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Abstract. This paper presents an effective approach to rendering vir-
tual 3D objects using real-time image based lighting (IBL) with con-
ventional 360◦ panoramic video. Raw 360◦ panoramic video captured in
a low dynamic range setup is the only light source used for the real-
time IBL rendering. Input video data is boosted to high dynamic range
using inverse tone mapping. This converted video is then reconstructed
into low-resolution diffuse radiance maps to speed up diffuse rendering.
A mipmap-based specular sampling scheme provides fast GPU rendering
even for glossy specular objects. Since our pipeline does not require any
precomputation, it can support a live 360◦ panoramic video stream as the
radiance map, and the process fits easily into a standard rasterization
pipeline. The results provide sufficient performance for IBL via stereo
head mounted display (HMD), an ideal device for immersive augmented
reality films and games using 360◦ panoramic videos as both the lighting
and backdrop for illumination composition.

1 Introduction

With the recent rapid growth of interest in stereographic head-mounted displays
(HMDs) such as the Oculus Rift [1], content for HMDs is being created at a
steadily increasing rate. One important application of content for HMDs is in
the creation of virtual reality (VR) and augmented reality (AR) experiences.
In particular AR is a live direct or indirect view of a real-world environment
whose elements are augmented by computer generated content such as 3D virtual
objects. In order to maximize the immersive experience of AR content on HMDs,
the seamless composition of the 3D virtual object and the real-world environ-
ment is important. Image based lighting (IBL) [2,3] has been used to emulate
global illumination (GI) within a real-world scene, where the distant ambient
and directional lighting is stored in a single image acting as the radiance map.
This method provides high quality, realistic lighting useful for photo-realistic
rendering and composition with real-world scenes in live-action films, and aug-
mented reality. The image used for IBL is created by capturing high dynamic
range (HDR) 360-degree panoramic images using photographs at various angles
and exposure levels. A 360-degree panoramic image can also provide an ideal
and intuitive format for HMDs to cover the whole range of viewpoints arising
from motion of the viewer’s head. Because of this the hardware for capturing
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Fig. 1. IBL rendering for stereoscopic output using 360◦ video via our pipeline (left),
and the result in head-mounted display (right).

panoramic images and video has become readily available, and as a result many
360◦ videos (video captured with a full spherical 4π steradian field of view) can
be found on popular video sharing websites such as YouTube [4]. These videos
provide a high level of immersion when viewed via HMDs, for a relatively low
cost of content production.

The use of 360-degree panoramic images for virtual object lighting in aug-
mented reality has already been proposed [5] and studied in previous research
[6]. However when using conventional 360◦ video as the radiance map for IBL, we
need to consider some additional challenges. Firstly IBL requires a high dynamic
range (HDR) image of the scene environment to be captured. This requires views
of various angles and exposure levels to be provided, and is generated by a user-
guided post processing step. Although it is possible to create HDR 360◦ video
using a special device setup such as in [7,8], conventional 360◦ videos [4] are
captured using low dynamic range sensors and cannot provide enough dynamic
range data for direct use in IBL. Secondly the IBL technique used must provide
real-time rendering of a pair of stereo images shown at high frame rate; HMDs
often require stereo rendering of 60 to 90 frames per second (FPS) in order to
prevent visual discomfort [9]. Finally, when considering a live 360◦ video stream
for immersive AR applications, precomputation of the radiance map is tricky
and limited [10].

