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Abstract 

Experimental Quality Assessment of  

Ultra-High-Definition  

Resolution Image  

Upscaling of Postprocessing Effects 

 

The cost of the pixel-based post processing methods commonly used in 

real-time rendering increases rapidly depending on the resolution. This paper 

describes the experiments and discussions on the effectiveness of techniques 

of upscaling after post-processing at low resolution to ensure the actual spatial 

performance of post-processing effects at high resolution.  

The experiment first looks at the difference in the qualitative quality of the 

upgraded results at lower resolutions, after classifying typical post processing 

effects based on GPU. We also perform user experiments to determine the 

visible differences between these upscaling, and analyse the relationship 

between the results of user testing and the qualitative quality. While these 

comparison results show that the effects associated with the isotropic blur can 

be effectively used. But the effects associated with the anisotropic and the 

effects without blur are can’t be effectively used. Especially, it has been shown 

that the application of anti-aliasing is effective in these effects. Based on these 
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conclusions, we discuss the use of appropriate resolution of post-processing at 

ultra-high resolution. 

 

Keywords : Image effect, High resolution, Post processing, Upscaling 
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1. Introduction  

 

For computer graphics applications pixel-based post-processing 

techniques have been generally considered as efficient rendering methods. 

Because the geometric-based rendering technique, geometric rendering 

technique, a formal method for applying high quality image effects, is difficult to 

apply at low resolution levels in real-time. It was able to achieve high 

performance and acceptable quality thanks to its pixel-based post-processing 

techniques in Quad HD or lower resolution environment that was popular in the 

past.  

Though, recent developments in display technologies such as desktop, 

mobile, smart TV and Virtual Reality are requiring for ultra-resolution imaging 

of more than 4K to provide clearer and more natural results in many applications.  

However, since the pixel-based post processing method computes for 

each pixel value, the total computational cost dose also increases significantly 

as the number of pixel increases. This makes it difficult to secure the real-time 

guarantee, which is the main purpose of the post-processing technique. 

The level of resolution required is in a rising trend day by day, making it 

necessary to consider whether the existing real-time post-process based 

image effects algorithms are still working at the very high resolution level. In 

addition, the importance of developing the upscaling technology for high-

resolution images has also grown. Upscaling is a technique to convert low-

resolution images and there are various techniques for producing natural 

upscaling results. However, existing upscaling techniques also require 
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verification that they will still function effectively in the most demanding ultra-

resolution environments. 

Accordingly, in this paper we intend to conduct upscaling on major GPU-

based post-processing techniques that are frequently used in games and other 

contents to check the efficiency of upscaling techniques in applying high 

resolution imaging effects. Specifically, we first apply post-processing 

techniques at two low resolution levels, HD, Full HD, and then upscaling it to 

the high resolution, then compare this images with an Image applied to the post-

processing technique on the Ultra HD and we analyze the trend of objective and 

subjective quality changes between two images. Also identifies the difference 

in results depending on whether anti-aliasing is applied.  

In general, when upscaling is applied, the detail information of the original 

image is lost. Therefore, through this experiment, we want to know the 

correlation of the subjective quality that the user perceives against the objective 

quality value. 

To evaluate subjective quality, we carry out a user experiment. We assess 

the actual effectiveness of the upscaling in a high resolution environment and 

we compare and analyze the results of various post-processing techniques to 

ascertain the necessity of upscaling according to the characteristics of post-

processing techniques. 

These experiments verify the practical effectiveness of upscaling in high 

resolution environments and present guidelines for efficient rendering pipeline 

design.  
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2. Related work and Background 

 

2.1 Interpolation Method 

 

Figure 1. Result of upscaling. 

 

Upscaling is the technique to convert low-resolution images into high-

resolution ones. The values of new pixels created by upscaling are calculated 

primarily through Image Interpolation. Upscaling method can be categorized 

according to the complexity of interpolation techniques.  

Low-complexity interpolation techniques include " Bilinear ", " Bicubic " 

[1], " lanzcos " [2], and " Hermite cubic spline. " As the most common 

interpolation technique, this paper also carries out the upscaling using some of 

the relevant upscaling techniques (see Figure 1).  

