Mojo: Python-Like MLIR-Based GPU Portable Science Kernels

Tatiana Melnichenko'? (tdehoff@vols.utk.edu)
William F. Godoy? (advisor), Pedro Valera-Lara® (advisor)
'Innovative Computing Laboratory, University of Tennessee, Knoxville | “Oak Ridge National Laboratory

Mojo Programming Performance (cont.)

e Mojo: Python-like and first MLIR-based language promising high productivity, e MLIR-based Just-In-Time (JIT) et GPU-powered DOE HPC in the 7-point stencil Performance Portability
memory safety, performance, and out-of-box GPU po.r'rablll'ry since June 25 or Ahead-of-Time (AOT) compiled Mojo JO, Code nodule - Python# Top500 (memory-bound) metric
e Why another new language? Vendor-neutral computing, reduce the language — e NVIDIA H100 e Adapted from Pennycook et al. (2021)
two-language tax (C++ and Python), adds performance to fragmented Al e Portable high-performance © e '*l!“ ‘ sirlraaion and Marowka (2025)
o ey | 5000
workflows (PyTorch + X) GPU programming MLIR @ ppsdi] - | [ PSS WS W ————— Theoretical Peak = 3900 GB/s Brtojo = ZielTTei'(“)
e Our goal: Assess Mojo’s out-of-the-box GPU performance portability and e Run-time interoperability with since 06,2025 . Higher is better Mojopers—i
tooling on NVIDIA H100 and AMD MI300A for a range of scientific workloads Python and its ecosystem LLVM-IR | | § 2000 — eil@) = endor(CUDA/HIP) yor p—;
. . . . R = . . T PRE— [ e
: h e Memory-safe via variable lifetime [ - PR | e el S : Mojo NVIDIA | AMD
Mojo vs Other Languages N OWNErSID oo NVIDIA GPU AMD GPU T, EE i ah, | deny i B
i i . - X 1X X 1X X 1X X1X
Feature/ Mojo C++ Python Julia Rust pen-source by Hopper, Ampere MI300 S0 Double Precision 7-point stencil
Language from gpu.host import DeviceContext o N L Theoretical Peak = 3900 GB/s FP32 0.82 1.00
i from gpu.id import block dim, block idx, thread idx compile-time g ' '
Compile Model AOT, JIT AOT JIT Interpreted  JIT, AOT (Exp) AOT from layout import Layout, LayoutTensor E 2000 gand = i wme TS g FP64 0.87 1.00
- S i EaE; e Ty T ® =0.92
Memory Planned (static Manual or RAII ~ Garbage Garbage collected Strong . E :
Safety + dynamic collected (ownership, from python import Python o T _ 5 ool ® Moo BabelSt
checks) borrowing) alias dtype = DType.float32 Compile-time GPU | F’erlrn(jﬁm-\;’;-gs e CUDA . . abelstream
alias Nx = 1024 progromming - L=1024 L=1024 L=512 L=512 COpy 101 1.00
GPU SUpport Native, CUDA, HIP, pYCUdCI, CUDA CuU DA.j|, ExperimenToI alias layout = Layout.row major(Nx) ! Requires tensor Type, thopaxladl Dlaxtl (iexixl) oAl Mul 1.02 1.00
portable OpenMP, Python AMDGPU. I alias block size = 256 size. and lavout ' ’
(MLIR) OpenACC, SYCL, KgrneIAbsTrocTion alias num blocks = ceildiv(Nx, block size) , y e AMD MI300A Ad,d LA 1.0b
OpenCL, RAJA, s.JI . fn fill one(tensor: LayoutTensor[mut=True, dtype,layout]): Just-in-Time Single Precision —_— Triad 1.01 1.00
| - KO.kkOS | JA(.:C-” | :;Pt’iéd(:N:?ock_ldx.x * block dim.x + thread idx.x } GPU kernel Iounching > p|X| run mojo prog.mojo g 2222 Higher is bet#er go_to ; 0.78 1.00
Packaging pIXi Third-party Third-party Julia Pkg.jl cargo rensoRTEid] < 1 | .Ahead-on-Time gl(;(;(()) .. w _. e i ool e = 0.96
£ main() > pixi shell 5 200 miniBUDE
Approth ctx = DeviceContext() > mMojo build prog.mojo g 0 PPWI=8 wg=8 0.82 0.38
d u = ctx.enqueue create buffer[dtype](nx ¢
