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Abstract

Estimating scene lighting from a single image or video remains a longstand-
ing challenge in computer vision and graphics. Learning-based approaches are
constrained by the scarcity of ground-truth HDR environment maps, which are
expensive to capture and limited in diversity. While recent generative models
offer strong priors for image synthesis, lighting estimation remains difficult due
to its reliance on indirect visual cues, the need to infer global (non-local) con-
text, and the recovery of high-dynamic-range outputs. We propose LuxDiT, a
novel data-driven approach that fine-tunes a video diffusion transformer to gen-
erate HDR environment maps conditioned on visual input. Trained on a large
synthetic dataset with diverse lighting conditions, our model learns to infer il-
lumination from indirect visual cues and generalizes effectively to real-world
scenes. To improve semantic alignment between the input and the predicted en-
vironment map, we introduce a low-rank adaptation finetuning strategy using a
collected dataset of HDR panoramas. Our method produces accurate lighting
predictions with realistic angular high-frequency details, outperforming existing
state-of-the-art techniques in both quantitative and qualitative evaluations. Project
page: https://research.nvidia.com/labs/toronto-ai/LuxDiT/

1 Introduction

In physically-based rendering, lighting plays a central role in shaping the appearance—how objects
cast shadows, reflect, and appear integrated within a scene. From virtual object insertion and
augmented reality to synthetic data generation, many downstream tasks rely on estimating scene
illumination. Yet inferring lighting from casually captured images or video remains an open challenge.

A common representation of the scene illumination is the high-dynamic-range (HDR) environment
map, which describes incoming light intensity from all directions. HDR maps can be acquired by
using light probes or multi-exposure panoramas, requiring specialized setups that are impractical for
everyday use [9]. To overcome this, several learning-based methods that estimate environment maps
directly from casually captured LDR images or videos have been proposed [15, 16, 33, 74]. However,
these methods typically depend on paired datasets of input images or videos and HDR environment
maps, leading to a chicken-and-egg problem: a large collection of HDR environment maps is needed
to train a model that aims to alleviate the need for acquiring such expensive data in the first place.

Recently, generative diffusion models have demonstrated strong capabilities in modeling complex
image distributions. DiffusionLight [45] demonstrated that pretrained text-to-image models encode
implicit knowledge of illumination, which can be cleverly extracted by inpainting a virtual chrome
ball into an image, generating plausible appearances under varying exposure settings. However,
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Figure 1: LuxDiT is a generative lighting estimation model that predicts high-quality HDR envi-
ronment maps from visual input. It produces accurate lighting while preserving scene semantics,
enabling realistic virtual object insertion under diverse conditions.

without task-specific fine-tuning, the inpainting priors of pre-trained diffusion models are insufficient
for producing reliable lighting estimates in a single inference and cannot directly generate HDR
outputs. As a result, DiffusionLight relies on an expensive test-time ensemble strategy to improve
robustness. Moreover, sampling multiple exposures through separate inference passes introduces
inconsistencies and limits the dynamic range of the reconstructed illumination.

In this work, we formulate lighting estimation as a conditional generative task and propose LuxDiT,
a neural lighting predictor trained on synthetic data and adapted to real-world scenes. Conditioned on
visual input, our approach fine-tunes a diffusion transformer (DiT) to synthesize HDR panoramas
from noise. Unlike pixel-aligned tasks, lighting estimation requires global reasoning over scene
context. DiTs are particularly suited to this task: their attention-based architecture supports global
context aggregation, and their generative priors facilitate reasoning from indirect cues such as shading
and reflections.

Training such a model requires diverse lighting data. To overcome the lack of real-world HDR lighting
supervision, we construct a large-scale synthetic dataset with randomized geometry, materials, and
lighting conditions. Training on this dataset allows the model to learn physically grounded cues for
light direction and intensity. While this imparts general lighting priors, models trained purely on
synthetic data often hallucinate lighting based on dataset priors, producing environment maps that
are plausible but semantically mismatched with the input scene. For example, an image of an urban
street may yield an environment map depicting a rural landscape. To address this, we further apply
low-rank adaptation (LoRA) [24] on a curated set of real HDR panoramas, improving alignment
between predicted lighting and scene semantics.

Given a single image or video, LuxDiT produces HDR environment maps with accurate direction,
intensity, and scene-consistent content. It reduces lighting estimation error by 45% on Laval Outdoor
sunlight direction and improves temporal consistency for video input, enabling reliable use in
downstream applications such as virtual object insertion. Our main contributions are:

• A DiT-based generative architecture that synthesizes HDR environment maps from visual input.

• A LoRA-based fine-tuning strategy using curated HDR panoramas to improve semantic alignment
between the input scene and predicted illumination.

• A large-scale synthetic dataset with randomized geometry, materials, and lighting.

2 Related Work

Lighting estimation aims to infer environment illumination from input imagery, and is critical for
photorealistic rendering and virtual object insertion. Early learning-based methods treat lighting
estimation as a supervised regression problem, predicting spherical lobes [16, 33, 72, 69], parametric
sources [66, 14], or low-resolution environment maps [15, 50, 74, 52] directly from a single image.
These models are trained on paired data obtained from real-world captures [15, 50, 58] or synthetic
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rendering [33, 74, 52]. However, their performance often degrades in complex, in-the-wild scenes
due to limited diversity in the training data.

Recent methods incorporate generative priors to address the ambiguity of scene illumination. Style-
Light [55] fine-tunes a StyleGAN to generate LDR and HDR panoramas from latent codes, using
GAN inversion at test time. However, its performance hinges on inversion quality and often breaks
semantic alignment on out-of-domain inputs. EverLight [8] regresses a parametric lighting estimate
and refines it with a GAN to add high-frequency detail, but relies on pseudo-labeled HDR data and
struggles with complex or bright lighting. DiffusionLight [45] uses a diffusion model to inpaint
a virtual chrome ball under multiple exposures, merging them into an HDR map. While visually
plausible, this multi-stage process yields distorted panoramas and limited dynamic range.

Inverse rendering recovers scene properties such as geometry, material reflectance, and illumination
from image observations. Lighting estimation is often treated as a subcomponent of this broader task,
with prior work jointly estimating lighting alongside depth, normals, and albedo. Learning-based
approaches [49, 33, 59] typically leverage physics-based constraints and use re-rendering losses to
supervise predictions. However, these methods often assume simplified reflectance models such as
Lambertian shading, which limits their ability to handle complex lighting effects.

Optimization-based methods leverage differentiable rendering [4, 71, 70, 6, 60, 42, 18, 34] to
jointly optimize lighting parameters and other scene attributes through photometric losses and
regularization terms. Some approaches [31] follow a decomposition-then-optimization strategy:
estimating geometry and albedo first, then solving for lighting via optimization. Other works
also explore priors from proxy geometry [65] or pretrained general models [38, 36, 43]. The
optimization-based pipelines often require dense multi-view captures or known proxy geometry, and
involve expensive test-time optimization procedures. In contrast, our method directly predicts HDR
illumination in a feed-forward manner without requiring scene geometry or iterative inference.

Diffusion model priors. Diffusion models (DMs) have emerged as a powerful class of generative
models in high-fidelity image [46, 2, 47, 7] and video synthesis [22, 73, 3, 63, 1]. Beyond generation,
pretrained DMs have been adapted to perception tasks through task-specific finetuning on carefully
curated datasets [62, 39, 19], showing strong results on spatially aligned predictions such as depth [30,
25, 29], surface normals [13, 64, 35], albedo [11, 31, 68, 35], and material properties [31, 68, 35, 43].
Adapting DMs to non-local tasks like lighting introduces new modeling challenges, as outputs such
as HDR panoramas are not spatially-aligned with the input.

3 Preliminaries: Diffusion Models

Diffusion models learn to approximate a data distribution pdata(x) through iterative denoising. Fol-
lowing DDPM [21], a forward process progressively adds Gaussian noise to a data sample x0 ∼ pdata,
producing a noisy version at timestep t ∈ [1, T ] as: xt =

√
ᾱtx0 +

√
1− ᾱtϵ, where ϵ ∼ N (0, I)

and ᾱt defines the noise schedule. During training, a neural network µθ learns to reverse this process
by minimizing:

  \label {Eqn:DSMObjective} \mathbb {E}_{\dataInput _0\sim \dataDistribution (\dataInput ), \diffusionTime \sim p_{\diffusionTime }, \diffusionNoise \sim \mathcal {N}(\mathbf {0}, \mathbf {I})} \left [\|\diffusionModel _{\diffusionModelParams }(\dataInput _\diffusionTime ; \diffusionCond , \diffusionTime ) - \diffusionTarget \|_2^2\right ], 



  


 (1)

where c represents optional conditioning inputs. The denoising target y varies by formulation, and
can be the noise ϵ [21], the v-prediction

√
ᾱtϵ−

√
1− ᾱtx0 [48], or the clean signal x0 itself [28].