Bicubic interpolation is especially common in upscaling studies since it is 

easy to implement on GPU, the algorithm is relatively simple, and the resulting 

image quality is higher than bilinear interpolation [3]. Lanzcos interpolation 

used to interpolate the value of a digital signal between its samples. 
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Interpolation is performed in such a way as to create darker areas and lighter 

areas than the original, so as to soften the sharply rising part of the frequency. 

 

 

 

 

Figure 2. Various upscaling techniques. 
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Examples of relatively complex interpolation are Robust Super Resolution 

(RSR) and Sparse-coding Super Resolution (ScSR) [4-5]. RSR is a method to 

detect [4] and remove abnormal values when an incorrect blur or noise is 

present in the image to increase the resolution of the corresponding part. ScSR 

is a method to supplement the machine-learning techniques that require 

extensive training learning data [5], interpolation is carried out using only two 

learning dictionaries 
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2.2 Technology on UHD Resolution 

Although many studies are underway as the importance of up-sampling 

increases with the increase in resolution, further studies are still needed on 

upscaling techniques suitable for real-time rendering level in ultra-resolution 

images   

Aly defined a mathematical model for up-sampling, the total variation with 

the addition of the edge-directed filtering technology, and estimated the result 

from one input image by estimating from the iteration. Optimization calculations 

are likely to be unsuitable in very high resolution environments, as they carry 

a large number of computations [6]. 

Wang, et al increases the resolution in one input image, then estimates the 

displacement map, and creates interpolation images. The two information are 

then used to Interpolate back into one upstream sampled image and then create 

the final image through the edge sharping. The increase in resolution from 200 

× 255 to 1600 × 2040 took 30 seconds [7]. 

 

2.3 Upscaling Experiment with User Test 

Subjective image quality evaluation experiments on UHD images were 

performed and analyzed [8]. The evaluation items are spatial resolution, color 

space, frame rate, and compression rate of the image. As in this paper, 

experiments were conducted by user experiment to determine the difference in 

image quality between HD image and UHD image in real human eyes. As a result 

of the evaluation, overall subjective evaluation of the image quality of UHD 
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resolution versus HD resolution is shown in all evaluation items. At this time, it 

was found that the evaluation result may be influenced by the characteristics of 

the image. The higher the PSNR, the higher subjective image quality was 

obtained. However, as the distance from the viewer to the video is getting longer, 

the ability to recognize deterioration in image quality is lowered. Therefore, 

when the viewing distance is long, the image with low PSNR tends to be 

evaluated as good image quality. 

 

2.4 Relation between Rendering Quality and User Perception 

Regarding deciding quality of render, there is advanced research which 

represents that awareness of user affects quality of render. In [9], control 

between resolution and frame, correlation between resolution and high quality 

of render had been discussed. Even there are but also many other elements 

which can affect quality of render not only control of resolution and frame, it is 

related with awareness of user mostly. Therefor frame and resolution are 

variable. And when costs for each element are fixed, we study when users 

change which variable, they can feel better quality of render. In result, until 

frame rate be 40 fps, users make fps higher. However, after frame rate be 40 

fps, users tend to change both resolution and fps similarly. 
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3. Test Environment and Progress 
 

In this section, we introduce process and environment of test for verifying 

efficiency while we conduct up-scaling after application post-processing 

techniques.  

 

3.1 Test Environment 

Implementation and experiment was performed with OpenGL API on the 

platforms of Intel Core., NVIDIA GeForce GTX 9.8 Titan. For performance and 

quality measurements, four models (Bunny scene, 562,064 triangles; Car scene, 

398,027 triangles; Chicken scene, 15,148 triangles; Table scene, 98,602 

triangles) are used. (figure 3~6).  

And 3 resolutions which are the most common of 16:9 scale, HD, 

1280×720; FHD, 1920×1080; UHD, 3840×2160 have been used. 
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Figure 3. Chicken model for experiment. 

 

Figure 4. Bunny model for experiment 

. 
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Figure 5. Car model for experiment. 

 

Figure 6. Table model for experiment. 

