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Abstract

HDR – High dynamic Range images is a technique that allow or permit a greater dynamic range of luminance in a light or dark area in an image. The ultimate aim of realistic graphics is the creation of images that provoke the same responses that a viewer would have to a real scene. While research into ways of rendering images provides us with better and faster methods, we do not necessarily see their full effect due to limitations of the display hardware. The low dynamic range of a standard computer monitor requires some form of mapping to produce images that are perceptually accurate. Tone reproduction operators attempt to replicate the effect of real-world luminance intensities. This paper reviews the work to date on global tone reproduction techniques. It includes an investigation into the need for accurate tone reproduction and a discussion of techniques to date. The future of tone reproduction is considered, together with the implications of advances in display hardware.
1. Introduction
High dynamic range imaging (HDRI) currently receives more Attention from both academia and industry. For instance, the movie and games industries are rapidly switching to an HDR. The realistic representation of the images demands the below mentioned four elements, high spatial resolution, high temporal resolution, reproducing accurate color and large dynamic range. Images taken in a Digital camera don’t depict the real world scene so effectively; however images taken in HDR devices depict the real world effect efficiently. The ultimate aim of realistic graphics is the creation of images that provoke the same response and sensation as a viewer would have to a real scene, i.e. the images are physically or perceptually accurate when compared to reality. However, realistic rendering is not enough to ensure perceptual fidelity. Displaying an image is also an important part of the overall process, and weaknesses in this area may significantly detract from advances made in image creation. 

2 Tone mapping: an overview
Processing HDR maps for reproduction in LDR media is called Tone mapping or Dynamic Range compression. While research into ways of creating images provides us with better and faster methods, we may not see the full effect of these techniques due to display limitations. For accurate image analysis and comparison with reality, the display image must bear as close a resemblance to the original image as possible. Ideally, if a scene in the real world and an image representing that scene are viewed under the same conditions, it is expected that the real-world scene and the image should have the same tones, i.e. the luminance levels of both scenes match.

Tone reproduction (also known as tone mapping) provides a method of mapping luminance values in the real world to a displayable range. Tone reproduction is necessary to ensure that the wide range of light in a real-world scene is conveyed on a display with limited capabilities. In addition to compressing the range of luminance, it can be used to mimic perceptual qualities, resulting in an image which provokes the same responses as someone would have when viewing the scene in the real world. For example, a tone reproduction operator may try to preserve aspects of an image such as contrast, brightness or fine detail aspects that might be lost through compression.
2.1 The need for accurate tone reproduction

The way in which we perceive images depends on the amount of light available. In dark scenes our visual acuity the ability to resolve spatial detail is low and colors cannot be distinguished. This is due to the two different types of photoreceptor in the eye: rods and cones. It is the rods that provide us with achromatic vision at these scotopic levels, Visual adaptation from light to dark is known as dark adaptation, and can last for tens of minutes; A wealth of psychophysical research, our knowledge of the Human Visual System (HVS) is still limited, but its ability to perceive such a wide dynamic range in the real-world requires some method of reproduction that produces similar images on display devices. In situations where predictive imaging is required, tone reproduction is of great importance to ensure that the conclusions drawn from a simulation are correct Changes in the perception of colors and of apparent contrast also come into play when mapping values to a display device. This approach is understandable given the deficit in HVS knowledge, but is inefficient as the HVS responds as a whole, rather than as isolated functions.

Tone mapping was developed for use in television and photography, but its origins lie in the field of art where artists make use of a limited palette to depict high contrast scenes. It takes advantage of the fact that the HVS has a greater sensitivity to relative rather than absolute luminance levels [6].

2.2 Gamma correction

Gamma correction should always be considered as a step towards displaying an image as it was intended to be seen. However, although gamma correction goes some way towards correcting the data, there is still scope for variation. Most monitors provide brightness and contrast controls. Correction may also have been applied to the image data or in the user software. These potential areas for correction can lead to inconsistencies and it cannot be assumed that an approximation of an ideal display has been achieved.