At inference time, samples are generated by denoising an initial Gaussian sample through a fixed
number of reverse steps. In this paper, we build on CogVideoX [63], a latent video diffusion model
trained on compressed video representations. A pretrained auto-encoder pair {E ,D} maps RGB
videos to and from a latent space, such that E(x) = z and D(z) ≈ x. All diffusion training and
generation is performed in this lower-dimensional latent space to reduce memory and computational.

4 Method

We propose LuxDiT, a diffusion-based generative framework for estimating high-dynamic-range
(HDR) environment maps from a single image or video. We tailor a recent video diffusion transformer
architecture [63] for lighting estimation, by jointly processing denoising targets (environment lighting)
and condition tokens (LDR input images) through self-attention layers. Since a single image can be
treated as a one-frame video, we refer to both inputs uniformly as input video in the remainder of this
section. An overview of the architecture is shown in Figure 2. In the following sections, we describe
the model design, data sources, and training procedure.
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Figure 2: Method Overview. Given an input image or video I, LuxDiT predicts an environment map E as two
tone-mapped representations, Eldr and Elog, guided by a directional map Edir. Environment maps are encoded
with a VAE, and the resulting latents are concatenated and jointly processed with visual input by a DiT. The
outputs Eldr and Elog are decoded and fused by a lightweight MLP to reconstruct the final HDR panorama.

4.1 Model Design

We formulate HDR environment map estimation as a conditional denoising task. Given an input
video I ∈ R

L×H×W×3 with L frames, the model generates a corresponding sequence of 360◦ HDR
panoramas E ∈ R

L×He×We×3.

Two core challenges arise: (1) standard VAEs used in latent diffusion models are trained on LDR
images and cannot faithfully encode HDR content, and (2) the output panoramas are not spatially
aligned with the input, requiring flexible conditioning mechanisms. We address these challenges
using a dual-tonemapping HDR representation, token-based conditioning, and a unified transformer
architecture that jointly denoises two latent representations of lighting.

HDR lighting representation. Realistic lighting involves high-intensity components such as the sun
or artificial sources, with radiance values often exceeding 100 or 1,000. Representing this range in
latent space is non-trivial: standard VAEs are trained on [0, 1]-normalized LDR images and cannot
reconstruct such dynamic content, and retraining on HDR data is impractical due to data scarcity

Inspired by prior works [27, 35], we represent each HDR panorama E using two complementary
tonemapped representations:

  \envmapldr = \frac {\envmap }{1+\envmap } \cdot \left (1 + \frac {\envmap }{M_{\text {ldr}}^2}\right ); \quad \quad \envmaplog = \frac {\log (1+\envmap )}{\log (1+M_{\log })} 














 



(2)

where Eldr is a standard Reinhard tonemapping and Elog captures normalized log-intensity. We set
Mldr = 16 and Mlog = 10,000. Both outputs are clipped to [0, 1] before VAE encoding.

At inference time, the HDR environment map is reconstructed using a lightweight MLP ψ:

  \hat {\envmap } = \hdrmlp \left (\envmapldr , \envmaplog \right ).      (3)

Diffusion latents. Our model builds on a transformer-based diffusion model µθ, adapted to predict
HDR environment maps from visual input. The model operates in latent space and jointly denoises
two tonemapped representations of the HDR lighting.

The tonemapped inputs Eldr and Elog are encoded by the pretrained VAE into latent tensors [zldr, zlog]

with shape as Rl×he×we×C . These are concatenated along the channel dimension to form the diffusion
target z = [zldr, zlog] ∈ R

l×he×we×2C . The input and output projection layers of the diffusion network
µθ are extended to accommodate the increased channel dimension.

Conditioning visual input in DiT. Accurate lighting estimation requires the model to extract fine-
grained shading cues from the input image, such as shadow orientation, surface reflections, and
specular highlights. Unlike pixel-aligned image-to-image translation tasks, we empirically observe
that concatenating conditions to the noisy latents leads to poor performance (see Table 7), indicating
the need for a more flexible conditioning mechanism.

To this end, we adopt a fully attention-based architecture for the input video conditions. Specifically,
we encode the input video I ∈ R

L×H×W×3 into a latent tensor E(I) ∈ R
l×h×w×C using the pre-

trained VAE encoder, and flatten it into a token sequence c ∈ R
lhw×C . To help the model distinguish

between condition tokens and denoising targets, we apply separate adaptive layer normalization
(AdaLN) modules [44, 63] to each token type at every transformer block.
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Directional embedding. To improve angular continuity in the predicted panoramas, we inject
directional information into the model. Specifically, we construct a direction map of unit vectors
Edir that encodes per-pixel lighting directions in the camera coordinate system. This map is passed
through the same VAE encoder E , then projected and fused into the noise tokens using channel-wise
concatenation before the transformer blocks. During training, we apply random horizontal rotations
to Edir to encourage rotational equi-variance and robust directional encoding.

Conditioned denoising process. To put it together, at each denoising timestep t, the model receives

a noisy latent zt = [zldr
t , z

log
t ] and predicts the corresponding clean latents conditioned on visual

input as µθ(zt; c, t). This transformer-based design allows the model to propagate indirect lighting
cues—such as shadows and reflections—through global self-attention, enabling lighting prediction
that is both scene-consistent and directionally accurate.

4.2 Data Strategy

Supervised training of our model requires paired data in the form (I,Eldr,Elog), where I is an LDR
input and Eldr,Elog are tonemapped versions of the target HDR environment map. To overcome the
scarcity of real-world HDR annotations, we leverage three complementary data sources: synthetic
renderings, HDR panorama images, and LDR panoramic videos.

Synthetic rendering data. To supervise lighting prediction using physically accurate visual cues,
we generate synthetic data by rendering randomized 3D scenes lit by HDR environment maps. Each
scene consists of (i) a ground plane with randomly assigned PBR materials, (ii) 3D objects sampled
from Objaverse [10], and (iii) simple geometric primitives such as spheres, cubes, and cylinders
with varied materials. We render multiple frames per scene with randomized camera trajectories and
environment map rotations. Despite their simplicity, these scenes exhibit diverse lighting effects,
including cast shadows, specular highlights, and inter-reflections, all paired with ground-truth HDR
illumination. Empirically, we find this data is critical for enabling the model to learn accurate shading
cues and light-source location (see Table 7).

HDR panorama images. We generate training pairs by sampling perspective crops from HDR
environment maps with data augmentation. Specifically, given a panorama, we randomly sample
camera parameters including azimuth, elevation, field of view, and exposure scale. These parameters
define a virtual pinhole camera, which we use to project the panorama into an LDR perspective view
I. The corresponding HDR environment map serves as the ground truth lighting target E. To support
temporal training, we extend this procedure to generate multi-frame sequences by smoothly varying
the camera pose over time.

LDR panorama videos. To enable the generation of dynamic panorama environment maps, we also
incorporate training data from LDR panoramic videos. Although ground-truth HDR environment
maps are not available for this source, we use it in the form (I,Eldr,∅), where Eldr is derived using
tonemapping and ∅ indicates the absence of log-space intensity. The panoramic video is projected
into a perspective-view video using randomized camera parameters, following the same procedure as
above. Despite the lack of HDR intensity, this data improves robustness and temporal consistency
by exposing the model to natural image statistics, motion patterns, and diverse real-world lighting
conditions. We use 2,000 panoramic videos from the WEB360 dataset [57] for training, and hold out
114 videos for evaluation.

4.3 Training Scheme

We adopt a two-stage training strategy to progressively build the model’s capacity and improve
generalization. The first stage focuses on learning physically grounded lighting cues from synthetic
data. The second stage adapts the model to real-world distributions through LoRA-based fine-tuning.

Stage I: Synthetic supervised training. We begin by training the model on the synthetic rendering
dataset described in Section 4.2. This stage enables the model to learn the fundamental relationship
between image-based shading cues and HDR environment lighting.

