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Description
CROSS REFERENCES TO RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional Patent Application Serial No. 60/371,860, filed
April 10, 2002, the disclosure of which is incorporated herein by reference. The present application relates to U.S.
Patent Application Serial No. aa/bbb,ccc. entitled "SUB-PIXEL INTERPOLATION IN MOTION ESTIMATION AND
COMPENSATION," filed concurrently herewith, U.S. Patent Application Serial No. aa/bbb,ccc, entitled "APPROXI-
MATE BICUBIC FILTER," filed concurrently herewith, and U.S. Patent Application Serial No. aa/bbb,ccc, entitled
"CHROMINANCE MOTION VECTOR ROUNDING," filed concurrently herewith, the disclosures of which are incorpo-
rated herein by reference.

TECHNICAL FIELD

[0002] Techniques and tools for rounding control in multi-stage interpolation are described. For example, a video
encoder or decoder uses stage-alternating rounding control when computing pixel values in reference video frames
by multi-stage interpolation.

BACKGROUND

[0003] Digital video consumes large amounts of storage and transmission capacity. A typical raw digital video se-
quence includes 15 or 30 frames per second. Each frame can include tens or hundreds of thousands of pixels (also
called pels). Each pixel represents a tiny element of the picture. In raw form, a computer commonly represents a pixel
with 24 bits. For instance, a pixel may comprise an 8-bit luminance value (also called a luma value) that defines the
grayscale component of the pixel and two 8-bit chrominance values (also called chroma values) that define the color
component of the pixel. Thus, the number of bits per second, or bit rate, of a typical raw digital video sequence may
be 5 million bits per second or more.

[0004] Many computers and computer networks lack the resources to process raw digital video. For this reason,
engineers use compression (also called coding or encoding) to reduce the bit rate of digital video. Compression can
be lossless, in which quality of the video does not suffer, but decreases in the bit rate are limited by the complexity of
the video. Or, compression can be lossy, in which quality of the video suffers, but decreases in the bit rate are more
dramatic. Decompression reverses compression.

[0005] In general, video compression techniques include intraframe compression and interframe compression. In-
traframe compression techniques compress individual frames, typically called I-frames or key frames. Interframe com-
pression techniques compress frames with reference to preceding and/or following frames, which are typically called
predicted frames, P-frames, or B-frames.

[0006] Microsoft Corporation's Windows Media Video, Version 8 ("WMV8") includes a video encoder and a video
decoder. The WMV8 encoder uses intraframe and interframe compression, and the WMV8 decoder uses intraframe
and interframe decompression. Interframe compression in the WMV8 encoder uses block-based motion compensated
prediction coding followed by transform coding of the residual error.

[0007] In WMV8, aframe is represented as three pixel planes: a luminance (Y) plane of luminance pixel values and
two chrominance (U, V) planes of chrominance pixel values. The resolution of the Y plane is double the resolution of
the U and V planes horizontally and vertically. So, a 320 pixel x 240 pixel frame has a 320 pixel x 240 pixel Y plane
and 160 pixel x 120 pixel U and V planes.

[0008] The WMV8 encoder splits a predicted frame into 8x8 blocks of pixels. Groups of four 8x8 luminance blocks
and two co-located 8x8 chrominance blocks (one for the U chrominance plane, and one for the V chrominance plane)
form 16x16 macroblocks. Thus, each 16x16 macroblock includes four 8x8 luminance blocks and two 8x8 chrominance
blocks.

[0009] Foramacroblock of a predicted frame, the WMV8 encoder performs motion estimation. The motion estimation
approximates the motion of a macroblock in a predicted frame by searching for and matching the macroblock in the
predicted frame with a macroblock from a reference frame. In Figure 1, for instance, the WMV8 encoder computes a
motion vector for a macroblock (115) in the predicted frame (110). To compute the motion vector, the encoder searches
in a search area (135) of a reference frame (130). Within the search area (135), the encoder compares the luminance
values of the macroblock (115) from the predicted frame (110) to the luminance values of various candidate blocks
from the reference frame (130) in order to find a good match. The WMV8 encoder may switch motion vector accuracy,
and may use a search range and motion vectors with integer, half, or quarter-pixel horizontal resolution and integer or
half-pixel vertical resolution. With sub-pixel accurate motion vectors, the WMV8 encoder can approximate sub-pixel
motion in a video sequence.
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[0010] During motion compensation, the WMV8 encoder uses the motion vectors for macroblocks of the predicted
frame to determine the predictors for the macroblocks from the reference frame. For each of the motion-predicted
macroblocks, the WMV8 encoder computes the difference (called the residual or error) between the original macroblock
and its predictor. The WMV8 encoder splits the residual into blocks and lossy compresses the residual blocks. To
reconstruct the motion-predicted macroblocks of the predicted frame, the WMV8 encoder decompresses the residuals
and adds them to the predictors for the respective macroblocks.

[0011] The WMV8 decoder also uses the motion vectors for macroblocks of the predicted frame to determine the
predictors for the macroblocks from the reference frame. To reconstruct the motion-predicted macroblocks of the pre-
dicted frame, the WMV8 decoder decompresses the residuals and adds them to the predictors for the macroblocks.
[0012] During motion estimation or compensation, when a motion vector has sub-pixel accuracy (i.e., half-pixel or
quarter-pixel), the WMV8 encoder or decoder must determine pixel values at sub-pixel positions in the reference frame.
The WMV8 encoder or decoder generates values for sub-pixel positions using interpolation filters. Figure 2 shows sub-
pixel sample positions Hy, Hy, Hy, which have values computed by interpolation of integer-pixel values a, b, c,..., p.
[0013] When operating with half-pixel motion vector accuracy, the interpolation filters used for luminance pixel values
at the three distinct half-pixel positions Hy, Hy, H are:

Ho=(f+g+Ry)>>1 (1),
Hy=(f+j+Ry) >>1 2),

and
Hy=(f+g+j+k+Ry)>>2 (3),

where Ry and R, are rounding control values that are controlled by a one-bit rounding-control flag that indicates the
rounding mode for a particular frame, If the rounding-control flag is set to 0, then Ry=2 and Ry=1. If the rounding-control
flag is set to 1, then Ry=R,=0. The value of the rounding-control flag altemates between 1 and 0 for each P-frame. At
each | frame, the value of the rounding-control flag is reset to 0. Thus, the rounding control operates on a frame-by-
frame basis.

[0014] Equations 1, 2, and 3 are examples of bilinear interpolation. Bilinear interpolation is fast and tends to smooth
pixel values. The smoothing may have desirable effects (such as decreasing perceptibility of quantization noise), but
it can also lead to loss of valid pixel information.

[0015] For quarter-pixel motion vector resolution, the WMV8 encoder or decoder first employs bicubic filters to in-
terpolate luminance pixel values at half-pixel positions. Bicubic interpolation is slower than bilinear interpolation, but
tends to preserve edge values and result in less loss of valid pixel information. The bicubic filters for the three distinct
half-pixel positions Hy, Hq, Hy are:

Ho=(-e+9f+9g-h+8)>>4 4,

Hi=(b+9f+9j-n+8)>>4 (5),
and

Hy = (tg + 9ty +9t, - 15 + 8) >> 4 (6),

where tg, 1y, I, t3 are computed as follows:

tp=(a+9% +9c-d+8)>>4 (7),
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ty=(e+9f+9g-h+8)>>4 (8),

L=(i+9+9-1+8)>>4 (9),
and

t3=(m+9n+90-p+8)>>4 (10).

[0016] Equations (4)-(10) can result in output outside of the range of input values. For example, for 8-bit input (range
0 ... 255), the series of values 0 255 255 0 produces an output value of 287 in any of equations (4)-(10). So, the WMV8
encoder or decoder damps (or, "clips") the output value of any of equations (4)-(10) to be within the valid range. For
example, for 8-bit output values, values less than 0 are changed to 0, and values greater than 255 are changed to 255.
Clamping addresses the range problem, but slows down computation. In addition, clamping results in loss of precision.
[0017] The WMV8 encoder or decoder then computes pixel values at certain quarter-pixel positions in a subsequent
stage of interpolation. These quarter-pixel locations are situated horizontally in between either two half-pixel locations
or an integer-pixel location and a half-pixel location. For these quarter-pixel locations, the WMV8 encoder or decoder
uses bilinear interpolation (i.e., (x +y + 1) >> 1) using the two horizontally neighboring half-pixel/integer-pixel locations
without rounding control.

[0018] Once luminance motion vectors are computed, the WMV8 encoder or decoder derives co-located chromi-
nance motion vectors- Because a chrominance plane in WMV8 is half as large as a luminance plane both horizontally
and vertically, luminance motion vector values must be scaled into appropriate chrominance motion vector values. In
WMV8, this conversion process includes halving the luminance motion vectors and rounding the resulting chrominance
motion vectors to half-pixel accuracy. Thus, luminance motion vectors having half-pixel accuracy are not converted to
chrominance motion vectors having quarter-pixel accuracy. Moreover, chrominance rounding in WMV8 operates in a
single mode that cannot be modified or selected by the user.