 



11 

 

 

3.2 Test Progress 

The experiment was carried out in two categories, a quantitative quality 

measurement and a qualitative one. All images used in all experiments are 

images that are intended to play for eight seconds using each model, and are 

processed in a way that compares the objective / subjective quality of the next 

three images.  

First, it is a post-processing video directly on the UHD resolution without 

upscaling. Second, it is a UHD resolution video obtained through upscaling after 

applying post-processing techniques at two low-resolution HD and FHD. Third, 

it is a video obtained by taking anti-aliasing on the second video. 

Among three images, Objective quality difference is measured by 

PSNR(Peak Signal-to-Noise Ratio) and SSIM(Structural Similarity). Through 

this, comparing to result video applied post-processing techniques at high 

resolution, result video applied post-processing techniques based on up-

scaling and quality difference depending on whether applying anti-aliasing or 

not are digitized.  

To measure subjective quality, user test should be carried out. User test 

is as below; 

First, with UHD-resolution monitor, let users watch three images which 

are produced by each method of post-processing techniques. Second, let users 

score how result images applied up-scaling are similar comparing to high-

resolution original image with eyes. 
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Figure 7. Process of upscaling experiment. 
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4. Quantitative Experiment 

For the quantitative experiment, we apply the four cases where no 

technique is applied and the case where three post-processing techniques are 

applied. Then, we produce original UHD resolution video, UHD upscaling video 

on HD and FHD resolutions, and video additionally applied anti-aliasing. In these 

three cases, the experiment is carried out by viewing the comparative 

performance and quality compared to the original images. 

 

4.1 Quantitative Experiment 

There are three post-processing techniques used in the experiment: 

Depth of Field (DOF), Motion blur, Screen Space Ambient Occlusion (SSAO), 

all performed on GPU.  

Motion blur [10], the effect that makes blur the moving objects to opposite 

direction, can be implemented with velocity vector of the objects. In case of 

velocity vector, for each objects, calculate difference of position through matrix 

for previous and present frame. Result of render from present frame which is 

not applied blur is rendered by off-screen and materialize blur adding pixel 

positioned at direction of velocity vector. Accordingly, it is categorized in two-

direction blur which includes directional nature. 

DOF which is artifact made from camera lens render phenomenon which 

show object in focusing range clear and others blurred.   
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𝐶𝑜𝐶 = clamp(
𝜔 × max(0, 𝑑 − 𝐹 − 𝑆)

B − S
, 0, 1) 

 

Blur has been changed depending on CoC(circle of confusion) which is 

calculated by function 1 above. Function 1 can be interpreted as below; 

 

ω =   degree of blur 

𝐹 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑓𝑜𝑐𝑢𝑠 

𝑆 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑟𝑎𝑛𝑔𝑒 𝑖𝑛 𝑓𝑜𝑐𝑢𝑠 

𝐵 =   Range for applying blur in maximum 

𝑑 = 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑑𝑒𝑝𝑡ℎ 

 

Through depth map, CoC for each pixel are able to calculated. To prevent 

some part which are applied much blur from aliasing, a number of sample should 

be needed. It reduces performance. Therefore, DOF is materialized with texture 

which was blurred in previous, and the process is as below;  

We prepare 3 rendering results, non-blurred image A, medium blurred 

image B, and maximum blurred image C which acquired by blurring the down 

sampled image A. After this, blending those A, B and C images with linear 

interpolation can present the depth-of-field effect. Simply, since these DOF 

effects blend adding the adjacency pixel values, DOF can be categorized on 

isotropic blur which has no directional tendency.  
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Figure 8.  SSAO algorithm 

 

As SSAO[11] is algorithm which apply light effect cognizing visibility of 

geometry for corresponding pixel through depth map in monitor, Effect parts 

which are cognized as covered up by surrounding on making more dark. Because 

it needs depth value and geometry value, with deffered rending, find position of 

each pixel, normal, depth value.  

Through these values, find spot which are positioned random on 

hemisphere of certain size in normal direction. And with position value of sample 

and depth value of position, whether geometry cover corresponding pixel or not 

are able to be calculated. In case that samples are covered by surroundings, 

corresponding pixel can be considered as covered by surroundings. And during 
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final rendering, it is used for weight to materialize ambient occlusion. This 

method is categorized as method which has no blur effect. 

