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Abstract 

Video compression and decompression are essential parts of multimedia 

communications. Lowering the bit rate while maintaining good video quality remains a 

considerable challenge with increasing video resolutions and frame rates. In particular, 

the introduction of 4K and 8K video resolution has created a significant demand for 

efficient video compression appropriate for these high resolutions. The International 

Telecommunication Union (ITU) and the Moving Picture Experts Group (MPEG) have 

introduced High-Efficiency Video Coding (HEVC, also known as H.265) that has better 

compression efficiency at the same or higher video quality, compared to earlier video 

coding standards. In this project, a video coding and simulation tool was developed based 

on open-source implementations of HEVC encoders and decoders. The tool, named 

HEVC-SIM, can be used to encode raw video, analyze the packet structure and simulate 

packet loss. In addition, two error concealment methods were implemented to help the 

video decoder recover from packet loss. Simulations were carried out to assess the 

effectiveness of the various algorithms implemented in HEVC-SIM. 
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Chapter 1.  
 
Introduction 

1.1 Background 

Internet users have significantly increased their demand for video content. 

YouTube and Netflix are some of the prime examples that demonstrate how people are 

using the Internet to stream videos, thus adding to the Internet traffic. It is estimated [14] 

that by 2018, video will account for 75% of the Internet traffic. Moreover, the 4K (Ultra-HD) 

and 8K resolution video will become the broadcasting standards of the future. For these 

reasons, there will be additional pressure to develop video codecs with higher coding 

efficiency that deliver lower bit rates and higher video quality. As the current answer to this 

increase in video demand, High Efficiency Video Coding (HEVC, also known as H.265) 

comes as a new coding standard with 50% lower bit rate at the same video quality 

compared to the earlier standard H.264 [1]. 

The HEVC standard has been designed to significantly reduce the bit rate for the 

same video quality, especially at high resolutions. It can support video resolutions from 

320240 to 81924320 (widthheight in pixels). The International Telecommunication 

Union (ITU) and the Moving Picture Experts Group (MPEG) finalized this standard on 

January 25, 2013. The scalable coding extension, multi-view extensions, and 3D 

extensions have also been developed based on HEVC. The main coding tools of HEVC 

are still based on Inter/Intra picture prediction, motion vector prediction and coding, spatial 

transform, loop and deblocking filters, as its predecessor H.264. The H.264 uses fixed 

sized macro block (MB) for each frame, whereas the HEVC uses variable size block which 

is renamed as coding tree unit (CTU). This variable size coding tree unit helps to improve 

coding efficiency by allowing the coding block to be tailored to video content. 
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The primary objective of this project is to develop a HEVC simulation application 

based on the HEVC open source code. This involves understanding the different parts of 

the HEVC standard, its various coding tools, video formats and source code. An additional 

goal was to implement packet loss concealment, which is not part of the standard. The 

developed application is referred to as HEVC-SIM.  

HEVC-SIM is a simulator application built upon the HM reference software for 

HEVC encoding and decoding, as well as an efficient HEVC encoder implementation 

called x265. The HM encoder/decoder is relatively slow since it was developed primarily 

for research purposes and standardization record-keeping, and does not involve any 

hardware acceleration. On the other hand, the x265 encoder uses x86 hardware-

accelerated encoding. HEVC-SIM enables users who are not familiar with video coding in 

general, and HEVC in particular, to easily encode raw video, analyze the bitstream, and 

then simulate packet loss. Several packet loss concealment methods are implemented so 

that user can investigate their performance on various video sequences. 

1.2 Video format 

The input of the HEVC encoder is a sequence of raw video frames. In video coding 

applications, the input video color space is usually YUV, where Y denotes the luminance 

component, while U and V are chrominance components. Conversion formulae between 

RGB and YUV color spaces are shown below [15]. 

