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Abstract

high quality. The derived frames can be generated by warping the
keyframes and filling in holes if needed. Key frames can be either
generated in a preprocessingphase or rendered on the fly. However,
in some applications, key frames can only be rendered on the fly. For
example, in a fly-through system, users fly over a large terrain and
the fly routes change interactively. It is almost impractical to pregenerate all keyframes and use them because of the huge number
of keyframes needed. Thus, for such applications, keyframes are
generally rendered on the fly.
However, there are some disadvantagesto this keyframe method.
Generally, the time to render a keyframe is higher than the time to
generate a derived frame. This causes the unstable frame rates between keyframes and derived frames. The user can feel the "pause"
or dramatic change in the frame rate during the fly-through. Another problem of the keyframe method is the nonuniform image
quality among frames. Key frames have better image qualities than
derived frames. The derived images generatedat the viewpoint near
the keyframes' viewpoint have better qualities than the images generated at the viewpoint far from the keyframes' viewpoint.
Most of the previous work uses this keyframe IBR technique on
surface models. When we try to use this keyframe technique in a
voxel-based scene model, problems become more serious. The conventional rendering technique in a voxel-based scene model is ray
casting. The raycasting method can generate a high quality image,
but it is time-consuming. Thus, the cost to generate a keyframe on
the fly is high, and the unstable frame rate problem becomes more
serious.
One advantage of the ray-casting rendering method is that it is
easy to render any pixel in an image by casting one ray. The holes
in the derived frames can be filled in by the ray-casting method.
Actually, the ray-casting method can easily render any part, even
scattered pixels of an image. We try to take advantage of this feature in this work. The basic idea is to use an image warping technique to gain a high frame rate, and to use the ray-casting method
to selectively rerender part of the image to guaranteeimage quality.
We present an efficient image-based rendering techniquewithout
keyframes in the context of voxel-based scene modeling. We use an
intermediate image to exploit the coherence in frames. The pixels
in the intermediate image are all first generated by the ray-casting
method in previous frames and then warped to the intermediate image at the current viewpoint and view direction. We relax the requirement that all pixels in an image are located in a regular rectangular grid. We use an offset buffer to record the precise position of
these pixels in the intermediate image. Every frame is generated in
three steps : warping the intermediate image, filling in holes and selectively rendering some other pixels. This last step can guarantee
the image quality. By dynamically adjusting the number of those
pixels in the last step, we can balance the workload at every frame.
The pixels generated by the last two steps make contributions to the
new intermediate image.
McMillan and Bishop's 3D warp algorithm [10, 111 can be successfully adapted to warp the intermediate image. We show that
the intermediate image can still be warped in McMillan's occlusion compatible order [9].By quantizing the offset of pixels in the
intermediate image and using lookup tables, the advantage of the

This paper presents an efficient keyframeless image-based rendering technique. An intermediate image is used to exploit the coherences among neighboring frames. The pixels in the intermediate
image are first rendered by a ray-casting method and then warped
to the intermediate image at the current viewpoint and view direction. We use an offset buffer to record the precise positions of these
pixels in the intermediate image. Every frame is generated in three
steps: warping the intermediate image onto the frame, filling in
holes, and selectivelyrendering a group of "old" pixels. By dynamically adjusting the number of those "old" pixels in the last step, the
workload at every frame can be balanced. The pixels generated by
the last two steps makecontributions to the new intermediateimage.
Unlike occasional keyframes in conventional image-based rendering which need to be totally rerendered, intermediate images only
need to be partially updated at every frame. In this way, we guarantee more stable frame rates and more uniform image qualities. The
intermediate image can be warped efficiently by a modified incremental 3D warp algorithm. As a specific application, we demonstrate our technique with a voxel-based terrain rendering system.

Keywords: Image-based rendering, ray casting, voxel-basedmodeling, terrain rendering.

1 Introduction
Real time rendering in a walk-through or fly-through system has
been a challenge in the computer graphics field for decades. The
dataset of the scene model is often so large that even the most advanced rendering hardware cannot provide interactive rates. Various methods have been used to accelerate the rendering. A great
deal of previous work has focused on visibility culling and levelof-detail management.
More recently, image-based rendering (IBR) techniques are used
in walk-through or fly-through systems. IBR techniques exploit
the frame-to-frame coherence by reusing the previously rendered
images. This generally involves keyframes (or reference frames)
and warping processes. Key frames are usually rendered by conventional rendering techniques from the original dataset and have
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2.2 Voxel-based terrain modeling

incremental computation of McMillan and Bishop’s algorithm can

be preserved.

