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n Software development method
n Builds applications by human 

prompting in natural language 
of an AI agent with imperatives, 
rather than writing code line-
by-line 

n Agent(s) handle architecture, 
design, and coding

n Coined 3 February 2025 by 
Andrej Karpathy

n My title is an exaggeration… 
until 6 months from now J

Vibe coding

Andrej Karpathy
OpenAI (2015)

Tesla (2017)
Eureka Labs (2024)
Anthropic (2026)



Vibe coding at DOE’s 2026 Salishan Conf

… Agentic AI is proving valuable in 
strengthening both operational workflows 
and early-stage research. Agentic AI 
supports code development, debugging, 
and performance optimization for large 
scale multiphysics applications. We 
highlight interaction modes that range from 
AI-assisted algorithm design to fully 
agentic refactors, including GPU kernel 
tuning for performance critical regions…

Agentic AI for Multiphysics code 
development and simulation

Rob Reiben 
Project Manager

LLNL

Ignacio’s 
talk today



Imperatives from Mod-Sim for
High Performance Fused Computing



These tributaries need each other

• Static/dynamic runtime system
• Overlapped communication 

with computation w/lookahead
• Low-precision representations
• Fused matrix transpose and 

computations
• Reduction of storage and 

communication thru redundant 
(cheap) computation

• Tile quantization
These are all standard 

HPC techniques!
A big win was, in addition:
• Mixture of experts (MoE, 1991)

27 January 2025

arXiv:2412.19437v1 27 Dec 2024, 53 pp.



These tributaries are finding each other



NVQLink’s growing ecosystem

ATPESC quantum day



oneHPC

Simulation Analytics Learning

QPU
Variational 

Quantum algs; 
Trotterization

Quantum 
Fourier 

transform

Quantum ML; 
Data 

generation

GPU Structured-data apps
(“throughput friendly”) Training

CPU Unstructured-data apps
(“latency tolerant”) Inference



oneCSE

to Simulation to Analytics to Learning

Simulation
provides −

Physics-based 
“regularization”

Data for training 
(augmenting 

real-world data)

Big Data 
Analytics
provides

Steering in high 
dimensional  

parameter space;
In situ processing

−
Cleaned

feature vectors 
for training

Machine 
Learning
provides

Replacement of 
models with 

learned functions;
Smart data 

compression

Detection and 
classification; 
Imputation of 
missing data

−





Extreme computing universals
Reside high on the memory hierarchy
Reduce message number and volume
Reduce frequency of synchronization
Reduce span of synchronization
Embrace heterogeneity
Exploit high-order discretizations
Exploit hierarchical representations
Exploit data sparsity
Exploit nested levels of parallelism
Exercise the “right to reorder”
Employ dynamic schedule and balancing
Co-design algorithms with hardware
Take resilience into algorithms
Process on the fly
Code to specialized backends
Avoid over-resolving and over-solving
Maximize “science per Joule”
Reformulate before computing

Memory

Networks

Processors

Algorithms

Users



Reside high on the memory hierarchy è

HPC vibe coding prompt #1

Why – latest hardware trend reports from John McCalpin 
& Keren Bergman
How – e.g., hierarchical matrices

[Memory system]

For each imperative, I’ll give an example or 
two of a “Why” and a “How”.
At the end of the talk, I’ll invite you to supply 
a better set of examples, for the next version.



Single core speeds/feeds ratios, 1990-2025

John McCalpin, now at BSC, has 
been tracking architectural trends 
through the STREAM benchmark 
since 1990, when he noticed that 
code loops that gave 90% peak on 
Cray gave less than 10% on RISC

n On-node machine balance for BW and latency
n Dimensionless BW imbalance based on GF/s for 

one core divided by on-node sustainable BW 
n Dimensionless latency based on GF/s for one 

core times latency for load from local memory

19% / yr

11% /yr

NB: log scale

HBM

WHY



HPL Top 10 memory BW trends, 2010-2023

Keren Bergman’s lab at Columbia has been tracking architectural trends in memory 
and networking interconnects for two decades. This slide is updated thru 2023.  
Trends continue, but absolute performances are missing Chinese exascale entries.