[0019] In WMVS8. the pixel values at sub-pixel positions in a reference frame may exhibit underflow or overflow in
some circumstances. For example, the luminance pixel value at a quarter-pixel position may be 271 (which is outside
the range of 0 ... 255) if the neighboring integer-pixel position value is 255 and the neighboring half-pixel position value
is 287 (0 + 9*255 + 9*255 - 0 + 8 » 4 = 287) (255 + 287 + 1 >> 1 = 271). To address this problem, after adding the
residual blocks to the predictor for a macroblock, the WMV8 encoder and decoder clamp reconstructed values for the
macroblock to be within the range of 0 ... 255. if necessary.

[0020] Aside from WMV8, several international standards relate to video compression and decompression. These
standards include the Motion Picture Experts Group ["MPEG"] 1, 2. and 4 standards and the H.261, H.262, and H.263
standards from the International Telecommunication Union ["ITU"]. Like WMV8. these standards use a combination of
intraframe and interframe compression, although the standards typically differ from WMVB in the details of the com-
pression techniques used.

[0021] Several standards (e.g., MPEG 4 and H.263) provide for half-pixel motion estimation and compensation using
bilinear filters and basic rounding control. Moreover, in H.263, chrominance motion vectors which theoretically have
quarter-pixel resolution (i.e., one half of the resolution of the half-pixel luminance motion vectors) are rounded to either
half-pixel or full-pixel accuracy so that no quarter-pixel values are allowed in chrominance space. For additional detail
about motion estimation/compensation in the standards, see the standards' specifications themselves.

[0022] Motion estimation and compensation are effective compression techniques, but the various previous motion
estimation/compensation techniques (as in WMV8 and the standards discussed above) have several disadvantages,
including:

(1) When computing pixel values at sub-pixel positions in reference frames, the encoders and decoders unnec-
essarily lose precision in intermediate values. For instance, when computing the pixel value for a quarter-pixel
position in WMV8, the intermediate values at half-pixel positions are right-shifted by four bits despite the fact that
a greater bit depth might be available. Further, the WMV8 encoder/decoder clamps intermediate values during the
two-stage interpolation of quarter-pixel positions, which slows down computation and results in the unnecessary
loss of precision.

(2) Interpolation for pixel values in quarter-pixel motion estimation and compensation is inefficient in many cases.
For example, in WMVS8, the calculation of a one-dimensional quarter-pixel position requires the use of a filter for
a half-pixel position followed by use of a bilinear filter.
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(3) The encoders and decoders fail to account for the accumulation of rounding error that might be created in multi-
stage interpolation. Rounding error occurs, for example, when pixel values are repeatedly rounded down from
frame to frame in a video sequence. This rounding error can cause perceptible artifacts in low-quality, low-bitrate
video sequences. For instance, when the WMV8 encoder and decoder interpolate for a pixel value at a quarter-
pixel position in multiple stages, rounding control is not used. Instead, the results of each stage are rounded in the
same fashion in each stage of interpolation (and without rounding control); and

(4) Chrominance rounding is not performed to quarter-pixel accuracy, and no control is given over chrominance
motion vector rounding options. For example, the WMV8 encoder and decoder round all chrominance motion
vectors to a half-pixel value and operate in only a single mode.

[0023] Given the critical importance of motion estimation and compensation to digital video, it is not surprising that
motion estimation and compensation are richly developed fields. Whatever the benefits of previous motion estimation
and compensation techniques, however, they do not have the advantages of the following techniques and tools.

SUMMARY

[0024] In summary, the detailed description is directed to various techniques and tools for rounding control in multi-
stage interpolation. In video coding and decoding applications, for example, a video encoder and decoder use stage-
alternating rounding control when computing pixel values in reference video frames by multi-stage Interpolation. Using
stage-alternating rounding control reduces the accumulation of rounding error from the multi-stage interpolation from
frame to frame. This can improve overall performance by reducing perceptible artifacts in certain types of video se-
quences (e.g., low-quality, low-bitrate video sequences streamed over the Internet).

[0025] A componentsuch as a video encoder or decoder computes values using multiple stages of interpolation with
stage-alternating rounding control. For example, in a first stage, the component rounds a first marginal value to the
nearest integer in afirst direction and, in a second stage, the component rounds a second marginal value to the nearest
integer in a second direction opposite the first direction. In some cases, a rounding control parameter controls the first
and second directions. The rounding control parameter may itself altemnte (e.g., between 0 and 1) on a frame-by-
frame or other basis.

[0026] The various techniques and tools can be used in combination or independently. Additional features and ad-
vantages will be made apparent from the following detailed description that proceeds with reference to the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0027]

Figure 1 is a diagram showing motion estimation in a video encoder according to the prior art.

Figure 2 is a chart showing sub-pixel locations for interpolation in sub-pixel motion estimation and compensation
according to the prior art.

Figure 3 is a block diagram of a suitable computing environment in which several described embodiments may be
implemented.

Figure 4 is a block diagram of a generalized video encoder system used in several described embodiments.
Figure 5 is a block diagram of a generalized video decoder system used in several described embodiments.
Figure 6 is a chart showing locations for pixel value interpolation during sub-pixel motion estimation and compen-
sation.

Figure 7 is a chart showing integer-pixel locations having pixel values used to compute interpolated pixel values
for sub-pixel locations.

Figure 8 is a diagram showing a two-stage interpolation technique for interpolating values at sub-pixel positions.
Figure 9 is a chart showing a half-pixel horizontal, half-pixel vertical sample position and the intermediate values
at sub-pixel positions used to calculate the value at the sample position.

Figure 10 is a chart showing a quarter-pixel horizontal, half-pixel vertical sample position and a half-pixel horizontal,
quarter-pixel vertical sample position, and the intermediate values at sub-pixel positions used to calculate the
values at the sample positions.

Figure 11 is a chart showing a quarter-pixel horizontal, quarter-pixel vertical sample position and the intermediate
values at sub-pixel positions used to calculate the value at the sample position.

Figure 12 is a diagram showing a multi-stage interpolation technique with enhanced dynamic range (in bits) inter-
mediate values.

Figure 13 is a diagram showing a multi-stage interpolation technique with skipped clamping.
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Figure 14 is a diagram showing a multi-stage interpolation technique with deferred bit shifting.

Figure 15 is a diagram showing a multi-stage interpolation technique using stage-alternating rounding control.
Figure 16 is a flowchart showing atechnique for selecting between multiple chrominance-rounding and interpolation
modes.

Figure 17 is a table showing a first chrominance-rounding mode.

Figure 18 is a table showing a second chrominance-rounding mode.

DETAILED DESCRIPTION

[0028] Described embodiments relate to techniques and tools for sub-pixel interpolation in motion estimation and
compensation. Various embodiments relate to techniques and tools for retaining precision in multi-stage interpolation
by deferring clamping and/or bit shifting (operations which can result in loss of precision) until later stages in the inter-
polation. Other embodiments relate to efficient filters or rounding operations for multi-stage interpolation.

[0029] An encoder or decoder performs sub-pixel interpolation on a reference frame or on a portion of a frame such
as one or more blocks or macroblocks. The encoder/decoder computes pixel values at sub-pixel locations within the
reference frame. The encoder/decoder may then perform motion compensation using sub-pixel accurate motion vec-
tors.

[0030] Insome embodiments, avideo encoder orvideo decoder performs the sub-pixel interpolation in a video coding
or decoding application. Alternatively, another encoder or decodet, or another type of component, performs the sub-
pixel interpolation or other technique described below in another type of application.

[0031] As an alternative to performing sub-pixel interpolation on reference frames, in some embodiments, an encod-
er/decoder performs sub-pixel interpolation on fields, object layers, or other images.

[0032] Insome embodiments, sub-pixel interpolation occurs by computing pixel values in the luminance and chromi-
nance planes of a reference frame in YUV color space. Alternatively, the color space is different (e.g., YIQ or RGB).
[0033] The various techniques and tools can be used in combination or independently. Different embodiments im-
plement one or more of the described techniques and tools. Although the operations for these techniques are typically
described in a particular, sequential order for the sake of presentation, it should be understood that this manner of
description encompasses minor rearrangements in the order of operations, unless a particular ordering is required.
For example, operations described sequentially may in some cases be rearranged or performed concurrently. More-
over, for the sake of simplicity, flowcharts typically do not show the various ways in which particular techniques can be
used in conjunction with other techniques.

[0034] In some embodiments, a video encoder and decoder use various flags and signals in a bitstream. While
specific flags and signals are described, it should be understood that this manner of description encompasses different
conventions (e.g., 0's rather than 1's) for the flags and signals.

|. Computing Environment

[0035] Figure 3 illustrates a generalized example of a suitable computing environment (300) in which several of the
described embodiments may be implemented. The computing environment (300) is not intended to suggest any limi-
tation as to scope of use or functionality, as the techniques and tools may be implemented in diverse general-purpose
or special-purpose computing environments.

[0036] With reference to Figure 3, the computing environment (300) includes at least one processing unit (310) and
memory (320). In Figure 3, this most basic configuration (330) is included within a dashed line. The processing unit
(310) executes computer-executable instructions and may be a real or a virtual processor. In a multi-processing system,
multiple processing units execute computer-executable instructions to increase processing power. The memory (320)
may be volatile memory (e.g., registers, cache, RAM), non-volatile memory (e.g., ROM, EEPROM, flash memory, etc.),
or some combination of the two. The memory (320) stores software (380) implementing sub-pixel interpolation tech-
niques in an encoder and/or decodet, such as a video encoder and/or decoder.