From RGB to YUV: 

Y 0.299R 0.587G 0.114B 

U 0.492 B Y  

V 0.877 R Y  

(1)

This can also be represented as: 
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Y 0.299R 0.587G 0.114B 

U 0.147R 0.289G 0.436B 

V 0.615R 0.515G 0.100B 

(2)

From YUV to RGB: 

R Y 1.140V 

G Y 0.395U 0.581V 

B Y 2.032U 

(3)

Depending on the sampling, the YUV format comes in several flavors such as 

YUV444, YUV422 and YUV420. The default input format for the main profile of HEVC is 

YUV420.  This is indicated by the value 1 in the chroma_format_idc field of the Sequence 

Parameter Set (SPS) packet. The resolution of U and V components in the YUV420 format 

is one quarter of the Y component resolution, half vertically and half horizontally. The 

following figure from [3] illustrates the YUV420 format. 

 

Figure 1: The YUV420 format, from [3] 
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1.3 High Efficiency Video Coding (HEVC) 

The HEVC video coding layer has a number of processing blocks, as depicted in 

Figure 2 below. The raw video frame is split into blocks, and each block region is passed 

through various elements of the encoder. The first picture is encoded using intra-picture 

prediction, and is referred to as I-Frame. The remaining pictures in the same group can 

be encoded using inter-picture prediction, where prediction can be causal (P-Frames) or 

bi-directional (B-Frames). The inter-picture prediction employs selected reference pictures 

and motion vectors (MVs) that indicate the motion of various blocks. 

 

 

Figure 2: Typical HEVC video encoder (with decoder modeling elements shaded in 

light gray) from [1]. 

The following is some important terminology of HEVC. 
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 Coding tree unit (CTU) and coding tree block (CTB): The CTU is the basic block 

of pixels, similar to the macroblock in H264. The frame is divided into CTUs of 

size 6464, 3232 or 1616. The CTU has three Coding tree blocks (CTBs) - 

one for luminance and two for chrominance components. 

 Coding unit (CU) and coding block (CB): CTU is divided into one luminance 

coding block (CB) and two chrominance CBs, each formed as a quad tree. 

These CBs together are called coding unit (CU). 

 Prediction unit (PU) and prediction block (PB): The decision whether inter-

picture or intra-picture prediction will be used is decided at the CU level. The 

CU is partitioned into prediction units (PUs). The CBs are split prediction blocks 

(PBs) for luminance and chrominance components. The size of PB varies from 

6464 to 44. 

 Transform unit (TU) and transform block (TB): A transform unit (TU) tree has 

root at the CU level and it performs a spatial transform. The luminance and 

chrominance part of the TU are called transform blocks (TBs). The TB size can 

be 44, 88, 1616, or 3232. 

 Motion vector signaling: The new algorithm called Advanced Motion Vector 

Prediction (AMVP) is used on nearest PBs for MV prediction.  

 Entropy coding: The entropy coding algorithm used in HEVC is Context 

Adaptive Binary Arithmetic Coding (CABAC), similar to H.264. 

 In-loop deblocking filter: The in-loop deblocking filter is used within the inter-

picture prediction loop. 

The NAL units in the HEVC bitstream are separated by certain reserved bit 

sequences, specifically 0x000001 (3 Bytes) or 0x00000001 (4 Bytes). The bitstream 

contains various parameters, organized into parameter sets, and the encoded pixel values 

organized into slices. The structure of the bitstream is illustrated in Figure 3.  
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Figure 3: HEVC bitstream structure. 

 

The parameter sets are as follows: 

 Video parameter set (VPS) contains the information of various layers, for 

example in scalable or 3D video coding extensions. 

 Sequence parameter set (SPS) contains the information of temporal sub-

layers, color bit depth, coding block size, and so on. 

 Picture parameter set (PPS) contains the information of the initial quantization 

parameter (QP), resolution, number of tiles, and so on. 

 Slice header contains the frame index (a.k.a., picture order count), the address 

of the first CTU, and so on. 

These parameters enable the HEVC decoder to interpret and decode the video 

bitstream. 

VPS SPS PPS Slice header Slice data 



 

7 

Chapter 2.  
 