Most of the current flight simulators are based on the surface model.
However the voxel-based approach has many advantagescompared
to a surface-based one. For example, the format of the elevation
map lends itself to generating a very high resolution 3D volume
of terrain and multi-resolution volumes. Also, texture mapping for
voxels is much simpler, of higher quality, and can be preprocessed.
More importantly, the voxel-based model is somewhat scene complexity independent, and it is easy to incorporate clouds, haze,
flames, and other amorphous phenomena and volumetric objects
[4]. Therefore, in recent years, the voxel-based approach has become a new research issue for height-field visualization systems
[18,5,31.
Most of the published voxel-based terrain rendering algorithms
directly use the 2D elevation map to represent 3D values, so that
both memory size and accessing time for the terrain model can be
greatly reduced 15, 31. However, the quality of images generated
from this model is not very good. Thus, a true 3D voxel-based
terrain model has been generated in our previous voxel-based terrain visualization system [161. The terrain model consists of a 3D
volumetric terrain dataset and a correspondingaerial photograph or
satellite image of the terrain. There are also some disadvantagesof
this 3D voxel-based terrain model. The storage requirement for a
3D voxel-based terrain is high, but memories are becoming larger
and relatively inexpensive. If there is no hardware support, it usually takes longer time to render a 3D voxel-based terrain by raycasting than to render a surface-based one with the hardware support for texture mapping.

The advantage of our method over the keyframe method is that
the keyframe needs to be rerendered totally, but the intermediate
image only needs to be updated partially at every frame. By
combining the advantages of the image-based rendering techniques
and the ray-casting method, we can get more stable frame rates and
more uniform image qualities. Our method is especially useful in a
real time system when the keyframe rendering is time consuming.
We demonstrate our method with a voxel-based terrain rendering
system.
This paper is organized as follows. Section 2 reviews the previous work in image-based rendering techniques and voxel-based
terrain modeling. Our keyframeless image-based rendering technique is described in detail in Section 3, which focuses on the construction and warping of the intermediate image. Section 4 presents
results from our implementation. Conclusions and future work are
discussed in Section 5.

2 Previous Work
2.1 Image-based renderlng
In recent years, there have been many papers on image-based rendering. Mark’s 181 is a good survey. Some researchers have used
the keyframe method to accelerate rendering in a walk-through or
fly-through system.
Mark [7] has warped two different reference images and composited the results to avoid occlusion-related artifacts. The reference images are generated on the fly based on the prediction of the
future viewpoint and view direction. The reference frames are rendered at 5 framdsec, and derived frames can be generated at 30
framdsec.
Popescu et a1.1121 have warped layered depth images in the context of an architectural walk-through system. The layered depth
images are synthesized in a preprocessing phase for evely portal.
Chen et a1.[2] used a hybrid LOD-Sprite technique to accelerate
terrain rendering. A sprite image is generated from high-resolution
scene geometry at every keyframe. Then the sprites are reused by
texture mapping in the following frame using low-resolution scene
geometry. The keyframes are generated on the fly. However, the
time to render a keyframe can be as high as three times more than
the time to render a derived frame.
Instead of using an image to represent the entire scene, the imposter methods 16,141 uses image to represent remote objects in a
scene.
Among various warping algorithms, McMillan and Bishop’s 3D
warp method [lo, I11 is an efficient algorithm. It warps the image
with depth information, so it can provide proper parallax and can be
implemented efficiently by incremental computationof the 3D warp
equation and by using an occlusion compatible ordering algorithm
to resolve occlusion without z-buffering. McMillan and Bishop’s
algorithm relies on the epipolar geometry. Given two images, the
epipole in the second image is the projection of the camera location
of the first image into the second image. The epipolar lines are the
image-space lines that pass through the epipole. The relative warp
order for different epipolar lines does not matter, but the points on
a single epipolar line must be warped in a particular order. Thus,
the input image is split into sheets horizontally and vertically at the
epipolar point. Every sheet is processed in a different scan line
order. Popescu et al.1121 pointed out that special attentions should
be paid to the pixels on the row and column of the epipole because
pixels in discrete images have a non-negligible area. They have to
be warped either first or last, depending on the sign of the epipole.
Our work is based on McMillan and Bishop’s algorithm.

