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Across Modalities

Hyeokjoon Kwon*, Jiting Cai*, Ruogu Li*,

Kritan Bhandari, Geethika Hemkumar, Parv Maheshwari,

Yuheng Qiu, Yuchen Zhang, Sebastian Scherer, and Wenshan Wang

Depth—Depth

Thermal y \ﬁeknt »Event

Event ,41@

ermal
‘.
\
i~ -

th »Thermal “
|

RGB 12
o —

*
RGB—Thermal RGB-—Event

Same-Modality

DEPTH ¢

DEPTH

EVENT ¢« EVENT

Fig. 1.

ﬂyﬁa

) | B
TartanMatch ﬁ. .;

Cross-Modality

DEPTH «

THERMAL

EVENT THERMAL|

=eo= TartanMatch (Ours)
MINIMA (RoMa)

—e— MatchAnything (RoMa)
—e— UFM
?a

*Unified Framework

*SOTA Performance
*Efficient

TartanMatch: a unified framework for dense matching across five sensing modalities—RGB, event, thermal, depth and LiDAR. Given any pair

of views drawn from any two modalities (25 combinations), TartanMatch estimates dense flow, shown here by warping each target onto each source using
backward warping. The radar chart compares endpoint error (EPE) against multimodal matching baselines, averaged over all benchmarks per modality pair;
for visualization, each axis shows log(1/EPE), min—max normalized per axis, so a larger polygon indicates lower error. Annotations show relative EPE
improvement over the best competing method per pair. Finetuned from UFM, TartanMatch improves every other modality pair while preserving RGB—RGB

accuracy (<1% difference).

Abstract—Robotic platforms combine complementary sensors
to maintain perception across diverse operating conditions, but
dense correspondence methods are typically designed for RGB
or for a small set of modality pairs. Relying on pair-specific
models scales poorly with the number of sensors and forgoes
potential positive transfer across modality pairs. We introduce
TartanMatch, a unified model for dense correspondence across all
25 ordered pairs among RGB, event, thermal, depth, and projected
LiDAR. TartanMatch adapts an RGB-pretrained correspondence
model to modality-specific representation and learns all sensor
pairs within one shared network using a mixture of real and
synthetic data. On zero-shot real-world benchmarks, TartanMatch
reduces endpoint error over the strongest per-pair baseline by
61.9% (cross-modal) and 49.6 % (same-modal). We further show
that joint training improves average matching accuracy over

pair-specific training, especially on challenging cross-modal pairs.

These results demonstrate that broad multimodal coverage and
strong matching performance can coexist in a single model.

Index Terms—Multi-modal Perception, Dense Correspondence
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I. INTRODUCTION

Dense correspondence—estimating where each pixel in one
observation appears in another—is a core primitive for robotic
perception tasks such as visual odometry, place recognition, and
3D reconstruction. Although correspondence estimation has
advanced rapidly for RGB images, robots do not perceive
the world through RGB alone. Modern robotic platforms
combine multiple sensors with distinct yet complementary
sensing capabilities: event cameras capture rapid motion over
a wide dynamic range, thermal cameras remain informative in
darkness, smoke, and adverse weather, and depth or LiDAR
sensors provide geometry when appearance is ambiguous [1-4].
Robust robotic perception therefore calls for correspondence
between any sensors informative in the environment.

Existing correspondence methods cover only parts of this
multi-modal sensor space. Sensor-specific methods are designed
for a same-modal pair setting: RGB methods span optical
flow [} [6] and wide-baseline matching [7, [8]], with recent
models unifying both settings [9], yet operate only on RGB—
RGB pairs; likewise, event-based methods match only Event—
Event pairs [10} [I1]. Cross-modal matchers extend matching to
pairs such as RGB-Depth or RGB-Thermal, but each typically
supports only one such modality pair [12-14]]. Recent methods
broaden coverage to several cross-modal pairs by fine-tuning
RGB matchers on synthetic pairs that combine an RGB view
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with a non-RGB view generated from RGB imagery [15} [16].
However, this training remains RGB-anchored—the model
never sees a pair in which both views are non-RGB—and
represents non-RGB inputs using fixed RGB-like renderings.
Such renderings can suppress sensor-specific structure useful
for accurate correspondence, such as event timing and depth
validity. Together, these limitations leave a central question: can
one unified model accurately estimate dense correspondence
for every ordered pairing among diverse sensor modalities?

This unification may also improve matching accuracy
through positive transfer across modality pairs. Although
different modality sensors measure distinct physical quantities,
every modality pair poses the same matching task: identifying
pixels in two views that correspond to the same physical point.
This common task motivates a second question: does joint
training across all modality pairs improve matching accuracy
over pair-specific training?