We follow the standard DDPM training objective [21] adopted by the CogVideoX base model [63]:

  \mathcal {L}_\text {I}(\diffusionModelParams ) = \mathbb {E}_{\latent _0, \diffusionNoise \sim \mathcal {N}(\mathbf {0}, \mathbf {I}), t \sim \mathcal {U}(T)} \left [\|\diffusionNoise - \diffusionModel _\diffusionModelParams (\latent _\diffusionTime , \diffusionCond , \diffusionTime )\|_2^2\right ],    



  


 (4)

where z0 denotes the clean latent pair [zldr, zlog], and c is the conditioning latent from the input video.
During training, we randomly drop either zldr or zlog with probability p = 0.1 to encourage robustness
to missing tonemapped representations.
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Table 1: Comparison of our method with baselines on three benchmark datasets. The results are
reported in terms of scale-invariant RMSE, angular error, and normalized RMSE.

Dataset Method
Scale-invariant RMSE ↓ Angular Error ↓ Normalized RMSE ↓

Diffuse Matte Mirror Diffuse Matte Mirror Diffuse Matte Mirror

Laval Indoor
StyleLight 0.135 0.315 0.552 4.238 4.742 6.781 0.234 0.404 0.511
DiffusionLight 0.124 0.325 0.597 2.500 3.421 5.936 0.216 0.361 0.431
Ours 0.112 0.297 0.586 2.555 3.526 5.641 0.196 0.341 0.457

Laval Outdoor

H-G et al. [23] 0.300 0.437 0.587 7.851 8.755 26.052 0.551 0.627 0.740
NLFE 0.112 0.234 0.431 4.804 5.279 7.278 0.217 0.331 0.496
DiffusionLight 0.083 0.224 0.414 1.936 2.955 5.491 0.167 0.330 0.472
Ours 0.068 0.190 0.396 2.018 2.939 5.286 0.137 0.271 0.454

Poly Haven
StyleLight 0.138 0.336 0.620 3.034 4.272 6.602 0.198 0.344 0.474
NLFE 0.159 0.326 0.571 3.305 4.240 5.180 0.224 0.365 0.458
DiffusionLight 0.113 0.270 0.519 2.199 3.121 4.104 0.191 0.282 0.391
Ours 0.077 0.196 0.442 1.235 1.977 2.783 0.111 0.199 0.323

Table 2: Angular error on estimated peak
luminance light direction on Laval Outdoor
sunny scenes.

Method
Peak Angular Error ↓
Mean Median

H-G et al. [23] 52.8 47.8
NLFE 52.9 43.5
DiffusionLight 44.4 32.1
Ours 23.7 17.5

Table 3: Quantitative comparison with video input. Peak an-
gular error (PAE) is used to evaluate PolyHaven-Peak videos.
Angular error (AE) on is used to evaluate WEB360 LDR videos.

Method
PolyHaven-Peak WEB360

PAE Mean ↓ PAE Std ↓ AE ↓ AE Std ↓
DiffusionLight 19.09 10.31 6.504 0.269
Ours (image) 5.74 3.68 5.679 0.382
Ours (video) 5.21 1.95 5.218 0.072

Stage II: Semantic adaptation. After base training, we fine-tune the model to improve semantic
alignment between the input appearance and the predicted HDR environment map.

This stage uses real-world data sources, including perspective projections from HDR panoramas and
LDR panoramic videos. Since HDR ground truth is not available in the latter, we supervise only
the LDR-tonemapped component. To avoid overfitting and preserve the pretrained model capacity,
we apply parameter-efficient LoRA fine-tuning [24], optimizing a small set of injected low-rank
parameters ∆θ in the transformer layers:

  \mathcal {L}_{\text {II}}(\loraParams ) = \mathbb {E}_{\latent _0, \diffusionNoise \sim \mathcal {N}(\mathbf {0}, \mathbf {I}), t \sim \mathcal {U}(T)} \left [\|\diffusionNoise - \diffusionModel _{\diffusionModelParams +\loraParams }(\latent _\diffusionTime , \diffusionCond , \diffusionTime )\|_2^2\right ],    



  


 (5)

5 Experiments

5.1 Experiment Settings

Implementation details. We use the pre-trained CogVideoX [63] model as our backbone. All
training is conducted on 16 NVIDIA A100 GPUs. Input resolutions are randomly sampled be-
tween 512×512 and 480×720, and output environment map resolutions are between 128×256 and
256×512. The image-based model is trained with a batch size of 192 for 12,000 iterations. For video
training, we use the same spatial resolutions and uniformly sample frame lengths from 9, 17, 25. The
video model is trained with an average batch size of 48 for an additional 12,000 iterations. LoRA
modules are applied to all attention layers with a rank of 64. We fine-tune the LoRA parameters for
5,000 iterations during the adaptation stage. Please refer to supplement for implementation details.

Datasets. We evaluate our method on the following three benchmark datasets, covering various
indoor and outdoor scenes. 1) Laval Indoor [15]: We use the same set of 289 test HDRIs used by prior
works [45, 55]; 2) Laval Outdoor [23]: We evaluate on 116 sunny HDR panoramas with concentrated
sunlight selected from the original dataset; 3) Poly Haven [67]: We select 181 Poly Haven HDRIs
not used during model training to evaluate performance across both indoor and outdoor scenes.

Metrics. Following prior works [55, 45], we use three standard metrics for evaluating HDR lighting:
scale-invariant root mean square error (si-RMSE) [17], angular error in degrees [32], and normalized
RMSE (n-RMSE) [45]. For scenes with concentrated sunlight, we additionally report peak angular
error (PAE) [23, 58], which measures the angular deviation of the predicted peak light direction.

Baselines. For indoor scenes, we compare against DiffusionLight [45], StyleLight [55], Weber et
al. [61], and EMLight [69], using metrics reported by [45] when applicable. For outdoor scenes, we
compare against DiffusionLight [45], Hold-Geoffroy et al. [23], and NLFE [58].
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Figure 3: Qualitative comparison with baseline methods on three benchmark datasets.

Reference StyleLight DiffusionLight DiPIR Ours

Figure 4: Qualitative comparison of virtual object insertion.

Table 4: Ablation study on impact
of LoRA scale at inference time.

LoRA Scale Diffuse ↓ Matte ↓ Mirror ↓

0.00 2.98 5.02 6.07
0.25 2.09 3.69 4.67
0.50 1.52 2.66 3.56
0.75 1.22 2.05 2.88
1.00 1.17 1.92 2.72

Table 5: Ablation study on im-
pact of camera field-of-view.

FOV Diffuse ↓ Matte ↓ Mirror ↓

45◦ 1.29 2.14 2.95
50◦ 1.26 2.06 2.86
60◦ 1.17 1.92 2.72
70◦ 1.15 1.85 2.63
75◦ 1.13 1.80 2.59

Table 6: Ablation study on impact
of camera elevation.

Elevation Diffuse ↓ Matte ↓ Mirror ↓

−30◦ 1.70 3.04 3.95
−15◦ 1.22 2.05 2.87
+00◦ 1.17 1.92 2.72
+15◦ 1.28 2.09 2.94
+30◦ 1.71 2.59 3.51

Table 7: Ablation study on model design choices and training data. We report the angular error with three-
spheres protocol.

Settings
Laval Indoor Poly Haven

Diffuse ↓ Matte ↓ Mirror ↓ Diffuse ↓ Matte ↓ Mirror ↓
Ours (channel concat.) 7.09 10.04 11.07 7.09 10.04 11.07
Ours (w/o synthetic data) 4.50 5.14 6.96 1.48 2.08 2.86
Ours 2.56 3.53 5.64 1.23 1.98 2.78

5.2 Evaluation of Image Lighting Estimation

We follow the evaluation protocol from prior work to render spheres with three representative
materials (gray-diffuse, silver-matte, and mirror), using the estimated HDR environment map from
the LDR input image [15, 55, 45].
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Figure 5: Qualitative comparison of video lighting estimation.

Table 1 reports quantitative comparisons on three benchmarks spanning both indoor and outdoor
scenes. On the Laval Indoor dataset, our method performs comparably or better than DiffusionLight
across most metrics, despite not using Laval Indoor dataset during training. This dataset exhibits
a noticeable shift in color and intensity distribution compared to our training set, and our strong
performance demonstrates robust generalization.

From qualitative comparison shown in Figure 3, DiffusionLight can lose angular high-frequency
details from the input image due to its distorted representation. In contrast, our estimated environment
maps can recover more high-frequency details while preserving accurate lighting.

On the Laval Outdoor and Poly Haven datasets with a broader dynamic range, our method consistently
outperforms prior state-of-the-art methods. Hold-Geoffroy et al. [23] can estimate concentrated
peak light source such as sunlight; however, its results do not adapt well to the details of the input
image. NLFE [58] can estimate in-context environment maps, but it often fails to estimate accurate
highlights. DiffusionLight performs better than other baselines, but due to its limited dynamic range,
it struggles with outdoor high-intensity light sources.