3 30 Warp Without Keyframe
3.1 Keyframeless rendering
In a walk-through or fly-through system, the viewpoint changes
gradually. There is substantial coherence in adjacent frames. A
straightforward way to take advantage of this is to render some
keyframes by the ray-casting method and then warp the keyframes
to get the next frames. When the error is beyond a threshold, the
keyframe is rerendered. Because of the change of viewpoint. some
new part of the scene enters the user’s view and some occluded
part of the scene in the keyframe can pop up in the new frame. This
causes holes in the resulting image. These holes can be filled in by
ray casting. Figure 1 shows this method.

As we mentioned before, this keyframe method has the disadvantages of unstable frame rates and nonuniform image qualities.
This method only takes advantage of the coherence between the
keyframe and the derived frame. There are also coherences in the
derived frames. Let’s take a look at Figure 1. Frame 1 is the
keyframe generated by using the ray-casting method. Frame 2
to Frame n are derived frames by warping Frame 1. Actually, at
every derived frame, except the pixels warped f ” the keyframe,
a certain amount of pixels have to be rendered by the ray-casting
method because of the holes in the warped images. These pixels
have a high image quality and likely will appear in the next frames
because of the coherence in the adjacent derived frames. To make
a difference, we use the term “high quality pixels” to refer to the
pixels generated by the ray-casting method in a derived frame
and “low quality pixels” to refer to pixels reconstructed from the
warped image. Traditionally, the keyframe method does not take
advantage of this.
There are two intuitive methods that can take advantage of coherences in derived frames:
1) Warping frame m-1 to get frame m. Image quality degrades
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Figure 3: The keyframeless IBR method. The intermediate image
i+l is rendered by warping the intermediate image i. The exact positions of warped pixels in the intermediate image i+l are recorded
by the offset buffer. After that, the intermediate image i+l is partially updated by ray casting according to the ages of the pixels. The
displayed image i+l is reconstructed from the intermediate image
i+l. The first intermediate image is rendered by ray casting.

Frame n

Pixels Rendered by Ray Casting

Figure 1: A straightforward keyframe technique. The keyframe is
rendered by the ray-casting method. Frames I-n are rendered by
warping the keyframe. The holes in frames 1-n are filled in by
ray casting. When the error is beyond a threshold, the keyframe is
rerendered.

We refer to the final reconstructed image as the displayedimage,
and refer to the warped image before reconstruction as the intermediate image. The exact positions of warped pixels in the intermediate image are recorded by an offset buffer which represents the
offset of the center of the pixels from their nearest neighborhood.
The pixels in the intermediate image are all first rendered by ray
casting in a previous frame and then warped into the intermediate
image at the current viewpoint and view direction.
At the beginning, the first frame is generated by the ray-casting
method. Thus, the intermediate image is exactly the same as
the displayed image. The offsets of all pixels at the intermediate
image are 0. Then, we warp the intermediate image to get the next
intermediate image. The offsets of warped pixels are recorded by
an offset buffer. Now there are some holes in the intermediate
image. We fill in these holes by the ray-casting method. The
displayed image is reconstructed from this intermediate image.
Then, we warp this intermediate image to get the next intermediate
image and reconstruct the next displayed image from the next
intermediate image, and so on.

Figure 2: Offset buffer. The exact positions of the warped pixels
are recorded by an offset buffer.

quickly after several such warps because most pixels in frame m-1
are From reconstruction and have low image quality.
2) Warping the high quality pixels from the previous m-1 frames
to get frame m. Then, the 2-buffer has to be used to resolve the
occlusion. We have to warp scattered points in m-1 frames. The
advantage of the incremental computation does not exist.

