test(15.smallest_failure(fails))
assert src.startswith("#[test]") and "softmax(1)" in src and "DType::F32" in src

assert "tolerance:" in src and src.count("{") == src.count("}")
B
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"""5 . Differential test: ReferenceRuntime vs CUDA, written as a regression test — re

Luminal ships two runtimes for the same compiled graph: ~luminal_reference® (a CPU int
that defines the semantics, with explicit narrow-float and tf32 emulation: narrow_floc
tf32.rs) and "luminal_cuda_lite' (the real device). A backend contribution is judged t
"does CUDA agree with Reference within a tolerance I can justify?".

This drill builds that harness in Python around one op (softmax over the last axis, a
place for backend bugs: max-subtraction, masked tails, fpl6 overflow):

reference_softmax float64, the semantics

device_softmax a 'device' implementation: tiled in blocks, fp32 accumulation, c
the storage dtype — with switchable, realistic bugs
tolerance_for rtol/atol from the dtype's eps and the reduction length (K3), pl
documented rationale string that goes into the test
run_differential random shapes (edge-heavy), dtypes, seeds —> list of failures
emit_rust_test the regression test in the style of crates/luminal_cuda_lite/tes

import math
import random

import numpy as np

from solutions.k3_numerics import EPS, check_close, edge_sizes, to_bf1l6

STORAGE = {"float32": np.float32, "floatl6": np.floatl6, "bfloatl6": np.float32}
def store(x, dtype):

X = np.asarray(x, np.float32).astype(STORAGE [dtype])
return to_bf16(x) if dtype == "bfloatl6" else x

def reference_softmax(x):

X = np.asarray(x, np.float64)
m = X.max(axis=-1, keepdims=True)
e = np.exp(x — m)

return e / e.sum(axis=-1, keepdims=True)

def device_softmax(x, dtype, block=64, bug=None):
"""Two passes over the row in blocks of “block : online max+sum, then normalize.
bug: None | 'no_max_sub' (overflows for large inputs) | 'tail' (last partial block
the sum) | 'fpl6_acc' (accumulate in the storage dtype)."""
x = store(x, dtype).astype(np.float32)
rows, n = X.shape
acc_t = np.floatle if bug == "fpl6_acc" else np.float32
out = np.empty_like(x)
for r in range(rows):
m = np.float32(-np.inf) if bug !'= "no_max_sub" else np.float32(0)



def

def

def

def

s = acc_t(0)
stop = n if bug !'= "tail" else (n // block) * block or n
for k@ in range(0, stop, block):
blk = x[r, k@:min(k@ + block, stop)]
if bug != "no_max_sub":
m_new = max(m, blk.max())
s = acc_t(s x acc_t(np.exp(m — m_new)) + acc_t(np.exp(blk — m_new).sun
m = m_new
else:
with np.errstate(over="ignore"):
s = acc_t(s + acc_t(np.exp(blk).sum()))
with np.errstate(over="ignore", invalid="ignore"):
out[r] = np.exp(x[r] = m) / np.float32(s)
return store(out, dtype)

tolerance_for(dtype, n):

"""'(rtol, atol, rationale). Softmax outputs are in [0, 1]; the error comes from (z

the sxoutput* to the storage dtype (half an ulp: eps/2 relative) and (b) the lengtr

fp32 (~sqrt(n) x eps32). atol guards the tiny probabilities where relative error i

out_rel = EPS[dtype]

sum_rel = 4 x EPS["float32"] * math.sqrt(n)

rtol = 2 % out_rel + sum_rel

atol = max(out_rel / max(n, 1), le-7)

why = (f"{dtype}: output rounding 2xeps={2 * out_rel:.2e} + fp32 sum over n={n}:
f"4xeps32xsqrt(n)={sum_rel:.2e}; atol=eps/n={atol:.2e} for near-zero probak

return rtol, atol, why

make_input(rows, n, dtype, seed, scale=3.0):
rng = np.random.default_rng(seed)

x = rng.standard_normal((rows, n)) x scale
return store(x, dtype)

run_differential(impl, cases=60, seed=0, block=64, dtypes=("float32", "floatl6", "
"""Returns (failures, tried). failures: [{'rows',6'n', 'dtype','seed', 'report'}]."""
rng = random.Random(seed)
sizes = edge_sizes(block, limit=4 *x block)
fails = []
for i in range(cases):

rows, n, dt, s = rng.choice([1, 2, 7]1), rng.choice(sizes), rng.choice(dtypes),

x = make_input(rows, n, dt, s, scale)

rtol, atol, _ = tolerance_for(dt, n)

rep = check_close(impl(x, dt), reference_softmax(x), rtol, atol)

if not rep["ok"]:

fails.append({"rows": rows, "n": n, "dtype": dt, "seed": s, "report": rep}

return fails, cases

smallest_failure(fails):



return min(fails, key=lambda f: (f["rows"] x f["n"], ["float32", "floatl6", "bfloc

RUST_DTYPE = {"float32": "F32", "floatl16": "F16", "bfloatl6": "Bf1l6"}

def emit_rust_test(f, name="softmax_matches_reference"):
""YA Rust regression test sketch: same graph compiled for both runtimes, compared
justified tolerance. (Adapt the API calls to the current crate before submitting.)
rtol, atol, why = tolerance_for(f["dtype"], f["n"])
return f"""#[test]
fn {name}_{f['dtype']}_{f['rows']1Ix{f['n'1}() {{
// minimized by 15_differential; input seed = {f['seed']}
// tolerance: {why}
let mut cx = Graph::new();
let x = cx.tensor(vec! [{f['rows']1}, {f['n'1}], DType::{RUST_DTYPE[f['dtype'll});
let y = x.softmax(1).output();
let data = random_vec_seeded({f['rows'] * f['n'l}, {fl'seed']l});
let reference = run_reference(&mut cx, x, y, &data);
let device = run_cuda(&mut cx, x, y, &data);
assert_close(&device, &reference, /xrtol=x/{rtol:.3e}, /*xatol=x/{atol:.3e});

3
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3. S EE: edge_sizes(64) IHEKE. F32 / F16 / Bf16, — 1 K scale B9,
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open issues & bug. compiler. good first issue; f7cEETE SM86 EHAY correctness /

lowering / test [o]@R

triton » CONTRIBUTING.md  FehIAMEXISE. PR 7iFE; NVIDIA backend H core maintainers fi%, WK
AOIRIT BN R 5118

test/ TRV lit MR RRZNE—F: I—TERERM / B regression test (T5) , BIRRH
SEBE

Luminal AO5 #370 &%

luminal #370: “luminal_cuda_lite fails to compile on CUDA 13.x (v1 graph dependency APIs
missing)”, 5X—T1H{}2 open, roadmap KIEINE A EM CUDA EIIE: NAFEERTE
N, BERSE—EZREMEE; EEEEMSMMIIMETX, HM open issues BH— reference-vs-
CUDA correctness test (L5) ,
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luminal > Cargo.toml & cudarc ki , feature ®1& cuda-version-from-build-system) ,
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CUDA_HOME . cargo -V . git rev-parse HEAD ,
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XEN. median / variance. compile 5 runtime 78) .

## Summary
— What is broken or inefficient?
— Which compiler/backend stage is responsible?

## Reproducer

Commit:

GPU / driver / CUDA Toolkit:
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Minimal command:

## Root cause
— Relevant IR / pass / backend path:

## Fix
- Why this change is correct:
— Other backends / dtypes affected:

## Validation
- Tests:
- Before / after benchmark (if applicable):
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