To further assess directional accuracy, we evaluate the angular error of the peak luminance direction
on a subset of the Laval Outdoor dataset containing direct sunlight. Table 2 reports the mean and
median peak angular errors. Our method reduces peak angular error by nearly 50% compared to
DiffusionLight, confirming its advantage in capturing accurate light direction—a critical factor for
casting realistic shadows in downstream applications such as object insertion.

5.3 Evaluation of Video Lighting Estimation

To evaluate lighting estimation accuracy and consistency on video input, we construct two types of
test sequences:

• PolyHaven-Peak: We project 12 unseen Poly Haven panoramas (each with direct sunlight) into
videos using a smooth panning camera. This setting is used to evaluate peak angular error.

• WEB360: We randomly select 12 LDR panoramic videos featuring dynamic content from
WEB360 and render them into perspective views with fixed horizontal camera motion. This
setting evaluates temporal consistency using chromatic angular error on rendered mirror spheres.

Each set contains 12 videos at resolution of 480×720 and a length of 25 frames. To quantify temporal
consistency, we compute the standard deviation (std) of per-frame error metrics for each video clip,
and average the results across the 12-video set.

We compare our video inference to two baselines: our own image-based inference (applied frame-by-
frame) and DiffusionLight [45]. Table 3 reports the results. Our method outperforms DiffusionLight.
Comparing to Ours (image), video inference achieves higher accuracy and significantly lower
temporal variance, indicating more stable predictions across time.

Figure 5 shows qualitative examples of video inference. Both DiffusionLight and our image-based
variant exhibit visible temporal flickering. In contrast, our method produces smooth lighting transi-
tions, successfully aligning content across frames and preserving consistent lighting behavior over
time.
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5.4 Evaluation of Virtual Object Insertion

Table 8: Quantitative evaluation of virtual
object insertion. We report the percentage of
images where users preferred Ours over base-
lines. A preference > 50% indicates Ours
outperforming baselines.

Method RMSE ↓ SSIM ↑ Ours Preferred

StyleLight 0.056 0.986 60.6%
DiffusionLight 0.057 0.987 60.6%
DiPIR 0.048 0.989 54.5%
Ours 0.047 0.990 /

Virtual object insertion is a key downstream applica-
tion of lighting estimation. We evaluate our method on
this task using the benchmark from [36], using 11 HDR
panoramas from the Poly Haven dataset [67]. For each
scene, a virtual object and a known ground plane are
manually placed into the environment. Each test case
includes an LDR background image rendered from the
HDR panorama, along with a posed object and ground
plane. A pseudo-ground-truth object insertion is gen-
erated by rendering the object using the original HDR
environment map. This allows for controlled comparison
against renderings produced using predicted lighting.

We report quantitative metrics in Table 8. In addition, we conduct a user study to assess perceptual
quality (details provided in the supplement), and report the percentage of samples where users
preferred our results over baseline methods.

Our method achieves visual quality comparable to DiPIR and significantly outperforms other baselines.
Notably, DiPIR is specialized for object insertion and incorporates additional modules for tone
mapping and appearance harmonization. In contrast, our model estimates lighting alone, yet still
produces realistic composite renderings. We include qualitative results in Figure 4.

5.5 Ablation Study

Model Design and Training Data We evaluate two model variants to ablate the contributions
of our architectural and training design: (1) Channel concatenation: This variant fuses input and
environment map (resized to match input image) latents along the channel dimension [27], and
no token-wise concatenation is used. Our two-stage training is also applied. (2) Training without
synthetic data: This variant skips Stage I training and uses only panorama crops for fine-tuning.

Table 7 reports angular errors on Laval Indoor and Poly Haven. Channel concatenation significantly
underperforms, confirming the importance of token-level conditioning. Without synthetic pretraining,
the model performs well in-domain (Poly Haven) but degrades out-of-domain (Laval Indoor), showing
synthetic data pre-training is crucial for learning generalized lighting priors.

LoRA scale. We vary the LoRA interpolation weight from 0.0 to 1.0 to ablate how fine-tuned LoRA
affects the predicted lighting content. Table 4 shows that higher LoRA weights yield lower angular
error on Poly Haven, validating the effectiveness of LoRA for improving semantic alignment.

Camera sensitivity. We test robustness to camera variation by rendering crops from Poly Haven
under varying field of view (45◦ to 75◦) and camera elevation (−30◦ to 30◦). Results in Tables 5 and
6 show that while extreme viewpoints introduce mild error increases, performance remains stable,
demonstrating robustness to moderate viewpoint shifts.

6 Discussion

We introduce LuxDiT, a conditional generative model for estimating HDR scene illumination from
casually captured images and videos. Our approach fine-tunes a video diffusion transformer (DiT)
to synthesize HDR environment maps, combining large-scale synthetic data for learning physically
grounded priors with LoRA-based adaptation on real HDR panoramas to improve semantic alignment.
Extensive experiments demonstrate that LuxDiT produces accurate, high-frequency, and scene-
consistent lighting predictions from limited visual input.

Limitations and future work. While LuxDiT produces high-quality lighting predictions, inference
remains computationally intensive due to the iterative nature of diffusion models, limiting its use in
real-time applications. Future work could explore model distillation or more efficient architectures
to accelerate inference. Additionally, the resolution of predicted panoramas is limited by data and
training scale; generating high-resolution outputs for immersive applications will require richer, more
diverse HDR supervision. Looking ahead, with recent progress in joint generative modeling [5, 37],
we see LuxDiT as a step toward unified inverse and forward rendering frameworks, complementing
recent progress in neural forward rendering and G-buffer estimation [68, 35, 20]. Future directions
include joint modeling or co-training of lighting, geometry, and material for general-purpose scene
reconstruction and appearance synthesis.
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NeurIPS Paper Checklist

The checklist is designed to encourage best practices for responsible machine learning research,
addressing issues of reproducibility, transparency, research ethics, and societal impact. Do not remove
the checklist: The papers not including the checklist will be desk rejected. The checklist should
follow the references and follow the (optional) supplemental material. The checklist does NOT count
towards the page limit.

Please read the checklist guidelines carefully for information on how to answer these questions. For
each question in the checklist:

• You should answer [Yes] , [No] , or [NA] .

• [NA] means either that the question is Not Applicable for that particular paper or the
relevant information is Not Available.

• Please provide a short (1–2 sentence) justification right after your answer (even for NA).

The checklist answers are an integral part of your paper submission. They are visible to the
reviewers, area chairs, senior area chairs, and ethics reviewers. You will be asked to also include it
(after eventual revisions) with the final version of your paper, and its final version will be published
with the paper.

The reviewers of your paper will be asked to use the checklist as one of the factors in their evaluation.
While "[Yes] " is generally preferable to "[No] ", it is perfectly acceptable to answer "[No] " provided a
proper justification is given (e.g., "error bars are not reported because it would be too computationally
expensive" or "we were unable to find the license for the dataset we used"). In general, answering
"[No] " or "[NA] " is not grounds for rejection. While the questions are phrased in a binary way, we
acknowledge that the true answer is often more nuanced, so please just use your best judgment and
write a justification to elaborate. All supporting evidence can appear either in the main paper or the
supplemental material, provided in appendix. If you answer [Yes] to a question, in the justification
please point to the section(s) where related material for the question can be found.

IMPORTANT, please:

• Delete this instruction block, but keep the section heading “NeurIPS Paper Checklist",

• Keep the checklist subsection headings, questions/answers and guidelines below.

• Do not modify the questions and only use the provided macros for your answers.

1. Claims

Question: Do the main claims made in the abstract and introduction accurately reflect the
paper’s contributions and scope?

Answer: [Yes]

Justification: The abstract and introduction clearly state our contributions, which are fully
supported by the experiments and analysis presented.

Guidelines:

• The answer NA means that the abstract and introduction do not include the claims
made in the paper.

• The abstract and/or introduction should clearly state the claims made, including the
contributions made in the paper and important assumptions and limitations. A No or
NA answer to this question will not be perceived well by the reviewers.

• The claims made should match theoretical and experimental results, and reflect how
much the results can be expected to generalize to other settings.

• It is fine to include aspirational goals as motivation as long as it is clear that these goals
are not attained by the paper.

2. Limitations

Question: Does the paper discuss the limitations of the work performed by the authors?

Answer: [Yes]
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Justification: We discuss limitations in Section 6.

Guidelines:

• The answer NA means that the paper has no limitation while the answer No means that
the paper has limitations, but those are not discussed in the paper.