In this paper we present a novel pipeline that addresses the above challenges
practically. Recent perceptual studies [11,12] have shown that the proper inverse
tone-mapping algorithm can reconstruct the dynamic range that is required for
IBL, from low dynamic range (LDR) input, and to such a level that the human
visual system (HVS) cannot perceive the difference. Chalmers et al. [11] provide a
threshold of image resolution that maintains the seamlessness of the final illumi-
nation composition. We adapt the perceptual threshold of the HVS to optimize
our pipeline. The dynamic range of the LDR 360◦ video is converted to HDR
using an inverse tone mapping operator. By using low-resolution versions of the
panoramic video in lighting calculations for which the result is perceptually sim-
ilar, we are able to emulate various common material properties in real-time.
A mipmap-based specular sampling scheme provides fast rendering even for
glossy specular objects. Since our pipeline does not require any precomputation,
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it has the potential to support a live 360-degree panoramic video stream as
the radiance map, and the process fits easily into a standard GPU rasteriza-
tion pipeline. The resulting pipeline reliably provides framerates of over 75 Hz,
as required for comfortable viewing on stereo HMDs. The result is the IBL of
3D objects providing a seamless mixture of illumination with the 360-degree
panoramic video backdrop. Based on our survey, this is the first practical sys-
tem that provides interactive IBL from an LDR 360◦ live video stream suitable
for HMDs. The overview of the system pipeline is shown in Fig. 2, and examples
of the results for some test video frames can be seen in Fig. 8.

Fig. 2. System overview

2 Background and Related Work

Image based lighting was described early on by Miller and Hoffman [2] and
has been popularized by Debevec [3], who has among other applications used
it to convincingly render virtual objects into real-life photographs [13]. Heidrich
and Seidel [14] described real-time use of IBL, precomputing diffuse and glossy
material lighting integrals to efficiently render these materials by looking up the
precomputed values according to surface normal or reflection direction. Kautz
and McCool [15] simulated more complex material types by approximating their
reflectance properties as a linear combination of glossy reflection from multiple
directions. These techniques form the core of many real-time IBL applications
(see for example [5,16]).

Ramamoorthi and Hanrahan [17] described an efficient way to represent dif-
fuse radiance maps. They showed that the precomputed lighting integrals for
diffuse materials can be described using only a very small number of coefficients
in a spherical harmonics basis. These coefficients were shown by King [10] to be
able to be calculated in real-time using a dedicated graphics processor, allowing
real-time IBL of diffuse materials without precomputation.
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An alternate method of calculating material lighting, which has become more
performant as graphics hardware has improved, is to approximate the light-
ing integral directly by sampling from many points on the environment image.
Recently this has been used by Kronander et al. [8] to render a virtual object into
video in real-time (around 25 frames per second on an Nvidia GeForce 770). For
real-time performance it is necessary to use an importance sampling technique
(such as [18]) so as to get the most accurate result with the smallest number of
samples. To obtain their environment image they used a special device, an addi-
tional HDR video camera mounted underneath the primary LDR video camera
shooting the scene. This HDR video camera recorded the environment via an
attached light probe [3].

Recently Michiels et al. [19] presented a method for IBL using 360◦ video
to provide lighting for virtual objects. They analyze video from a moving 360◦

video camera in order to determine the position of the camera at each frame.
They then use the frames to vary the lighting on a virtual object as it is moved
around a reconstructed virtual environment. As well as having a different focus,
their technique is also different from ours. They calculate their lighting in terms
of spherical radial basis functions [20], which requires precomputing the lighting
for each video frame in this basis. According to our survey, we could not find
any prior work creating real-time IBL rendering using conventional LDR 360◦

video as the radiance map without a special device or precomputation.
The main difference in our technique stems from recent perceptual studies.

Chalmers et al. [11] observed that the resolution of an environment image being
used for lighting could be greatly reduced without causing any noticable differ-
ence to the rendered scene. Akyüz et al. [12] found that a simple tonemapping
operator is often adequate for believably converting LDR images to HDR. We
use these results to perform lighting calculations in real-time, by reducing the
resolution of our input and tonemapping LDR to HDR as appropriate.