[0037] A computing environment may have additional features. For example, the computing environment (300) in-
cludes storage (340), one or more input devices (350), one or more output devices (360), and one or more communi-
cation connections (370). An interconnection mechanism (not shown) such as a bus, controller, or network intercon-
nects the components of the computing environment (300). Typically, operating system software (not shown) provides
an operating environment for other software executing in the computing environment (300), and coordinates activities
of the components of the computing environment (300).

[0038] The storage (340) may be removable or non-removable, and includes magnetic disks, magnetic tapes or
cassettes, CD-ROMs, DVDs, or any other medium which can be used to store information and which can be accessed
within the computing environment (300). The storage (340) stores instructions for the software (380) implementing
sub-pixel interpolation techniques.
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[0039] The input device(s) (350) may be a touch input device such as a keyboard, mouse, pen, or trackball, a voice
input device, a scanning device, or another device that provides input to the computing environment (300). For audio
or video encoding, the input device(s) (350) may be a sound card, video card, TV tuner card, or similar device that
accepts audio or video input in analog or digital form, or a CD-ROM or CD-RW that reads audio or video samples into
the computing environment (300). The output device(s) (360) may be a display, printer, speaker, CD-writer, or another
device that provides output from the computing environment (300).

[0040] The communication connection(s) (370) enable communication over a communication medium to another
computing entity. The communication medium conveys information such as computer-executable instructions, audio
or video input or output, or other data in a modulated data signal. A modulated data signal is a signal that has one or
more of its characteristics set or changed in such a manner as to encode information in the signal. By way of example,
and not limitation, communication media include wired or wireless techniques implemented with an electrical, optical,
RF, infrared, acoustic, or other carrier.

[0041] The techniques and tools can be described in the general context of computer-readable media. Computer-
readable media are any available media that can be accessed within a computing environment. By way of example,
and not limitation, with the computing environment (300), computer-readable media include memory (320), storage
(340), communication media, and combinations of any of the above.

[0042] The techniques and tools can be described in the general context of computer-executable instructions, such
as those included in program modules, being executed in a computing environment on atarget real or virtual processor.
Generally, program modules include routines, programs, libraries, objects, classes, components, data structures, etc.
that perform particular tasks or implement particular abstract data types. The functionality of the program modules may
be combined or split between program modules as desired in various embodiments. Computer-executable instructions
for program modules may be executed within a local or distributed computing environment.

[0043] For the sake of presentation, the detailed description uses terms like "determine" and "select" to describe
computer operations in a computing environment. These terms are high-level abstractions for operations performed
by a computer and should not be confused with acts performed by a human being. The actual computer operations
corresponding to these terms vary depending on implementation.

Il. Generalized Video Encoder and Decoder

[0044] Figure 4 is a block diagram of a generalized video encoder (400) and Figure 5 is a block diagram of a gen-
eralized video decoder (500).

[0045] The relationships shown between modules within the encoder and decoder indicate the main flow of informa-
tion in the encoder and decoder; other relationships are not shown for the sake of simplicity. In particular, Figures 4
and 5 usually do not show side information indicating the encoder settings, modes, tables, etc. used for a video se-
quence, frame, macroblock, block, etc. Such side information is sent in the output bitstream, typically after entropy
encoding of the side information. The format of the output bitstream can be a Windows Media Video format or another
format.

[0046] The encoder (400) and decoder (500) are block-based and use a 4:2:0 macroblock format with each mac-
roblock induding 4 luminance 8x8 luminance blocks (at times treated as one 16x16 macroblock) and two 8x8 chromi-
nance blocks (e.g., one U block, one V block). Alternatively, the encoder (400) and decoder (500) are object-based,
use a different macroblock or block format, or perform operations on sets of pixels of different size or configuration
than 8x8 blocks and 16x16 macroblocks.

[0047] Depending on implementation and the type of compression desired, modules of the encoder or decoder can
be added, omitted, split into multiple modules, combined with other modules, and/or replaced with like modules. In
alternative embodiments, encoder or decoders with different modules and/or other configurations of modules perform
one or more of the described techniques.

A. Video Encoder

[0048] Figure 4 is a block diagram of a general video encoder system (400). The encoder system (400) receives a
sequence of video frames including a current frame (405), and produces compressed video information (495) as output.
Particular embodiments of video encoders typically use a variation or supplemented version of the generalized encoder
(400).

[0049] The encodersystem (400) compresses predicted frames and key frames. For the sake of presentation, Figure
4 shows a path for key frames through the encoder system (400) and a path for forward-predicted frames. Many of
the components of the encoder system (400) are used for compressing both key frames and predicted frames. The
exact operations performed by those components can vary depending on the type of information being compressed.
[0050] A predicted frame [also called p-frame, b-frame for bi-directional prediction, or inter-coded frame] is repre-
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sented in terms of prediction (or difference) from one or more other frames. A prediction residual is the difference
between what was predicted and the original frame. In contrast, a key frame [also called i-frame, intra-coded frame]
is compressed without reference to other frames.

[0051] Ifthe current frame (405) is a forward-predicted frame, a motion estimator (410) estimates motion of macrob-
locks or other sets of pixels of the current frame (405) with respect to a reference frame, which is the reconstructed
previous frame (425) buffered in the frame store (420). In alternative embodiments, the reference frame is a later frame
or the current frame is bi-directionally predicted. The motion estimator (410) outputs as side information motion infor-
mation (415) such as motion vectors. A motion compensator (430) applies the motion information (415) to the recon-
structed previous frame (425) to form a motion-compensated current frame (435). The prediction is rarely petfect,
however, and the difference between the motion-compensated current frame (435) and the original current frame (405)
is the prediction residual (445). Alternatively, a motion estimator and motion compensator apply another type of motion
estimation/compensation.

[0052] A frequency transformer (460) converts the spatial domain video information into frequency domain (i.e. spec-
tral) data. For block-based video frames, the frequency transformer (460) applies a discrete cosine transform ["DCT"]
or variant of DCT to blocks of the motion prediction residual data, producing blocks of DCT coefficients. Alternatively,
the frequency transformer (460) applies another conventional frequency transform such as a Fourier transform or uses
wavelet or subband analysis. In some embodiments, the frequency transformer (460) applies a frequency transform
to blocks of spatial prediction residuals for key frames. The frequency transformer (460) can apply an 8x8, 8x4, 4x8,
or other size frequency transforms.

[0053] A quantizer (470) then quantizes the blocks of spectral data coefficients. The quantizer applies uniform, scalar
quantization to the spectral data with a step-size that varies on a frame-by-frame basis or other basis. Alternatively,
the quantizer applies another type of quantization to the spectral data coefficients, for example, a non-uniform, vector,
or non-adaptive quantization, or directly quantizes spatial domain data in an encoder system that does not use fre-
quency transformations. In addition to adaptive quantization, the encoder (400) can use frame dropping, adaptive
filtering, or other techniques for rate control.

[0054] When a reconstructed current frame is heeded for subsequent motion estimation/compensation, an inverse
quantizer (476) performs inverse quantization on the quantized spectral data coefficients. An inverse frequency trans-
former (466) then performs the inverse of the operations of the frequency transformer (460), producing a reconstructed
prediction residual (for a predicted frame) or a reconstructed key frame. If the current frame (405) was a key frame,
the reconstructed key frame is taken as the reconstructed current frame (not shown). If the current frame (405) was a
predicted frame, the reconstructed prediction residual is added to the motion-compensated current frame (435) to form
the reconstructed current frame. The frame store (420) buffers the reconstructed current frame for use in predicting
the next frame. In some embodiments, the encoder applies a deblocking filter to the reconstructed frame to adaptively
smooth discontinuities in the blocks of the frame.

[0055] The entropy coder (480) compresses the output of the quantizer (470) as well as certain side information (e.
g., motion information (415), quantization step size). Typical entropy coding techniques include arithmetic coding, dif-
ferential coding, Huffman coding, run length coding, LZ coding, dictionary coding, and combinations of the above. The
entropy coder (480) typically uses different coding techniques for different kinds of information (e.g., DC coefficients,
AC coefficients, different kinds of side information), and can choose from among multiple code tables within a particular
coding technique.

[0056] The entropy coder (480) puts compressed video information (495) in the buffer (490). A buffer level indicator
is fed back to bitrate adaptive modules. The compressed video information (495) is depleted from the buffer (490) at
a constant or relatively constant bitrate and stored for subsequent streaming at that bitrate. Alternatively, the encoder
system (400) streams compressed video information immediately following compression.

[0057] Before orafterthe buffer (490), the compressed video information (495) can be channel coded fortransmission
overthe network. The channel coding can apply error detection and correction data to the compressed video information
(495).

B. Video Decoder

[0058] Figure 5 is a block diagram of a general video decoder system (500). The decoder system (500) receives
information (595) for a compressed sequence of video frames and produces output including a reconstructed frame
(505). Particular embodiments of video decoders typically use a variation or supplemented version of the generalized
decoder (500).

