® TUT
One-dimensional Path Convolution

Xuanshu Luo, Martin Werner
Technical University of Munich
TUM School of Engineering and Design

Professorship of Big Geospatial Data Management
ICML 2025




Motivation

Compared to 2D convolution, 1D convolutional kernels

mm fail to preserve the spatial continuity of adjacent pixels in both directions.

l|I scale linearly, providing better parameter efficiency;
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Motivation

Compared to 2D convolution, 1D convolutional kernels

mm fail to preserve the spatial continuity of adjacent pixels in both directions.

llI scale linearly, providing better parameter efficiency;

How to construct a vision model that exclusively utilizes 1D convolution to
achieve superior parameter efficiency while simultaneously preserving the

locality of images to match the capabilities of conventional 2D CNNs?
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Motivation @ TUN

Compared to 2D convolution, 1D convolutional kernels

mm fail to preserve the spatial continuity of adjacent pixels in both directions.

llI scale linearly, providing better parameter efficiency;

How to flatten a 2D image?

e

How to construct a vision model that exclusively utilizes 1D convolution to
achieve superior parameter efficiency while simultaneously preserving the

locality of images to match the capabilities of conventional 2D CNNs?
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Hilbert and Z-order paths ® TUM
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+ space-filling

Hilbert curves

+ topologically self-organizing

« recursively defined

\ 4

provide scale-invariant 1D-to-2D mappings
with spatial proximity preservation capability-2

image compression?
database*
parallel computing®
point cloud processing®
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Hilbert and Z-order paths

provide scale-invariant 1D-to-2D mappings with spatial proximity preservation capability'-2,

but we are considering 2D-to-1D mappings...

(a) raster scan path (b) Hilbert path (¢) Z-order path

Pixels with shorter cumulative distances to all their 8 neighbors than (a) are in , otherwise purple.
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Hilbert and Z-order paths

Table 1. Locality measurements of the raster scan, Hilbert, and
Z-order paths for multiple resolutions.

Path Resolution | Total Distance P.a
raster scan 1.88 x 10° -
Hilbert 32 x 32 2.15 x 10° 79.10%
Z-order 1.80 x 10° 74.61%
raster scan 1.54 % 10° -
Hilbert 64 x 64 1.80 x 10° 80.96%
Z-order 1.49 x 10° 81.35%
raster scan 1.24 % 107 -
Hilbert 128 x 128 1.48 x 107 86.51%
Z-order 1.22 x 107 84.50%
raster scan 1.00 x 108 -
Hilbert 256 x 256 1.20 x 10°% 89.04%
7Z-order 0.99 x 10° 89.17%

at the same positions than raster scan paths.
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P, = proportion of pixels with shorter distances to their neighbors

® TUTI

Directly applying Hilbert/Z-order paths yields
suboptimal spatial locality preservation.



Path Shifting
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(a) the original path
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(b) sampling from larger paths

(c) the resulting shified path
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(d) locality preservation of pixels

The path shifting approach effectively relocates purple pixels.
Combining multiple shifted paths can meet the locality constraint (P,;=100%).
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The minimal set of paths

To find the minimal set of paths satisfying the locality constraint is polynomial-time
reducible to the NP set cover problem’ (Appendix C provides proof).

Using randomized rounding algorithm?, we find that three shifted paths are
sufficient to meet the locality constraint for multiple resolutions.
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Path Convolution Model @ TUTI

Stage 1 Stage 2 Stage 3 Stage 4

i — —_— — S’ —

(0 path traversal layers [ stem layers [J PathConv blocks
(0 downsampling layers () classification head

+ The CUDA-optimized path traversal layer provides up to 73-fold acceleration compared to a
single-thread CPU implementation.

« We introduce path-aware channel attention (PACA) to capture both path-specific and
cross-path dependencies.
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Experiments

Datasets:
CIFAR-10", SVHN?Z, ImageNet-643

Models:
PathConvS/B
ResNet18/50% (comparable FLOPSs)

PathConv models achieve ResNet-level
accuracy using only 1/3 parameters.
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CIFAR-10/SVHN Top-1 Acc. (%)
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ImageNet-64
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Thank you!

For more details, please refer to our paper.

Code at GitHub
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More research in our group
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