Motivated by these questions, we introduce TartanMatch, a
unified model for any-pair multi-modal dense correspondence
among RGB, event, thermal, depth, and projected LiDAR.
Given source and target observations drawn from these five
modalities, TartanMatch predicts dense flow and covisibility. A
single set of weights thus covers all 25 modality pairs, replacing
a collection of pair-specific models.

TartanMatch adapts UFM [9], an RGB-pretrained correspon-
dence model, to support dense matching across five modalities
and all 25 source—target pairs. Rather than converting non-RGB
modality into fixed RGB-like rendering, we represent each
modality in a form that retains its own measurement structure
and, where applicable, use lightweight learned projections to
map this representation to UFM’s three-channel input. These
inputs are then processed by the same UFM backbone, enabling
one shared model to handle every modality pair. To effectively
adapt the pretrained model to these new modalities, we train
TartanMatch in two stages: we first freeze the pretrained
encoder of UFM while optimizing the input projections and
downstream layers, then fine-tune the full network end to
end. We empirically observed that this schedule improves
performance over single-stage training.

Training a unified matcher is bottlenecked by data: no single
real-world dataset covers all five modalities with correspon-
dence or flow labels. We therefore assemble a training suite that
combines synthetic sources with real indoor, outdoor, aerial,
and driving scene captured from diverse datasets, rather than
solely relying on synthetic modality generation as in prior
works [12} [15 [16]]. To construct supervision, we use provided
flow labels when available and otherwise derive flow from
depth and camera poses, refining inaccurately derived flow
with off-the-shelf matchers [17, [18]. Separately, we synthesize
thermal views to expand coverage of this underrepresented
modality [19].

On zero-shot real-world benchmarks covering a diverse
set of same-modal and cross-modal pairs across all five
modalities, TartanMatch reduces average EPE relative to the
strongest baseline for each benchmarked modality pair by
61.9% on cross-modal matching and 49.6% on same-modal
matching. Moreover, we show that joint multi-modal training
reduces average EPE relative to pair-specific training by 34.1%

across cross-modal pairs and 17.8% across same-modal pairs,
improving 11 of the 15 evaluated pairs, with the largest gains
on challenging cross-modal pairs.

In conclusion, our contributions are:

o Any-pair multi-modal dense correspondence. We in-
troduce a unified model that predicts dense flow and
covisibility for every ordered pair among RGB, event,
thermal, depth, and projected LiDAR. We further show that
joint training across all modality pairs improves average
per-pair performance relative to training a separate model
on each pair in isolation.

o Lightweight modality adaptation. We adapt an RGB-
pretrained correspondence model using modality-specific
representations and lightweight learned projections0,
which outperform the fixed RGB-like rendering of prior
works. A two-stage training schedule, freezing the encoder
before end-to-end fine-tuning, further aids adaptation and
improves matching accuracy.

o Multi-modal training and evaluation suite. We build
a training data mixture that combines real and synthetic
sources across all 25 modality pairs, spanning indoor, out-
door, aerial, and driving scenes. The benchmark evaluation
suite covers all five modalities on real-world zero-shot
datasets.

II. RELATED WORK
A. Same-Modal Correspondence

Same-modal correspondence matches inputs from a single
sensor modality. Most work here concentrates heavily on
RGB-RGB, and methods for other modalities such as event
and thermal are developed independently rather than as
instances of a shared model. Within this setting, optical-flow
methods estimate dense motion between temporally adjacent
frames [3 [6], whereas wide-baseline matching methods target
larger viewpoint and appearance changes [7, I8]. Recent unified
RGB models, such as UFM, bridge these two regimes within
a shared architecture [9]. Beyond RGB, current methods still
remain sensor-specific such as E-RAFT and EMatch for event
streams [[10} [11]] and SuperThermal for thermal images [20]].
TartanMatch extends dense correspondence across modalities,
treating same-modal matching as a subset of an any-pair
correspondence problem spanning RGB, event, thermal, depth,
and projected LiDAR.

B. Cross-Modal Correspondence

Cross-modal correspondence estimates matches between
inputs from different sensor modalities, but most existing
methods are limited to a few modality pairs. XoFTR and SC3EF
focus on RGB-Thermal matching [12} [13], while Walters
et al. [21] estimates dense multispectral correspondence for
RGB-FIR and evaluates transfer to RGB-NIR. MINIMA and
MatchAnything broaden this coverage by fine-tuning existing
RGB matchers on pairs whose non-RGB view is generated from
a real RGB image: MINIMA uses a diffusion model for IR and
Depth Anything V2 for depth [15], and MatchAnything uses
image-translation models for thermal and nighttime views [[16].
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Correspondence labels are therefore inherited from the RGB
source rather than measured, and no training pair contains two
non-RGB views. Moreover, their standard image backbones
encode non-RGB inputs through fixed RGB-like renderings,
which can collapse sensor-specific information such as event
timing or geometric depth. TartanMatch instead trains one
model on all 25 directed pairs among five modalities, including
pairs in which neither view is RGB. Each modality is encoded
in its own representation and mapped to the shared backbone
through lightweight learned projections.