[0059] The decoder system (500) decompresses predicted frames and key frames. For the sake of presentation,
Figure 5 shows a path for key frames through the decoder system (500) and a path for forward-predicted frames. Many
of the components of the decoder system (500) are used for decompressing both key frames and predicted frames.
The exact operations performed by those components can vary depending on the type of information being com-
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pressed.

[0060] A buffer (590) receives the information (595) for the compressed video sequence and makes the received
information available to the entropy decoder (580). The buffer (590) typically receives the information at a rate that is
fairly constant over time, and includes a jitter buffer to smooth short-term variations in bandwidth or transmission. The
buffer (590) can include a playback buffer and other buffers as well. Alternatively, the buffer (590) receives information
at a varying rate. Before or after the buffer (590), the compressed video information can be channel decoded and
processed for error detection and correction.

[0061] The entropy decoder (580) entropy decodes entropy-coded quantized data as well as entropy-coded side
information (e.g., motion information (515), quantization step size), typically applying the inverse of the entropy encod-
ing performed in the encoder. Entropy decoding techniques include arithmetic decoding, differential decoding, Huffman
decoding, run length decoding, LZ decoding, dictionary decoding, and combinations of the above. The entropy decoder
(580) frequently uses different decoding techniques for different kinds of information (e.g., DC coefficients, AC coeffi-
cients, different kinds of side information), and can choose from among multiple code tables within a particular decoding
technique.

[0062] If the frame (505) to be reconstructed is a forward-predicted frame, a motion compensator (530) applies
motion information (515) to a reference frame (525) to form a prediction (535) of the frame (505) being reconstructed.
For example, the motion compensator(530) uses a macroblock motion vector to find a macroblock in the reference
frame (525). A frame buffer (520) stores previous reconstructed frames for use as reference frames. Alternatively, a
motion compensator applies another type of motion compensation. The prediction by the motion compensator is rarely
perfect, so the decoder (500) also reconstructs prediction residuals.

[0063] When the decoder needs a reconstructed frame for subsequent motion compensation, the frame store (520)
buffers the reconstructed frame for use in predicting the next frame. In some embodiments, the encoder applies a
deblocking filter to the reconstructed frame to adaptively smooth discontinuities in the blocks of the frame.

[0064] An inverse quantizer (570) inverse quantizes entropy-decoded data. In general, the inverse quantizer applies
uniform, scalar inverse quantization to the entropy-decoded data with a step-size that varies on aframe-by-frame basis
or other basis. Alternatively, the inverse quantizer applies another type of inverse quantization to the data, for example,
a non-uniform, vector, or non-adaptive quantization, or directly inverse quantizes spatial domain data in a decoder
system that does not use inverse frequency transformations.

[0065] An inverse frequency transformer (560) converts the quantized, frequency domain data into spatial domain
video information. For block-based video frames, the inverse frequency transformer (560) applies an inverse DCT
["IDCT"] or variant of IDCT to blocks of the DCT coefficients, producing motion prediction residual data. Alternatively,
the frequency transformer (560) applies another conventional inverse frequency transform such as a Fourier transform
or uses wavelet or subband synthesis. In some embodiments, the inverse frequency transformer (560) applies an
inverse frequency transform to blocks of spatial prediction residuals for key frames. The inverse frequency transformer
(560) can apply an 8x8, 8x4, 4x8, or other size inverse frequency transforms.

11l. Motion Estimation and Compensation

[0066] Inter-frame coding exploits temporal redundancies between frames to achieve compression. Temporal re-
dundancy reductions use previously coded frames as predictors when coding the current frame. In the embodiments
described below, a video encoder exploits temporal redundancies in typical video sequences in order to code the
information using a smaller number of bits. The video encoder uses motion estimation to parameterize the motion of
a block, a macroblock, or other set of pixels of a predicted frame relative to a reference frame (e.g., a previously coded,
prior frame). The video encoder (as well as a corresponding decoder) use motion compensation to reconstruct the
predicted frame using motion information and the reference frame.

[0067] Motion compensation is the process of generating a prediction for a video frame (i.e., the predicted frame)
by displacing the reference frame. As noted above, the prediction is formed for a block, macroblock, or other set of
data from the reference frame. Also, typically the displacement is rectilinear and constant over the entire tile being
predicted. Such a displacement is defined by a motion vector with two components corresponding to the displacement
or shift along the X and Y directions. The X (horizontal) and Y (vertical) motion vector components represent the
displacement between the tile currently being predicted and the corresponding location in the reference frame. Positive
values represent locations that are below and to the right of the current location. Negative values represent locations
that are above and to the left of the current location.

[0068] In one implementation, a block is an 8x8 tile of pixels, a macroblock is a 16x16 tile of pixels, and motion
vectors are defined to quarter-pixel accuracy. In other implementations, the encoder and decoder apply one or more
of the described techniques to different size tiles or arbitrarily varying sized tiles, with different resolution or arbitrarily
varying motion vectors, and/or using motion information other than motion vectors.

[0069] Motion vector components are usually specified in terms of pixel displacements, often with sub-pixel accuracy.
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Sub-pixel displacements are realized by filtering the reference frame using appropriately defined motion compensation
filters. For the case of rectilinear sub-pixel motion compensation, the X and Y components are represented as fixed-
point numbers. The integer part of these numbers is called the full-pixel shift, and the fractional part is called the sub-
pixel shift. When the sub-pixel shift is zero, the motion is an integer number of pixels. Most often, this is implemented
as a block copy from the reference frame to generate the predictor (although, in theory, some form of filtering could
potentially be applied). On the other hand, when the sub-pixel shift is non-zero, the predictor is generated by applying
one or more filters corresponding to the sub-pixel shift to integer-pixel locations in the reference frame. Therefore, the
motion compensation filter is determined by the sub-pixel shift.

[0070] To implement sub-pixel shifts as filtering operations, motion compensation filters interpolate data points at
fractional pixel locations based on reference values at integer-pixel locations. In general, the quality of interpolation
increases with the support of the filter. Some embodiments use separable 2-tap and 4-tap (in each direction) filters,
which correspond to bilinear and bicubic interpolators.

[0071] In some embodiments, the motion compensation filters use integer arithmetic and division implemented as a
bit shift. The rounding control parameter R takes on the value of 0 or 1, and determines the direction of rounding for
these divisions. This rounding control parameter may be set to a constant, signaled externally, or may be implicitly
derived from past coded information.

[0072] Figure 6 shows integer-pixel and sub-pixel locations in a reference frame (600) used during sub-pixel motion
estimation and compensation in some embodiments. At quarter-pixel intervals in each direction, the reference frame
(600) includes sub-pixel locations for which an encoder or decoder may interpolate pixel values for a particular dis-
placement. The integer positions a-p of the reference frame (600) are shown as shaded cirdes in Figure 6, whereas
the quarter-pixel and half-pixel positions interposed between the integer locations are shown as unshaded circles.
Locations Py to Pg show nine representative sub-pixel positions, as described in Table 1.

Table 1:
Representative sub-pixel positions.
Position Description
Po Quarter-pixel horizontal, full-pixel vertical.
Py Half-pixel horizontal, full-pixel vertical.
Py Full-pixel horizontal, quarter-pixel vertical.
Ps Quarter-pixel horizontal, quarter-pixel vertical.
Py Half-pixel horizontal, quarter-pixel vertical.
Ps Full-pixel horizontal, half-pixel vertical.
Pg Quarter-pixel horizontal, half-pixel vertical.
P Half-pixel horizontal, half-pixel vertical.
Pg Full-pixel horizontal, three-quarter-pixel vertical.

[0073] The three-quarter-pixel position exemplified at Pg may be considered a special case of the quarter-pixel po-
sition; it is a quarter-pixel shift away from a full-pixel location. Other three-quarter-pixel positions are possible but not
shown. The sub-pixel positions P, to Pg are referenced in later descriptions of interpolation filters. In alternative em-
bodiments, the encoder and decoder interpolate values at additional or different sub-pixel positions, for example, those
at an interval other than quarter pixel in each direction.

A. Approximate Bicubic Interpolation Filters

[0074] For sub-pixel interpolation in some embodiments, a video encoder and decoder use linear/bilinear filters and/
or cubic/bicubic filters that are defined as follows.

[0075] A linear interpolator is a linear, or first-order, polynomial in one dimension that utilizes known values at the
two closest lattice points to the point being interpolated. The value of the linear function at the point being interpolated
is the linear interpolation. The multipliers of the linear polynomial are calculated by solving a linear system of equations,
determining the coefficients of the linearfilter. A linear interpolator filter is defined by two filter taps. A bilinear interpolator
is a linear interpolator separable in two dimensions.

[0076] A cubic interpolator is a cubic, or third-order, polynomial in one dimension that utilizes known values at the
four closest lattice points to the point being interpolated. The value of the cubic function at the point being interpolated
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is the cubic interpolation. The multipliers of the cubic polynomial are calculated by solving a system of equations,
determining the coefficients of the cubic filter. A cubic interpolatorfilter is defined by four filter taps. A bicubic interpolator
is a cubic interpolator separable in two dimensions.

[0077] The terms linear and bilinear are typically used interchangeably in the fields of video compression and de-
compression. In a normal two-dimensional interpolation, an interpolation operation performed in one dimension is
replicated in the other dimension, and therefore each filtering stage is termed bilinear filtering. The terms cubic and
bicubic are similarly interchangeable.