3 Real-Time IBL from 360-Degree Video

We present a real-time IBL system using 360◦ video. The input video frame can
be used to directly represent specular reflection, and along with techniques for
representing glossy and diffuse surfaces, a large number of real-world opaque
materials are able to be simulated. In order to provide real-time diffuse illumi-
nation, we generate a new diffuse radiance map per frame, which can be done in
real-time at a perceptually optimized lowered resolution [11]. For specular mate-
rial types including mirror-like and glossy specular, we sample light from the
radiance map according to the reflectance function, at an appropriately reduced
resolution using mipmaps [21]. We test our method using three different mater-
ial setups: diffuse reflection, pure specular reflection, and glossy specular reflec-
tion. These properties can be combined to simulate a wide range of believable
materials.
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3.1 Diffuse Illumiation

Diffuse lighting is calculated by generating a diffuse radiance map, as in [2], and
sampling from this according to surface normal direction. Assuming fixed aspect
ratio, generating the diffuse radiance map is an O(N4) operation in environment
image height. For even fairly low resolution environments this quickly becomes
prohibitive. We find viewing on HMDs however, that even when calculated at
resolutions as low as 32 by 16 pixels, the diffuse lighting remains visually similar
to the full-resolution version when sampled with bilinear filtering as shown in
Fig. 3. Most of the output images in this paper were generated using 32 by 16
diffuse maps. A comparison including generation times can be seen in Fig. 3.
Even at 128 by 64 pixels the maps can be generated on a low-end graphics
card more quickly than standard video framerates require, and as Chalmers
et al. show [11] lighting using diffuse maps down to 80 by 40 pixels can be
perceptully indistinguishable from lighting using full resolution maps. Once the
diffuse radiance map for a frame is generated, the diffuse lighting calculation for
any point on an object’s surface consists simply of a single texture lookup.

3.2 Specular Illumination

Pure specular reflection can be easily achieved by using the input video frame
as an environment map. To calculate the specular component of material colour,
we simply take the vector from surface to camera, reflect it across the surface

(a) HDR input image (b) 1024 x 512 (60s) (c) 1024 x 512 in use

(d) 128 x 64 (15ms) (e) 64 x 32 (1.5ms) (f) 128 x 64 in use

(g) 32 x 16 (0.5ms) (h) 16 x 8 (0.3ms) (i) 32 x 16 in use

Fig. 3. Diffuse radiance maps computed at various resolutions. Generation time on an
Nvidia GeForce 730 is given in parentheses. Maps are displayed and sampled using
hardware bilinear filtering.
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Fig. 4. Specular and glossy specular reflection. The environment is sampled at and
around the direction of specular reflection according to the size of the glossy lobe,
which is determined by a material roughness parameter.

normal, and sample from the environment map in this direction, as shown in
Fig. 4a. Generating accurate glossy specular reflection is computationally expen-
sive. However, it can be approximated by computing glossy environment maps
in a similar manner to the diffuse environment map. This is fine for very rough
surfaces where the glossy lighting calculation is similar to the diffuse lighting
calculation, but it becomes prohibitive as the surface roughness decreases and
the gloss level approaches specular. The closer to mirror-reflection the gloss level
is, the higher the resolution of the glossy environment map needed to describe it.

An alternative approach is to directly sample from the specular radiance map
(in our case the original video frame), which we do efficiently using a technique
similar to that of Colbert and Křivánek [21]. We take a small number of samples
in a radius around the specular direction, choosing a mipmap level appropriate
to the angular distance between samples. The sampling radius depends on the
surface roughness parameter. For lower roughness, a higher resolution mipmap
level is sampled from, but the decreasing radius of the glossy reflection lobe (see
Figs. 4b and 5) means the same number of samples is required independent of
roughness level. In this way glossy specular lighting can be approximated using
a fixed number of texture lookups per rendering fragment. In our tests we found

Fig. 5. To approximate glossy reflection we sample from an appropriate mipmap level
of the input environment map, according to the size of the glossy lobe. The number of
samples remains constant.
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that taking about 18 samples inside the primary glossy lobe, 18 samples outside
it, and weighting them by a simple Phong model [22] gave fast and believable
glossy surface lighting. While this is sufficient for demonstrating the validity of
our pipeline, more complex or efficient techniques such as in [21,23] could easily
be substituted (Fig. 6).