Therefore, at any intermediate image some pixels are newly rendered by the raycasting method. Some pixels are warped from the
previous intermediate image. In order to make a differencebetween
these two types of pixels, we use an age buffer to record the age of
a pixel. If a pixel is just rendered in this image by the ray-casting
method, its age is 0. If a pixel is warped from the previous intermediate image and is still visible at the current intermediate image,
then its age is incremented by 1. By using the age buffer, we know
exactly how many times a pixel has been warped from the intermediate image where this pixel is first generated by the ray-casting
method to the current intermediate image. The older the pixel is and
the longer the pixel stays in the intermediate image, the more likely
it will disappear in the next frame, and more important, the more
likely the image quality around this pixel will be degraded. Thus,
the age of a pixel is a nice criteria for the image quality around this
pixel.
In order to guarantee the image quality, we set a threshold for
the ages of the pixels in the intermediate image. If the age of a
pixel is older than this threshold, then we do not warp this pixel.
This probably causes holes in the next intermediate image and these
holes are filled by the ray-casting method.
Therefore, the pixels in the intermediate image are all high qual-

We try to design an image-based rendering technique which exploits the coherencesin the multi-frames which meet the following
requirements :
1) Only high quality pixels can be warped. We do not warp the pixels from reconstruction.
2) No 2-buffer is needed to resolve the occlusion problem
3) Preserve the advantage of incremental computation.
4) No keyframe is needed.
As shown in Figure 2, when a pixel is warped from the keyframe
to frame 1, the center of the pixel generally does not fall exactly
on the grid of the derived frame. Thus a reconstruction process is
needed. However, if we store the exact position of the center of
this pixel in frame 1, warping this pixel from frame 1 to frame2
will have the same effect as warping the original pixel from the
keyframe to frame 2.
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the image coordinates of the reference frame and the derived frame.
are the reference frame and derived frame depth values.
To compute the warped position of the next pixel along a scan
line, incremental computation can be used :

z1 and 22

= start+uincr

For an intermediate image, the next pixel coordinates at the
image space along a scan line is ( U 1 offsetu, v of fsetvl 1)
instead of (U 1 , v, 1) . The incremental computation cannot be
directly used.

+ +

+

Figure 4: Warp order of the intermediate image for a negative
epipole.

+

As mentioned before, we set a threshold for the ages of the pixels
in the intermediate images. That means the number of times a pixel
can be warped is bounded by a threshold. We can use a fixed point
instead of a float point to improve the efficiency. We can quantize
the offset of pixels into levels. Let's supposeat image space the one
pixel distanceis quantized into L levels. At every frame, the warped
pixel position error introduced by the quantization i s 0.5 x ( l / L ) .
Thus, the total possibleerror introducedby the quantizationafter m
warps is bounded by c x m x ( I / L ) , with c as a constant.
Because the offset is quantized, we can precompute
P'lP,. [ offsetu,O,O ] and PC'PI. [ O,offsetv,O
for all
possible levels of the offset and store them in two lookup tables
table,, and table,. Before rendering each new image, we use the
new camera information to precompute values for all lookup table
indices. Then, McMillan and Bishop's incremental computation
method can be adapted by adding two items to compensate for the
offset of the pixels from the regular grid

ity pixels. By using the offset buffer to record the exact positions
of these pixels, warping these pixels from the intermediate image
has the same effect as warping the original pixels from the image
where these pixels were first generated by the ray-casting method.
By using the age buffer, we can control the image quality by setting
a threshold for ages of pixels in the intermediate image. Figure 3
shows our keyframeless IBR method.

3

Please note that Popescu et al. [13] have used the offset buffer
for a different purpose. They used the offset buffer to resolve the
visibility of the pixels. We use the offset buffer to record the precise
positions of the pixels in the intermediate image for further warping.

3.2 Warping the Intermediate image
The pixels in the intermediate image no longer fall in the regular
rectangular grid. However, as shown in Figure 4, the intermediate
image can still be warped by McMillan and Bishop's ordering
algorithm. As we mentioned before, there are two properties of the
occlusioncompatible order [8]: (1) the relative warp order for two
reference-image points on different reference-image epipolar line
does not matter; (2) the points on a single reference-image epipolar
line must be warped in a particular order. Even though the scan
line in the intermediate image is no longer a straight line, these two
properties are still preserved. The formal proof of McMillan [I 13
applies, so the ordering algorithm still works.