C. Multi-modal Data for Supervision

Prior work has introduced a rich collection of multi-
modal sensory datasets, from synthetic engines that render
several modalities in perfect alignment [22]] to real captures
spanning RGB, event, thermal, and depth or LiDAR sensors [1+
4| 23]]. However, these resources are distributed across datasets
with different sensor subsets and rarely provide cross-modal
correspondence labels directly. Flow derived from depth and
camera geometry may also be inaccurate because of invalid
measurements or calibration errors. Constructing a broad
correspondence training set from these resources therefore
requires substantial data integration and label processing.
Consequently, prior methods have typically relied on RGB-
derived synthetic modality pairs [[15} [16] or individual sensor
datasets with native supervision [10, [12]]. To address this
limitation, we integrate diverse real and synthetic datasets
into a comprehensive training and evaluation suite, deriving
flow from geometry and refining unreliable labels.

III. METHOD
A. Overview

TartanMatch predicts dense correspondence between any
pair drawn from five modalities: RGB, thermal, event, depth,
and projected LiDAR, denoted M. Given a source input X, of
modality mg € M and a target input X; of modality m; € M,
the model predicts

(¢s—>t7 Cs—>t) = gG(Hms (Xs)7 Hmt (Xt))7
R2><H><W

ey

where ¢s_,¢ € is the source-to-target dense flow and
Cs—¢ € [0,1]H*W is the per-pixel probability that a source
pixel is covisible in the target view. Each II,, is a modality-
specific adaptation that maps a sensor’s measurements to a
three-channel tensor (Sec. [II-B)), and gy is a correspondence
backbone shared by all modality pairs (Sec. [[II-C).

In this work, we instantiate gy with UFM [9], as shown in
Fig. |2} We retain UFM’s DINOv2 encoder, information-sharing
transformer, and DPT prediction heads without architectural
modification. The pretrained backbone is adapted to the five
modalities with a two-stage schedule on a multi-modal data

mixture (Secs. [II-D] and [[II-E).

B. Modality Adaptation

The modality adapter II,,, maps an input observation X of
modality m to a three-channel tensor Z = II,,,(X) € R3>*HxW
that the pretrained backbone can consume. The central design

choice is how each sensor gets there: instead of hand-rendering
non-RGB sensors as fixed RGB-like visualizations, as in prior
cross-modal matching pipelines [[1516], we keep each modality
in a representation suited to it and let a learned 1x 1 projection
decide how to expose it to the backbone.

a) RGB and Thermal: RGB images are used as is, Zyg, =
X.g1, and single-channel thermal intensity is replicated across
the three channels. Neither requires learned parameters.

b) Events: Events are represented as a voxel volume [24].
Given events €& = {(zy,yi,ti,pi)} .y, with p; € {-1,1},
recorded between two consecutive frames, we define

t; — 11

t::(Bil)tN—tl’ 2
N

V(z,yt) =Y piks(e =) ko(y — i) ko(t —17),  (3)
i=1

where £ € REXWXB e L0 ... . W—1},y€{0,...,H —
1}, t € {0,...,B — 1}, and ky(a) = max(0,1 — |a]). A
single learned 1x1 projection P, : R® — R? then produces
Zevent = P.(F), learning how to expose polarity and temporal
structure to the pretrained three-channel backbone.

¢) Depth and projected LiDAR: We represent both depth
and projected LiDAR using a depth map d and a validity
mask V € {0,1}#*W_ For a depth observation, d is the
provided depth image and V identifies pixels with finite, valid
measurements; invalid pixels may arise from missing sensor
returns, out-of-range measurements, or infinite depth. A LiDAR
observation is originally a 3D point cloud. We transform its
points into the camera coordinate frame and project them onto
the image plane, producing a sparse depth map d for which V'
identifies pixels that receive a LiDAR return. We refer to this
rasterized representation as projected LiDAR.

Both modalities use the same geometric representation:

Gd, V) = {V@lo;g/(urd)} c REXHXW. @

The first channel contains log-depth, with invalid values set to
zero by V, while the second explicitly preserves measurement
validity. A shared learned 1x1 projection P, : R? — R3
produces Zge, = Py(G(d, V') for both modalities.

C. Shared Correspondence Backbone

The three-channel tensors Z; = II,, (X;) and Z; =
IL,,, (X}) are processed by the same UFM backbone regardless
of the modality pair. Both are encoded into patch tokens by the
shared DINOV?2 encoder; the two token sets are concatenated
with view-index positional encodings and processed by the
information-sharing transformer, which exchanges information
between the two views; and DPT heads decode the source-view
tokens into the flow field ¢,_,+ and covisibility logits /¢, from
which Cs_,; = o(¢¢). All backbone components are initialized
from UFM’s RGB-pretrained weights. We initialize P, to pass
the first three event bins through and P, to replicate log-depth
across all three channels. We adopt UFM’s base configuration,
which excludes its optional local refinement module.



IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. SUBMITTED MONTH YYYY 4

(a) Modallty representation II,, (b) Shared correspondence backbone go (UFM, RGB-pretrained)
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Fig. 2. TartanMatch architecture. A modality-specific adaptation maps every sensor to the three-channel input the pretrained backbone expects: RGB and
thermal enter directly, events are voxelized into B=15 temporal bins and mapped by a learned 1x1 convolution, and depth and projected LiDAR share a
log-depth-plus-validity representation and a single learned 1x1 convolution. The UFM correspondence backbone (DINOv2 encoder, information-sharing

transformer, DPT heads) is fully shared across all modality pairs.

Supervision also follows UFM. Given ground-truth flow ¢*
and covisibility mask C*, we minimize

L= ZC* ZC
+ )\BCE(EC, c),

P) Pa.c(llds—e(p) — " (P)ll,)

(&)

where p, . is the generalized Charbonnier loss. We use o = 0.5,
¢ =0.24 and )\ = 10 following UFM.

D. Two-Stage Training

We adapt the pretrained backbone to the multi-modal mixture
in two stages. Stage 1 freezes the encoder and trains the
projections P, and P, together with the information-sharing
transformer and DPT heads. Stage 2 unfreezes the encoder and
fine-tunes the full model end to end. The two stages address
the mismatch between the new modalities and the encoder’s
pretrained input distribution: Stage 1 brings each modality
closer to that distribution while the encoder is held fixed,
whereas Stage 2 absorbs the residual shift that the projections
cannot remove. Sec. [[V-F shows that this schedule improves
over one-stage joint training.

E. Training and Evaluation Data

TartanMatch extends UFM to multiple modalities and is
trained on a multi-modal mixture combining synthetic imagery
with real sensor data, summarized in Table |} From a dataset
with k available modalities, all k% ordered modality-pair types
are eligible for training. We construct each 650k-sample epoch
using fixed sampling rates at both the dataset and modality-pair
levels. Table [I] reports each dataset’s aggregate share of the
mixture, summed over its modality pairs.

Ground-truth flow is either provided by the dataset or

derived from depth, camera pose, and camera parameters.

On FIReStereo and MTYV, where we empirically observed
that the derived flow is sometimes inaccurate, we refine it:
we warp the source view by the derived flow, estimate the

Source Target Before refi After refil

THERMAL == THERMAL

Fig. 3. Ground-truth flow refinement on MTV. Each row warps the source
onto the target using the flow label before and after refinement, for a thermal-
to-thermal pair (top) and an RGB-to-thermal pair (bottom); insets magnify the
outlined region. The misalignment left by the geometry-derived flow disappears
after refinement.

residual displacement against the target with an off-the-shelf
matcher (RoMa v2 on FIReStereo; DIS [18]] on MTV),
add it to the derived flow, and retain only forward—backward-
consistent pixels, using thresholds of 1px for FIReStereo and
0.5px for MTV, respectively. Fig. 3] shows the effect on MTV.
Based on manual inspection of the refined labels, we retain
FIReStereo’s Hawkins 3 and 4 for training and MTV’s race-
track, country-road, and park scenes for evaluation. Finally, to
broaden thermal coverage, we synthesize thermal images with
TherA [19] for all MegaDepth training images and for 100k
pairs from TartanAirV2 and TartanAirV2 WB.

IV. EXPERIMENTS
A. Implementation Details

a) Training setup.: We train TartanMatch in two stages
(Sec. [llI-D) at 560 input resolution on 8 H100 GPUs, using
AdamW (8 = (0.9,0.95), weight decay 0.05) with a cosine
schedule, 10% linear warmup, gradient-norm clipping at 1.0,
bf16 mixed precision, and an effective batch size of 48, each
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Fig. 4. TartanMatch produces more accurate flow and covisibility than MINIMA on various pairs.

TABLE I
DATASETS IN THE TARTANMATCH TRAINING MIXTURE AND THE
ZERO-SHOT EVALUATION BENCHMARKS.

