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Fig. 1. From an input image (left), Pixels2Peaks generates a complete heightmap of both the visible and occluded landforms (center), ready for offline rendering

(right). [Input image from the GeoPose3K dataset [Brejcha and Cadik 2017]]

A common process in authoring digital scenes for games, films, and virtual
environments is for artists to construct 3D geometry that matches a 2D
perspective reference image. In the case of bare-earth terrain, this is typ-
ically a manual process since, unlike for trees and buildings, few inverse
reconstruction methods currently exist. To address this, we introduce a
method for automatically inferring a detailed, consistent, and complete ter-
rain heightmap from a single photographic image. Our initial phase involves
extracting camera parameters and a 3D pointmap from the input image,
which is then transformed into a heightmap. However, this only recovers the
unoccluded portions of the terrain visible from the perspective of the image.
The next phase thus entails the generation of plausible occluded regions
using a diffusion model trained on terrain elevation data. The entire process
is guided by three consistency principles: geomorphological consistency (the
features of the occluded terrain resemble the visible portions), hydrological
consistency (the river network is uninterrupted and flows reliably), and view
consistency (the shape of the rendered terrain accurately matches the input
image). We demonstrate that our method obeys these principles, reliably
generates terrains across various scales, and integrates with scene authoring
workflows.
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1 Introduction

Mountainous scenes form an iconic backdrop in many films, video
games, and virtual worlds. The creation of such digital landscapes
is a fundamental task in computer graphics, with a reference photo-
graph or concept art as a common starting point. The journey from
this 2D inspiration to a complete navigable 3D world is typically a
laborious manual process. An artist must interpret the 2D reference
image, model the matching 3D geometry, and ensure the final asset
is both aesthetically pleasing and physically plausible. This work-
flow is time-consuming, requires significant expertise, and presents
a major bottleneck in production pipelines.

We address the challenge of automating this process by recon-
structing a complete and detailed 3D terrain heightmap, the standard
representation used by artists, from a single 2D image (Figure 1).
This provides an immediate base for the scene, allowing artists to
focus on creative refinement rather than routine modeling. This
represents an ill-posed inverse problem, since a single photograph
captures only a partial, view-dependent snapshot of the terrain.
Detail may be obscured by distance, but, more importantly, large
sections are likely to be occluded from the viewpoint of the camera
by folds in the landscape, particularly in mountainous terrain.

We believe that three consistency attributes are key to a viable
solution for single-image terrain reconstruction:

(1) Geomorphological consistency — the generated landscape
follows the geomorphological features of the visible regions.

(2) Hydrological consistency — the river network is locally and
globally coherent, with unbroken channels that flow downhill
to form proper drainage patterns.

(3) View consistency — the reconstructed heightfield matches the
reference image when rendered from the original viewpoint.
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Existing methods fail to achieve one or more of these key at-
tributes. Photogrammetric techniques for 3D terrain reconstruction,
such as Structure from Motion and Multi-View Stereo [Westoby et al
2012], rely on constraints across multiple viewpoints and cannot
be directly applied in a single-image scenario. Another route is to
employ terrain-speci ¢ procedural modeling or simulation [Galin
et al. 2019], but these generative methods do not support the tight
constraints needed to match real-world reference images while at

the same time retaining global feature consistency, such as a re-

alistic ow network. Finally, while there is an extant solution to
single-image terrain reconstruction [Takahashi et 2D22], it does
not achieve the threefold consistency de ned here. In contrast, our
model explicitly addresses visual plausibility, geomorphological,
hydrological, and view consistency within the solution.

For our process, we rst infer a 3D pointmap and camera param-
eters from the input image, and project them into an incomplete
heightmap. This heightmap provides constraints for a guided di u-
sion model that adds coherent detail to the visible areas and inpaints
the occluded areas. Our di usion model operates on shifting tiles to
allow large resolution outputs.

We achieve visual plausibility by training our model on a large-

In particular, our work sits at the intersection of rst-person ter-
rain authoring, learning-based terrain models, and single-image 3D
reconstruction.