[0078] In this document, the terms linear and bilinear are used interchangeably to describe filtering in one, two, or
more dimensions. Similarly, the terms cubic and bicubic are used interchangeably to describe filtering in one, two, or
more dimensions. For instance, equations (11) through (13) define types of cubic filters, but are referred to as bicubic
filters because, in the common application of two-stage interpolation for reference video frames, the filters are used in
operations replicated for both dimensions of the two-stage interpolation. More generally, the dimensionality of the
filtering is known from the context.

[0079] In some embodiments, an encoder and decoder use approximate bicubic filters to interpolate values at sub-
pixel locations. For example, the encoder and decoder use the following filters (of which F, is a bicubic filter, and F,
and F5 are approximate bicubic filters) at possible shift locations in a reference frame such as the one shown in Figure 6.

half-pixel shift F4:[-1 99 -1] (11,
quarter-pixel shift F,: [-4 53 18 -3 ] (12),

and
three-quarter-pixel shift F5: [-3 18 63 -4 ] (13).

[0080] In practice, the filters also include a right shift (e.g., 4 bits for F4, 6 bits for F, and F3) to compensate for
expansion potentially introduced by the filter coefficients. The operator >> is a right shift operator. A right shift operation
shifts the bits of a binary number to the right, dropping the least significant bit and adding a 0 as the most significant
bit. This operation results in a simple division by 2 to the power of the number of bits shifted (e.g., a right shift by 3
results in division by 23 = 8) with the remainder dropped.

[0081] The filter coefficients for F, and F5 are loosely based on the true quarter-pixel bicubic interpolator, which is a
four-tap filter. The following equation shows the result of applying the true quarter-pixel bicubic filter for the location Py:

(7€ + 105f + 35g - 5h) >> 7 (14).

[0082] The coefficient values sum to 128, and the product of the filtering is right-shifted by 7 bits. The approximate
bicubic filters F, and F5 approach the pure bicubic filter in terms of performance, but have lower resolution, as shown
in the following equation.

(-7e +105f+35g - 5h) >> 7
= (-85e+525f+17.5g-2.5h)>> 6

~ (-4e +53f + 18g - 3h) >> 6 (15).

[0083] In many cases, using a pure bicubic filter results in loss of bits of precision in multi-stage interpolation, so the
normalization factor for the approximate bicubic filter is reduced by at least % (i.e., the right shifting is lessened by 1
bit or more). The filter coefficients chosen for the approximate bicubic filter of equation (15) are based on rounding the
true bicubic filter, after taking into account frequency domain behavior (e.g., to preserve high-frequency information)
and empirical behavior (e.g., to attain the lowest distortion given a certain bitrate). Specifically, filters F, and Fj still
indude four filter coefficients. (In general, using fewer filter coefficients in a filter speeds up implementation, but enough
filter coefficients should be used to address noise in an adjacent pixel.) The filter coefficient values are adjusted to sum
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to 64, which facilitates implementation using 16-bit arithmetic while approximating the higher-resolution bicubic filter.
Otherfilter coefficient values totaling 64 can also be used, while still approximating the bicubic filter. Afilterthat performs
substantially like a pure bicubic filter, but has less support and/or lower resolution, is termed an "approximate" bicubic
filter- One way to objectively measure whether a filter performs substantially like a pure bicubic filter is to check if the
approximate filter correlates well (i.e., within a defined threshold) with the pure bicubic filter. In one implementation,
correlation is measured by the cosine of the angle between the vectors for the filters (desired to be as close to 1 as
possible). and the threshold is .95. Other objective or subjective measures, other correlation measures, and/or thresh-
olds may also be used. For example, the filter coefficients of the approximate bicubic filter may be selected so that
their sum is some other value that facilitates efficient Fourier transformation or other mathematical manipulation.
[0084] As more fully described below, Figure 7 generally shows the integer pixel locations with pixel values that are
used to compute interpolated pixels for each of the cases corresponding to the bicubic filters outlined in equations (11)
- (13). P denotes the sub-pixel position for which a pixel value is computed. Iy, I,, |5 and |, represent integer-pixel
positions along the dimension of the interpolation. Figure 7 shows horizontal interpolation, but the same operations
and arrangement of positions apply to vertical interpolation.

[0085] In alternative embodiments, an encoder and decoder use other and/or additional interpolation filters. For
example, the encoder and decoder use a bilinear (i.e., a 2-tap) filter to interpolate the value. Forinstance, with reference
to the sub-pixel positions in Figure 6, the interpolation filters used to determine the values of P4, P5 and P; may be the
filters illustrated in equations (1) - (3).

B. One-Dimensional Interpolation
[0086] For various sub-pixel positions, the encoder and decoder of some embodiments compute an interpolated

value in only one dimension. As is illustrated in Figure 7, the following equations show the operation of the filters F,
(half-pixel shift), F, (quarter-pixel shift), and F5 (three-quarter-pixel shift) when interpolating between integer pixels:

Fyi (114 +9l, + 915 -1, +8-1>>4 (16),
Foi(-4ly +53l, + 1815 -8, +32- 1) >> 6 (17),

and
Fai (-84 + 18I, + 535 - 41, +32 - ) >> 6 (18),

where the value rcontrols rounding. The value r depends on the binary frame-level rounding control parameter R and
the interpolation direction as follows:

(19).

1=-R (vertical direction)
¥V =
R (horizontal direction)

[0087] To further illustrate one-dimensional interpolation. P4 and Py of Figure 6 show half-pixel positions in the ref-
erence frame (600) that require interpolation in only one dimension (i.e., the horizontal direction for P and the vertical
direction for Ps). The following equations show the operation of the filter F4 (half-pixel shift) when interpolating between
integer pixels for Py and Pg:

P,=(-1e+9f+9g-1h+8-1>>4 (20),
and
Pe=(1b+9f+9j-1n+8-1>>4 (21).

[0088] Similarly, Py and P, of Figure 6 show quarter-pixel positions in the reference frame (600) that require inter-
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polation in only one dimension. The following equations show the operation of the filter F, (quarter-pixel shift) when
interpolating between integer pixels for Py and Py:

Po = (-4e +53f + 18g-3h + 32 -1) >> 6 (22),

and

P, = (-4b + 53f + 18] - 3n + 32 - 1) >> 6 (23).

The approximate quarter-pixel bicubic filter F, may also be used with only a small modification to calculate three-
quarter-pixel positions. For instance, the following equation shows the operation of the filter F5 (three-quarter-pixel
shift) when interpolating between integer pixels for Pg:

Pg = (-8b + 18f + 53j-4n + 32 - 1) >> 6 (24).

[0089] Alternatively, an encoder and decoder use other and/or additional interpolation filters for half-pixel, quarter-
pixel, or three-quarter-pixel shifted positions in one dimension. For example, the encoder and decoder use filters with
more or fewer filter coefficients, different filter coefficients, different rounding, or no rounding.

C. Multi-Dimensional Interpolation

[0090] In some embodiments, interpolation is performed for sub-pixel positions that are offset in two dimensions. In
Figure 6, for instance, P3, P4, Pg, and P are positions for which interpolation occurs in both the horizontal and vertical
dimensions.

[0091] In one embodiment, which corresponds to the interpolation method (800) shown in Figure 8, two-dimensional
sub-pixel locations are interpolated first along the vertical direction and then along the horizontal direction. As more
fully described below, interpolation is performed using one ormore of the filters F, F,, or F5 specified above in equations
(16) to (18). In the embodiment illustrated in Figure 8, rounding is applied after both vertical filtering and horizontal
filtering. The bit shifting in the rounding rule ensures retention of precision permitted by 16-bit arithmetic in the inter-
mediate results.

[0092] In Figure 8, vertical filtering is performed first, followed by horizontal filtering. Starting with vertical filtering
improves performance in some architectures. In other embodiments, the order of the filtering is different. For instance,
interpolation is performed in the horizontal direction before the vertical direction. Or, various other combinations of
interpolation filters are used (e.g., multiple horizontal and/or multiple vertical filters, etc.).

[0093] The input and output pixel values (811, 838) have a bit depth of 8 bits, and have a dynamic range with 256
values. The intermediate values (820) have a bit depth of 16 bits, for a dynamic range with 65,536 values. |n alternative
embodiments, the input, output, and intermediate values have different (e.g., higher) bit depth.

[0094] In afirst stage (810), a suitable vertical filter (F,) is applied (812) to 8-bit input pixel value(s) (811). The vertical
filter applied will depend on whether the selected sub-pixel position is shifted by a quarter pixel, a half pixel, or a three-
quarter pixel and may take the form of one of the bicubic filters described above.

[0095] The rounding rule after vertical filtering is defined as:

(S+ R,) >> shifty (25),

where S is the vertically filtered result and R, = 2shift-1 -1 + R, Ris a rounding control value that alternates between
0 and 1 on a frame-by-frame basis. Thus, the rounding rule includes rounding with stage-alternating rounding control
(813) and a bit shift (814).