NB: log scale

Fugaku

WHY

Today’s HPCWire named Karen 
one of the Legends of HPC



Shrink footprint to reside high in the hierarchy
For a square dense matrix of O(N) :

n “Straight” LU or LDLT

§ Operations O(N3)
§ Storage O(N2)

n BLock low-rank (Amestoy, Buttari, L’Excellent & Mary, SISC, 2016)* 

§ Operations O(k0.5 N2)

§ Storage O(k0.5 N1.5)
§ for uniform blocks with size chosen optimally for max rank k of any 

compressed block, bounded number of uncompressed blocks per row 

n Hierarchically low-rank (Grasedyck & Hackbusch, Computing, 2003) 

§ Operations O(k2 N log2N)
§ Storage O(k N)
§ for strong admissibility, where k is max rank of any compressed block

* First reported O(k0.5 N2.5), then later O(k0.5 N2) for variant that reorders updates and recompression

meet hierarchy with hierachy

HOW

Yang Liu’s talk 
yesterday



Linear memory (& time) scaling with H 2

c/o W. Boukaram (KAUST) et al., IMA JNA special issue in memory of Nick Higham (2026)

2D

3D

HOW



Reduce message number and volume è

HPC vibe coding prompt #2

Why – more trends (off-node) from John McCalpin
How – e.g., 2.5D matrix algorithms

[Network]



Off-node speeds/feeds ratios, 1990-2025

Another chart from John McCalpin 
superposing network BW and 
latency over on-node BW and 
latency (previous chart, faded)

17% / yr

23% / yr

NB: log scale

n Off-node machine balance for BW and latency
n Dimensionless network imbalance based on GF/s 

for 1 core divided by interconnect sustainable BW 
n Dimensionless network latency based on GF/s for 

1 core times latency for get from remote memory

WHY



Use extra memory to reduce communication

Communication volume 
can be reduced at a cost 
of greater memory per 
node in so-called “2.5D 
matrix algorithms” for 
LU, Cholesky, QR, 
Gram-Schmidt, and 
eigensolvers.

Many implementations 
attain the theoretical 
lower bounds.

c/o E. Solomonik & J. Demmel (Berkeley), EuroPar 2011 (Distinguished Paper Prize)

HOW

Jim Demmel’s 
talk Monday



Reduce frequency of synchronization è

HPC vibe coding prompt #3

Why – McCalpin off-node trends previously cited
How – e.g., bundled reductions in conjugate gradients

[Network]



Off-node speeds/feeds ratios, 1990-2025

Another chart from John McCalpin 
superposing network BW and 
latency over on-node for all cores 
in a package, superposed over 
previous trends (faded)

40% / yr
 
38% / yr

NB: log scale

n On-node and off-node machine balance for 
latency based on package flop/s

n Dimensionless latency based on GF/s for all 
cores time latency for load from local memory

n Dimensionless latency based on GF/s for all 
cores times latency for get from remote memory

WHY



Perform extra local flops to synchronize less

NB: log scale
Speedup 
of 2.25x,
despite 
2x flops 
2x mem

Frequency of inner 
products in 
preconditioned 
conjugate gradients 
can be reduced at the 
cost of greater 
arithmetic per 
synchronization and 
greater storage

Savings up to 2.5x on 
3D hydrostatic ice 
sheet flow app

c/o P. Ghysels (LBNL) & W. Vanroose, Par. Comp. (2014)

HOW



Reduce span of synchronization è

HPC vibe coding prompt #4

Why – McCalpin off-node trends previously cited
How – e.g., linear / nonlinear Schwarz preconditioning 
for PDEs

[Network]



Perform extra inner solves to reduce outer

c/o L. Luo (KAUST) et al., SISC (2021)

Number of global 
Newton iterations in a 
Newton-Krylov solver, 
each step with global 
preconditioned GMRES 
iterations, can be 
reduced by nonlinear 
preconditioning – 
solving Newton-Krylov 
inner problems on 
subsets of the equations