3 Previous works on Tone Reproduction

Reviews of tone reproduction operators have been carried out in previous years [8, 10], and these also examine the HVS factors that influence the techniques. Two types of Tone mapping can be used: Spatially invariant (also known as  tone reproduction curve (TRC) or global) and spatially variant (also known as Tone Reproduction operator (TRO) or local). 
Spatially uniform operators apply the same transformation to every pixel. A spatially uniform operator may depend upon the contents of the image as a whole, as long as the same transformation is applied to every pixel.
Conversely, spatially variant apply a different scale to different parts of an image. It uses a mapping that varies spatially depending on the neighborhood of the pixel. It depicts faithfully as like that of the human visual system.
This section aims to provide an overview of the global tone reproduction methods
3.1 Spatially uniform operators
In 1984 Miller, Ngai and Miller [11] were the first to use experimental data to try to match brightness in a real scene to brightness of a displayed image of that scene, for the purpose of determining pixel luminance for their architectural rendering system [1].They used psychophysical data on brightness perception from work by Stevens and Stevens [15]. Upstill’s 1985 PhD thesis reinforced the need for perceptual tone reproduction through the use of an explicit perceptual model [21].

Tumblin and Rushmeier [19], also focused on preserving the viewer’s overall impression of brightness, providing a theoretical basis for perceptual tone reproduction, again by using Stevens and Stevens data. This model of brightness perception is not valid for complex scenes but was chosen by Tumblin and Rushmeier due to its low computational costs. Their aim was to create a ‘hands-off’ method of tone reproduction in order to avoid subjective judgements. They created observer models mathematical models of the HVS that include light-dependent visual effects while converting real-world luminance values to perceived brightness images. This method is limited to greyscale and by the preservation of brightness at the expense of visibility in high dynamic scenes [7]. 

Ward’s model [22] dealt with the preservation of perceived contrast rather than brightness. Ward aimed to keep computational costs to a minimum by transforming real-world luminance values to display values through a scaling factor, concentrating on small alterations in luminance that are discernible to the eye. Based on a psychophysical contrast sensitivity model by Blackwell[3] he exploited the fact that the consequence of adaptation can be regarded as a shift in the absolute difference in luminance required for the viewer to notice the variation. Blackwell produced a comprehensive model of changes in visual performance due to adaptation level. This means that a Just Noticeable Difference (JND) in the real-world can be mapped as a JND on the display device.
This approach is useful for displaying scenes where visibility analysis is crucial, such as emergency lighting, as it preserves the impression of contrast. It is also less computationally expensive than Tumblin and Rushmeier’s operator but the use of a linear scaling factor causes very high and very low values to be clamped and correct visibility is not maintained throughout the image [7]. 
Further work by Ward Larson, Rushmeier and Piatko [7] presented a histogram adjustment technique for reproducing perceptually accurate tones in high dynamic display scenes, extending earlier work by Ward [22] and Ferwerda et al. [5]. The main focus of this work was object visibility and image contrast, with a secondary goal of recreating the viewer’s subjective response so that their impressions of the real and virtual scenes were consistent [7].
This technique employs the knowledge that the eye is sensitive to relative rather than absolute changes to luminance, so bright areas should be displayed as bright and dim areas as dim, irrespective of the actual absolute luminance intensity values. Luminance levels are not constant across an image, but appear in clusters that vary in intensity. Also, the eye adapts rapidly to a visual field around the fixation point. For these reasons, Ward Larson et al.’s operator makes adjustments on the basis of luminance adaptation levels in an image rather than on spatial location.
The field of image processing has developed methods to adjust image contrast and visibility. One such method is the histogram equalization technique whereby the grey levels in an image are redistributed to make better use of the display device range and maximise visibility and contrast.
A log of luminances averaged over areas is obtained, and a histogram and cumulative distribution function is built from this information. Cumulative distribution of the luminance histogram is used to identify clusters of luminance levels and initially map them to the display values using a histogram adjustment technique that is based on human contrast sensitivity. Ferwerda et al.’s [7] threshold sensitivity data is used to compress the original dynamic range to that of the display device, subject to the contrast sensitivity limitations of the eye.Although this method is described here as spatially uniform, spatial variation is introduced through the use of models for glare, acuity and chromatic sensitivity to increase perceptual fidelity.

