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Figure 1: Our frame interpolation method features motion and image context encoder-decoder, outperforming state-of-the-art neural net-
work techniques, including IFRNet [KJL*22] and Mob-FGSR [YZZ*24], in preserving fine geometric and texture details.

Abstract
The demand for high frame rate rendering is rapidly increasing, especially in the graphics and gaming industries. Although
recent learning-based frame interpolation methods have demonstrated promising results, they have not yet achieved the quality
required for real-time gaming. High-quality frame interpolation is critical for rendering faster, dynamic motion during game-
play. In graphics, motion vectors are typically favored over optical flow due to their accuracy and efficiency in game engines.
However, motion vectors alone are insufficient for frame interpolation, as they lack bilateral motions for the target frame to
interpolate and struggle with capturing non-geometric movements. To address this, we propose a novel method that lever-
ages fast, low-cost motion vectors as guiding flows, integrating them into a task-specific intermediate flow estimation process.
Our approach employs a combined motion and image context encoder-decoder to produce more accurate intermediate bilateral
flows. As a result, our method significantly improves interpolation quality and achieves state-of-the-art performance in rendered
content.
(see https://www.acm.org/publications/class-2012)

CCS Concepts
• Computing methodologies → Image-based rendering;

1. Introduction

Significant progress has been made in rendering high quality com-
puter generated images, which are now widely used in movies,
animations, AR/VR applications, and video games. However, the

growing demand for photorealistic quality presents the challenge
of achieving real-time performance with high frame rates. Frame
interpolation methods, which involve quickly computing a subset
of additional in-between frames from an existing set of frames, can
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greatly alleviate this computational burden. By reducing the num-
ber of frames that need to be rendered, both rendering times and
costs are significantly decreased.

Recently, deep learning-based methods [Liu20; XNC*20;
BDM*21; BDO*23] have gained attention for achieving promising
results in rendered content. These techniques benefit from auxiliary
information readily available in the rendering pipeline. In particu-
lar, motion vectors, which provide precise values on relative move-
ments of an object point compared to the previous frame, have been
highly effective in addressing superresolution challenges, leading
to the development of commercial solutions like DLSS [Liu20],
AMD FSR, and Intel XeSS. This motion vector can be easily ap-
plied to frame generation like recent NVIDIA DLSS3 and AMD
FSR3, which are prominent commercial applications. However,
motion vectors lack non-geometric information, such as shadows,
lighting changes, particles, transparency and texture animations, all
of which are crucial for rendering frames. Additionally, due to the
nonlinear nature of motions and the numerous errors caused by oc-
clusions and disocclusions, directly employing motion vectors for
frame interpolation results in significant misalignments and errors,
making their use for frame interpolation ambiguous.

Recent studies have investigated optical flow estimation for
frame generation alongside the use of rendered motion vectors. In-
terpolation methods, such as learnable motion vectors [WZH*23],
NFI [BDM*21], and KBI [BDO*23], rely on estimated optical flow
or motion vectors to generate intermediate frames, assuming that
the motion vector for the target frame has already been rendered.
This approach enables the derivation of precise bilateral motion
vectors. However, this approach complicates the integration with
existing interfaces in current game engines and incurs significant
overhead, as it requires rendering an additional G-buffer for the
target frame to interpolate.

Meanwhile, Mob-FGSR [YZZ*24] streamlines the process by
utilizing only motion vectors from key frames as input, similar
to commercial solutions like DLSS3 [Liu20] and AMD FSR3,
enabling seamless integration with existing interfaces in current
game engines. The method refines these input motion vectors
into approximate bilateral flows, which are then enhanced using
heuristic inpainting and image synthesis methods. However, this
approach struggles with large motions and disocclusions, lead-
ing to increased errors in the estimated motion vectors and re-
quiring substantial inpainting. Furthermore, it fails to account for
non-geometric effects, instead blending them directly from key
frames—often resulting in visually blurry outputs.

Video Frame Interpolation (VFI) focuses on generating inter-
mediate frames from a pair of input frames. Among various ap-
proaches, flow-based methods have gained considerable traction
and shown impressive performance in recent works [HZH*22;
LWL*22; JSJ*18; KJL*22; LZH*23; RKT*22]. These methods
typically estimate optical flows between the input frames, warp
the frames and their contextual features accordingly, and then syn-
thesize the intermediate frame from the warped representations.
Consequently, the quality of the output frame is highly dependent
on the accuracy of the flow estimation. Most existing flow-based
VFI methods compute bilateral flows using pyramid-based archi-
tectures. While effective for moderate motion, the limited depth

of these pyramids constrains their receptive field, making it chal-
lenging to accurately capture large or complex motions. Further-
more, optical flow estimation often becomes unreliable when deal-
ing with rapid, large-scale movements or small, fast-moving ob-
jects—situations that are especially common in gaming environ-
ments. These limitations lead to instability and decreased reliability
of optical flow-based methods in real gaming environments, espe-
cially under dynamic camera movements and complex object inter-
actions.