= = . T 5 l[ 1 ]c(i ) GPU memory mode g ./prog L=1024 L=1024 L=512 L=512 FPWi=4 wg=64 0.59 0.38
. . . .. u_tensor = LayoutTensor[dtype,layout](d_u) _ (512x1x1) (1024x1x1) (256x1x1) (512x1x1) —
® We pOFTed The WOrk|OOdS mCITChIﬂg The eX|ST|ng OpTImIZGd C++ CU DA Clﬂd HIP Ctx,enqueue_function[-Fil]__one](u_tengor, Double Precision ® =0.54
codes without vendor-specific knobs grid_dim=num_blocks, ! GPU kernel execution B B s b s L o BT NP
e Performance metrics: - memory bandwidth for memory-bound Sl B o —  — — = T | a-1024ngauss=6  17E-3 _
- FLOP/s for miniBUDE, wall clock time for Hartree-Fock T o " E R | | a=256 ngauss=3 2.52 7E-3
, np = Python.import module("numpy™) Python interoperability |- v L pT—— 9 59 SE-3
GPU - Memory Theoretical Peaks array = np.array(Python.list(1, 2, 3)) ¢ Uses a separate https://docs.modular.com/mojo/faq/ S ol e we , 5 '
dwidih rint(array) runtime approach =Toza —To2a =512 =512 2=64 ngauss=>3 2.33 8E-3
Bandwidth (GB/s) FP32 (TFLOPS/s) FP64 (TFLOPS/s) p Yy i A e o io 5 — 0.92
NVIDIA H100 NVL - 94GB 3,900 60.0 30.0
AMD MI300A - 128GB HBM3 5,300 122.6 613 ey miniBUDE (compute-bound)
https://github.com/tdehoff/Mojo-workloads Mojo can be profiled with NVIDIA Nsight Compute CLI (and AMD rocprof) with live registers e NVIDIA H100 e AMD MI300A
10000
. . . —e— Mojo 8000 1 —e— Mojo
s o t.f. W kI d MOJO BC]be|STI‘eC]m THOd (fI’Om MLIR) CU DA BObGlSTreOm THOd P :\Z/IU:)A-no-fastmath e II\-lAIPJ-no-fastmath
Clen I IC or oq S 8000 1 —e— CUDA-fastmath i —e— HIP-fastmath
: : : # Address Source Regmﬁ # Address Source Regl& Bt
e BabelStream: Memory-bound Copy, Multiply, Triad, Add, Dot routines; 06067571 4F796e08  LDC A1, clexol(exzs) i : l 00007598 83793800 LDC R1, clox0][0x28) 1 — Theoretical peak = 60 TFLOPs 5000 Theoretical peak = 122.6 TFLOPs
. . 2 00007571 Uf796e10 S2R R5, SR_CTAID.) == 2 2 00007598 8379a816 S2R R11, SR_CTAID.X 2 2 S Higher is better 2 Higher is better
commonly used for benchmarking (U of Bristol) ooy a2 IMO.MONLUR 5, B, 2, — 3 oo ssmaze Loc.et 2, cloltonin) a 5 S 4000
® Seven-point stencil: Memory—bound; used for modeling diffusion phenomena © 00607571 4796040 uLoc 64 E'Tzc,-c[.exe][exzze] — 3 WWWWWWMWWW///M & 4000- © 3000
(AMD |Gb nOTeS) % . / 00 % ;00607598 83'79:856 LDC.A;J'Q;?'-_CEBXIGJ[OX220] 7 2000 1 - 2000
/////////////// /////// 7 60007598 83792860 LDC.64 R8, c[6x81[6x210] e 1 T o
i\\ \D ) \D . \D \D X[\\ / % /// 2 00007598 8379a870 mMaDRI1L, R11, R4, e (TR | | s TS | T T
N\ . i\\ A\ \b :\\\\ . xl\\ N\ 7 00007571 4796060 ULDC.64 URB, c[6x08][0x228] [ | 4 9 99007598 8379a880 ULDC.64 URY, c[6x0][0x268) 04— ‘ . : . , : i 01 | ! ! ! ! ! ‘ !
'\\\\ '\\\ '\/I\\ °\\\\ X '\\\ '\\\\ 8 00007571 4f796e70 IMAD.WIDE.U32 R2, RS, URY4, R2 | —— 4 16 60807598 8379896 IMAD.WIDE R2, R11, ©x8, R2 1 4 4 8 16 32 64 128 1 2 4 8 16 52 64 128
N\ \ N\ N N\ 9 000O7ST1 4f796e80 ULDC.64 UR4, c[0x0][0x218] [ — 3 11 00007598 8379a8a0 IMAD.WIDE R4, R1l, Ox8, R4 e PEWI ERWI
Ut :— - _ - _-: 10 09607571 Uf796090 IMAD.SHL.U32 RS, R2, Ox8, RZ i —— y 7/ /// /
~~~~~~~ T % : 5 _ e B 11 000O7ST1 4f796ead SHF.L.U64.HI RO, R2, Ox3, R3 ——| 5 / .
~~~~~~~~ T \ g P T 12 00007571 4f796eb0 IADD3 R4, PO, RS, URM, RZ S 4 HCII"I'I'ee-FOCk (Compufe-bound + afomIC)
______ = i \* I " ’,a’_ == 13 00007571 Uf796ech IADD3 R6, P1, RS, UR6, RZ ST | 5
~-Smaly e 14 X RS, RO, URS, RZ, PO, 1 ] .