= start

3.3
One advantageof McMillan and Bishop's 3D warp algorithm is
the incremental computation. We use the notation of the pinhole
camera model adopted by McMillan [l 11. Then the 3D warp equation is [8] :

+uincr+ table,,[offsetu]+table,[offsetv]

Filling In holes

The holes in the intermediate image are filled in by the ray-casting
method. It can be done efficiently by exploiting the coherence
between rays. For example, we show how to fill in holes in a
voxel-based terrain rendering system. We fill in the holes in the
warped image column by column. In each column, we cast one
ray through each hole pixel bottom up, in order to speed up ray
traversal, by exploiting the specific vertical ray coherence [5, 31
in terrain scenes. As shown in Figure 5, the basic idea of ray
coherence is that for two viewing rays from the same camera that
project onto the same line on the base plane of the terrain, the
higher ray hits the terrain surface at a position farther away from
the viewpoint. By exploiting this ray coherence, ray casting can
be dramatically accelerated by skipping most of the empty space
above the terrain surface.

The vectors a,&? are the basis vectors for the camera coordinate
system. P and C represent the pinhole camera viewing parameter
and center of projection respectively for the images. The iZ1 ,iZ2 are
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Figure 5: The ray to fill in a hole can emanate from the hit point of
the pixel just below it

During our hole filling procedure, ray casting for each image
column is completed in the following steps: first, find the location
of the lowest hole pixel and the depth of the pixel just below this
pixel from the current intermediate image buffer. Cast a ray through
this pixel and use the corresponding depth to skip the empty space
along the ray. In a special case when the lowest hole pixel is at the
bottom of the column, we have to traverse the ray from the image
without any space leaping. Once the hit position is found along
the ray, save the new depth value. Second, move upward along the
column to the next hole pixel and cast a ray through it. If its lower
pixel is a ray-casting pixel, we use its lower pixel depth for space
leaping; otherwise, its lower pixel is a warped pixel, and we use
the lower pixel depth from warping for space leaping. Third, save
the new depth once the hit point is found. Fourth, repeat the second
step, until no hole pixels are left or the current ray does not intersect
with the terrain surface. Finally, search upward along the column
for all remaining ray-casting pixels, and directly assign their colors
to be background color. No ray casting is performed through these
pixels, since they have no chance of intersecting with the terrain
surface.

3.4

Figure 6:Camera Path.

Then we can select that number of pixels from the pixels which
are the oldest in the intermediate image and rerender them by ray
casting. In this way we can balance the workload and guaranteethe
image quality at the same time.

3.5

Reconstruction

Reconstruction is a difficult problem in image-based rendering
techniques. Chang et al.[l] use a bilinear kemel. Four LDI pixels
are updated for each pixel of a reference image. Shade et a1.[15]
use a rough approximation to the footprint evaluation optimized
for speed. The image size is approximated by using a lookup
table. The four splat sizes they used have 1 x 1,3 x 3, 5 x 5, and
7 x 7 pixel footprints. The alpha values are rounded to I, 1/2, or
1/4. Therefore, the alpha blending can be done with integer shifts
and adds. Mark et a1.[7] use a technique to treat the reference
frame as a mesh. The 3D warp perturbs the vertices of the mesh.
Reconstruction occurs by rendering the perturbed mesh triangles
into the derived frame.

Balanclng the workload

At every viewpoint, we need to warp the intermediate image at the
previous viewpoint and fill in the holes. The time to warp an image
is independent of the scene complexity and almost a constant. The
time to fill in the holes by ray casting depends on the number of
holes, which can vary from frame to frame. As we mentioned
before, the holes are caused by :
1) Some region of terrain just enters the current view.
2) Some region of terrain occluded in the previous frame now pops
UP.
3) The ages of some pixels at the intermediate image are older than
a threshold, so we do not warp these pixels.

For simplicity, we use one pixel-wide reconstruction kemel. We
just write a single pixel in the intermediate image in the nearest
neighbor position of the derived image.

The total number of these pixels should be controlled by our
computational ability. We also hope that the numbers of pixels
needed to be rerendered by ray casting at every frame are almost
the same. We cannot control the number of holes caused by (1)
(2). However, we can control the number of holes caused by (3) by
adjusting the threshold. The way to balance the workload at every
frame is to dynamically adjust the number of pixels caused by (3).

4 Experimental Results
Our method was implemented on a Silicon Graphics Onyx’
(1024MB RAM, four RlOOO processors) with Infinite Reality
graphics. However, we did not exploit its parallel processing
capability in our implementation. Only one processor was used.