To overcome these issues, we propose a novel approach that
refines approximate bilateral motion vectors by incorporating im-
age context, estimates intermediate residual flows, and synthesizes
frames by merging these flows. Our approach is not trivial. By
leveraging both motion vectors and image context, the network in-
telligently interprets the input approximate motion vectors, effec-
tively handling large motions and disocclusions while preserving
fine details from the initial coarse stage. Our ablation study further
demonstrates that naive combinations of motion vectors and resid-
ual flows are insufficient, emphasizing the value and effectiveness
of our proposed method.

Our design is based on the observation that the commonly used
UNet-like pyramid architecture [KJL*22] tends to accumulate er-
rors in its early coarse stages, especially when dealing with large
and complex motions. Intermediate flows generated solely by im-
age feature decoders are generally effective at handling small mo-
tions but often struggle with large motions, especially during the
early stages. On the other hand, precomputed approximated flows,
though rough, imprecise, and not explicitly task-oriented, can assist
in reasoning during the initial coarse stages and enhance the over-
all flow quality. To address these challenges, we propose a strat-
egy that incorporates motion priors, such as approximated motion
vectors for the target frame, as input and utilizes them from the
early stages of processing. Our approach has demonstrated high ef-
fectiveness in managing large motions and fast-moving small, thin
objects.

By analyzing and integrating these guiding flows with the pyra-
mid encoder, the network can better maintain the fidelity of motion
flows across different scales, thereby establishing a robust founda-
tion for subsequent refinement processes. This integration not only
improves the initial motion estimation but also ensures that the finer
details are preserved throughout the processing stages, leading to
more accurate and reliable outcomes. So the network can focus on
regions that are more efficient and accurate, enabling motion vector
and intermediate residual flows to work together synergistically.

With the proposed approach, our experiments demonstrate the
robust performance of our method on the public gaming scenes, no-
tably outperforming SOTA techniques in scenarios involving large
motions and dynamic small objects. We also show the versatility
of our approach by extending it to handle general flows alongside
motion vectors.

2. Related Works

2.1. Motion Vector-Based Approaches

Recently, demands for high quality games necessitates high-frame-
rate rendering, where motion vectors play a crucial role across most
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graphics applications. Approaches like TAAU [YLS20] and AMD
FSR employ heuristic techniques, utilizing handcrafted weights to
seamlessly integrate low-resolution jittered images with warped
high-resolution images from previous outputs, yielding high res-
olution results. Supersampling like DLSS 2.0 [Liu20] and Intel
XeSS, incorporating reprojection with motion vectors, have been
introduced and embraced within the industry. This approach in-
volves leveraging rendering outputs from the previous frame for
rendering the current frame, consequently significantly decreasing
the average rendering workload. Moreover, in [GFL*21], tempo-
ral oversampling is attained by utilizing the G-buffer as input and
conducting frame extrapolation. [ZLY*21] present a technique to
estimate motion vectors capable of tracking shadows and glossy
reflections in real-time. Learnable motion vectors [WZH*23], Ex-
traSS [WKZ*23], NFI [BDM*21], and KBI [BDO*23] leverage
motion vectors to produce intermediate frames, assuming that the
motion vector for the target frame has already been rendered. How-
ever, this method requires significant adaptation of the renderer in-
terfaces and add significant overhead of additional G-buffer render-
ing for the target frame. Recently, Mob-FGSR [YZZ*24] proposes
lightweight frame generation framework suitable for mobile real-
time rendering without the need of the motion vector for the target
frame. It share motion vector refinement based on splat with ours,
but they are not deep learning based approach and rely entirely on
motion vector and heuristic image synthesis method.

The rendering approaches mentioned above employ motion vec-
tors to warp previous or reconstructed frames onto the current
frame, with these vectors precisely defining geometric movements.
While utilizing estimated motion vectors seems to be the most
straightforward method for frame interpolation, the absence of the
precise bilateral motion vectors for frame interpolation is problem-
atic.