Dataset OF/WB Source Modalities ~ Mix ratio
Training mixture

TartanAirV2 [22] OF Synthetic REDTL 36.3%
MegaDepth [25] WB Both RDT 20.2%
DSEC OF Real RE 10.9%
TartanAirV2 WB [9]1122] WB Synthetic RT 9.7%
BlendedMVS [26] WB Synthetic RD 4.3%
ScanNet++ WB Real RD 4.3%
FlyingThings3D OF Synthetic R 3.7%
HyperSim WB Synthetic RD 2.1%
FlyingChairs [30] OF Synthetic R 1.8%
Spring [31] OF Synthetic R 1.8%
Kubric4D OF Synthetic RD 1.6%
FIReStereo [3] OF Real T 1.5%
Habitat [34] WB Synthetic RD 0.5%
HDIK [35] OF Real R 0.4%
Monkaa OF Synthetic R 0.4%
StaticThings3D [36] WB Synthetic RD 0.4%
Evaluation benchmarks

MTV OF Real RDT -
DSERT-RoLL OF Real RETL -
DTU WB Real RD -
MVSEC OF Real E -
EDS WB Real RE -

OF: optical flow; WB: wide baseline. Source: Real, Synthetic, or Both. Modalities:
R (RGB), E (event), D (depth), T (thermal), L (projected LiDAR).

batch is symmetrized following UFM. Each epoch draws 650k

modality-pair samples stratified over the 25 modality pairs.

Stage 1 trains for 10 epochs with learning rates 10~ for
the input projections and 10~° for the information-sharing
transformer and DPT heads; Stage 2 fine-tunes end-to-end for
35 epochs, adding the encoder at 5 x 10~7 with the remaining
rates unchanged. The loss of Sec. [[lI-C| uses o = 0.5 and
c=0.24.

b) Preprocessing: For RGB inputs, we follow UFM’s
augmentation pipeline. For simulated events, the integration
window between the two frames is randomly clipped to
[10 ms, 100 ms] to diversify event sparsity. We inject random
noise events drawn i.i.d. uniformly over the sensor plane
and time window with random polarity at a per-sample rate
of U(0,0.5) events/pixel before voxelization. For raw 16-bit

radiometric thermal data like FIReStereo, we convert each
frame to an 8-bit image by per-image normalization (a 1-99th-
percentile clip followed by min—max scaling) and then apply
CLAHE and bilateral filtering [3]. For depth and LiDAR, we
apply log(1 + ) to valid values, normalize them per sample
using the 2.5-97.5th percentiles, and concatenate a binary
validity mask to form the two-channel representation.

B. Evaluation protocol

We use five real-world datasets for zero-shot benchmark:
MTV [23], DSERT-RoLL [4], DTU [37], MVSEC [1], and
EDS [38]]. Refer to Table [I] for the modality composition of
each dataset. On MTYV, we use the race-track, country-road, and
park scenes. Similarly, we select an Outdoor Day1 sequence for
MVSEC, following E-RAFT. On DSERT-RoLL, we evaluate
same-modality and cross-modality matching on the normal
scenes and degradation robustness on the heavy-snow scene.
For EDS, we sample pairs with pose differences greater than
1°, 5°, 10°, and 20°.

For each modality pair, we compare against the strongest
available baseline with publicly released weights, ranging from
pair-specific models to cross-modal correspondence models.
UFM [9]] is TartanMatch’s RGB-pretrained starting point and
therefore measures the benefit of multi-modal adaptation;
MINIMA [13] and MatchAnything [16] are the strongest
prior methods targeting broad cross-modal correspondence.
RoMa [8]] provides the RGB-only counterpart to the RoMa-
based variants of MINIMA and MatchAnything, whereas
RoMa v2 serves as a state-of-the-art RGB-only baseline.
Following MINIMA, we evaluate RGB-only baselines on
non-RGB modalities by rendering each sensor measurement
to a three-channel image with a fixed colormap (RGB-like
rendering). For event correspondence baselines, we include E-
RAFT [10] and EMatch [IT]}, both are specialized in event and
trained on DSEC. For sparse correspondence, we additionally
evaluate XoFTR [[12] and the LoFTR/ELoFTR variants of
MINIMA and MatchAnything. For comparisons with sparse
matching models, we score each baseline at the source pixels it
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TABLE 11
CROSS-MODAL EPE (PX), >5PX OUTLIER RATE, AND INFERENCE TIME ON ONE H100 GPU