; R pmee malT T / / 4 NVIDIA H100 AMD MI300A
t+1 16 00007571 UFf796ef0 IADD3.X R7, RO, UR7, RZ, P1, IPT ] 7 =
.. . . . . 17 00007571 4f796f00 ULDC.64 URG, c[0x0][0x210] | 7 /j % durqtlon (mS) Mo'o CUDA Mo'o HIP
. | | 7 | J J
PY mlnlBUDE: CompUTe'bound, mOde|S |Ig(]nd-pl’01'eln dOCk|ng (U Of BrIS-I-Ol) 15 00007571 479618 LDG.E.64 R4, desc[lﬂ.‘.][Ru.Gd] | — | 7 i3 00007598 8379a8b0 LDG.E.64 R2, desc[UR4I[R2.64] [ - |
) : . ) 19 00007571 U4f79620 LDG.E.64 R2, desc[UR4][R6.64]) ) 13 00007598 8379a8cO LDG.E.64 R4, desc[UR4I[RY.64)
o qu‘l‘ree-Fock: Compu‘l'e_bound W|'|'h OTom|C Operqﬂons; Opproxn‘ngf@s The 20 00007571 4f796F30 IADD3 R&, PO, RE, UR6, RZ e | 7 14 00007598 8379a8d6 UMOV URG, ©x9999999a (_]:1024, ngqugs:é ]_47,250 2,652 - 846
. . 21 00007571 4FTIEFUO IADD3.X R9, RO, UR7, RZ, P@, IPT R : 15 00007598 8379a8e0 UMOV UR7, ©8x3fd99999
electron behavior in quantum systems (Argonne Nat Lab) 0 0 T/, 16 eeeeTsss ssteaste. Imab.umk s, R, exs, R a=256, Ngauss=3 187 479 25 266 178
22 DFMA R2, R2, UR8, R4 ———————— 7 17 00007598 8379a900 DFMA R6, R4, UR6, R2 - ’ - ’
1014 23 STG.E.64 desc[UR4]I[R8.64], R2 | 5 18 00007598 8379a916 STG.E.64 desc[URUI[RB.64], RG
: EXIT = 1 19 00007598 83792926 EXIT G=128, ngOU55=3 21 53 2,765 23
----------- EP_?_Z__P_@_a_l_(__:___:‘3__6_._5__:T_E1__C_)_I?Z_S__________ ERA Ox75714f796f80 - 1 20 00007598 8379a930 ERA Ox75988379a930
_ FP64 Peak = 18.2 TFLOP/ 5 a=64, ngauss=3 5 / 436 4
-------------------- ey =y BabelStream (memory-bound) =
1023 i i
2 5 i e NVIDIA H100 e AMD MI300A 1 1
3 N Conclusions and Observations
™ . miniBUDE f 2000 . et 000 O Theoretical Peak = 5300 GB/s
' : : l eoretical Peak = /s oge . . .
g 10m 5 A 7-point stencil s N I o e e S S . € Performance Portability: Mojo is on par with CUDA and HIP on
c 3500 Vector size = 225 elements 2000{ : . . memory-bound workloads; for compute-bound, Mojo lacks fast-math; Mojo’s
S Dot 0 T T s o - ’ atomic operations have high overhead on AMD MI300A, but outperform
)
& MuTer'i%cljy BabelStream 3000 TR Y ey e | & CUDA + NVIDIA H100 on small cases
Add 3 / ) ﬁ 3 200 Sl S g Compile-Time Model: Might limit adoption due to the run-time nature of HPC
® 2500 - ) Python Interoperability: Requires linking to a Python runtime, 100% outside
.| memory-bound compute-bound [ MLIR compilation
10°2 107t L. . 103 10* 107 31 . WP () Ecosystem and Tools: Mojo works with NVIDIA NSight and AMD rocprof;
perational Intensity (FLOPs/Byte) 2000 | | | | | 50 | | | | | ib ; ; : | adopti in HPC (BLAS L APACK MPI)
) . . . Copy Mul Add Triad Dot Copy Mul Add Triad Dot lorary ecosystrem mus row 10r redl aaoption In , ,
Roofline representation of the workloads using NVIDIA NSight on an H100 GPU Y Y J P

This project was supported in part by the U.S. Department of Energy, Office of Science, Office of Workforce Development for Teachers and
Scientists (WDTS) under the Community College Internships Program (CCI). This research used resources of the Experimental Computing \"
Laboratory (ExCL) at the Oak Ridge National Laboratory, which is supported by the Office of Science of the U.S. Department of Energy under § é
Contract No. DE-AC05-000R22/725

OAK RIDGE INSTITUTE 9 ol TENNESSEE INNOVATIVE

FOR SCIENCE AND EDUCATION KNOXVILLE COMPUTING LABORATORY

: y U.S. DEPARTMENT = (ffice of %O AK RIDGE
< Of ENERGY Science National L.aboratory




