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1. Introduction

Broadcast applications require frequent random access points in a compressed video stream to support unknown channel change of viewers.  Enabling random access requires interrupting the temporal prediction chain decreasing compression performance.  A designer must make a compromise between frequency of random access points and compression performance.  A typical compromise uses an access point every ½ second with corresponding access behavior and compression performance.  This compromise results in noticeable delay and annoying delay variation in channel changes.  To mitigate these problems, we implement the functionality of resolution scalable random access through the use of a simulcast of two bit-streams.  The overhead is analyzed and the quality under channel change of this simulcast technique is illustrated.  In principle this technique could be applied to other coding algorithms however the results of our analysis rely on the coding efficiency of H.264 on low-resolution and for Intra pictures.  This analysis may differ for other codes making the trade-off less appealing.
2. Random access techniques

MPEG-1 introduced the GOP concept wherein random access is allowed at the start of each GOP due the presence of an I-picture.  Insertion of I-pictures is known to impact compression performance and several ideas have been included in video coding standards to reduce the compression penalty of inserting an I-picture.  The method of Reduced Resolution Update in H.263+ [1] enables inserting an I-picture of lower resolution reducing the impact of the I-picture on coding performance.  This technique is not appropriate for providing random access in a broadcast environment since the presence of reduced resolution images disrupts the quality for viewers who have already access the stream.  The method of Gradual Decoder Refresh [2] [3] intra codes portion of a picture so that the area of an image that is refreshed expands over time.  GDR as previously discussed is used primarily to control the order in which areas of an image are refreshed not the frequency of update.  It would be possible to increase the frequency at which portions of an image are refreshed however the coding performance is likely to be impacted if high quality is maintained throughout these updates.  The concept of resolution scalable random access has been introduced in the past [4], [5].  Low-latency access to a low-resolution version of the video is provided together with high-latency access to higher resolution video.  In this method, rapid access to low-resolution video is provided without significant sacrifice in overall coding performance.  We use a simulcast system to mimic the behavior of this resolution scalable random access function.
3. Simulcast System
The low-latency random access system consists of two bit-streams coded with different parameters broadcast together in a simulcast for each channel.   The encoder for a single channel is illustrated in Figure 1.  The high-quality encoder operates at the resolution and quality determined by the application with the only difference from current practice being a possible increase in GOP size to compensate for the additional bits used by the low-latency stream.  The low-latency stream is designed with high I-Picture frequency and low pre-roll delay to reduce access latency.  The low-latency stream is coded at low resolution, frame rate, and quality to reduce overhead.  To compensate for the difference in pre-roll delays between the streams, the low-latency encoder output is delayed relative to the high-quality encoder prior to transmission.  This relative delay compensates for the difference in pre-roll buffering delay at the decoder and enables a smooth transition between streams.  This delay does not impact the access latency of the low-latency stream.  
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Figure 1 Single Channel Simulcast Encoder
The decoder for a single channel is illustrated in Figure 2.  When a pair of bit-streams is accessed, they are de-multiplexed and placed in respective buffers.  The high-quality stream is monitored for the presence of an available access point.  The low-latency stream is decoded and up-sampled for display until the high-quality stream can be accessed.  Once the high-quality stream is accessed, the decoder switches into the high-quality bitstream and decoding proceeds as if the low-latency stream were not present.  Note: pre-roll buffering may require that the low-latency stream be decoded even after the access point for the high-quality stream has been received but its pre-roll buffer requirement has not been met.  
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Figure 2 Single Channel Simulcast Decoder
With two bit-streams, an encoder has many options for managing random access delay and image quality in addition to simply selecting a GOP size.  Our objective and subjective results below examine a small subset of the possible options an encoder may select in this trade-off.  Some examples in addition to selecting the resolution, frame rate, intra-rate, and quality for the low-latency stream include making the frame rate and quality vary periodically increasing when approaching each high-quality access point.  Additionally, the frames in the low-latency stream coinciding with access points of the high-quality stream need not be coded.
4. Objective Compression Performance
The overhead of including a low-latency stream is examined objectively.  To mitigate the overhead of including a simulcast low-latency stream, we increase the GOP size of the high-quality stream keeping the quality of this stream fixed.  For our illustrations we use a 4CIF 30Hz high-quality video stream and a corresponding QCIF 15Hz low-latency video stream.  In all experiments the high-quality sequence is coded with IBBP pattern, the same constant quality (i.e. IBBP QP=28, 28, 34) and GOP sizes 15, 30, and 60 pictures.  The quality of these streams is the same making comparisons of bit-rates meaningful.  Compression results for these high-quality streams for different sequences and with various GOP sizes are presented in Figure 3.  
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Figure 3 High-Quality Compression Results
As expected increasing the GOP size results in higher compression.  Note the results are sequence dependent but increasing the GOP size from 15 to 30 gives approximately 5% savings in bit-rate and 15 to 60 gives approximately 10% savings in bit-rate for these experiments.  The corresponding low-latency streams, QCIF 15Hz, are coded without temporal prediction and two constant quality levels given by QP equal to 28, 34, or 37.  Results for these low-latency streams are given below, Figure 4.  
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Figure 4 Low-Latency Compression results
The simulcast overhead when using different GOP size for the high-quality encoding and different quality for the low-latency encoding can be computed from the prior data.  Overhead percentage is sequence dependant however the general tendency is common.  Average overhead for the four sequences tested is given in Figure 5.  It is seen that adding the simulcast stream has a significant impact when the GOP size is unchanged.  The overhead of simple addition of a low-latency stream can be prohibitively expensive.  This overhead can be reduced or eliminated by increasing the GOP size.  
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Figure 5 simulcast overhead
5. Subjective quality illustration