• The authors are encouraged to create a separate "Limitations" section in their paper.

• The paper should point out any strong assumptions and how robust the results are to
violations of these assumptions (e.g., independence assumptions, noiseless settings,
model well-specification, asymptotic approximations only holding locally). The authors
should reflect on how these assumptions might be violated in practice and what the
implications would be.

• The authors should reflect on the scope of the claims made, e.g., if the approach was
only tested on a few datasets or with a few runs. In general, empirical results often
depend on implicit assumptions, which should be articulated.

• The authors should reflect on the factors that influence the performance of the approach.
For example, a facial recognition algorithm may perform poorly when image resolution
is low or images are taken in low lighting. Or a speech-to-text system might not be
used reliably to provide closed captions for online lectures because it fails to handle
technical jargon.

• The authors should discuss the computational efficiency of the proposed algorithms
and how they scale with dataset size.

• If applicable, the authors should discuss possible limitations of their approach to
address problems of privacy and fairness.

• While the authors might fear that complete honesty about limitations might be used by
reviewers as grounds for rejection, a worse outcome might be that reviewers discover
limitations that aren’t acknowledged in the paper. The authors should use their best
judgment and recognize that individual actions in favor of transparency play an impor-
tant role in developing norms that preserve the integrity of the community. Reviewers
will be specifically instructed to not penalize honesty concerning limitations.

3. Theory assumptions and proofs

Question: For each theoretical result, does the paper provide the full set of assumptions and
a complete (and correct) proof?

Answer: [NA]

Justification: The paper does not contain theoretical results or formal proofs.

Guidelines:

• The answer NA means that the paper does not include theoretical results.

• All the theorems, formulas, and proofs in the paper should be numbered and cross-
referenced.

• All assumptions should be clearly stated or referenced in the statement of any theorems.

• The proofs can either appear in the main paper or the supplemental material, but if
they appear in the supplemental material, the authors are encouraged to provide a short
proof sketch to provide intuition.

• Inversely, any informal proof provided in the core of the paper should be complemented
by formal proofs provided in appendix or supplemental material.

• Theorems and Lemmas that the proof relies upon should be properly referenced.

4. Experimental result reproducibility

Question: Does the paper fully disclose all the information needed to reproduce the main ex-
perimental results of the paper to the extent that it affects the main claims and/or conclusions
of the paper (regardless of whether the code and data are provided or not)?

Answer: [Yes]

Justification: We include all necessary details for reproduction in the main paper and
supplementary materials.

Guidelines:
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• The answer NA means that the paper does not include experiments.

• If the paper includes experiments, a No answer to this question will not be perceived
well by the reviewers: Making the paper reproducible is important, regardless of
whether the code and data are provided or not.

• If the contribution is a dataset and/or model, the authors should describe the steps taken
to make their results reproducible or verifiable.

• Depending on the contribution, reproducibility can be accomplished in various ways.
For example, if the contribution is a novel architecture, describing the architecture fully
might suffice, or if the contribution is a specific model and empirical evaluation, it may
be necessary to either make it possible for others to replicate the model with the same
dataset, or provide access to the model. In general. releasing code and data is often
one good way to accomplish this, but reproducibility can also be provided via detailed
instructions for how to replicate the results, access to a hosted model (e.g., in the case
of a large language model), releasing of a model checkpoint, or other means that are
appropriate to the research performed.

• While NeurIPS does not require releasing code, the conference does require all submis-
sions to provide some reasonable avenue for reproducibility, which may depend on the
nature of the contribution. For example

(a) If the contribution is primarily a new algorithm, the paper should make it clear how
to reproduce that algorithm.

(b) If the contribution is primarily a new model architecture, the paper should describe
the architecture clearly and fully.

(c) If the contribution is a new model (e.g., a large language model), then there should
either be a way to access this model for reproducing the results or a way to reproduce
the model (e.g., with an open-source dataset or instructions for how to construct
the dataset).

(d) We recognize that reproducibility may be tricky in some cases, in which case
authors are welcome to describe the particular way they provide for reproducibility.
In the case of closed-source models, it may be that access to the model is limited in
some way (e.g., to registered users), but it should be possible for other researchers
to have some path to reproducing or verifying the results.

5. Open access to data and code

Question: Does the paper provide open access to the data and code, with sufficient instruc-
tions to faithfully reproduce the main experimental results, as described in supplemental
material?

Answer: [No]

Justification: We plan to release the code and data upon acceptance. The internal guidelines
of our institution prevent us from releasing code at this stage.

Guidelines:

• The answer NA means that paper does not include experiments requiring code.

• Please see the NeurIPS code and data submission guidelines (https://nips.cc/
public/guides/CodeSubmissionPolicy) for more details.

• While we encourage the release of code and data, we understand that this might not be
possible, so “No” is an acceptable answer. Papers cannot be rejected simply for not
including code, unless this is central to the contribution (e.g., for a new open-source
benchmark).

• The instructions should contain the exact command and environment needed to run to
reproduce the results. See the NeurIPS code and data submission guidelines (https:
//nips.cc/public/guides/CodeSubmissionPolicy) for more details.

• The authors should provide instructions on data access and preparation, including how
to access the raw data, preprocessed data, intermediate data, and generated data, etc.

• The authors should provide scripts to reproduce all experimental results for the new
proposed method and baselines. If only a subset of experiments are reproducible, they
should state which ones are omitted from the script and why.
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• At submission time, to preserve anonymity, the authors should release anonymized
versions (if applicable).

• Providing as much information as possible in supplemental material (appended to the
paper) is recommended, but including URLs to data and code is permitted.

6. Experimental setting/details

Question: Does the paper specify all the training and test details (e.g., data splits, hyper-
parameters, how they were chosen, type of optimizer, etc.) necessary to understand the
results?

Answer: [Yes]

Justification: All relevant details are provided in the paper and supplementary materials.

Guidelines:

• The answer NA means that the paper does not include experiments.

• The experimental setting should be presented in the core of the paper to a level of detail
that is necessary to appreciate the results and make sense of them.

• The full details can be provided either with the code, in appendix, or as supplemental
material.

7. Experiment statistical significance

Question: Does the paper report error bars suitably and correctly defined or other appropriate
information about the statistical significance of the experiments?

Answer: [No]

Justification: Due to the high computational cost of training large-scale video diffusion
models, we did not perform multiple runs to report error bars.

Guidelines:

• The answer NA means that the paper does not include experiments.

• The authors should answer "Yes" if the results are accompanied by error bars, confi-
dence intervals, or statistical significance tests, at least for the experiments that support
the main claims of the paper.

• The factors of variability that the error bars are capturing should be clearly stated (for
example, train/test split, initialization, random drawing of some parameter, or overall
run with given experimental conditions).

• The method for calculating the error bars should be explained (closed form formula,
call to a library function, bootstrap, etc.)

• The assumptions made should be given (e.g., Normally distributed errors).

• It should be clear whether the error bar is the standard deviation or the standard error
of the mean.

• It is OK to report 1-sigma error bars, but one should state it. The authors should
preferably report a 2-sigma error bar than state that they have a 96% CI, if the hypothesis
of Normality of errors is not verified.

• For asymmetric distributions, the authors should be careful not to show in tables or
figures symmetric error bars that would yield results that are out of range (e.g. negative
error rates).

• If error bars are reported in tables or plots, The authors should explain in the text how
they were calculated and reference the corresponding figures or tables in the text.

8. Experiments compute resources

Question: For each experiment, does the paper provide sufficient information on the com-
puter resources (type of compute workers, memory, time of execution) needed to reproduce
the experiments?

Answer: [Yes]

Justification: We include sufficient information in supplementary materials.

Guidelines:

• The answer NA means that the paper does not include experiments.
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• The paper should indicate the type of compute workers CPU or GPU, internal cluster,
or cloud provider, including relevant memory and storage.

• The paper should provide the amount of compute required for each of the individual
experimental runs as well as estimate the total compute.

• The paper should disclose whether the full research project required more compute
than the experiments reported in the paper (e.g., preliminary or failed experiments that
didn’t make it into the paper).

9. Code of ethics

Question: Does the research conducted in the paper conform, in every respect, with the
NeurIPS Code of Ethics https://neurips.cc/public/EthicsGuidelines?

Answer: [Yes]

Justification: Our work adheres to the NeurIPS Code of Ethics.

Guidelines:

• The answer NA means that the authors have not reviewed the NeurIPS Code of Ethics.

• If the authors answer No, they should explain the special circumstances that require a
deviation from the Code of Ethics.

• The authors should make sure to preserve anonymity (e.g., if there is a special consid-
eration due to laws or regulations in their jurisdiction).