Fig. 6. Glossy specular reflection for various lobe sizes determined by a roughness
parameter of, from left to right: 0.01, 0.05, 0.1, 0.2, 0.5.

4 Inverse Tone-Mapping from LDR to HDR

In a typical IBL setup, all lighting calculations will assume HDR lighting input.
The difference between scenes rendered using LDR and HDR IBL is immediately
apparent (see Fig. 7), with HDR lighting greatly increasing the realism of scenes
when compared with LDR lighting. It turns out, however, that simple auto-
matic LDR to HDR conversions can be sufficient for creating believable lighting
effects [11,12] when targeting the human visual system. As such we are able to
believably light virtual objects using only LDR video.

The tone-mapping operator we use is independent of varying frame proper-
ties, applying the same transform to each pixel individually. As such it is easily
and efficiently implemented on the GPU. We chose this tonemapping operator
as a compromise between those in [11,12], and it appears likely from our exper-
imentation that other simple tonemapping operators would work just as well.

Given an input RGB value we first determine input luminosity as

Li = 0.3 · Ri + 0.59 · Gi + 0.11 · Bi, (1)
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(a) LDR (b) tonemapped LDR (c) HDR

Fig. 7. Comparison of lighting using an LDR environment image (left), an LDR-HDR
tonemapped image (middle), and an HDR environment image (right). The simple
tonemapping method provides believable results when viewed independently, although
it may not perfectly match the HDR lighting result (especially for very high contrast
scenes such as the bottom scene here).

where Ri, Gi and Bi are the red, green and blue components of the input image,
as values between 0.0 and 1.0, and Li is the calculated input luminosity. We
then calculate a desired scaling factor Ls based on this input luminosity as

Ls = 10 · L10
i + 1.8. (2)

The output red, green and blue components are then determined by

[Ro, Go, Bo] = Ls · [Ri, Gi, Bi]. (3)

Parameters here were determined by experiment, and those in Eq. (2) have
been used for all examples in this paper. After this operation, the converted
image is used as an HDR radiance map in the following rendering steps.

5 GPU Implementation

We implemented our method using the GPU, and tested on various consumer-
grade video cards including Nvidia GeForce 690, 770 and 980 as well as AMD
Radeon 270. The pipeline was laid out as follows.

While GPU instructions are being queued, a separate thread loads and
decodes the next video frame. This is passed to the GPU using a pixel buffer
object for asynchronous memory transfer. As our target display refresh rate is
much higher than typical video framerate (minimum 75 frames per second for
HMD, typical 25 frames per second for video) one frame is used for display as
the next is being loaded, giving smooth video performance.
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Input : LDR 360° video
Input : 3D mesh data
Output : LDR framebuffer texture for display
while program running do

if time elapsed > 1 / video FPS then
/* tonemap next frame to HDR texture */

for pixel ← video frame do
pixel colour *= 10 * (pixel luminance)10 + 1.8;

end
/* render diffuse radiance map */

for outpixel ← diffuse map do
accumulator = 0;
weight = 0;
for inpixel ← low resolution specular map do

inpixel area = cos(inpixel latitude);
inpixel weight = inpixel area * angle between(inpixel, outpixel);
accumulator += inpixel weight * environment colour(inpixel
direction);
weight += inpixel weight;

end
outpixel colour = accumulator / weight;

end
reset elapsed time;

end
draw specular environment to output buffer as background;
rasterize virtual objects into output buffer using IBL shader;