We set a threshold for the total number of pixels we can afford
We demonstrated our method with a voxel-based rendering system [16]. Our terrain model consists of a 3D terrain volume with a
resolution of 512 x 5 12 x 64and a correspondingregistered aerial
photo. Figures 7 give the experiment results of our algorithm for
a camera path shown at Figure 6 which produces more than 300

to rerender by ray casting. Then, at every frame, after warping the

intermediate image, we count the number of holes. If the number
is beyond our threshold, we can do nothing else except fill in these
holes. However, if the number is below our threshold, we compute
the difference of the threshold and the number of our current holes.
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Figure 7: Time to render each frame by the keyframe IBR method.
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Figure 9: Time to render each frame by the keyframe IBR method.
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Figure 8: Time to render each frame by our keyframeless IBR
method.
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Figure 10: Time to render each frame by our keyframeless IBR
method.

frame images. The image size is 500 x 400. The ray-casting rendering method used in this paper is based on our earlier work[l6].
Figures 7 and 8 show the amount of time required to render each
frame. We compared our algorithm with the keyframe algorithm.
Figure 7 shows the result of the keyframe method. We rendered
the keyframe by the ray-casting method on the voxel terrain model.
Ten derived frames were gotten by warping one keyframe. We can
see that the time to render keyframes is about two times longer than
the time to render the derived frames. Even the time to render derived frames can be quite different. F i g m 8 shows the result of
our method. The threshold for the age of pixels is 10. The number
of pixels needed to be rerendered is about 14 percent of the total
number of pixels in the intermediate image. Comparing Figure 7 to
Figure 8, we can see that our method can get a more stable frame
rate than the keyframe method.
Figures 11 and 12 show a view of the terrain (Frame No. 100).
Figure 11 shows the terrain rendered by the ray-casting method.
Figure 12 shows the terrain rendered by our keyframeless IBR
method. Figure 13 gives the absolute value of the difference between these two images. We quantized the offset of pixels into 1024
levels. Because the threshold for the age of pixels is 10, we think
that the position e m r s of pixels in the intermediate image caused
by quantization and at most 10consecutive warpings are negligible.
The image quality of our algorithm depends on the reconstruction
method. We used one pixel-wide reconshuction kernel and got sat-

isfying results. If more precise reconstruction methods are used the
image quality can be further improved.
We also demonstrated our method on another terrain. The terrain size is 468 x 693 x 64. Figures 9 and 10 show the amount of
time required to render each frame. Figure 9 shows the result of the
keyframe method. Figure 10 shows the result of our method. Figure 14 shows the terrain rendered by the ray-casting method. Figure 15 shows the terrain rendered by our keyframeless IBR method.
Figure 16 shows the difference between these two images. From
these figures we got the following observations: our method get a
more stable w e rate than the keyframe method. The quality of
the images generated by our method is comparable to that of ray
casting and can be sustained at that level.

5 Conclusions and Future Work
We have presented a novel image-based rendering technique used
in voxel-based scene modeling. Our contributions are:
1) We designed a keyframeless image-based rendering technique
-which combines the advantagesof the 3D warp algorithm and the
ray-casting method. The 3D image warp algorithm is used to gain
a high frame rate, and the ray-casting method is used to fill in holes
and to selectively rerenderpart of the image to guarantee the image

quality.
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Figure 11: A Califomia terrain (size: 512 x 512 x 64)rendered by
the raycasting method. (See also Color Plate.)

Figure 14 A Los Angeles terrain (size: 468 x 693 x 64)rendered
by the ray-casting method. (See also Color Plate.)

Figure 12: A Califomia terrain (size: 512 x 512 x 64)rendered by
our keyframeless IBR method. (See also Color Plate.)

Figure 15: A Los Angeles terrain (size: 468 x 693 x 64)rendered
by our keyframeless II3R method. (See also Color Plate.)

Figure 13: The difference between Figure 11 and Figure 12. (See
also Color Plate.)

Figure 16: The difference between Figure 14 and Figure 15. (See
also Color Plate.)
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2) An offset buffer is used to record the precise position of a pixel,
so pixels can be consecutively warped from a single intermediate
image without loss of accuracy. McMillan and Bishop's warp
algorithm is adapted to warp the intermediate image. By quantizing
the offset, we can preserve the incremental computation.
3) An age buffer is used to record the age of a pixel. This provides
a nice criteria for image quality. By slightly adjusting the threshold
for the ages of pixels in the intermediate image, we can balance the
workload at every frame. Our method indeed obtains more stable
frame rates and more uniform image qualities.
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