[0096] Right shifting potentially causes loss in resolution, so at least some of the right shifting is deferred to later
stages of interpolation. The right shift value for shiftV depends on the sub-pixel position being interpolated. Specifically,
shiftV={5, 3,3, 1 }for P3, P4, Pg, and P;. The amount of shifting is less than that required to compensate for expansion
due to the first stage filter coefficient values (e.g., the shift is less than 6-bits for the approximate bicubic filter), but
enough to guarantee that the intermediate results of subsequent filtering stay within the dynamic range for intermediate
values (e.g., 65,536 possible values for 16-bit words). Compared to full shifting, this shortened shift retains precision
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of the intermediate pixel values (820) after the first stage (810) of interpolation. The intermediate pixel values (820)
have a dynamic range of y bits, where y is greater than 8 bits. The amount of shifting performed in the first stage may
depend on the available bit depth and the coefficients of the interpolation filters. For instance, in the exemplary imple-
mentation described herein, intermediate values are limited to a word limit of 16 bits.

[0097] Consider point P4 of Figure 6 and input values in the range of 0 ... 2565 (8 bits). The range of intermediate
values from applying the approximate bicubic filter coefficients [-4 53 18 -3] to the 8-bit input values is from -1785 to
18,105 (about 14.3 bits, which rounds up to 15 bits for implementation) due to the expansion factor from the filter
coefficients. Subsequent horizontal filtering applying the approximate bicubic filter coefficients (with additional expan-
sion) to the intermediate values may produce values outside of 16-bit dynamic range, causing overflow or overflow.
So, the intermediate values are shifted enough to guarantee that subsequent horizontal filtering results in a value within
the 16-bit dynamic range. For P, the first shift amount is five bits, and the dynamic range of the shifted intermediate
values is then from -55 to 565 (roughly 9.3 bits, which rounds up to 10 bits for implementation). The range of output
from applying the approximate bicubic filter coefficients to the shifted intermediate values is then from -7,860 to 40,500,
which has a dynamic range of less than 16 bits. Thus, the shortened shift is calculated such that the 16-bit word limit
is fully utilized, but guaranteed not to be exceeded during the second stage (830) of interpolation.

[0098] In the second stage (830), a suitable horizontal filter (F) is applied (832) to interpolate the value at the two-
dimensional sub-pixel position from the values (820) determined by the vertical filter. The rounding rule after horizontal
filtering is:

(S+64-R)>>7 (26),

where S is the horizontally filtered result, and R is the rounding control value that alternates on a frame-by-frame basis.
Like the first stage rounding rule, the second stage rounding rule includes rounding with stage-alternating rounding
control (833) and a bit shift (834). On account of the deferred shifting in the first stage, the amount of shifting in the
second stage typically exceeds that normally expected for the selected horizontal filter and is calculated to output a
value having the desired dynamic range.

[0099] All of the bicubic filtering cases can potentially produce an interpolated pixel whose value is negative, or
whose value is larger than the maximum for the range (e.g., 255 for 8-bit output). In these cases, 8-bit output values,
the encoder and decoder clip the output value (836) to lie within the accepted range. In particular, underflows are set
to 0 and overflows to 255. After clamping, an interpolated 8-bit value (838) is output.

[0100] In Figure 8,the second stage shift is 7 bits. Thus, a filtered output value having 9 bits is retained. For instance,
continuing the previous example for P3, the range of the filtered output value is from -61 to 316, which has a dynamic
range of roughly 8.6 bits (which rounds up to 9 bits for implementation). Although the valid range of the interpolated
data is only 8 bits, the extra one bit of headroom provides overflow and underflow information. In other words, if the
most significantbit (i.e., the "sign" bit) is set, there is an underflow or overflow. Specifically which of the two has occurred
is derivable by looking at the remaining 8 "mantissa" bits.

[0101] Figures 9-11 further illustrate the two-dimensional interpolation described above and illustrated in Figure 8.
Figure 9 shows sub-pixel position P (half-pixel horizontal, half-pixel vertical) of the reference frame (600) of Figure 6.
Two half-pixel bicubic interpolation filters are used to interpolate the value of P;. In the first stage, intermediate values
V4-V, are calculated from proximate integer pixel positions using a half-pixel bicubic filter having the general form:

Vinter. = (1X4 + 9%, + 95 - 1X,) (27).
Thus,
Vy=(-1a+9e+9i-1m) (28),
V,=(-1b + 9f+ 9j - 1n) (29),
Vs =(-1c+9g+9k-10) (80),
and
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V, = (-1d+ 9h + 9l - 1p) (31).

[0102] After the appropriate value of R, is added, the results are right shifted by one bit. In the second stage, the
intermediate results V4-V, are used by a half-pixel filter to calculate the pixel value at P,. In particular, a half-pixel filter
having the following form is used:

Py = (-1Vy + 9V, + 9V, - 1V,) (32).

As discussed above, the result of the second stage is right shifted by seven bits in order to obtain a 9-bit value. The
9-bit value includes eight mantissa bits and one sign bit. After any necessary clamping is performed to compensate
for overflow or underflow, a final 8-bit interpolated value is output.

[0103] Figure 10 shows sub-pixel position P, (half-pixel horizontal, quarter-pixel vertical) of the reference frame (600)
of Figure 6. A quarter-pixel and a half-pixel bicubic interpolation filter are used to interpolate the value of P. In the first
stage, intermediate values V-V, are calculated from proximate integer pixel positions using a quarter-pixel bicubic
filter having the general form:

\ -4x4 + 53Xy + 18x5 - 3%4) (83).

inter. = (

This filter is applied to the integer pixel values of the reference frame (600) in the same manner as described above
with respect to calculating P,. After the appropriate value of R, is added, the results are right shifted by three bits. In
the second stage, the intermediate results V4-V, are used by a half-pixel filter to calculate the pixel value at P,. In
particular, a half-pixel filter having the following form is used:

Py=(-1Vy + 9V, + 9V, - 1V,) (34).

The result of the second stage is right shifted by seven bits in order to obtain a 9-bit value, any necessary clamping is
performed, and a final 8-bit interpolated value is output.

[0104] Figure 10 also shows a sub-pixel position Pg (quarter-pixel horizontal, half-pixel vertical). In orderto interpolate
the value of Pg, the technique for interpolating P, is used with only slight modification. In the modified technique, a
half-pixel bicubic filter is used in the first stage to determine the intermediate values. The intermediate pixel locations
are shown in Figure 10 at V5-Vg. During the second stage, a quarter-pixel bicubic filter uses the intermediate values
to calculate the value of Pg. In particular, a quarter-pixel bicubic filter having the following form is used:

Pg = (-4V + 53V + 18V, - 3Vg) (35).

The amount of the shifting in the first and second stages are the same as in the technique for calculating P, (i.e., the
first stage shift is three and the second stage shift is seven).

[0105] Figure 11 shows a sub-pixel position P5 (quarter-pixel horizontal, quarter-pixel vertical) of the reference frame
(600) of Figure 6. Two quarter-pixel bicubic interpolation filters are used to interpolate the value of P5. In the first stage,
intermediate values V4-V,4 are calculated from proximate integer pixel positions using a quarter-pixel bicubic filter having
the general form:

Y -4xy + 53Xy + 18x5 - 3%,) (38).

inter. = (

This filter is applied to the integer pixel values of the reference frame (600) in the same manner as described above
with respect to calculating P,4. After the appropriate value of R, is added, the results are right shifted by five bits. In the
second stage, the intermediate results V-V, are used by another quarter-pixel bicubic filter to calculate the pixel value
at Pa. In particular, a quarter-pixel filter having the following form is used:

Pg = (-4V, + 53V, + 18V, - 3V,) (37).
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The result of the second stage is right shifted by seven bits in order to obtain a 9-bit value, any necessary clamping is
performed, and a final 8-bit interpolated value is output

[0106] Although not shown in Figures 9-11, the values of sub-pixel positions having three-quarter-pixel shifts in one
or both of the dimensions may also be computed. In order to compute such sub-pixel position, the methods outlined
above may be modified by using the appropriate three-quarter-pixel bicubic filters in place of the quarter-pixel bicubic
filters.

[0107] In other embodiments, bilinear filters or a combination of bilinear and bicubic filters are used to interpolate
the values at the sub-pixel sample positions. The use of bilinear filters generally reduces the amount of shifting that is
performed (after the first stage and overall) because the coefficients introduce less expansion than with bicubic filters.
In one implementation using bilinear filters and 16-bit intermediate values, for instance, no shifting is performed in the
first stage, thereby maximizing the use of the 16-bit word limit, and a right shift of 4 bits is performed after the last
stage. Similarly, clamping may be deferred until the last stage.

[0108] One of the principles underlying the methods described above is the use of the highest possible accuracy at
every stage of filtering while staying within a desired "word size" limit W. If the output value has a dynamic range of D
bits, and L bits are discarded at the last stage, the output of the last stage of filtering can take up to D + L + 1 bits,
where the one extra bit is used for signaling underflows and overflows. Working backwards, if the last stage of filtering
results in an expansion by k bits, then the input to the last stage should be within D + L - k. Thus, in order to keep
maximum accuracy with a W-bit representation, the following relationship exists:

D+L+1=W (38).

Further, the input to last stage shouldbe D + L - k=W - k - 1 bits.

[0109] The above logic can be recursively applied to the penultimate stage of filtering, and so on. In fact, the bounds
can be tightened by using fractional bits to represent non-2k ranges and expansion factors.