[left] Convergence for 
global Newton solves at 
various implicit 
timesteps 

[right] Overall savings up 
2.5x on 3D SPE10 
multiphase reservoir 
flow in strong scaling

HOW

improved Newton 
convergence

improved strong-scaled 
runtime



Embrace heterogeneity è

HPC vibe coding prompt #5

Why – it’s everywhere, even where we didn’t ask for it 
(e.g., multiple generations of GPUs in one system)
How – e.g., Variational Quantum Eigensolver for 
molecular structure

[Processing]



Heterogeneity has taken over (top of) Top500

c/o Erich Strohmeier (LBNL, June 2026)

n About 50% of the Top500 (June 2026) systems exploit accelerators 
n Only 2 of Top20 lacks accelerators, only 4 of Top50

WHY

Hopper/GH



Heterogeneity in your smart phones

Typical smart phone has 40+ special processors
c/o John Shalf (LBNL, 2021)

WHY



Extrapolating heterogeneity to HPC

modified, after J. Ang (Sandia) et al. (2014)

WHY



“Quantum First” philosophy 
Computing workflows will cascade:

Efficiently assigning the resources of a 
QPU-GPU-CPU hybrid supercomputer to 
multiple jobs will be a rich programming 
challenge (see best paper at ISC’25 and 
plenary at ISC’26, Hamburg)

GPUs will be used for everything else 
with high arithmetic intensity and 
structured memory accesses

QPUs will be used everywhere they 
have advantage

CPUs will be used for everything else 
with low arithmetic intensity and 
unstructured memory accesses

HOW



Keynote at ISC’26 (June 2026, Hamburg)

• Update from the best 
paper of ISC’25



QPU-HPC integration

c/o G. Greene-Diniz (Quantinuum) et al., EPJ Quantum Tech (2022)

A variational quantum eigensolver (VQE) 
alternates between an optimizer run on a 
classical computer and a quantum circuit 
that evaluates the energy of a proposed 
configuration, using each resource to its 
advantage.

For a building block of a metal-organic 
framework (MOF) designed to capture 
CO2, convergence to the accepted curve 
(green) in the number of qubits is shown 
at right.

HOW



Exploit high-order discretizations è

HPC vibe coding prompt #6

Why – better arithmetic intensity and smaller memory 
for the comparable accuracy
How – replace many low-order elements with fewer 
high-order elements

[Algorithms]



Use high-order discretizations for fewer DOFs

Incompressible Navier-Stokes 
re-discretized from, e.g., 32 
spectral elements of order 8 
to 8 spectral elements of 
order 16 per dimension 

Same error in key functional: 
- approx 4e-6
Savings in execution time:
- factor of 8

c/o M. Hutchinson (U Chicago) et al., ISC (2016)

Raising discretization order 
offers a double win: 
• more flops per degree of 

freedom
• many fewer degrees of 

freedom

(element order, number of elements)
A dozen combinations from 4th to 32nd order

HOW



Exploit hierarchical representations è

HPC vibe coding prompt #7

Why – Moore’s Law adjusts only the constants; algorithms 
improve exponents 
How – to weak scale to extremes, one must use algorithms 
with optimal asymptotic complexity, O(N logp N)

These are typically recursively hierarchical. Through the decades…
v Fast Fourier Transform (1960’s):  N2 → N log N
v Multigrid (1970’s):    N4/3 log N → N
v Fast Multipole (1980’s):   N2 → N 
v Sparse Grids in d > 1 dimensions (1990’s): Nd → N (log N)d-1

v H matrices (2000’s):   N3 → k2 N (log N)2
v Multilevel Monte Carlo (2000’s):  N3/2 → N (log N)2

v Randomized matrix algorithms (2010’s): N3 → N2 log k
v Tensor trains in d > 1 dimensions (2010’s): Nd → d k2 N
v ??? (2020’s):    ??? → ???

[Algorithms]
YOU!