HEVC-SIM Software Description 

The HEVC-SIM software application was built upon open-software 

implementations of HEVC encoder and decoder. For the encoder, the source code was 

taken from HM 16.3 [4] and the API was taken from the x265 project [6]. The decoder 

source code was taken from HM 16.3. The purpose of HEVC-SIM is to allow the user to 

explore various HEVC encoding options and compare the speed of the HM and the x265 

video encoders. In addition, packet loss concealment was implemented to allow one to 

study the effects of packet loss on the decoded video quality. The remainder of this chapter 

describes the various features of HEVC-SIM. 

2.1  HM encoder 

The HM encoder is used to compress YUV420 video. The user interface was 

developed for the HM encoder to allow the user to control the following. 

 Video resolution (width and height) 

 Target bitrate 

 Quantization profile for quantization parameters 

 Intra period of I-frames 

 Number of frames to be encoded 

 Maximum Coding Unit size 

 Maximum depth of Coding Unit 

 Slice size determined by CTU, bytes, or tiles. 

 Various options for motion estimation, such as full search, diamond, or 

PMVFAST using a search range. 

An illustration of the user interface for the HM encoder is given in Figure 4. 
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Figure 4: HM encoder user interface 

2.2  x265 encoder 

The x265 encoder is considerably faster than the HM encoder on x86 PCs, 

because it uses hardware acceleration for heavy computations. The user interface 

developed for the x265 encoder is illustrated in Figure 5 and allows the user to control the 

following encoding options: 

 Video resolution (width and height) 

 Target bitrate 

 Quantization profile for quantization parameters 

 Number of frames to be encoded 
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Figure 5: x265 encoder user interface 

2.3  Packet loss simulation 

In practice, the encoded video is transmitted to the user through an imperfect 

channel, often through a packet-switched network, where packets are prone to errors and 

loss. To allow one to study the effects of packet loss on the decoded video, HEVC-SIM 

provides packet loss simulation to emulate the channel, as well as packet loss 

concealment for the video decoder.  

To simulate packet loss, HEVC-SIM takes an encoded HEVC video file as input, 

removes some slices from it, and writes the remaining slices into another file. The output 

file has some slices missing, compared to the input file, which simulates the effects of 

packet loss. The removal of the slices can be done with one of the following two options. 

 Randomly, using a Gilbert-Elliott [12] (2-state Markov) packet loss model. 

 With a user-supplied list of packets. 

The user interface of the packet loss simulation module is shown in Figure 6 below. 
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Figure 6: Packet loss simulation user interface 

The Gilbert-Elliott model is a 2-state Markov model, often used to simulate bursty 

errors or losses [10]. It is shown in Figure 7. The two states are termed good (G) state and 

bad (B) state. Transition from good to bad state implies packet loss and staying in the bad 

state means the same. Transition from bad to good state implies no packet loss and 

staying in the good state means the same. 

If  is the probability of transition from good to bad state, and  is the probability of 

transition from bad to good state, then the state transition matrix  is given by 

	 1
1

 

 

((4)
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Figure 7: Gilbert-Elliott (2-state Markov) model, from [10] 

Probabilities  and  can be set in the user interface (Figure 6). It is often useful to 

translate the model's probabilities  and  to the parameters of a burst packet loss process. 

Let P  be the probability of packet loss and L  be the average burst length. Then, following 

[11], these can be related to the probabilities  and  as follows: 

P  (5)

and 

L
1
 (6)

To simulate packet loss caused by a different, possibly more complicated loss 

process, the user can also specify which slices/packets to drop. This can be accomplished 

by providing packet indices (one per line) in a text file called pkt_drop_index.txt in 

the same directory where the HEVC-SIM executable is located. When presented with such 

a file, the simulator will read packet indices from the file and remove the corresponding 

slices from the bitstream. An illustration of the user-supplied packet loss file is shown in 

Figure 8. 