 

 

Figure 9. MSAA algorithm 

 

 

The Multi Sample Anti-Aliasing (MSAA) [12] technique was used for the 

anti-aliasing technique. MSAA is a technique based on which all anti-aliasing 
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techniques are based, and it creates a natural interface by taking multiple 

samples and giving them the middle color value of the pixels on which the anti-

aliasing occurs. This method is widely used among anti-aliasing. Particularly it 

is much effective when it is used to render high resolution graphic. There are 

three methods which are used in test as Nearest Neighbor interpolation, Bilinear 

interpolation, Hermite Cubic spline interpolation. These all are carried out at 

GPU.  

The latest upscaling techniques tend to concentrate on improving quality, 

making it difficult to ensure real-time performance. For this reason, 

experiments were conducted using typical upscaling techniques that are widely 

used. 

First, nearest neighbor interpolation method select pixel which is 

positioned closet to part to find out, as not considering other value of neighbor 

spot, to find out value of vacant pixel with nearest pixel. As this algorithm 

materialization is too easy to be used with map mapping in real time 3D 

rendering, it is mainly used to decide value of color on texture surface. 

Bilinear interpolation method is based on Linear interpolation. each pixel 

carries out Linear interpolation three times. New produced pixel can be get by 

multiplying four pixels which are positioned close to weight. And each weight 

can be decided by being proportional to distance from each pixel. This method 

is also known as typical easy up-scaling method.  

Hermite cubic spline interpolation method expresses spreading spot as a 

tertiary polynomial. And make these values and value of primary differential 

interpolate to be connected. Even though a tertiary polynomial can be 
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materialized easy, there are limit that all primary differential of data points has 

to be found. 

Two metric types are used to measure the quantitative figures: PSNR and 

SSIM. PSNR is the Peak Signal-to-noise ratio, which is the power of the noise 

relative to the maximum power a signal can have. It is typically used to evaluate 

quality loss information in video or video loss compression. SSIM is the 

structural similarity index used to measure the similarity between the two 

images. 
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4.2 Quantitative Experiment Results 

 

 

Figure 10. Quantitative Experiment Results 1 
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Figure 11. Quantitative Experiment Results 2 
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Figure 10 and Figure 11 are result graphs measuring image performace 

carried out based on post-processing techniques. First, there is performance 

reducing when MSAA is applied mainly. With figure 2a, performance load of up-

scaling can be checked. When up-scaling performance is measured without 

effect of post-process techniques, up-scaling in FHD spend much time than in 

HD.   

Through this, we can understand that the lower resolution before carrying 

out up-scale, time for render should be increased. Also to carry out render 

directly at High-resolution (the highest FHD-Resolution) has better 

performance than to carry out render at UHD-resolution directly unlike result 

of [13] which show that results applied up-scaling reduce performance because 

of up-scaling load.  

It seems that load by original render is not profit in size which is made by 

up-scaling since UHD is Ultra high resolution video. In figure 2b, 3c-d, 

performance of up-scaling is higher than render at high-resolution. Because 

degree of increasing performance from post-processing techniques at low-

resolution is bigger than degree of up-scaling.  

In figure 2a-b and figure 3c-d, there is difference for each method of up-

scaling. In order of Nearest Neighbor, Bilinear, Hermite Cubic known as the 

easiest up-scaling method It has high performance but not big. 
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Figure 12. Without Post-processing on Chicken scene 
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 Figure 13. Without Post-processing with MSAA on Chicken scene
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Figure 14. DOF on Bunny scene 
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Figure 15. DOF with MSAA on Bunny scene 
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Figure 16. Motion Blur on Car scene 
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Figure 17. Motion Blur with MSAA on Car scene 
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Figure 18. SSAO on Table scene 
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Figure 19. SSAO with MSAA on Table scene 
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In average, DOF shows the lowest quality matrix on SSIM and PSNR 

results. The all post-process effects have trends that upscaling FHD to UHD 

gets higher scores than upscaling HD to FHD. And applying MSAA makes better 

quality figures than non-MSAA for all cases.  