2.2. Video Frame Interpolation

Video Frame Interpolation represents an active area of research that
has greatly profited from advancements in deep learning, show-
ing notable interpolation results in recent studies. Due to the reli-
ability of optical flow, flow-based techniques have become promi-
nent in VFI [NL18; XSS*19; JSJ*18; PKLK20; NL20; KJL*22;
XCW*19; RKT*22] and rendering pipelines [BDM*21; BDO*23;
Liu20]. Previous methods using optical flow can be divided into
two categories. The first category involves a pretrained flow model
combined with an independent synthetic network [NL18; XSS*19;
JSJ*18; PKLK20; NL20]. In this approach, the pretrained flow
model estimates flows and synthesis images independently, demon-
strating promising results. However, the two-step pipeline can in-
deed overlook the disparity between true optical flow and task-
specific objectives [XCW*19; LYT*17], potentially resulting in
suboptimal performance for a given task. Our approach, while also
utilizing independently estimated flows, addresses this issue by em-
ploying them only as a form of guidance rather than as strict con-
straints. Notably, our model does not necessitate high-quality op-
tical flows; even fast and inexpensive flows, such as motion vec-
tors approximated to the target frame, are sufficient. Despite this,
our approach achieves significantly better quality in frame interpo-

lation, demonstrating the efficacy of using approximate flows for
guidance .

Another category involves a jointly trained estimation module to
derive flow estimation [LZH*23; KJL*22; XCW*19; RKT*22]. In
this approach, bilateral flows and the interpolated intermediate fea-
tures are updated jointly, eliminating the need for an independent
synthetic network. These methods demonstrate promising interpo-
lation quality by directly predicting task-oriented flows from the
coarsest level. However, they struggle with modeling large motions
and small objects due to their limited receptive field. Our approach
addresses these challenges by effectively handling large motions
through the integration of independently estimated flows into task-
oriented intermediate flow estimation.

2.3. Optical Flow Estimation

FlowNet [FDI*15] demonstrates that convolutional neural net-
works can predict per-pixel optical flow fields through artifi-
cially generated datasets for optical flow estimation, employ-
ing the encoder-decoder U-shaped network architecture. SPyNet
[RB17] introduces the spatial pyramid approach, while PWC-Net
[SYLK18] incorporates feature warping and computes cost vol-
ume. Fast-FlowNet [KSY21] integrates pyramid features and back-
ward warping, while LiteFlowNet [HTL18] applies iterative refine-
ment using coarse-to-fine pyramids. Unlike conventional pyramid-
based approaches, RAFT [TD20] constructs 4D correlation vol-
umes for flow computation. The AMT [LZH*23] enhances the all-
pairs correlation within RAFT [TD20], effectively capturing dense
correspondence between frames.

3. Method

Given two consecutive input frames I0 and I1 rendered at adjacent
time instances, the objective of our frame interpolation is to predict
their intermediate frame It , where 0< t < 1, by leveraging informa-
tion from both frames I0 and I1 and their guiding flows Mt!0 and
Mt!1, such as motion vectors generated by the rendering pipeline.

As shown in Fig. 2, our design is composed of two main com-
ponents: one for motion context pyramid, and the other for image
context pyramid. Within the image context pyramid, intermediate
features and flows undergo progressive refinement from the input
images. Concurrently, in the motion context pyramid, motion pri-
ors extracted from motion vectors are refined into multi-scale task-
oriented flows and flow features. These refined flows and features
are then injected into the image context pyramid decoders starting
from its early coarse level. This integration improves the generation
of accurately aligned task-oriented intermediate flows across vari-
ous scales. This approach not only enhances the accuracy of early
motion estimation but also maintains finer details across all levels
of decoders, leading to more reliable outcomes. Consequently, we
can infer information from high level motion such as camera move-
ment to local motions such as small object movement.

Specifically, the motion context module warps both input images
to the frame It using their refined motion vectors. A motion feature
encoder is then used to extract multi-scale guiding flow features at
each level of the pyramid from the t-aligned input images and their

© 2025 The Author(s).
Proceedings published by Eurographics - The European Association for Computer Graphics.



4 of 11 I. Ha et al. / Motion Vector-Based Frame Generation for Real-Time Rendering

Figure 2: Architecture overview of the proposed method. The overall architecture consists of a preprocessing step and two distinct feature
pyramids. Initially, during preprocessing, the input motion vector M1 is splatted onto its predicted pixel positions for the target frame It .
Then, using the splatted motion vectors, the input images are warped to align with the target frame It . Subsequently, the warped input frames
and refined motion vectors are fed into the motion encoding pyramid, which produces refined guiding flows and multi-level flow features.
Meanwhile, the input frames are processed by the image context encoder, yielding multi-level image features. Afterwards, the generated flow
and image features are input into the combined decoder, which simultaneously updates both intermediate features and flows by merging the
refined guiding flows with the intermediate flows. Finally, we synthesize the intermediate frame using the final estimated flow fields, occlusion
masks, and residuals.

corresponding refined motion vectors. And the image context pyra-
mid uses a feature encoder to extract multi-scale image features for
each input frame. Once these hierarchical motion and image con-
text features are obtained, we progressively refine the intermediate
flows and features using multi-level decoders. During this refine-
ment, the extracted multi-scale image context features are warped
to align with the target frame It , guided by the corresponding flow
fields that integrate refined guiding flow and intermediate flows. Fi-
nally, a frame synthesis module is employed to generate the refined
intermediate frame.