10. Broader impacts

Question: Does the paper discuss both potential positive societal impacts and negative
societal impacts of the work performed?

Answer: [Yes]

Justification: We discussed societal impacts of our work in the supplementary material.

Guidelines:

• The answer NA means that there is no societal impact of the work performed.

• If the authors answer NA or No, they should explain why their work has no societal
impact or why the paper does not address societal impact.

• Examples of negative societal impacts include potential malicious or unintended uses
(e.g., disinformation, generating fake profiles, surveillance), fairness considerations
(e.g., deployment of technologies that could make decisions that unfairly impact specific
groups), privacy considerations, and security considerations.

• The conference expects that many papers will be foundational research and not tied
to particular applications, let alone deployments. However, if there is a direct path to
any negative applications, the authors should point it out. For example, it is legitimate
to point out that an improvement in the quality of generative models could be used to
generate deepfakes for disinformation. On the other hand, it is not needed to point out
that a generic algorithm for optimizing neural networks could enable people to train
models that generate Deepfakes faster.

• The authors should consider possible harms that could arise when the technology is
being used as intended and functioning correctly, harms that could arise when the
technology is being used as intended but gives incorrect results, and harms following
from (intentional or unintentional) misuse of the technology.

• If there are negative societal impacts, the authors could also discuss possible mitigation
strategies (e.g., gated release of models, providing defenses in addition to attacks,
mechanisms for monitoring misuse, mechanisms to monitor how a system learns from
feedback over time, improving the efficiency and accessibility of ML).

11. Safeguards

Question: Does the paper describe safeguards that have been put in place for responsible
release of data or models that have a high risk for misuse (e.g., pretrained language models,
image generators, or scraped datasets)?

Answer: [NA]

Justification: Our work does not involve models or data with high risk of misuse.
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Guidelines:

• The answer NA means that the paper poses no such risks.

• Released models that have a high risk for misuse or dual-use should be released with
necessary safeguards to allow for controlled use of the model, for example by requiring
that users adhere to usage guidelines or restrictions to access the model or implementing
safety filters.

• Datasets that have been scraped from the Internet could pose safety risks. The authors
should describe how they avoided releasing unsafe images.

• We recognize that providing effective safeguards is challenging, and many papers do
not require this, but we encourage authors to take this into account and make a best
faith effort.

12. Licenses for existing assets

Question: Are the creators or original owners of assets (e.g., code, data, models), used in
the paper, properly credited and are the license and terms of use explicitly mentioned and
properly respected?

Answer: [Yes]

Justification: Third-party assets are properly credited, and their licenses are respected.

Guidelines:

• The answer NA means that the paper does not use existing assets.

• The authors should cite the original paper that produced the code package or dataset.

• The authors should state which version of the asset is used and, if possible, include a
URL.

• The name of the license (e.g., CC-BY 4.0) should be included for each asset.

• For scraped data from a particular source (e.g., website), the copyright and terms of
service of that source should be provided.

• If assets are released, the license, copyright information, and terms of use in the
package should be provided. For popular datasets, paperswithcode.com/datasets
has curated licenses for some datasets. Their licensing guide can help determine the
license of a dataset.

• For existing datasets that are re-packaged, both the original license and the license of
the derived asset (if it has changed) should be provided.

• If this information is not available online, the authors are encouraged to reach out to
the asset’s creators.

13. New assets

Question: Are new assets introduced in the paper well documented and is the documentation
provided alongside the assets?

Answer: [NA]

Justification: Our paper does not release new assets.

Guidelines:

• The answer NA means that the paper does not release new assets.

• Researchers should communicate the details of the dataset/code/model as part of their
submissions via structured templates. This includes details about training, license,
limitations, etc.

• The paper should discuss whether and how consent was obtained from people whose
asset is used.

• At submission time, remember to anonymize your assets (if applicable). You can either
create an anonymized URL or include an anonymized zip file.

14. Crowdsourcing and research with human subjects

Question: For crowdsourcing experiments and research with human subjects, does the paper
include the full text of instructions given to participants and screenshots, if applicable, as
well as details about compensation (if any)?

19

paperswithcode.com/datasets


Answer: [Yes]

Justification: We include the details of all crowdsourcing experiments in supplementary
materials.

Guidelines:

• The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

• Including this information in the supplemental material is fine, but if the main contribu-
tion of the paper involves human subjects, then as much detail as possible should be
included in the main paper.

• According to the NeurIPS Code of Ethics, workers involved in data collection, curation,
or other labor should be paid at least the minimum wage in the country of the data
collector.

15. Institutional review board (IRB) approvals or equivalent for research with human
subjects

Question: Does the paper describe potential risks incurred by study participants, whether
such risks were disclosed to the subjects, and whether Institutional Review Board (IRB)
approvals (or an equivalent approval/review based on the requirements of your country or
institution) were obtained?

Answer: [Yes]

Justification: An approval is obtained for all of our experiments.

Guidelines:

• The answer NA means that the paper does not involve crowdsourcing nor research with
human subjects.

• Depending on the country in which research is conducted, IRB approval (or equivalent)
may be required for any human subjects research. If you obtained IRB approval, you
should clearly state this in the paper.

• We recognize that the procedures for this may vary significantly between institutions
and locations, and we expect authors to adhere to the NeurIPS Code of Ethics and the
guidelines for their institution.

• For initial submissions, do not include any information that would break anonymity (if
applicable), such as the institution conducting the review.

16. Declaration of LLM usage

Question: Does the paper describe the usage of LLMs if it is an important, original, or
non-standard component of the core methods in this research? Note that if the LLM is used
only for writing, editing, or formatting purposes and does not impact the core methodology,
scientific rigorousness, or originality of the research, declaration is not required.

Answer: [NA]

Justification: LLMs were not used in the core methods of this research.

Guidelines:

• The answer NA means that the core method development in this research does not
involve LLMs as any important, original, or non-standard components.

• Please refer to our LLM policy (https://neurips.cc/Conferences/2025/LLM)
for what should or should not be described.
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Appendix

In the supplementary material, we discuss the broader impact of our project in Sec. A, and provide
additional details for implementation and experiments in Sec. B. Sec. C provides additional quantita-
tive and qualitative results. We refer to the accompanied video for extended comparisons on video
lighting estimation.

A Broader Impact

We introduce LuxDiT, a generative model for estimating high-dynamic-range (HDR) environment
lighting from casually captured images and videos. Lighting estimation is a core challenge in
photorealistic rendering due to its non-local and indirect nature. LuxDiT produces scene-consistent
HDR panoramas, enabling applications in virtual object insertion, relighting, AR/VR, and visual
effects. It can also support synthetic data generation for downstream tasks in robotics and perception,
where realistic illumination is critical.

Similar to other generative methods, LuxDiT could be misused to produce visually convincing
but deceptive content. While it does not directly generate synthetic scenes, it enables realistic
virtual object insertion and may facilitate the creation of manipulated imagery that is difficult to
distinguish from real footage. We encourage responsible use of LuxDiT and caution against its
deployment in contexts where synthetic content could mislead viewers or undermine public trust,
such as misinformation or falsified media.

B Additional Details

B.1 HDR Reconstruction

Section 4.1 describes our method for reconstructing HDR environment maps from two tone-mapped
LDR images using a lightweight MLP ψ (Eldr,Elog). This MLP consists of 5 layers with 64 hidden
units per layer and LeakyReLU activation. A softplus activation is applied to the final output layer to
ensure non-negative outputs.

The MLP ψ operates on a per-pixel basis: it takes a pair of LDR RGB values as input and predicts a
single HDR RGB value. It is trained using the same HDR environment maps as the diffusion model,
with augmentations including random intensity rescaling and exposure adjustments for diversity. To
simulate limited input precision, LDR inputs are randomly quantized to 8-bit RGB values. We train
the MLP using a Huber loss with δ = 1.0, which provides robustness against large HDR outliers
while preserving smooth gradients.

Additionally, we show the tone-mapping curves used to generate the LDR images in Fig. 6. Our
dual-tone mapping strategy ensures sufficient sampling across the full dynamic range [0, 10,000],
supporting accurate HDR reconstruction.
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Figure 6: The two tone-mapping curves used to gen-
erate the LDR images. The 128 dot points along the
curve are evenly spaced along [0, 1] LDR value range.

0.04 2.93 (50%) 837.67 (max)
99.9-th Percentile Intensity (Log Scale)

0

20

40

60

80

100

120

140

160

Fr
eq

ue
nc

y

Figure 7: The histogram of the 99.9-th percentile
intensity of all HDR environment maps in our training
set.
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B.2 Datasets

We provide more details about the datasets used in our experiments.