    G     B 

          

1  
1  
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Figure 8: User-supplied packet loss file for packet loss simulation 

2.4  HM decoder 

The HEVC decoder for the HEVC-SIM application was built upon the HM decoder 

[4]. In its basic form, it takes a loss-free HEVC file, decodes it, and generates a YUV420 

formatted file that can be played using a YUV Player. The corresponding user interface is 

shown in Figure 9. The more challenging case, when the encoded file has been subject 

to packet loss, is described in the following section. 

 

Figure 9: Decoder user interface 

 

2.5  Packet loss concealment 
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The user interface for the packet loss concealment module is illustrated in Figure 

10. Several options have been provided for decoding the video files that have been subject 

to packet loss: 

 No concealment ("No copy" in the user interface) 

 Previous CTU repeat ("CTU copy" in the user interface) 

 CTU repeat with motion vector ("CTU MV copy" in the user interface) 

 

Figure 10: Packet loss concealment and PSNR calculation 

 

The “no concealment” option means that no attempt is made to reconstruct the 

pixel values in the missing packets/slices. These pixel values are simply set to zero, which 

will result in them being displayed as green color. The “previous CTU repeat” option means 

that the pixel values in the lost part of the frame are recovered by copying them from the 

same position in the previous frame. The “CTU repeat with motion vector” option means 

that the pixel values in the lost part of the frame are recovered by copying the equal region 

of CTU size that is offset from the current position by a suitably chosen MV. In the current 

implementation, the MV is simply taken from the nearest available CTU in the vertical 

direction, but other options could be examined in the future. Figure 11 shows how previous 

CTU with MV is copied to the current frame. Here,  and  are the coordinates of 

the upper-left corner of a CTU while  and are the motion vector components. 
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Figure 11: Illustration of “CTU MV copy” concealment 

 

After choosing the concealment option, user can decode the video file either using 

the decoder tab or using the analyzer. Also, the Peak-Signal-to-Noise-Ratio (PSNR, see 

Chapter 3) of the decoded video can be calculated. 

2.6 Motion vector output 

Current frame 

Orange color represents lost CTUs 

 Arrow shows the copy CTU from 
previous frame 

Previous frame 

Coding Tree Unit 

 

 

The MV is taken 
from the nearest 
available CTU in 
the vertical 
direction. 
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Motion vectors from the compressed bitstream can be useful in a number of video 

processing tasks, such as global motion estimation [16], motion segmentation [17], 

tracking [18], visual saliency estimation [19, 20], and so on. HEVC-SIM allows the motion 

vector of each PU to be saved into the MotionVector.txt file in the output directory. 

The format of the file is given in Figure 12 below. parameter m_ctuRsAddr shows the 

CTU index, uiNumPartition shows the index of the partition within each CTU, and POC 

is the picture order count. The vector format is , , where  represent the 

horizontal component and  is the vertical component. 

 

Figure 12: Motion vector file format 

 

2.7 Preview using OpenGL 

The video can be displayed frame by frame on the preview window within HEVC-

SIM's user interface, shown in Figure 13 below. This helps to visualize the effects of 

compression, and possible packet loss and error concealment. From this window it is also 

possible to initiate stream analysis that displays information about various parameter sets 

such as VPS, PPS, SPS, as described next. 

TComCUMvField: m_ctuRsAddr=9, m_uiNumPartition=256, POC=1 

nTComCUMvField: ref pic number=0 

TComCUMvField:dumpMV m_uiNumPartition=256: 

(-2,3) (-2,3 )(-2,3)… 
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Figure 13: Video preview window 

 

2.8  NAL unit description 

The HEVC-SIM can parse VPS, SPS and PPS NAL units and display the content 

of their various fields on the output window. It also displays the first and last CTU index 

for each slice or frame. Figures 15 – 18 show the information from these NAL units. 



 

17 

 

Figure 14: List window displays frame type (e.g., I or P) 

 

 

Figure 15: Output window shows the contents of VPS NAL unit 

 



 

18 

 

Figure 16: Output window shows the contents of SPS NAL unit 

 

 

Figure 17: Output window shows the contents of PPS NAL unit 

 

 

Figure 18: Output window shows decoding progress of slice NAL units 

 

 



 

19 

Chapter 3.  
 