RGB-anchored cross-modal pairs

Non-RGB cross-modal pairs

Method

RGB—LiDAR Thermal —Event Event— LiDAR Thermal—LiDAR Depth— Thermal ference Time

RGB —Depth RGB —Event RGB — Thermal
DTU  DSERT-RoLL ~ MTV ~ DSERT-RoLL DSERT-RoLL DSERT-RoLL DSERT-RoLL ~ DSERT-RoLL MTV
EPE| Spx| EPEl S5px) EPEl 5px) EPEl 5px] EPEl S5px) EPEl Spx) EPEl 5px) EPEL Spxl/ EPEl 5px) ms
Dense maching
MINIMA(RoMa) (T3] 3656 672 1377 629 861 150 957 532 73.02 965 1358 634 5739 957 6377 967 2452 402 262.4
MatchAnything(RoMa) [16] ~ 37.38 779 1161 444 328 145 1193 558 5270 927 1523 653 3048 919 4288 942  23.80 46.1 206.4
RoMa {8] 6772 785 47.00 774 2006 26.6 1644 583 22923 999 39.68 78.6 21378 997 22967 998 9698 703 1923
RoMa v2 {17 150.89 94.0 2325 588 8434 520 22.19 60.6 141.00 99.5 2064 672 13559 993 11806 98.8 20049 867 61.5
UFM [9] 5481 749 6370 87.6 16.13 248 1931 663 7546 923 7956 948 4599 96.1 12609 994 12644 782 276
TartanMatch (Ours) 1278 375 663 380 248 83 1095 695 846 543 961 647 955 610 1161 783 1345 412 27.8
Sparse matching (cross-scored on each baseline’s match set)
XoFTR [12) 4205 497 1989 484 1249 27.6 1335 479 109.18 937 3449 661 12581 953 11842 982 3667 503 21.0
TartanMatch (Ours) 461 116 388 187 190 47 691 567 570 389 672 478 560 432  7.06 7.1 508 190 27.7
MatchAnything (ELoFTR) {16] 695 231 939 513 663 402 906 60.0 12463 939 13.14 678 81.80 939 10271 947 1508 502 36.3
TartanMatch (Ours) 76 2.6 377 187 187 44 7.04 571 582 4Ll 635 469 584 428 745 711 289 102 27.8
MINIMA (LoFTR) [13] 17 80 31.8 890 43.01 495 191 725 43.6 5243 842 1120 579 6551 875 3986 913 988 243 21.1
TartanMatch (Ours) 237 48 375 190 179 40 622 527 455 288 606 441 502 349 635 689 388 131 27.6
TABLE III TABLE IV
RELATIVE POSE ESTIMATION BENCHMARK FOR CROSS-MODAL PAIRS. TARTANMATCH PERFORMANCE FOR DSERT-ROLL HEAVY
SNOW DEGRADATION SCENES.
Method DTU RGB— Depth EDS RGB— Event Time
AUC@5° 1 AUC@10° 1 AUC@20° 1 AUC@5° 1+ AUC@10° + AUC@20° + ms) Scene RGB—RGB  EVENT—EVENT  EVENT—LIDAR
MINIMA(RoMa) (I3 107 204 320 20 57 12,0 263.1 EPEl 2pxl EPE{  2px!  EPEl  5pxl
ﬁ“jﬁﬁg“/'m"‘g(R"M“) el &3 53 0 9 12 139 2907 Normal 240 260 232 282 9.5 61.0
” : ; ; : : : h v 30.3 9.0 079 37 3.02 14.1
RoMa v2 (I7) 1.6 35 5.9 15 438 938 61.0 Heavy snow 3034 9
FM [9] 6.3 143 252 0.1 0.4 1.7 27.7
TartanMatch (Ours) 10.6 247 45.4 83 17.8 29.5 278
TABLE V
SAME-MODAL EPE (PX), >2PX OUTLIER RATE, AND INFERENCE TIME ON ONE H100 GPU
RGB—+RGB Depth—s Depth Event—sEvent Thermal —Thermal ~ LiDAR—LiDAR
Method Inference Time
DTU  DSERT-RoLL DTU MVSEC 20Hz MVSEC 45Hz DSERT-ROLL ~ MTV ~ DSERT-RoLL DSERT-RoLL
EPE] 2px| EPEl 2px| EPEl 2px| EPEl 2px)] EPE| 2px] EPE| 2px] EPEJ 2px) EPEl 2px] EPE/ 2pxl ms)
Dense matching
MINIMA (RoMa) (T3] 1228 309 409 296 2986 739 206 326 192 304 480 448 107 43 652 433 1321 818 260.2
MatchAnything(RoMa) [I6]  12.49 323 395 274 2654 719 1.84 314 145 232 480 444 056 3.6 683 437 1378 821 206.9
RoMa (8] 1152 295 404 280 3726 807 133 217 096 104 619 472 132 46 696 437 13.01 784 191.3
RoMa v2 (17 468 203 255 242 2654 63.8 146 253 088 94 345 426 069 39 321 333 1392 320 60.6
UFM 9] 533 320 275 268 3732 818 168 301 077 7.3 1068 860 070 54 450 37.6 1457 841 275
E-RAFT (10 - - - - - - 169 300 08 77 240 293 - - - z - - 191
EMatch {L1] - - - - — 186 341 092 105 244 276 - - - - - 24.7
TartanMatch (Ours) 574 368 240 260 567 454 117 186 070 56 232 282 077 62 307 343 58 486 278
Sparse matching (cross-scored on each baseline’s m\luh set)
XoFTR (12 15,57 9 3.09 5.68  67.6 427 368 545 392 795 623 451 82 617 456 1028  80.0 24.8
TartanMatch (Ours) 199 2.06 218 325 254 081 88 051 19 192 218 070 50 275 299 320 330 276
MatchAnything (ELoFTR) {T6] 6%3 317 280 253 692 654 198 348 182 313 639 651 112 112 739 529 1007 850 374
TartanMatch (Ours) 189 186 200 144 136 075 72 048 14 196 229 073 57 276 30 417 380 277
MINIMA (LoFTR) [15] 988 382 285 297 1436 638 144 192 130 142 538 567 146 125 576 492 468 614 223
TartanMatch (Ours) 184 152 182 191 172 156 066 46 045 09 182 207 070 50 271 283 214 245 277

selects and sample TartanMatch’s flow predictions at the same
locations.