3.1. Motion Context Encoder

We use the motion vector and depth image provided by the ren-
dering engine as the input. While other applications, such as super
sampling [Liu20; XNC*20; MES*23], leverage the motion vector
for precise re-projection due to its calculation from exact geome-
tries for the target frame, in frame interpolation, we can only obtain
the motion vector M1 and depth D1 from the rendered reference
frame I1 instead of the target intermediate frame It .

When the motion vectors Mt!0 and Mt!1 for the target frame It
are not provided through deferred rendering, our method begins by
estimating the motion vectors based on the available keyframe data.
Following the approach of [YZZ*24], we employ a fast splat-based
motion estimation technique that leverages depth and motion vec-
tors from rendered keyframes, both of which are included in the G-
buffer provided by game engines in real-time, to produce bilateral

motion vectors for the intermediate frames. However, we assume
linear motions rather than quadratic motions, and disocclusions are
filled using motion vectors from the key frames, leveraging the ca-
pabilities of neural networks.

With the motion vector M1 in image space as input, we com-
pute the positions Pt for the desired interpolation time t. The pixel
motion in the generated frames is then determined by calculating
the bilateral motion vectors Mt!0 and Mt!1. The construction of
motion vectors proceeds by embedding the calculated vectors into
their corresponding pixels. In particular, Mt!1 is assigned to the
position Pt through splatting [SGHS98]. This splatting process is
applied to each pixel in keyframe I1, producing the projected mo-
tion vectors Mt!0 and Mt!1. Assuming locally linear motion, we
estimate the motion of each pixel in the adjacent frames using the
formula Pt = P1 − (1− t) ·M1, where t represents the time of frame
generation, and Pt denote the predicted pixel positions for the in-
terpolated frame.

To resolve conflicts during the splatting process, where multiple
vectors may be projected onto the same pixel, we use motion vec-
tor splatting based on depth comparison with the input buffer D1.
This approach ensures that, in cases of conflict, the motion vectors
with the smallest depth are preserved. For disocclusion filling, we
efficiently approximate the gaps in the motion vectors by directly
using the vectors from M1.

While the splatting process provides more accurate motion vec-
tors, they are still inadequate for precise frame interpolation. Spe-
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cially, mismatches between surface pixels occur for several rea-
sons, including incorrect assumptions about locally linear motions,
negating the vector direction forft! 1 without considering occlu-
sions, actual motions not being captured by the motion vectors,
and the heuristic approach used for disocclusion �lling. These mis-
matches result in inaccurate warping and unreliable updates of in-
termediate �ows and features, and this problem becomes particu-
larly signi�cant with large motions. Consequently, instead of using
the spatted motion vectors directly, we �rst re�ne the bilateral mo-
tion vectors with the help of input image pairs.

To re�ne the input guiding �ows, we opt a coarse-to-�ne man-
ner, which process is necessary to generate a faithful intermediate
features. As a preprocessing step, each input image,I0 andI1, is
warped to thet frame using its guiding �ow,Mt! 0 andMt! 1. This
alignment enables the input images to match the guiding �ow de-
�ned in the t frame. As a result, we anticipate that the encoder will
extract contextual information, such as con�dence values related to
motion context from the motion vector, based on the context of the
aligned imagesI0 andI1. This process is repeated for the other in-
put frame, and the resulting images are concatenated with the �rst
frame image and guiding �ows. Then they are fed into a pyramid
encoder, which generates multi-level re�ned guiding �ow features
and guiding �owsf f k

t ;mk
0;mk

1jk 2 f 1;2;3;4gg, as shown in Fig 2.

The pyramid encoder consists of four convolutional blocks, and
the encoded guiding �ow featuref k

t is de�ned as:

f k
t = Em(W(I0;Mt! 0);W(I1;Mt! 1);Mt! 0;Mt! 1) (1)

whereW denotes the backward warping operator, andEm repre-
sents the encoder function applied to the input images and their
corresponding guiding �ows, for each pyramid levelk 2 1;2;3;4.
Each encoder block consists of two 3� 3 convolutional layers with
strides of 2 and 1, respectively. The number of feature channels
at pyramid levels 1 through 4 is set to 32, 48, 72, and 96, respec-
tively. This hierarchical encoding yields multi-scale guiding �ow
features, allowing the network to better preserve motion �delity
across scales. As a result, the encoded features provide a robust
foundation for motion re�nement, enhancing both initial �ow esti-
mation and the preservation of �ne details throughout the pipeline,
leading to more accurate and reliable interpolation results.