Result and Analysis 

This section presents the results and analysis of packet loss concealment in 

HEVC-SIM. The tests were done on Intel Core i5 CPU running Windows 7. The packet 

loss is introduced into the bitstream by the user-supplied list of lost packets, or the Gilbert-

Elliot packet loss model. The concealment is performed using one of the options described 

in Section 2.5.  

Peak Signal-to-Noise Ratio (PSNR) is commonly used to measure the objective 

quality of video. It is calculated based on the mean square error (MSE). The definition of 

PSNR in dB is given in equation (8). The  and  are the width and height of the frame, 

respectively,  is original pixel value, and  is the reconstructed pixel value, where the 

reconstruction is accomplished by decoding and/or error concealment. MAX is the 

maximum possible pixel value, which is 255 for 8-bit images. 

MSE 	
1

, ,  

 

((7)

 

PSNR 10 ∙ log
MAX
MSE

 

 

((8)

If the decoded and original pixel values (  and ) are the same for each pixel, the 

MSE will be zero and the PSNR will be infinite – this would indicate a perfect match 

between the original and decoded video. Lower PSNR values indicate degradation, due 
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to quantization and possibly packer loss. The analysis is done by comparing the PSNR of 

decoded video in different scenarios, for example without packet loss, with packet loss but 

no concealment, with “CTU copy” concealment and “CTU MV copy” concealment.  

 

3.1 Visual quality 

The next test is performed on a CIF-resolution (352 288  Foreman sequence, 

with frame rate of 30 frames per second (fps), encoded at 800 kbps. Four figures are 

shown below to illustrate the test. In Figure 19, decoded frame 3 is shown without any 

packet loss. Figure 20 shows the same frame, decoded without 8 CTUs, which have been 

assumed lost. No concealment has been applied, so the pixels belonging to the lost CTUs 

are shown as green.  

Figure 21 shows the same frame, but with "CTU copy" applied to recover pixel 

values in the missing CTUs. Finally, Figure 22 shows the same frame with "CTU MV copy" 

concealment applied, where the MV is taken from the nearest available vertically 

neighbouring CTU. In this particular example, due to low motion intensity in the sequence, 

both concealment methods produce visually good results. It is hard to distinguish the 

concealed frames (Figures 21-22) from the error-free frame in Figure 19.   
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Figure 19: Frame 3 decoded without any packet loss. 
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Figure 20: Frame 3 with 8 CTUs lost and no concealment 

 



 

23 

 

Figure 21: Frame 3 with 8 CTUs missing and "CTU copy" concealment  
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Figure 22: Frame 3 with 8 CTUs lost and "CTU MV copy" concealment 

 

3.2  PSNR results 

The following table shows the PSNR values of video frames from the example 

above. Frame 3 suffers from packet loss, which is evident in the table as the PSNR of this 

frame is much lower than that of frame 2. Note that concealment (both with and without 

MV) gives much better PSNR than no concealment. Also note that frame 4, which did not 

suffer from packet loss, still has considerably lower PSNR than frames 1 and 2. This effect 

is known as error propagation and is caused by predictive encoding of frames using earlier 

frames as the reference.  
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Frame Loss-free No concealment CTU copy CTU MV copy 

1 49.60 49.60 49.60 49.60 

2 42.62 42.62 42.62 42.62 

3 38.20 9.94 31.34 32.62 

4 40.07 11.03 31.20 33.69 
 

Table 1: The PSNR values in dB for the four frames in the example 

 

To get a better idea of the average behavior of the error concealment schemes, 

Gilbert-Elliott packet loss model was applied to two video sequences, Foreman and Flower 

Garden, both with CIF resolution at 30 fps. They were encoded at 800 kbps using the 

IPPP… group of pictures (GOP) structure, with the first frame being intra-coded and all 

subsequent frames being inter-coded as P-frames.  The packet loss probability P  was 

taken in the range from 0 to 0.2 and the average burst length L  was taken to be 5 packets. 