[0110] Figures 12-15 are diagrams illustrating various techniques that are described in combination above, but that
are also separately applicable to multi-stage interpolation. Figures 12-15 do not show the various ways in which the
respective multi-stage interpolation (1200, 1300, 1400, 1500) can be used in conjunction with other multi-stage inter-
polation techniques.

[0111] Also, although each of Figures 12-15 shows two stages, the multi-stage interpolation (1200, 1300, 1400,
1500) techniques illustrated in Figures 12-15 may include more stages. More generally, the multi-stage interpolation
(1200, 1300, 1400, 1500) techniques may be implemented with any type of separable filters in multiple dimensions,
as well as arbitrary filters implemented in a cascade, trellis, or lattice structure.

[0112] Figures 12-15 show generalized input values, output values, and filters used in multi-stage interpolation. The
specific choice of bit depth for the input values of the first stage, the output values of the last stage, and the intermediate
values can be extended arbitrarily in accordance with the technical specifications of a target architecture or application.
For example, the input values may be 8-bit pixel values at integer-pixel positions in reference frames, the output values
may be 8-bit pixel values at sub-pixel positions in reference frames, and the filters may be regular and approximate
bicubic filters (as described above with reference to Figures 6-8). Alternatively, the input values and/or output values
have dynamic ranges of different bit depth, or different filters are used.

[0113] A component such as the encoder or decoder described with reference to Figures 4 and 5, respectively, may
perform the multi-stage interpolation (1200, 1300, 1400, 1500). Alternatively, another encoder or decoder, or another
type of component, may perform the multi-stage interpolation (1200, 1300, 1400, 1500).

[0114] Figure 12 shows a diagram of multi-stage interpolation (1200) with enhanced dynamic range (in bits) for
intermediate interpolated values. In the first stage (1210), the component applies (1212) a first filter F4 to one or more
x-bit range input values (1211), producing one or more y-bit range intermediate values (1220), where y is greater than
X. For example, the y-bit intermediate values are pixel values having a dynamic range greater than 8 bits, and the x-
bit input values have a dynamic range of 8 bits.

[0115] In each of zero or more intermediate stages (1222), which are not shown in detail, the component applies a
filter to the y-bit range intermediate values (1220). The output from the intermediate stages is one or more z-bit range
intermediate values (1229), where z is greater than x. (In Figures 12-15, If the last stage is the second stage, the
intermediate values output from the first stage are the input intermediate values to the last stage.)

[0116] Inthe last stage (1230), the component applies (1232) alastfilter P, to the one or more z-bit range intermediate
values (1229). The final output is an x-bit range output value (1234). For each of the multi-stage interpolation (1200,
1300, 1400, 1500) techniques, if necessary, the component repeats the multi-stage interpolation (1200, 1300, 1400,
1500) for additional output values. In the repeated interpolation, the component may reuse certain intermediate values
computed in previous interpolations.

[0117] Figure 13 shows a diagram of multi-stage interpolation (1300) with skipped clamping. Deferring damping
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speeds up computation, for example, since the component no longer checks each intermediate value against upper
and lower bounds of the range. Deferring clamping also preserves precision in the intermediate values.

[0118] In the first stage (1310), the component applies (1312) afirst filter F4 to one or more x-bit range input values
(1311). After application of the first filter Fy, no clamping is performed. Thus, the one or more intermediate values
(1320) output from the first filter F; may have a dynamic range greater than x bits. For example, the input values are
8 bit values, and the output from the first filter F; has a dynamic range of 9 or more bits due to the expansion factor
introduced by the coefficients of the first filter F.

[0119] In each of zero or more intermediate stages (1322), which are not shown in detail, the component applies a
filter to the one or more undamped intermediate values (1320). Clamping may also be skipped in the zero or more
intermediate stages (1322). The intermediate values (1329) output from the zero or more intermediate stages (1322)
are input to a last stage (1330), in which the component applies (1332) a last filter F_to the values (1329). The final
output from the last filter F|_is clamped (1334) and an x-bit range value (1336) is output.

[0120] Figure 14 shows a diagram of multi-stage interpolation (1400) with deferred bit shifting. In the first stage
(1410), the component applies (1412) a first filter F4 to one or more x-bit range input values (1411). In conjunction with
or after application of the first filter Fy, a shortened shift (1414) is performed. The shortened shift (1414) is less than
that required to guarantee an x-bit range output value (in view of the expansion factor of the coefficients of the first
filter F4), and thus is less than that typically associated with the first filter Fy. Accordingly, the shortened shift (1414)
produces one or more intermediate values having a dynamic range (of y bits) greater than x bits. For example, the
input values have dynamic range of 8 bits, and the intermediate values have a dynamic range of greater than 8 bits.
[0121] In each of zero or more intermediate stages (1422), which are not shown in detail, the component applies a
filter to the one or more intermediate values (1420). One or more intermediate values (1429) having a dynamic range
of z bits (greater than x bits) are output from the zero or more intermediate stages (1422) and, in a last stage (1430),
the component applies (1432) a last filter F|_to the values (1429). The final output from the last filter F|_is shifted (1434)
by an amount larger than that typically associated with the last filter F| , thereby contracting the dynamic range of output
value (1434) to a specified bit depth. For example, the dynamic range (in bits) of the output value (1434) is equal to x
or x+1. In one implementation, the shifting of the first stage and any intermediate stage is deferred as much as possible
until the final stage. The amount by which the shifting is deferred may depend on the available bit depth for intermediate
calculations and the expansion factors of the respective filters.

[0122] Figure 15 shows a multi-stage interpolation technique (1500) using stage-altemating rounding control. The
multiple stages in the interpolation technique (1500) alternate in how they apply rounding control to adjust rounding.
This helps prevent the accumulation of rounding error from frame to frame in certain video sequences. For example,
if a low-quality video sequence includes gradual motion in one dimension (panning) or two dimensions (zooming),
accumulation of rounding error may result in gradual color fading from frame to frame, which can cause perceptible
artifacts. Stage-alternating rounding control helps prevent such color fading.

[0123] A numerical example may help illustrate rounding in which stage-alternating rounding control is applied before
right bit shifting. The right bit shifting essentially results in division and truncation of the right shifted value. Adding a
rounding value before shifting causes the shifted value to be rounded up or down (to the nearest integer), rather than
always be rounded down (truncated). Using rounding control changes the direction of rounding (up or down) for a
marginal value. For example, suppose in each of the multiple stages, the output of filtering is adjusted by adding % of
the "divisor" of a right shift before the right shift (e.g., adding 24 = 16 before a 5-bit right shift, adding 26 = 64 before a
7-bit right shift). The effect of this addition is to round up (to the next, higher integer) values that would have a fractional
component of .5 or higher (after a division corresponding to the bit shift). Such values would otherwise be truncated
(to the next, lower integer) by the right shift. Regardless of the addition, values that would have a fractional component
of less than .5 (after a division corresponding to the bit shift) are still truncated (to the next, lower integer) by the right
shift. Rounding control then changes the direction of rounding for certain marginal values. For example, in each of the
multiple stages, the output of the filtering is further adjusted by subtracting 0 or 1 (the alternating rounding control
value) before the right shift (e.g., 2shiftV-1 or 2shift¥-1 _{), The effect of the rounding control adjustment is to change the
direction of rounding for values that would have a fractional component of .5 (after a division corresponding to the bit
shift). When 1 is subtracted, such marginal values are rounded down.

Otherwise, such marginal values are rounded up.

[0124] Each of the multiple stages use a rounding control value that alternates between 0 and 1 before the multi-
stage interpolation, so the different stages alternate in how the rounding control value is applied. Alternatively, the
multi-stage interpolation technique (1500) uses a rounding control value that itself alternates from stage to stage.
[0125] In the first stage (1510) of Figure 15, the component applies (1512) a first filter F, to one or more x-bit range
input values (1511). In conjunction with or after application of the first filter Fy, rounding (1514) is performed on the
output from the first filter F4. The rounding (1514) is adjusted by stage-alternating rounding control. For example, in
the first stage (1510), the stage-alternating rounding control causes the output value to be rounded upward to the
nearest integer if the output value is a marginal value (where the output value would otherwise be rounded downward).
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One or more rounded intermediate values (1520) are output from the first stage and into a second stage (1530).
[0126] In the second stage (1530), the component applies (1532) a second filter F, to the one or more intermediate
values (1520). Rounding (1534) is performed on the output from the second filter F». In conjunction with or after ap-
plication of the second filter F,, rounding (1534) is performed with stage-alternating rounding control, with the rounding
control causing rounding in the opposite direction as the first stage for marginal values. For example, in the second
stage (1530), the stage-alternating rounding control causes the output value to be rounded downward to the nearest
integer if the output value is the marginal value. One or more intermediate values (1536) are output from the second
stage and may be used in zero or more additional stages (1540). The zero or more additional stages (1540) may further
include stage-alternating rounding control.