3.2. Frame Interpolation

To obtain a coarse-to-�ne contextual representation from each in-
put image, we utilize the image pyramid encoderEI , which extracts
a pyramid of features. This encoder processes the two input im-
agesI0, I1 to produce the pyramid of image featuresf Xk

0 ;Xk
1 jk 2

f 1;2;3;4gg. At each pyramid level, the encoder performs two con-
volutions with down-sampling. Our network extracts four levels of
pyramid features to facilitate further progressive warping.

After extracting hierarchical features of both motions and im-
ages, we progressively re�ne the intermediate �ows and interme-
diate features using 4 level pyramid decoders to generate the inter-
mediate featuresXk

t and the intermediate �owsf k
t! 0, f k

t! 1. Con-
cretely, the featuresf k

t and �ows mk
0, mk

1 extracted from guiding
�ow encoder are injected into a pyramid decoder, which generates

multi-level re�ned bilateral guiding �owsf k
t! 0; f k

t! 1 and interme-
diate featuresXk

t . Then, features among decoders can be computed
by

[ f 3
t! 0; f 3

t! 1;X3
t ] = D4

f ([X
4
0 ;X4

1 ; f 4;m4
0;m4

1;T]); (2)

[ f k� 1
t! 0; f k� 1

t! 1;Xk� 1
t ] = Dk

f ([X
k
0 ;Xk

1 ;Xk
t ; f k;mk

0;mk
1]); (3)

[ ft! 0; ft! 1;R;M] = D1
f ([X

1
0 ;X1

1 ;X1
t ; f 1;m1

0;m1
1]) (4)

Here,Dk
f (k = 1;2;3;4) denotes the pyramid decoders, each con-

sisting of three stages: �ow merging, warping, and a decoding net-
work. First, the generated intermediate �owsf k

t! 0 and f k
t! 1 are

combined with re�ned guiding �ows from the guiding �ow en-
coder to produce merged bilateral �ows̄f k

t! 0 and f̄ k
t! 1, using

f̄ k = mk + f k. Next, the decoder performs backward warping on
multi-level image context featuresXk

0 and Xk
1 using the merged

�ow �elds f̄ k
t! 0 and f̄ k

t! 1. The warped image context featuresX̄k
0 ,

X̄k
1 , intermediate featuresXk

t , motion context featuresf k, and �ows
mk

0, mk
1 are then passed to the decoding network. As the decoding

network, we adopt the IFRBlock decoder from IFRNet [KJL*22],
where each layer consists of six convolutional layers and one de-
convolution layer, with strides of 1 and 1/2, respectively. A single-
channel conditional inputT, �lled with the target time valuet,
is introduced to enable arbitrary time interpolation. AlthoughT
is implicitly encoded through motion vector splatting and relative
warping, we explicitly incorporate it into the �rst decoder to han-
dle residual motions not accounted by motion vectors. This explicit
temporal conditioning helps guide the synthesis of the target frame
more accurately.

In �ow-based VFI methods [JSJ*18], the common formulation
for interpolating the �nal intermediate frame is:

It = M �W(I0; ft! 0) + ( 1� M) �W(I1; ft! 1) + R; (5)

whereW is the warping operator and� is the element-wise multi-
plication operator.M is a one channel merge mask exported by a
sigmoid layer whose elements range from 0 to 1, and R is a three-
channel image residual that can compensate for details.ft! 0 and
ft! 1 are �nal predicted values of the bilateral �ows. Finally, we
can synthesize the desired frameIt .

3.3. Loss Functions

Our method utilizes two types of losses for supervising image re-
construction between the generated frameIt and the ground truth
frameIgt

t . We use the Charbonnier loss [CBAB94], a smooth and
more robust variant of the L2 loss, de�ned asL char(x) = ( x2+ � 2)a ,
and the census lossL cen [MHR18], which computes a soft Ham-
ming distance between census-transformed patches ofIt and Igt

t .
The census loss enhances robustness to illumination changes and
outliers by relying on structural similarity and relative intensity pat-
terns. The combined loss is formulated as:

L = l charL char + l cenL cen (6)

wherel char and l cen are the corresponding loss weights. In our
implementation, both are set to 1.
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