Figures 23 and 25 show the average PSNR vs. packet loss percentage for these two 

sequences. Error bars along the PSNR curves indicate the standard deviation of PSNR 

for each packet loss percentage. This result was obtained by running 8 packet loss 

realizations over 300 frames of each sequence.   

The graphs show that PSNR is reducing as the packet los percentage increases, 

as expected. It is also seen that concealment can give about 5-10 dB advantage in PSNR 

over no concealment. Figure 23 shows the PSNR of CTU copy and CTU MV copy are 

very close. Figure 24 zooms into the region near 2% packet loss, where it is seen that on 

average, CTU MV copy has a 0.1 dB advantage over CTU copy. This indicates that a 

simple copying of the MV from the nearest available vertically neighboring CTU is not a 

particularly successful strategy for exploiting motion information for error concealment, 

and that other strategies should be explored to further improve the performance. Another 

factor that brings the PSNR down is the IPPP… GOP structure. In practice, the system 

would likely need to refresh the coding loop with an I-frame at regular intervals, or when 

packet loss is detected. 
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Figure 23: PSNR (dB) vs. packet loss percentage for Foreman 
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Figure 24: PSNR (dB) near 2% packet loss percentage for Foreman 

 

Figure 25 shows the corresponding PSNR vs. packet loss percentage curves for 

Flower Garden. Similar conclusions can be drawn from this figure – concealment provides 

significant improvement compared to no concealment, while CTU copy and CTU MV copy 

offer similar performance. 
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Figure 25: PSNR (dB) vs. packet loss percentage for Flower Garden 

 

3.3  Encoder complexity 

HM encoder is rather slow, as it does not have hardware acceleration. On the other 

hand, x265 incorporates x86 hardware acceleration, which makes it much faster than the 

HM encoder. Below is the side by side comparison between the HM encoder and the x265 

encoder for encoding 10 frames (YUV 4:2:0, CIF resolution) of three popular video 

sequences. The target bitrate was 800 kbps for all three sequences. 
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Sequence HM Encoder (seconds) x265 Encoder (seconds) 

Foreman 926.466 0.811 

Mobile Calendar 717.088 1.168 

News 758.475 0.729 
 

Table 2: HM and x265 encoder execution time comparison 

 

From the above table, we see the encoding does not take exactly same time for 

each frame - it varies depending on the motion and texture complexity of the sequence. 

The results show that the x265 encoder is roughly three orders of magnitude faster than 

the HM encoder, which is expected given its optimized implementation.  
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Chapter 4.  
 
Conclusion 

HEVC-SIM is a software tool that can help to understand and explore HEVC 

encoder and decoder capabilities. Its graphical interface allows users to easily change 

various encoder parameters and analyze the encoded bitstream. The software can 

emulate packet loss on the bitstream using the Gilbert-Elliott channel model and save the 

results in an output file that can later be used in testing network-based video bitstream 

transmission. Further, the software is able to accept any user-supplied packet loss 

realization, which can come from more sophisticated channel models or even real 

measured packet traces. 

Beyond integrating open source HEVC encoders and decoders under a common 

user interface, two procedures for concealing the effects of packet loss are implemented 

in HEVC-SIM. Both are based on utilizing the available CTU data to estimate pixel values 

in lost CTUs. The two concealment methods were compared on several test sequences, 

and the results showed that they can bring about 5-10 dB gain in PSNR compared to no 

concealment. Both of these methods represent simple temporal concealment. In future 

work, more sophisticated concealment methods could be implemented in HEVC-SIM. For 

example, smaller units could be employed in the concealment, which could allow better 

handling of objects and structures that are smaller than CTU. Also, rather than just using 

an existing MV from a neighboring unit, a MV predictor could be employed to estimate the 

motion of the lost CTU. Finally, spatio-temporal concealment may be able to provide 

further improvement.  

In other experiments, execution time of HM and x265 encoders was compared and 

it was found that x265 is about three orders of magnitude faster. Overall, HEVC-SIM is an 

excellent learning tool for HEVC, allowing the users to test and experience various HEVC 

features. 
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