Inference uses each model’s internal resolution. We report
Endpoint Error (EPE) ({), the outlier ratio above 2px for
same-modality matching and above 5px for cross-modality
matching ({), and Area Under Curve (AUC) (1) for relative
pose estimation. We evaluate all models on single HI00 GPU
and report their average inference time per sample. The best
and second-best results for each benchmark are shown in bold
and underlined, respectively.

C. Cross-Modal Dense Correspondence

Table [I] reports zero-shot performance on RGB-anchored
(one view RGB) and non-RGB cross-modal (neither view
RGB) pairs against dense and sparse matching baselines.
Among RGB-anchored pairs, TartanMatch leads on most
settings, reducing EPE over the strongest baseline by 65% on
RGB—Depth and 43% on RGB—Event. The gains are larger
for projected-LiDAR pairs, which no baseline sees during
training: the best competitor records at least 30.48px EPE,
whereas TartanMatch remains below 12px. On Event—LiDAR

and Thermal—LiDAR, TartanMatch reduces EPE by 3.2x
and 3.7x and lowers the 5px outlier ratio by 31 and 16
points, respectively. TartanMatch also consistently outperforms
sparse matching baselines when evaluated only at their selected
correspondences. Fig. ] further shows more complete warps and
coherent flow than MINIMA across representative same-modal
and cross-modal pairs.

Table evaluates pose estimation on DTU and EDS
for RGB—depth and RGB—event, respectively. On DTU,
TartanMatch raises AUC@20° by 42% over the strongest
baseline while matching it at AUC@5°. On EDS, where all
baselines struggle, it improves AUC across thresholds by 2.1-
2.9x while running 7.5 x faster than MatchAnything. Together,
these results demonstrate strong cross-modal correspondence
and pose estimation performance.

D. Same-Modality Dense Correspondence

Table [V] reports same-modal zero-shot performance for all
five modalities against the strongest baseline available. The
largest gains appear on the modalities that RGB matchers trans-
fer worst: TartanMatch reduces EPE by 4.7 x on Depth— Depth
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TABLE VI
ABLATION STUDIES. (A) TRAINS ON ALL EVENT DATASETS; (B) TRAINS ON
ALL DEPTH DATASETS; (C) USES THE FULL TRAINING MIXTURE.

EPE |
Setting Test set Cross-modality ~Same-modality
(a) Event representation
Polarity-accumulated color image 10.56 3.44
Voxel volume (Ours) DSERT-RoLL 7.46 2.46
(b) Depth representation
Color-mapped image 12.30 6.30
Log-normalized DTU 11.49 6.26
+ validity mask (Ours) 11.33 5.64
(¢) Training schedule
One-stage (joint) DSERT-RoLL 10.21 3.46
& DTU 14.01 6.95
Two-stage (Ours) DSERT-RoLL 9.80 342
oee ; DTU 12.38 5.71
TABLE VII

EPE ON THE TARTANAIRV2. SINGLE-MODALITY-PAIR MODELS USE THEIR
BEST CHECKPOINT PER PAIR; THE ALL-MODALITY MODEL IS A SINGLE
CHECKPOINT. A IS THE RELATIVE IMPROVEMENT OF ALL-MODALITY OVER
SINGLE-PAIR.

Pair Single-pair ~ All-mod. A (%)

Same-modality
R—R 0.82 1.00 —22.0
D—D 0.73 090 —23.3
E—E 1.29 1.22 +5.4
T—T 3.14 3.24 —-3.2
L—L 7.84 500 +36.2
Average (5) 2.76 227  +17.8

Cross-modality
R—D 3.16 2.89 +8.5
R—E 2.66 1.69 +36.5
R—T 2.28 2.34 —2.6
R—L 8.78 601 +31.6
D—E 3.12 1.85  +40.7
D—T 5.93 5.04 +15.0
D—L 4.85 319 4342
E—T 5.29 385 4272
E—L 14.20 547 4615
T—L 13.02 937 +28.0
Average (10) 6.33 417 +34.1

R (RGB), E (event), D (depth), T (thermal), L (projected LiDAR).

and by 55% on LiDAR—LiDAR. On Event—Event, Tartan-
Match outperforms state-of-the-art modality specialists, E-
RAFT and EMatch, the dedicated event flow estimation models.
On RGB and thermal pairs, TartanMatch stays within 1.1px
and 0.3px of the best baseline. Similarly to cross-modal case,
TartanMatch outperforms all sparse matching methods in same-
modal matching. Overall, modality-specific models generalize
poorly beyond their own modality, whereas TartanMatch
transfers across all five modalities and even surpasses specialists
on some modalities.