Combining two optimal 
methods cannot improve 
the exponent, but can still 
improve the constant J

c/o D. Shushnikova (KAUST) et al., SIAM SISC (2026) – come to SIAM CSE’27 for GPU version

Combination: H 2-Multigrid 

Boundary element problem 
for 3D electrostatic problem 
with single layer potential

HOW



Exploit data sparsity è

HPC vibe coding prompt #8

Why – see: “live high on the memory hierarchy”
How – e.g., tile low rank matrix multiplication

[Algorithms]



Society for Exploration Geophysicists 
(SEG) ”overthrust” model for velocity 
of save propagation under the sea 
and inference using multidimensional 
deconvolution in the frequency 
domain, with 26K sources and 16K 
receivers

Meet “curse of dimensionality” 
with “blessing of low rank”

Frequency domain source to receiver map in a seismic 
processing application, with tile low-rank decomposition
to save memory for the all-SRAM Cerebras CS-2 wafer scale 
engine

c/o H. Ltaief (KAUST) et al., SC’23 (Gordon Bell Finalist)

HOW



Cerebras CS-2 Wafer-Scale Engine 

Hamburg, May 2022

Cerebras went public on 14 May 2026 and their 
shares nearly doubled in the first day of trading.



Meet “curse of dimensionality” 
with “blessing of low rank”

Frequency domain source to receiver map in a seismic 
processing application, with tile low-rank decomposition
to save memory for the all-SRAM Cerebras CS-2 wafer scale 
engine

c/o H. Ltaief (KAUST) et al., SC’23 (Gordon Bell Finalist)

HOW



Exploit nested levels of parallelism è

HPC vibe coding prompt #9

Why – exploit all available concurrency
How – e.g., wrap application already saturated in 
parallelism with swarm optimization (multiple 
independent instances)

[Algorithms]



Parallel programming paradigms

c/o S. Abdulah (KAUST) et al., Computational Statistics (2025)

HOW



Wrap swarm around DAG-based tile alg

c/o M. Salvaña (KAUST) et al., PASC’22

Maximum likelihood estimation: 
maximize scalar objective as function 
of parameters θ, with observation 
vector Z and covariance matrix Σ :

HOW



Exercise the “right to reorder” è

HPC vibe coding prompt #10

Why – spatial and temporal cache locality
How – e.g., coloring, blocking, space-filling curves

[Algorithms]



Exploit the “right to re-order”
• Reorder mesh for 

temporal locality 
• Interlace degrees of 

freedom at a point for 
spatial locality

• Block for loop 
unrolling

Saves 5x on node for
unstructured CFD

c/o K. Anderson (NASA) et al., SC’99 (Gordon Bell Prize)

HOW



Employ dynamic schedule and balancing è

HPC vibe coding prompt #11

Why – increase concurrency opportunities; bulk 
synchronous processing leads to idleness while 
adaptive algorithms increase nonuniformity
How – dynamic runtime systems

[Algorithms]



Employ dynamic scheduling

n Remove artifactual synchronizations in the form of subroutine boundaries
n Remove artifactual orderings in the form of pre-scheduled loops

LAPACK

MKL

PLASMA

Speedup
of 21x

c/o H. Ltaief (KAUST) et al., Par. Comp. (2011)

HOW



Employ dynamic scheduling and balancing 
HOW

POTRF SYEVDSTGST



Co-design algorithms with hardware è

HPC vibe coding prompt #12

Why – potential performance is left on the table
How – e.g., transpose in the network

[Algorithms]



Co-design hardware for algorithms (!)
n Multi-dimensional FFT (up to 6D in quantum chemistry apps)
n Use  MPI_ALLTOALL_W  to do the transpose in the network
n User code simplifies and performance in software is neutral today
n Once vendors fully implement features already in MPI with smarts already in 

some networks, it will be a large win

c/o L. Dalcin (KAUST) et al., JPDC (2019)

HOW



Take resilience into algorithms è

HPC vibe coding prompt #13

Why – fully reliable hardware is costly; fully reliable 
protocols that operate at the level of the OS (e.g., 
checkpointing) are time-consuming
How – e.g., variance reduction to discriminate 
against faulty or malicious returns in federated 
learning

[Algorithms]