The data sources of HDR environment maps. We collected 2386 HDR environment maps from
the following 4 data sources either publicly available or commercially available.

• Poly Haven0: 626 HDR environment maps with a wide range of indoor and outdoor lighting.

• HDR Maps1: 403 HDR environment maps with diverse lighting conditions, including 294
panorama maps and 109 hemi-sphere sky maps.

• HDRI Skies2: 457 HDR environment maps with outdoor lighting conditions.

• DOSCH DESIGN3: 900 HDR environment maps mainly for outdoor lighting conditions.

Figure 7 shows the histogram of the 99.9-th percentile intensity of all HDR environment maps in
our training set. With over 50% of the HDR environment maps having a 99.9-th percentile intensity
greater than 2.93. Note that the for outdoor lighting, the highest intensity can be orders of magnitude
higher than the 99.9-th percentile. Among these, Poly Haven and HDR Maps offer greater diversity
across scene types. To balance the training distribution across data sources, we apply sampling
weights in the ratio 3:2 :2 :1 in the order listed above.

For quantitative and qualitative evaluation, we use the Laval Indoor 4 and Laval Outdoor 5 datasets,
which contain calibrated HDR panoramas of real-world indoor and outdoor scenes.

Figure 8: Randomly sampled example images
from our synthetic rendering data.

Synthetic rendering data. Similar to OBJect [40]
and DiffusionRenderer [35], we create synthetic 3D
scenes by compositing multiple 3D objects from Ob-
javerse [10] and randomly placing them on a plane
with varying plane textures. We use a filtered sub-
set of Objaverse, containing ∼269,000 3D objects
with decent geometries and material textures, to cre-
ate synthetic 3D scenes. The varying plane textures
are sampled from ∼4000 PBR textures from Mat-
Synth6 [54]. Each composited scene contains up to
3 sampled Objaverse objects. We additionally add up
to 3 random geometry primitives (sphere, cube, and
cylinder) with varying material textures to provide
rich shading cues for model to learn. For each scene,
we randomly render 1∼4 video clips with varying
camera motions (e.g., orbiting camera and oscilating
camera) and environment lightings. We use a path-tracing renderer with 128 samples per pixel (spp)
and the default OptiX denoiser to render the video clips with a resolution of 480× 720 or 512× 512.
The HDR rendering results are tone-mapped to LDR images using Blender’s AgX tonemapping7. In
total, we created ∼190,000 random synthetic scenes, resulting in ∼260,000 video clips with at least
16 frames per video clip.

Perspective crops of HDR panorama images. We use a subset of 1251 HDR panoramas with
meaningful contents from Poly Haven, HDR Maps, and HDRI Skies for the training with perspective
crops. Instead of pre-processing the perspective crops from the HDR panoramas, we do the perspective
crops on-the-fly during the training. The projection camera’s azimuth angle is randomly sampled
from [0, 360◦] and the elevation angle is randomly sampled from −10◦ to 10◦. The camera’s field
of view (FOV) is randomly sampled from 45◦ to 80◦. The perspective crops are rendered with a
resolution of 480× 720. A random tone-mapping function is applied to perspective projection crops

0https://polyhaven.com/
1https://hdrmaps.com/
2https://hdri-skies.com/
3https://doschdesign.com/
4http://hdrdb.com/indoor/
5http://hdrdb.com/outdoor/
6https://huggingface.co/datasets/gvecchio/MatSynth
7https://www.blender.org/
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to generate LDR images. The tone-mappings include ACES, Filmic, AgX, and Gamma-2.4 sRGB
mappings. Auto-exposure (i.e., remapping the 99-th percentile intensity to 0.9) is also randomly
applied to the LDR crops. For video input, we create trajectories of projection cameras by smoothly
rotating the camera angle within an angular cone of 15◦.

Perspective crops of LDR panorama videos. Similar to the perspective crops of HDR panorama
images. We on-the-fly sample perspective crops from the LDR panorama videos. Due to the lack of
HDR content, we only apply a random auto-exposure tone-mapping to the perspective crops.

B.3 Model Details and Initialization

LuxDiT is fine-tuned from the pre-trained CogVideoX-5b-I2V8. To adapt this model for our task,
we replace the original text token with an image input token. This image token is generated in the
same manner as the environment map noise token, but without adding noise. We reuse the model’s
existing text-processing layers (e.g., AdaLN) to process these new image input tokens. Furthermore,
we extend the input projection layer to incorporate additional conditioning channels derived from
the concatenated noise token; these extended channels are initialized to zero. Similarly, the output
projection layer is extended to predict dual tone-mapped environment tokens, with its newly added
channels initialized from the original model’s weights.

B.4 User Study Details for Virtual Object Insertion

Following prior works [14, 16, 15, 58, 36], we conduct a user study on Amazon Mechanical Turk to
compare our method against baseline approaches in terms of perceptual realism for virtual object
insertion. Each participant is shown a pair of rendered results—one from our method and one from a
baseline—and asked to assess lighting realism, focusing on shadows, reflections, and overall visual
integration.

The specific instructions shown to participants are:

Instruction: Find the inserted virtual object, look at the difference, and select the
more realistic image.

An AI system is trying to insert a virtual object into an image in a natural way.
It aims to make the virtual object look as if it is part of the scene. There are two
results: Trial A and Trial B, and the virtual object is located in the center of each
image. Please zoom in to compare the differences between the two images, and
pay attention to the lighting effects such as the reflections and shadows.

Which one looks more realistic?
□ A
□ B

Participants are required to use a monitor 24 inches or larger. Image pairs are randomly shuffled to
prevent bias. Following [36], we repeat the user study three times, and recruited 11 unique participants
for each experiment. We compute the percentage of images for which users preferred our method
over the baseline, and report the average user preferences for three repeated experiments. In total, the
study includes 11× 3× 11× 3 = 1089 individual comparisons.

B.5 Three-sphere Evaluation Protocol

We adopt the three-sphere rendering setting described in StyleLight [55], with evaluation scripts
provided by DiffusionLight9.

For the Laval Indoor dataset, we use the same set of HDR environment maps and corresponding
perspective crops as DiffusionLight. We resize and crop the input image to 480× 720 for our model.
For Laval Outdoor and Poly Haven environment maps, we generate perspective crops using a fixed
horizontal camera with a 60◦ field of view and a resolution of 480 × 720. For Laval Outdoor, we
apply auto-exposure by scaling the 50th percentile intensity to 0.5.

8https://huggingface.co/THUDM/CogVideoX-5b-I2V
9https://github.com/DiffusionLight/DiffusionLight-evaluation
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C Additional Experiments

C.1 Array-of-Spheres Evaluation

Table 9: Scores on indoor array-of-spheres.

Method si-RMSE ↓ AE ↓

EverLight [8] 0.091 6.36
StyleLight [55] 0.123 7.09
Weber et al. [61] 0.081 4.13
EMLight [69] 0.099 3.99
DiffusionLight [45] 0.090 5.25
Ours 0.089 4.90

Following prior work [61, 8], we evaluate our method
using the array-of-spheres protocol, which renders a grid
of diffuse spheres on a ground plane using the predicted
environment map.

We use 2,240 perspective crops from 224 Laval Indoor
panoramas, provided by DiffusionLight10. All input im-
ages are resized to 512 × 512 to match our model input.
Quantitative results are shown in Table 9 and qualitative
results in Fig. 9.

While our method performs slightly below specialized sys-
tems like Weber et al. [61] and EMLight [69], it remains
competitive—despite not being trained on Laval Indoor.
Notably, it outperforms StyleLight [55] and DiffusionLight [45], demonstrating strong generalization
across lighting domains.

Input Image GT DiffusionLight Ours Input Image GT DiffusionLight Ours

Figure 9: Visual results on array-of-spheres protocol.

C.2 Lighting Estimation with the Cube++ Dataset

Table 10: Scores on SpyderCube white face
rendering on Cube++ dataset.

Method
RMSE ↓ AE ↓

Left Right Left Right

D.Light [45] 0.044 0.035 7.221 5.741
Ours 0.024 0.025 3.985 4.003

We also evaluated our method on the Cube++
dataset [12], specifically designed for illumination esti-
mation and color constancy. This dataset includes illu-
mination information annotated by the SpyderCube 11.
For our experiment, we selected 100 processed JPEG
images from Cube++. We then applied both Diffusion-
Light and our method to estimate the illumination from
each image. Subsequently, we rendered the left and
right white faces of the SpyderCube under the estimated
illumination, assuming purely Lambertian diffuse sur-
faces. To prevent information leakage from the SpyderCube in the input images, we masked out
the SpyderCube from the tested images and inpainted the masked region using LaMa [51]. We then
compared the rendered face colors to the colors sampled directly from the SpyderCube JPEG images.
Table 10 presents the RMSE and angular errors, demonstrating that our method clearly outperforms
DiffusionLight, achieving angular errors of less than 5◦ on both faces. Visual comparison results are
further illustrated in Fig. 10.