end

Algorithm 1. Real-Time IBL Process

The main pipeline works as depicted in Fig. 2. The basic procedure is
described in Algorithm 1. The diffuse radiance map is upscaled simply by
enabling bilinear texture filtering. For head-mounted stereographic display, the
display process is executed twice, once for each eye (see Fig. 1 for example out-
put). Object lighting is performed in a GPU fragment shader. Specular and
diffuse lighting consist simply of texture lookups into the specular and diffuse
radiance maps. Glossy specular lighting uses a somewhat more complicated sys-
tem of sampling in a fixed pattern from lower-resolution mipmap levels of the
specular map. The specific sampling system we used was to take samples in con-
centric rings around the specular direction, with six samples per ring, three rings
inside the glossy lobe (see Fig. 4b), and three rings outside it. Which mipmap
level to sample from is determined by taking the distance between samples in
a ring, and choosing the level with an equivalent distance between pixels. Sam-
ples are weighted by a Phong model [22], and the radius of the glossy lobe is
defined to be the distance at which the weighting is 0.5. To reduce discretization
artifacts, hardware trilinear filtering is enabled.
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6 Results

We tested our method on several 360◦ videos obtained from a popular video
sharing website [4]. Video resolutions were between 1920× 960 and 2048× 1024,
with framerates between 24 and 30 Hz. We tested various 3D objects without
texture maps including Teapot (6320 triangles) and Bunny (69451 triangles).
Five objects were displayed at once, each using a different combination of the
material setups described in Sect. 3. We show that lighting virtual models using
this method, with nothing other than LDR 360◦ panoramic video as input, gives
believable results over a wide variety of input lighting conditions (see Fig. 8).
We rendered a single camera view at 1280× 720 resolution. By subjective visual
comparison, lighting of the virtual objects seems to match that of the background
video in all tested cases.

Fig. 8. Output of our pipeline for some of our test video frames. The input 360◦ video
frame is displayed on the top row, and the generated diffuse radiance map on the
second.

Rendering with tonemapped LDR to HDR frames seems quite sufficient for
believable lighting (see Fig. 7). This is in agreement with [11,12]. Rendering using
only the LDR frames for lighting appears dull, and does not match the back-
ground scene. Performance of the GPU based IBL is quite efficient, executing
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at around 90 Hz (11ms per frame) on a GeForce 690 and around 500 Hz (2ms
per frame) on a GeForce 980. This leaves plenty of time for additional render-
ing tasks. Additionally, we tested our method in an Oculus DK2 HMD. Using
an Nvidia GeForce 690 we were able to render stereo output at 1182× 1464
resolution for both eyes (see Fig. 1) of the HMD comfortably at 75 Hz.

7 Conclusion

This paper presents an effective approach to rendering virtual 3D objects using
real time image based lighting (IBL) with conventional 360◦ panoramic video.
Using only low dynamic range 360◦ panoramic video as input we find that 3D
virtual objects can be nicely composited into the panoramic video using IBL
rendering. This form of video-based object lighting can be done entirely in real-
time and with no precomputation required.

The visual quality of our result is similar to previous IBL techniques requir-
ing precomputation and HDR environment images. This is achieved using the
perceptual observation that low resolution environment maps and tonemapped
LDR to HDR images can be sufficient for believable lighting.

One aspect of virtual object rendering we do not consider is that of shadow-
ing. A possible extension of this work would be to incorporate an existing real-
time shadowing technique such as that of [6]. There is also room for improvement
in the compositing technique used to blend the rendered virtual objects with a
perspective view of the input video. A potential improvement might be to render
the virtual objects directly into the video frame, which we have not yet explored.

Our main contribution is a fully self-contained real-time system for light-
ing virtual objects so as to match an environment provided via LDR 360◦

panoramic video content. The novelty of our work is that our system requires
no prior analysis of the video stream, can simulate complex materials efficiently,
and can work using only readily-available LDR content. The system is efficient
enough to render in real-time at the high framerates and resolutions required for
immersive head-mounted display. While each component of the pipeline could
be improved using more sophisticated methods, a balanced trade-off between
perceptible visual quality and sufficient rendering performance is required for
practical applications.
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