The objective analysis indicates the costs of including a low-latency stream can be absorbed by increasing the high-quality GOP size and adjusting the low-latency quality, but the subjective quality of transitions must be examined.  Our subjective simulation is based on four channels each represented by a simulcast of a high-quality stream and a low-latency stream.  The high-quality stream has GOP size 60 and QP-28.  Each low-latency stream is coded with constant QP chosen from the examples above to give little or no overhead when compared to the GOP size 15 QP-28 high-quality unicast.  A summary of the bit-stream pairs used to form this demonstration is given in Table 1.  Images from decoding these bit-streams were spliced together to create an image sequence for each simulation.  The streams were decoded, the low-latency streams were up-sampled to 4CIF using ImageMagik and segments of the results were spliced together with two black transition frames at each channel change.  At each change of channel, an up-sampled low-latency stream is shown and provided until transition to the high-quality stream.  
Table 1 Bit-streams of Subjective Demonstration

	Channel
	Simulcast Overhead
	Resolution
	Frame Rate
	IDR
	QP

	City
	-13.05%
	QCIF
	15Hz
	15Hz
	34

	
	
	4CIF
	30Hz
	1/2Hz
	28, 28, 34

	Crew
	0.33%
	QCIF
	15Hz
	15Hz
	37

	
	
	4CIF
	30Hz
	1/2Hz
	28, 28, 34

	Harbour
	-1.75%
	QCIF
	15Hz
	15Hz
	37

	
	
	4CIF
	30Hz
	1/2Hz
	28, 28, 34

	Soccer
	-0.53%
	QCIF
	15Hz
	15Hz
	34

	
	
	4CIF
	30Hz
	1/2Hz
	28, 28, 34


Two illustrations are based on this data “Where’s Soccer” and “What’s On”.  The “Where’s Soccer” demonstration shows quick channel changes of approximately ¼ second duration until the desired channel is located. The “What’s On” demonstration pauses at each channel for approximately 5 seconds.  The low-latency stream is shown for approximately ¼, ½, 1 and 2 seconds depending upon channel.  The bitstream segments used to form each demonstration are described in Table 2. 
Table 2 Demonstration Content Duration
	Channel
	Stream
	“Where’s Soccer”
	“What’s On”

	City
	Low-Latency
	250ms
	250ms

	
	High-Quality
	-
	4750ms

	Crew
	Low-Latency
	250ms
	500ms

	
	High-Quality
	-
	4500ms

	Harbour
	Low-Latency
	250ms
	1000ms

	
	High-Quality
	-
	4000ms

	Soccer
	Low-Latency
	1000ms
	2000ms

	
	High-Quality
	4000ms
	3000ms


6. Necessary support

As seen in the decoder diagram, Figure 2, two items are needed to support this technique simulcasting a pair of bit-streams and up-sampling the reconstructed images of the low-latency stream to the high-quality resolution.  Techniques for supporting these functions are described below.

Simulcasting
The pair of bit-streams could be simulcast at the system level or interleaved at the bit-stream level.  These options are discussed below.

For simulcast, two bit-streams are associated and transmitted together in a system multiplex.  Both bitstreams of a channel are simultaneously demultiplexed.  The low-latency stream is decoded while waiting for the high-quality bitstream to become accessible.  As shown in the decoder diagram, Figure 2, the individual bit-streams are extracted and placed in respective buffers.  The decoder monitors the high-quality bit-stream for the presence and availability of an access point while decoding the low-latency bit-stream.  When an available access point been located in the high-quality bitstream, the decoder is switched into the high-quality bitstream and continues decoding.  An advantage of using separate bit-streams is the ability to maintain synchronization while reducing the pre-roll buffer requirements of the low-latency stream by including a delay buffer at the encoder.  The decoder support is minimal, the low-latency stream can be ignored and the only the high-quality stream is decoded or a monitor process is needed to control the switch between low-latency and high-quality bit-streams.
Up-sampling
The decoder up-samples the reconstructed images of the low-latency stream to the same resolution as the high-quality stream.  The decoder must do this prior to decoding the high-quality stream and hence should be provided the picture size of the high-quality stream.  The appropriate functionality is not present in the current methods of H.264.   Two options suggest themselves for enabling the high-quality resolution to be signaled within the low-latency stream via SEI or VUI.  With SEI, a message explicitly giving the high-quality picture height and width could be provided in the low-latency stream.  With VUI, the aspect ratios fields could be used to indicate that up-sampling is desired for display.  Currently, the sar_width and sar_height, fields of VUI are restricted to be relatively prime or zero.  If this restriction were removed, integer up-sampling could be inferred by the presence of a common factor in sar_width and sar_height, i.e. sar_width=4 and sar_height=4 for the QCIF to 4CIF up-sampling in the illustration.  Use of SEI is more general allowing arbitrary up-sampling ratios and would not impact existing text outside of the SEI message.  In addition to including the display size, a display device could also be indexed providing the functionality of the document camera bit of prior standards.
7. Conclusions:
We have presented a system for using mitigating delay in channel change using a simulcast of two bit-streams.  With simulcast of two bit-streams, an encoder has flexibility to manage access delay and control video quality enhancing the video experience.  Annoying large and variable delay can be exchanged for a consistent low-delay access to temporarily reduced resolution video.  The simulcast overhead can be greatly reduced or eliminated by suitable choices of the high-quality GOP size and low-latency quality.  An encoder has freedom in allocating bits to the low-latency stream for instance increasing quality when approaching each high-quality access point.  The necessary support is minimal consisting of a means for multiplexing two bit-streams and the ability to signal the desired display resolution within the bit-stream. 
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