Robustness under “Byzantine” attacks

c/o E. Gorbunov (KAUST) et al., ICLR’23

Label flipping attack Bit flipping attack

No 
compression

With
compression

HOW

Byz-VR-MARINA progresses past the attacks

Three algorithms:
n SGD – stochastic 

gradient descent
n BR-SGDm – SGD 

with Polyak 
momentum

n Byz-VR-MARINA 
– with variance 
reduction



Process on the fly è

HPC vibe coding prompt #14

Why – avoid stores and reloads
How – e.g., JIT fused loops

[Algorithms]



Matrix-free application of finite element                                                                                       
pipelines in LibCEED and MFEM (LLNL)

c/o Ren (KAUST) et al., ISC’26

HOW

R : restriction to element from global DOFs
B : mapping to template element quadrature points
Q : pointwise operator evaluation at quadrature points

P (2 … 5) : 
polynomial 
order

Q (3 … 6) : 
quadrature 
order



Code to specialized backends è

HPC vibe coding prompt #15

Why – derive maximum performance from the vendor
How – create uniform API for the user

[User]



Peak Performance in TF/s V100 NVLink A100 NVLink H100 SXM B200

FP64 7.5 9.7 34 90

FP32 19.5 67 180

FP64 Tensor Core 15 19.5 67 40

FP/TF32 Tensor Core 156 495 1125

FP16 Tensor Core 120 312 990 2250

FP8/INT8 Tensor Core - 624 1980 4500

FP4 Tensor Core - - - 9000

30x
8x

32x
225x

Tracking NVIDIA’s 
superlinear-in-inverse-Byte-ratio 

improvements (through Blackwell)

WHY

30
x



Rely on SIMD/SIMT tasks
n Specialized operations are now hard-wired, e.g., 

-  traditional vector triadic operations

-  matrix-matrix operations used in DL

n Such instructions cannot be ignored 
- 4x4 matrix-matrix multiply-add does 64 

FMADD instructions in one clock cycle
- varieties of scales and precisions abound
- more than an order of magnitude efficiency at stake

HOW



Employ APIs to specialized back-ends

applications

architectures

algorithmic 
infrastructure

n Tiling and recursive subdivision 
create large numbers of small 
problems that can be marshaled 
for batched operations on GPUs
 amortize call overheads
 tune block size to memory capacities 

and warp thread counts
n Non-temporal stores, coalesced 

memory accesses, double-
buffering, etc. reduce sensitivity 
to memory

n Code is complex 
n Code is architecture-specific at 

the bottom
n Need to hide the support from 

the apps through an API

HOW



2024 Gordon Bell Climate Prize
HOW

c/o S. Abdulah (KAUST) et al., SC’24 (Gordon Bell Prize)

Mixed precision, 
like all afternoon



SHT

Inv SHT

Cholesky 
Decomp

Parameterization (training)

Emulation (inference)

Major kernels: Spherical Harmonic 
Transform and Cholesky decomposition

HOW

c/o S. Abdulah (KAUST) et al., SC’24 (Gordon Bell Prize)



Avoid over-resolving and over-solving è

HPC vibe coding prompt #16

Why – defaulting to tight truncation errors, tight 
inner tolerances, and high precision is often 
(usually?) wasteful
How – e.g., set inner resolutions and tolerances 
based on tolerances for outputs of interest, start 
loose, tighten upon convergence of outer loop, if 
necessary

[User]



Avoid over-resolving 
with respect to output accuracy requirements

Sometimes, the output of interest 
from a computation is not a 
solution to high accuracy 
everywhere, but a functional of 
the solution to a specified 
accuracy, e.g.:

• compute the convective heat flux 
across a fluid-solid boundary, 
obtainable without globally uniform 
accuracy

• use low fidelity surrogates in early 
inner iterations of “outer loop 
problems”

c/o L. Machiels (MIT) et al., JCP (2001)

streamfunction 
contours

conservative 
mesh

output bound 
mesh (flux to 1%)

Machiels, Peraire & Patera, A posteriori FE Output 
Bounds for the Incompressible NS Equations,  (2001), 
J. Comp. Phys. 172:401