2.1 First-person terrain authoring

Providing digital artists with authoring tools to interactively and
controllably shape terrains has received considerable attention [Galin
et al 2019]. Generally, a painting or sketching metaphor is adopted
along with either a top-down or rst-person canvas perspective.
Closest to our work are rst-person sketching interfaces that allow
an artist to draw internal and external silhouettes from which a
plausible 3D terrain is inferred. The earliest methods [Cohen et al
2000] established the principle of projecting the 2D end-points of a
silhouette stroke onto either a ground plane or an existing height-
eld in order to localize them in 3D. A terrain is then generated to
match these constraining spatial curves by simple deformation of
the ground plane [Cohen et aR000], localized warping of wavelet
noise keyed to the multiresolution properties of the silhouette [Gain
et al 2009], minimal di usion-based deformation of features on an
existing terrain [Tasse et aR014a,b], or a patchwork approach of

scale curated dataset of scanned real-world terrains. We enforce cutting and blending terrain fragments [dos Passos and Igarashi
geomorphological, hydrological and view consistency through guid- 2013]. While these authoring systems enforce view consistency by
ance terms incorporated into the iterative denoising of the di usion  design, they often fail to respect geomorphological and hydrologi-

process. These guidance terms favor coherent drainage networks, cal consistency. This is partly because sketches do not contain the
align slope and curvature statistics between visible and occluded wealth of depth cues available in a photograph and partly because
regions, and ensure the alignment of the terrain ridges to the sil- the underlying deformation and blending schemes are general and
houettes from the original image. Furthermore, the height eld reso-  do not respect geomorphological properties. For instance, the verti-
lution is automatically adapted to the scale of the terrain captured cal projection of the silhouette onto the ground plane is assumed

by the input image.

Our results demonstrate the generation of diverse and plausible
terrains that are consistent with the input photograph. Our approach
for estimating camera tilt and terrain scale outperforms horizon-
line detectors and monocular geometry models. Ablation studies
validate our guidance terms; for instance, view guidance reduces
the reconstruction error, while hydrological guidance successfully
resolves common artifacts, like unrealistic water basins. Compared
to a generalist image-to-3D model, our method robustly generates
physically-consistent terrains. We further demonstrate our method's
versatility by creating text-to-terrain and sketch-to-terrain pipelines.
The entire process executes in approximately 5 minutes on a GPU.

In summary, our key technical contributions are:

(1) A multi-stage inference process that converts a single source
image into a terrain heightmap of appropriate resolution.

(2) A terrain-aware di usion model with guidance terms de-
signed to promote hydrological, geomorphological, and view
consistency.

(3) Alarge 1.2 TB heightmap dataset curated to isolate landscapes
with noticeable relief (the elevation di erence, ranging from
large hills to mountains) at 1m resolution.

2 Related work

Although there is little prior work that directly addresses the task of
generating complete, high- delity terrain heightmaps from a single
photograph, we do build upon several distinct lines of research.
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to be linear [Cohen et a2000], edited separately from a top-down
perspective [Gain et aR009], or derived by deforming or blend-
ing existing terrain features [dos Passos and lgarashi 2013; Tasse
et al 2014a]. This either requires supplying additional information
not inherent in the original sketch or a signi cant distortion of the
underlying geomorphology.

2.2 Learning-based terrain models

Alongside procedural methods and simulation, example-based learn-
ing represents one of three major strategies for terrain synthe-
sis [Galin et al 2019]. Because generative models are trained on
a corpus of existing terrains from which a novel terrain can be
synthesized, the results tend to be visually plausible. With careful
model selection, they can also provide interactive feedback. Finally,
with suitable conditioning, a variety of user controls, such as top-
down sketching of ridges and rivers [Cai et.&022; Gain et aR015;
Guérin et al 2017; Hu et al2024; Lochner et aP023; Zhou et al
2007], painting of elevation bands and terrain types [Gain eRall5;
Guérin et al 2017; Li et al2022; Perche et .&023; Valencia-Rosado
et al 2020], and speci cation of a general landscape class [Lochner
et al. 2023; Zhao et aR019], are available. Apart from authoring
terrains from scratch, another signi cant use case is the upsampling
of existing low-resolution terrains [Argudo et aP018; Kubade et al
2020; Zhao et aR019], possibly with additional conditioning on
aerial images, and experiments with speci c landforms [Li et al
2022; Valencia-Rosado et al. 2020].



Fig. 2. Method overview. We start from an input photograph (©Pixabay), which is processed into a cleaned pointmap accompanied by scale and camera tilt
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parameters. This allows us to output an occupancy mask and an initial heightmap of the visible region. We complete the initial heightmap procedurally, and
then refine it with a di usion model, guided by hydrological, geomorphological, and view consistency. This leads to the final heightmap, a er an optional

polishing step.