 

4.3 Quantitative Experiment Discussion 

Comparing to original UHD video, up-scaling video achieve considerable 

performance improvement about 150~200% in average. Particularly SSAO of 

FHD video shows performance improvement about 7 times comparing to HD 

because SSAO spent lots of time for getting higher performance profit by up-

scaling during Ultra-High resolution render due to much computation.  

Even though All cases occur performance reduction slight, it is interpreted 

that efficiency of MSAA should be high in increasing quality showing that PSNR 

SSIM value is 1.8%/0.4% without post-processing techniques, DOF is 

2.4%/1.4%, Motion blur is 5.3%/0.1% and in case of SSAO, there is 4.4%/0.2% 

rate of increase.  

Also the reason why the higher initial resolution, the higher quality score 

is when up-scaling is carried out at low initial resolution, reducing result quality 

of up-scaling is shown strongly due to lowing accuracy of interpolation. 
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5. Qualitative Experiment 

UHD display which was used in qualitative test is Samsung 

LU32H850UMKXKR monitor with 32 inch. In [14], Video result is detected 

when the distance is 0.75H (H: Height of monitor). However, depending on 

discrimination of observer, watching distance should be 1.6H. Therefore, 

watching distance has been supposed as 84cm for compromise between 

immersion effects and sight. 

 

5.1 Qualitative Experiment 

For user test, grouping should be recommended as 15 laymen at least with 

normal sight. In this test, 31 subjects have been participated. Among 

participants, 16 are men and the others are women.  12 participants are major 

in computer science and the others are non-specialist for computer. 22 have 

experience in programming, the others have no experience in programming. 

Experimental group is not expert in field which is related with image processing 

or high-resolution. Age for participant is from 22 to 32 with average 26.6. All 

has normal or corrected vision. In as much as the required eye-sight should be 

more than 84cm, we carried out eye-sight test through Snellen chart of shorten 

distance for UHD quality test. All participants passed eye-sight test before 

experiment and this is process to reduce variable at most. 

The method of experiment is as below. Participants watch three video 

which is made as 8 seconds for each case. Video which is applied to post 

processing technique at original UHD resolution, video which is applied as from 
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post processing technique at low resolution to high resolution through up-

scaling and video applied to up-scaling and anti-aliasing too. For each post-

processing techniques and up-scaling, each test will be processed by repeated 

watching. 

Concept regarding up-scaling and post-processing techniques is provided 

briefly in survey method. After watching 3 videos, evaluate how similar it looks 

that between other up-scaling comparing to original high resolution and video 

which is applied to up-scaling and anti-aliasing with eyes. It will be progressed 

that when evaluation is same, give marks 100 points and when different 

completely, give marks 1 point. After counting score for all participants in 

average, we verified tendency.  
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5.2 Qualitative Experiment Results 

 

Figure 20. User test results 

 

All cases which is up-scaling at FHD is higher maximum 15 point than HD 

in result of user test commonly. Making difference between methods of up-

scaling, Hermite cubic interpolation method was better than others. 

Each effect of post-processing techniques is as below. None-applying 

post processing techniques recorded 80.6, DOF was 87.5, Motion blur 77.3 and 

SSAO did 75. Unlike result of objective value of quality, DOF was the highest. 

Particularly, Through Hermite Cubic interpolation method, applying up-scaling 

at FHD was 97 in average which recorded the highest among others. 
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Regardless of kinds of post-processing techniques and up-scaling, 

difference of user test score was higher than objective value of quality did 

depending on Whether applied MSAA or not. In average, case which is not 

applied to post-processing techniques show about 14.6%, DOF is 11.3%, Motion 

blur is 14.3% and SSAO show 16.9% rate of increasing. When MSAA has no 

effect on blur, efficiency is higher. 

 

5.3 Qualitative Experiment Discussion 

Depending on character of post processing techniques, score distribution 

for each model show different tendency. DOF show the highest score 

distribution while it records lower score than others in objective quality 

evaluation. Because DOF which is isotropy blur make same quantity of blur in 

all direction, Reduction of quality is not outstanding during up-scaling. At the 

same reason, differences of score among method of up-scaling is also slight. 

When there is no blur effect with applying MSAA, Quality score is higher. 