In 1999 Tumblin, Hodgkins and Guenter [18] produced two new tone reproduction operators by imitating some of the HVS’s visual adaptation processes, and also revised Tumblin and Rushmeier’s [19] earlier work. The first, a layering method, builds a display image from several layers of lighting and surface properties. This is done by dividing the scene into layers and compressing only the lighting layers while preserving the scene reflectances and transparencies, thus reducing contrast while preserving image detail. Their compression function follows the work of Schlick [17]. This method only works for synthetic images where layering information from the rendering process can be retained.
The second, a foveal method, interactively adjusts to preserve the fine details in the region around the viewer’s gaze (which the viewer directs with a mouse) and compresses the remainder. In this instance their final tone reproduction operator is a revised version of the original Tumblin and Rushmeier [19] operator, also building on the work of Ferwerda [5] and Ward [22].Both of these operators are straightforward in implementation and are not computationally expensive. The layering method is suited to static, synthetic scenes (displayed or printed) and the foveal method to interactive scenes (requiring a computer display).
 Scheel, Stamminger and Seidel [13] developed a method that permitted tone reproduction for interactive applications by representing luminances as a texture. The luminance of each vertex is coded into texture co-ordinates, and prior to rendering these luminance co-ordinates are mapped into display luminance values through the use of Ward [22] and Ward Larson’s [7] operators. This allows walkthroughs of large scenes where the tone reproduction can be adjusted frame-by-frame to the current view of the user, and focuses on tone reproduction for global illumination solutions obtained by radiosity methods. Tumblin et al. ’s foveal method [18] was interactive to an extent, but relied on pre-computed still images where the fixation point of the viewer could change, but an interactive walkthrough was not possible. 

Spatially uniform operators were chosen due to computational efficiency, and Scheel et al. based their work on operators developed by Ward [22] and Ward Larson et al. [7]. A centre-weighted average is used to determine the probability of the user’s focus. The adaptation levels are computed using samples obtained through ray-tracing, and the luminance of every vertex is held in texture co-ordinates. This can then be updated frame-by-frame. This method of tone reproduction provided a new level of interactivity, but it does not take into consideration adaptation over time.

Work by Cohen, Tchou, Hawkins and Debevec  addresses the problem of HDR image display by storing and rendering high dynamic range texture maps in real time using hardware texturing architectures. In their method, HDR texture maps are stored as two separate 8-bit texture maps, one representing the high intensities and the other the low intensities. During display, these two texture maps are recombined with the aid of a dynamically adjustable exposure level to guide the overall intensity of the result.
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4 Conclusion

Until advances in hardware provide us with a more advanced form of display we will have to depend on tone reproduction operators to deliver the desired perceptual effect. Evolution of display technology has seen the beginning of a move away from the standard CRT monitor to flat screen LCD displays and micro-mirror projection systems, but these have still to become commonplace, and have disadvantages of their own. In the case of LCD displays, limitations are imposed due to shortcomings involving angular dependence, temperature, channel constancy, resolution and a lack of control of gamma. The development of a high dynamic range viewer will allow for testing of existing tone reproduction operators, allowing us to apply the most effective models for our purpose. (Greg Ward has produced an experimental high contrast stereoscopic display with a contrast ratio of 5000:1.) Although our display capabilities are limited, it is important to ensure that the information is stored in a relevant device-independent representation so that none of the HDR information is lost, thus preserving display options. Formats such as the SGI LogLuv TIFF, which can hold 38 orders of magnitude in its 32-bit version, have been recommended [17].
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Knowledge of the HVS is still limited, and modelling its characteristics for the purpose of perceptually accurate tone mapping will be complex and time consuming. The lack of comprehensive image metrics in graphics also limits the study. At present, the answer is to use the most appropriate method for the situation. Depending on requirements, a number of different operators are available for use and they must be selected on the premise of the ‘best tool for the job’. There is undoubtedly a need for the validation of tone reproduction operators, preferably through psychophysical comparison.
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