Di erent approaches are employed, including regression [Argudo
et al 2018; Kubade et #2020], texture synthesis [Gain et.&015;
Scott and Dodgson 2021; Zhou et 2007], generative adversarial
networks [Cai et al 2022; Guérin et aR017; Jain et aR024c; Naik
et al 2022; Perche et a2023; Spick and Walker 2019; Valencia-
Rosado et a020; Zhao et aR019], and di usion models [Hu et al
2024; Jain et al. 2022; Lochner et al. 2023].

Of these, di usion models are the most promising for co-opting
to single-view synthesis: they are more visually plausible while
avoiding the training instability or repetition artifacts exhibited by
CGANSs [Guérin et al2017], and capture a wider range of land-
forms than texture synthesis. However, these models fail to en-
force hydrological consistency and can lead to terrains with large-
scale endorheic basins or small-scale pits. The one exception is

capable of producing high- delity general 3D assets directly from a
single images [Hong et aR023; Li et al2025; Tencent 2025; Zhang
et al 2024]. Despite strong performance on common objects from
large general datasets, these methods are not tailored to natural
landscapes and do not enforce physical correctness.

Takahashi et al. [2022] do, however, incorporate terrain-speci ¢
adaptation in their image-to-terrain pipeline. This involves rst
extracting a depth map and shadow-free color map from the per-
spective of the camera, then rasterizing this onto a height eld using
a top-down orthogonal projection, and nally completing the eleva-
tion and color of the missing portions using a modi ed CGAN model.
While the general progression from depth estimation, through pro-
jection, to generative model completion is similar, our architecture
diverges signi cantly in other respects. We focus solely on elevation,

the depression-breaching (a process that carves simulated drainage do not assume a xed terrain resolution, employ di usion models

channels to route water out of closed sinks) terrain synthesis of
Scott and Dodgson [2021], which uses a multi-resolution texture

optimization approach to pit removal. Nevertheless, besides depres-

sion breaching, this approach only considers local information for
generating the heightmap, which was shown to be inferior to di u-
sion models [Lochner et aR023]. In our work, we use depression
breaching to guide the di usion model to enforce hydrological con-
sistency.

2.3 Single-image 3D reconstruction

Single-image 3D reconstruction is a fundamentally ill-posed prob-
lem, initially addressed with geometric cues and shape-from-shading
[Horn 1986; Zhang et all999]. Deep learning methods infer ex-
plicit 3D structures (voxel grids [Choy et a2016], point clouds [Fan

et al 2017], meshes [Wang et.&018]) or learn implicit representa-
tions [Mescheder et a019]. Neural Radiance Fields (NeRFs) [Milden-
hall et al 2021], originally multi-view, were also adapted to learn
geometry implicitly from a single image for novel view synthesis [Yu
et al. 2021]. A key shift has been leveraging pre-trained 2D di u-
sion models as priors. DreamFusion [Poole e28l22] introduced
Score Distillation Sampling (SDS) to optimize 3D representations
like NeRFs without 3D data, later extended to single-image recon-
struction [Liu et al 2023a; Qian et a023]. Recent breakthroughs
like Hunyuan3D have introduced large-scale feed-forward models

instead of CGANSs, train on a 1m resolution dataset (instead of 30m
or 90m) and infer camera parameters rather than require them to
be provided. Most crucially, we incorporate speci ¢ modi cations
into our model to address geomorphological, hydrological, and view
consistency.

3 Overview

In the absence of constraints, synthesizing a landscape from a single
perspective photograph is inherently ill-posed. Therefore, we rst
constrain the process by introducing a set of consistency attributes
that act to enforce the plausibility of the resulting terrain and its
alignment with the input, as follows:

Geomorphological consistency: While natural landscapes can
exhibit marked diversity, this is less the case for mountain
ranges, where features are shaped by a common tectonic, cli-
matic, and lithologic history. In our context, this means that
occluded regions should be structurally consistent with visi-
ble regions in the input photograph. We choose to interpret
this through a statistical alignment of slope and curvature
between visible and occluded regions, as these metrics have
proven to be an e ective and e cient basis for landform
characterization [Argudo et aR025; Jasiewicz and Stepinski
2013].
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