Without blur in video, Users can observe aliasing phenomenon of edge of eye 

better due to high efficiency during relaxing aliasing through MSAA. 
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6. Limitation 

To maximize effect for each post processing techniques, there is limitation 

as below as we use different model each by each during test. Depending on 

complication of model, most frequency can be affected. Accordingly, when there 

is change for resolution, Degree of PSNR reduction higher as much as 

complicated model. Because this difference might be reflected in result of user 

test, it can be limitation. Therefore, it is needed to check each result depending 

on complexity applied to all effects for additional model.  

Image quality deterioration consists of two image degradations, upscaling 

and post-processing. Therefore, there are limitations that the evaluations in 

this experiments include two image deterioration caused by upscaling of the 

original image though accurate inference needs to remove the two factors. 
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  7. Conclusions 

In this paper, we propose efficiency of up-scaling after post processing 

techniques at low resolution to secure post processing effect at Ultra-High 

resolution. In result, character of post processing techniques, resolution of 

original video before up-scaling and tendency depending on whether MSAA is 

applied or not can be figured out. Also upscaling itself has enough meaning, so 

it has a different domain from general vision based super sampling. 

While performance profit is made when up-scaling is applied, detail 

information of original video might be lost. For this in quantity test, there is 

quality difference through PSNR and SSIM test. However, in the result of user 

test, it is not considerable that how users feel reduction of objective quality. 

Particularly effect which includes isotropy blur has no much effect regardless 

of kinds of up-scaling method and resolution even anisotropy blur.   

In particular, if the post-processing technique includes blurring effects, 

the interpolation interface is not well observed, so the overall subjective quality 

score is high regardless the resolution and upscaling techniques. DOF, the 

isotropic blur, can be considered that the effect and utility is high as the results 

shows the lowest objective quality value, however the subjective quality value 

shows the highest value. In this case, there was no significant difference 

depending on whether MSAA was applied or not.  

However, in the case of the post-processing method which does not 

include the blur effect, there is differences on both objective and subjective 

quality values depending on the resolution of the original images and the type 

of the upscaling techniques. Upscaling FHD to UHD rather than HD to FHD, and 
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on the average, Nearest Neighbor, Bilinear and Hermite Cubic techniques show 

higher effectiveness and utilization. MSAA showed a great efficiency as it 

caused a slight decrease in performance, while it increases the user 

experiments scores about 15.3% on average. It can be seen that the application 

of MSAA during upscaling is very important. Future research will be carried out 

to confirm the effectiveness of up-scaling experiments for various post-

processing techniques. 
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논문요약 

 

후처리 효과의 초고해상도 영상 

업스케일링의 품질 비교 실험 

 

 

성균관대학교 

전자전기컴퓨터공학과 

노 유 리 

픽셀 기반 후처리 방식은 실시간 렌더링에서 많이 사용되지만 해상도에 

따라 그 비용이 급격히 증가한다는 단점이 있다. 이에 본 논문은 저해상

도에서 후처리 후 업스케일링하는 기법의 효용성에 대한 실험을 통해 초

고해상도에서의 후처리 효과의 실시간성 확보를 위한 업스케일링 기법의 

가이드라인을 제시하고자 한다. 실험을 위해 먼저 GPU 기반의 대표적인 

후처리 효과들을 분류한다. 그리고 저해상도에서 고해상도로 업스케일링

한 결과의 정량적 품질 차이 및 가시적 차이를 보기 위한 사용자 실험을 

수행하고, 사용자 실험의 결과와 정량적 품질 사이의 관계를 살펴본다. 비

교 결과, 후처리 효과의 특성에 따라 상이한 결과가 나타났는데 등방성 

블러와 유사한 효과는 업스케일링이 효과적으로 쓰일 수 있는 반면, 이방

성 블러와 유사한 효과 및 블러가 없는 효과는 낮은 효용성을 보였다. 특

히, 앤티앨리어싱의 적용 시 효용성이 증가함 또한 보여 졌다. 이러한 결

론을 바탕으로 초고해상도에서 후처리의 적합한 해상도의 용법을 토론한

다.  

 

주제어: 영상 효과, 고해상도, 처리, 업스케일링 
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