E. Degraded Scenarios

TartanMatch’s any-pair matching capability enables robust
correspondence estimation when individual sensors degrade.
Table [[V| evaluates TartanMatch on the heavy-snow sequences
of DSERT-RoLL, testing robustness under RGB degradation.
Snow renders RGB—RGB matching unusable: EPE grows from
2.40 to 30.34 and the 2px outlier ratio reaches 99%. The event-
based pairs stay accurate under the same conditions, with 0.79
EPE on Event—Event and 3.02 EPE on Event—LiDAR. An
any-pair mode lets a platform shift correspondence to sensors
that stay informative.

E Ablations

Our ablation investigates three questions: (i) whether the
proposed sensor-specific input representations outperform fixed
RGB-like renderings; (ii) whether the two-stage training strat-
egy improves correspondence estimation over one-stage end-
to-end training; and (iii) whether jointly training on multiple
modality pairs benefits the performance of each individual
pair. Owing to compute and time constraints, the ablation
variants follow TartanMatch’s hyperparameters described in
Section but train at smaller scale, specified in each
paragraph below. For ablation (a) and (c), we train the model
for 20 epochs, which we find sufficient for convergence. For
the ablation (b), we use the full training mixture and recipe.
We report mean EPE for cross-modality and same-modality
matching.

(a) Input representation. Each variant trains on pairs
from {RGB, Event} and { RGB, Depth} using every training
dataset that provides such modality pairs. (See Table [T
We evaluate the event variants on DSERT-RoLL, the only
benchmark that pairs event with non-event modalities and thus
measures both cross and same-modal performance, and likewise
the depth variants on DTU. In Table (a), the event voxel
volume reduces cross-modal (RGB<+Event) EPE from 10.56
to 7.46 over the fixed RGB-like rendering using event polarity
accumulation. In Table [VI] (b), log-normalized depth with a
validity mask improves over the color-mapped image on both
cross-modal (RGB<+Depth) and same-modal (Depth— Depth)
matching, 12.30 to 11.33 and 6.30 to 5.64, respectively. These
results validate the effectiveness of our modality-specific
input adaptation, showing that simply rendering non-RGB
modalities into RGB-like colormap images leads to suboptimal
correspondence estimation.

(b) One-stage vs. two-stage training. This ablation follows
the full TartanMatch setup: we compare the two-stage recipe
against training the full model end to end for 45 epochs on the
complete training mixture. Table [VI] (c) shows consistent gains:
cross-modal EPE decreases from 10.21 to 9.80 on DSERT-
RoLL and from 14.01 to 12.38 on DTU, with same-modal
EPE also improving. These results show that the two-stage
schedule enables more effective multi-modal adaptation than
one-stage training, improving both cross-modal and same-
modal matching.

(¢) Does multi-modal training help? To limit training
cost without excluding any modality combination, we train 15
pair-specific models, one for each unordered pair of the five
modalities (5 same-modal and 10 cross-modal), and compare
them with a single model jointly trained on all 25 ordered
pairs in TartanAirV2. We evaluate them on the validation split
of TartanAirV2. As shown in Table [VII] joint training reduces
mean EPE by 34.1% for cross-modal pairs and 17.8% for
same-modal pairs, improving 11 of the 15 evaluated pairs. The
largest gain is 61.5% on Event—LiDAR, which also has the
highest pair-specific EPE. All four regressions are at most
0.2 px. We hypothesize that joint multi-modal training favors
modality-invariant semantic cues over modality-specific low-
level cues, benefiting challenging pairs at a small cost in fine-
grained matching on those with sub-pixel accuracy. These
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results demonstrate strong positive transfer where pair-specific
training struggles, with minimal cost on the remaining pairs,
supporting unified multi-modal training.

V. CONCLUSION

We presented TartanMatch, a unified dense correspondence
model that estimates dense flow and covisibility for any
pair between RGB, event, thermal, depth, and projected
LiDAR. A single backbone, inherited from a pretrained RGB
correspondence model, serves all five modalities; the only
per-modality parameters are a thin input projection over a
representation chosen for each sensor. Trained on a data suite
spanning 25 modality pairs, TartanMatch achieves state-of-the-
art zero-shot accuracy on same-modality and cross-modality
pairs, providing the first dense any-pair baseline. Because
each modality costs only an input representation and a thin
projection, future work can extend TartanMatch to new sensors,
such as radar, with few additional parameters. We further plan
to collect real data for underrepresented modalities, such as
thermal and LiDAR, and to apply any-pair correspondence to
downstream tasks such as cross-modal odometry, cross-sensor
calibration, and place recognition.
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