10https://github.com/DiffusionLight/image-array_of_spheres
11https://www.datacolor.com/spyder/products/spyder-cube/
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Figure 10: Visual results on Cube++ dataset. We show the rendered two white cube faces, mirror ball, and
matte silver ball from our method and DiffusionLight for visual comparison.

C.3 Lighting Estimation from Foreground Objects

Since our model is trained on object-centric synthetic rendering data, we can also apply it to estimate
lighting from foreground objects. We selected 4 NeRF synthetic objects [41] and 4 real-world
objects [53], aiming to estimate lighting from videos containing nine consecutive rendering views.

We qualitatively compare LuxDiT with optimization-based inverse rendering methods [42, 18] that
reconstruct 3D geometry and lighting from full NeRF scenes. Using the ground truth camera poses,
we rotate each frame’s estimated lighting into the global coordinate system and average across frames
to produce the final environment map.

Qualitative results are shown in Fig.11. On mostly diffuse objects like lego and hotdog, our method
recovers highlight directions accurately, enabling shadow rendering consistent with the input. For
glossy objects like mic and ficus, our model estimates lighting nearly identical to the ground truth.
While these HDR environment maps are included in our training set, the NeRF scenes differ signifi-
cantly from our synthetic renderings (see Fig. 8), indicating that our model leverages shading cues
and learned priors rather than direct memorization. In contrast, optimization-based baselines struggle
to capture high-frequency lighting detail and often introduce noise and artifacts in lighting.

We further tested our method on real-world foreground objects from the Objects-with-Lighting
dataset [53], which provides ground truth distant environment lighting. Similar to the NeRF synthetic
scene setup, the estimated lighting was then aligned into the global coordinate system using ground
truth camera poses. We compared our approach to NeuS+Mitsuba [56, 26], the top-performing
method on this dataset [53]. The metrics, using the three-sphere protocol, are presented in Table 11,
with visual results in Fig. 12.

While our model performs well overall, minor errors remain, e.g. color shifts in the NeRF Lego
scene (Fig. 11) and a slightly higher si-RMSE compared to NeuS+Mitsuba (Table 11). We believe
combining our generative model with optimization-based methods could further enhance lighting
estimation, which we leave for future work.

Table 11: Comparison of our method with NeuS+Mitsuba on Objects with Lighting datasets.

Method
Scale-invariant RMSE ↓ Angular Error ↓ Normalized RMSE ↓

Diffuse Matte Mirror Diffuse Matte Mirror Diffuse Matte Mirror

NeuS+Mitsuba 0.082 0.232 0.424 3.145 3.383 3.526 0.180 0.545 0.717
Ours 0.086 0.253 0.482 1.262 1.594 2.000 0.153 0.339 0.479
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GT & Input NVDIFFREC [42] NVDIFFRECMC [18] Ours

Figure 11: Lighting estimation from the NeRF synthetic objects. We use the estimated lighting from different
methods to re-render the original NeRF Blender scenes.

OursNeuS+Mitsuba

Input GT

OursNeuS+Mitsuba

Input GT Input GT

OursNeuS+Mitsuba

Figure 12: Lighting estimation from the masked real objects from Objects with Lighting.

C.4 Additional Ablations

C.4.1 The Choice of the HDR Fusion Model

As detailed in Sec. 4.1, a lightweight MLPψ is employed to merge the dual-tonemapped environment

maps, Eldr and Elog, thereby reconstructing the HDR environment map Ê. There are also alternative
fusion methods, such as using a more complex CNN model to incorporate adjacent pixel information
for HDR fusion, or applying a rule-based approach with explicit inverse equations. To justify our
choice of a simple MLP, we evaluate various HDR fusion techniques, including MLP, CNN, and a
rule-based method. The CNN model has an identical number of layers to our MLP model, using 3×3
convolution kernels across layers. The rule-based method involves applying the inverse Reinhard map
for lights with intensity below 8, a linear interpolation between Reinhard and log maps for intensities
ranging from 8 to 16, and exclusively the log map for intensities exceeding 16.

Table 12: Comparison on differ-
ent HDR fusion approaches.

MLP CNN Rule

RMSE ↓ 11.55 11.74 11.71

Table 12 presents the RMSE results on testing Polyhaven HDRIs.
All three methods demonstrate comparable accuracy, with the MLP
approach exhibiting a slight advantage. Compared to the rule-based
approach, we believe the neural approach can better handle numer-
ical inconsistency after image uint8 quantization, and the potential
data range overflow (e.g., lights beyond the pre-defined maximum
intensity 10000).
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C.4.2 The Impact of LoRA on Synthetic Scenes

Section 5.5 demonstrates the impact of varying LoRA scales (0.0 to 1.0) on the predicted lighting
content of real-world images. This ablation study, conversely, investigates how our LoRA model,
trained with real images, affects the lighting estimation of synthetic foreground objects. Table 13
presents the angular errors using a three-sphere evaluation, and Fig. 16 provides the visual results.

Table 13: Ablation study on impact of LoRA scale on synthetic foreground objects.

LoRA Scale 0.00 0.25 0.50 0.75 1.00

Diffuse ↓ 1.594 1.737 2.170 3.832 3.937
Matte ↓ 2.068 2.311 2.914 5.322 5.891
Mirror ↓ 3.405 3.690 4.342 6.783 7.400

In contrast to the ablation performed on scene images, a larger LoRA scale leads to lower lighting
estimation accuracy. As Fig. 16 illustrates, increasing the LoRA scale causes foreground content
to gradually appear on the estimated environment map, which is consistent with our LoRA model’s
behavior. Nevertheless, the estimated highlights remain consistent across different LoRA scales.

D Additional Results

We provide additional visual results in this section to further support the claims made in the main
paper.

• Model Ablation and LoRA Scale: Figure 13 details the ablation study on our model’s design
and the exploration of different LoRA scales.

• Camera Parameter Variations: Figures 14 and 15 show lighting estimation performance
when varying camera field of view (FOV) and elevation angles, respectively.

• Three-Sphere Rendering Evaluations: Figures 17, 18, and 19 display further lighting estima-
tion outcomes using the three-sphere rendering protocol on the Laval Indoor, Laval Outdoor,
and Poly Haven datasets.

• Virtual Object Insertion: Figures 20 and 21 illustrate additional virtual object insertion
results on Poly Haven panorama crops and Waymo driving scenes.
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Input Image Model Ablation LoRA Scale Exploration

channel concat. LoRA 0.0 LoRA 0.1 LoRA 0.2 LoRA 0.4

w/o syn. data LoRA 0.6 LoRA 0.7 LoRA 0.8 LoRA 1.0

Figure 13: Model design ablation and LoRA scale exploration. The “Model Ablation” column
shows the results of our two model design variants: 1) channel concatenation and 2) training without
synthetic rendering data. The “LoRA Scale Exploration” columns show the visual results of our
model with different LoRA scales.

FOV 45◦ 50◦ 60◦ 70◦ 75◦

GT

Figure 14: Lighting estimation from input images with varying camera FOV.

Elevation 30◦ ↑ 15◦ ↑ 0◦ 15◦ ↓ 30◦ ↓

GT

Figure 15: Lighting estimation from input images with varying camera elevation.

Input Image LoRA Scale Exploration

GT LoRA 0.00 LoRA 0.25

LoRA 0.50 LoRA 0.75 LoRA 1.00

Figure 16: LoRA scale exploration on synthetic foreground scenes.
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Input Image GT StyleLight DiffusionLight Ours

Figure 17: Additional qualitative results on Laval Indoor dataset.
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Input Image GT H-G et al. NLFE DiffusionLight Ours

Figure 18: Additional qualitative results on Laval Outdoor dataset.
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Input Image GT StyleLight NLFE DiffusionLight Ours

Figure 19: Additional qualitative results on Poly Haven dataset.
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Reference StyleLight DiffusionLight DiPIR Ours

Figure 20: Additional virtual object insertion on Poly Haven perspective crops.

H-G et al. [23] NLFE DiffusionLight DiPIR Ours

Figure 21: Additional virtual object insertion on Waymo driving scenes.
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