HOW



Maximize “science per Joule” è

HPC vibe coding prompt #17

Why – reducing the carbon footprint now rivals all 
other aspects of “high performance”
How – e.g., combine mixed precision with low rank

[User]



Energy and time savings

c/o R. Alomairy (KAUST) et al., IEEE HPEC (2025)

0 500 1000 1500 2000 2500

FP64 Dense

MxP Dense

MxP TLR

Energy (MegaJoules)

0 1000 2000 3000 4000 5000

FP64 Dense

MxP Dense

MxP TLR

Time (sec)

• Matérn 2D space kernel, matrix size 
3.24M

• Solved to comparable accuracy by 3 
algorithms
- FP64 dense 
- adaptive mixed precision dense
- adaptive mixed precision tile low rank

On 512 nodes 
of Shaheen III

53%

28%

56%

31%

Energy and time savings go together
HOW



Reformulate before computing è

HPC vibe coding prompt #18

Why – sometimes the task is defined in the “wrong” 
space
How – e.g., turn BLAS1 vector-vector Hamming 
distance computations into BLAS3 GEMMS

[User]



Hamming distance H  btw. rows i and j of X:

Initialize H to zero, then loop over each value           in X , updating with a GEMM:

is bitwise incidence matrix of in  X ;        is the bitwise complement matrix

Hamming distance between discrete vectors

sym

c/o R. Alomairy (KAUST) et al., ISC (2025)

HOW



Intel Ice Lake 
dual 28-core

1008 GB

NVIDIA A100 
SXM4
80 GB

Algorithm Vector Matrix Matrix 
INT8

Matrix
INT8

Matrix
INT1

Time (s) 40,878 241.23 143.94 16.70 8.84

Incremental 
Speedup - 169x 1.67x 8.62x 1.89x

Overall 
Speedup - 169x 284x 2,447x 4,624x

8.62x

4,624x

100K square matrix with 4 unique values (A, C, G, T)

169x

Hamming distance performance
on CPU and GPU 

c/o R. Alomairy (KAUST) et al., ISC (2025)

HOW

2025 IEEE TCHPC
Early Career Awardee



Reformulate applications before computing 

• It is often difficult to solve a 
problem directly, as posed, 
compared with  
– transforming problem to new 

space
– solving problem in new space
– transforming back to original 

space

• Caveat: there is a 
sometimes a conservation 
of difficulty in transforming 
back

HOW



Generalize from a famous quotation

Previously:
“Think.  Then discretize.”
— Vladimir Rokhlin, Yale

Now:
“Think.  Then prompt 

your vibe coder.”



Extreme computing universals
Reside high on the memory hierarchy
Reduce message number and volume
Reduce frequency of synchronization
Reduce span of synchronization
Embrace heterogeneity
Exploit high-order discretizations
Exploit hierarchical representations
Exploit data sparsity
Exploit nested levels of parallelism
Exercise the “right to reorder”
Employ dynamic schedule and balancing
Co-design algorithms with hardware
Take resilience into algorithms
Process on the fly
Code to specialized backends
Avoid over-resolving and over-solving
Maximize “science per Joule”
Reformulate before computing

Memory

Networks

Processors

Algorithms

Users



Examples abound throughout ML, as well

c/o P. Richtarik (KAUST)



Request

You have a world of fresher, more interesting, 
more compelling examples out there, for 
each of the 18 universals.

Likely, there are also more “universals” J.

Please send me yours, to be included in the 
next version of this talk.



… a great 
player skates 
to where the 
puck is going 

to be.”  

Wayne Gretzsky

“A good 
player 
skates to 
where the 
puck is…

Follow the hardware



A falcon flies to where the prey will be …

… rather than where it is

flying to where the 
target will be

flying towards the target

C. H. Brighton, 
et al., PNAS 

(2017)
82



Algorithms must span a widening gulf …

ambitious 
applications

austere 
architectures

adaptive 
algorithms

… a full employment program for algorithm developers!
Not yet easily vibe-coded L 
But check back next year J

increasingly 
dynamic and 
unstructured

increasingly 
optimized for 
uniformity

Takeaway: full employment





Bulk 
synchronous 
generation

Energy-aware
generation
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