[0127] The alternating rounding control is not limited to being applied in consecutive stages, but may be applied in
various other combinations of stages. Further, the first direction may be dependent on a number of parameters. For
example, in a video encoder and decoder, the first direction may depend on the rounding control used in the previous
frame or on the type of frame being interpolated (e.g., an I-frame, P-frame, or B-frame). In other embodiments, the first
direction may be set to a constant, derived implicitly from causal information (e.g., from past coded/decoded informa-
tion), derived using a pseudorandom generator, or signaled as part of the bitstream. The stage-alternating rounding
controlmay be applied in multi-stage interpolation using any of a variety of interpolation filters, induding bilinear, bicubic,
and approximate bicubic filters.

D. Chrominance Motion Vectors

[0128] Since chrominance (chroma) motion vectors are implicitly derived from co-located luminance motion vectors,
their accuracy is limited and offers scope for simplification. This simplification can reduce the computational complexity
of sub-pixel interpolation for chrominance values in the encoder and decoder without significantly decreasing the per-
ceived quality of the coded video. In addition, the encoder and decoder can switch between different modes for chromi-
nance motion vector rounding and interpolation. For example, one mode emphasizes quality in the coded video at the
expense of greater computational complexity. Another mode emphasizes computational simplicity at some cost to
quality.

[0129] In one implementation, a video encoder and decoder use a sequence-level 1-bit field "FASTUVMC" to control
the sub-pixel interpolation for chrominance values and the rounding of chrominance motion vectors. Thus, the video
encoder and decoder selectively operate in one of two different chrominance-rounding modes, a fast mode and a basic
mode.

[0130] Figure 16 shows a technique (1600) for selecting between multiple chrominance-rounding and interpolation
modes. For example, a video encoder or decoder such as one described above with reference to Figures 4 and 5,
respectively, performs the technique.

[0131] The video encoder or decoder determines (1610) whether a one-bit flag FASTUVMC indicates to use a fast
chrominance motion compensation mode (flag = 1) or basic chrominance motion compensation mode (flag = 0). For
example, the flag is a sequence-level field, corresponding to a user setting, which an encoder writes in the bitstream
of coded video and a decoder reads from the bitstream. Alternatively, the encoder and decoder use more bits to signal
a chrominance-rounding and/or an interpolation mode using fixed length or variable length codes, for example, to select
between more than two available modes. Or, instead of being a sequence-level field corresponding to a user setting,
the switching information is signaled elsewhere in the bitstream and/or set according to different criteria.

[0132] The video encoder or decoder then performs chrominance motion compensation in basic mode (1620) or fast
mode (1630). The details of basic mode (1620) and fast mode (1630) motion vector rounding and interpolation are
given below for one implementation. Alternatively, these modes have different implementations. For example, the
lookup table used in the fast mode (1630) implementation described below is changed to a different mapping to result
in a desired performance level for a specific hardware architecture, or changed to work for motion vectors of different
accuracies. Instead of or in addition to the basic mode (1620) and the fast mode (1630), the encoder or decoder may
use other modes for chrominance motion vector rounding and interpolation.

[0133] In one implementation, in fast mode, (e.g., if the chrominance-rounding flag =1) the chrominance motion
vectors that are at quarter-pixel offsets (i.e., one-quarter-pixel and three-quarfer-pixel offsets) are rounded to the near-
est full-pixel positions, the chrominance motion vectors that are at half-pixel offsets are left unrounded, and bilinear
filtering is used for all chrominance interpolation. In this mode, the speed of the encoder and decoder is increased.
The motivation for this optimization is the significant difference between the complexities of interpolating pixel offsets
that are at: (a) integer-pixel positions; (b) half-pixel positions; (c) a quarter-pixel position for at least one coordinate (of
x and y); and (d) a quarter-pixel position for both coordinates. The ratio of a:b:c:d is roughly 1:4:4.7:6.6. By applying
this fast mode, one can favor (a) and (b), thus cutting down on decoding time. Because this is performed only for
chrominance interpolation, the coding and quality loss (especially visible quality) are both negligible.

[0134] In this fast mode, a final level of rounding is done on the chrominance motion vectors as follows:
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// RndTbl[-3] = -1, RndTbl[-2] = 0, RndTbl[-1] = +1, RndTbI[0] = 0
// RndTbl[1] = -1, RndTbI[2] = 0, RndTbI[3] = +1

emv_x = emv_x + RndTbl[cmv_x % 4]; (39)

cmv_y =cmv_y + RndTbllcmv_y % 4];

where cmv_x and cmv_y represent the x and y coordinates of the chrominance motion vector in units of quarter pixels
and % represents the modulus (or remainder) operation, which is defined thus: (x % a) = -(-x % a). (The modulus of a
negative number is equal to the negative of the modulus of the corresponding positive number.) Thus, when cmv_x
(or cmv_y) is divisible by 4, then the chrominance motion vector has an integer offset. When cmv_x % 4 = +/-2, then
the chrominance motion vector has a half-pixel offset And, when cmv_x % 4 = +/-1 or +/-3, then the chrominance
motion vector has a quarter-pixel offset. As can be seen by the above re-mapping operation, the quarter pixel positions
are disallowed by rounding the chrominance motion vector to the nearest integer position (half-pixel positions are left
unaltered). Thus, this mode remaps chrominance coordinates to integer and half-pixel positions. Bilinear filtering may
be used for all chrominance interpolations in this mode for further speedup. Although this fast mode implementation
is described in combination with selection between multiple rounding modes. the fast mode implementation can alter-
natively be used independently (i.e., as the only possible mode).

[0135] Figure 17 is a table (1700) illustrating this fast mode of chrominance rounding. The first row (1710) shows
luminance motion vector values at quarter-pixel accuracy. Although the luminance motion vector values are shown in
terms of their fractional-offset from integer pixel values, they could be represented as integer values where each integer
represents a quarter-pixel increment (i.e., 0, 1, 2, 3, 4 instead of 0, 4, ¥, %, 1). The second row (1720) shows how the
corresponding chrominance motion vector values are rounded in the fast mode so that they have integer and half-pixel
accuracy.

[0136] Inthe second, basic mode of this implementation (e.g., if the chrominance-rounding flag = 0), the chrominance
motion vectors that are at quarter pixel offsets with no rounding error remain at quarter pixel offsets. The chrominance
motion vectors at other sub-pixel offset are rounded to the nearest full-pixel or half-pixel position. In this mode, the
speed of the decoder may be slower than other modes, but the accuracy with which chrominance pixel values are
calculated is higher. Thus, this basic mode remaps chrominance coordinates to integer, half-pixel, and quarter-pixel
positions. Bicubic or bilinear filtering as described above may be used for chrominance interpolation.

[0137] Figure 18is atable illustrating this basic mode of chrominance rounding. The first row (1810) shows luminance
motion vector values at quarter-pixel accuracy. The third row (1830) shows how the corresponding chrominance motion
vector values are rounded in the basic mode described above so that they have integer, half-pixel, and quarter-pixel
accuracy. In other implementations, the chrominance space is rounded to other resolutions in chrominance space.
[0138] Having described and illustrated the principles of our invention with reference to various embodiments, it will
be recognized that the various embodiments can be modified in arrangement and detail without departing from such
principles. For instance, the principles and techniques described above are not limited to use in a video encoder and/
or video decoder. Instead, they may be applied in any computing context where a value is calculated based in part on
one or more intermediate values or where separable filters are used in multiple dimensions.

[0139] It should be understood that the programs, processes, or methods described herein are not related or limited
to any particular type of computing environment, unless indicated otherwise. Various types of general purpose or spe-
cialized computing environments may be used with or perform operations in according with the teachings described
herein. Elements of embodiments shown in software may be implemented in hardware and vice versa.

[0140] In view of the many possible embodiments to which the principles of our invention may be applied, we claim
as our invention all such embodiments as may come within the scope and the spirit of the following claims and equiv-
alents thereto.

Claims
1. In a computer system, a computer-implemented method comprising:

at each of plural sample positions, computing a value using multiple stages of interpolation with stage-alter-
nating rounding control.
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The method of claim 1 wherein the computing includes:

in a first stage of the multiple stages, rounding a first marginal value to the nearest integer in a first direction
according to the stage-alternating rounding control; and

in a second stage of the multiple stages, rounding a second marginal value to the nearest integer in a second
direction opposite the first direction according to the stage-alternating rounding control.

The method of claim 2 wherein a rounding control parameter controls the first and second directions.
The method of claim 3 wherein the rounding control parameter alternates on a frame-by-frame basis.

The method of claim 1 wherein the plural sample positions are in a reference video frame, and wherein the value
is a pixel value.

The method of claim 5 wherein the reference video frame is a first reference video frame and wherein the stage-
alternating rounding control indicates a first rounding direction for the first reference video frame, the methodfurther
comprising repeating the computing for a second reference video frame and reversing the first rounding direction
for the second reference video frame based upon a rounding control parameter.

The method of claim 6 wherein the first reference video frame is a key frame and the first rounding direction is pre-
determined for the key frame.

A computer-readable medium storing computer-executable instructions for causing the computer system to per-
form the method of claim 1 during video encoding.

A computer-readable medium storing computer-executable instructions for causing the computer system to per-
form the method of claim 1 during video decoding.

A computer-readable medium storing computer-executable instructions for causing a computer system pro-
grammed thereby to perform a method comprising:

at each of plural pixel positions in a reference video frame, computing a pixel value using multi-stage interpo-
lation, wherein the multi-stage interpolation includes stage-alternating rounding control to alternate direction
of rounding for marginal pixel values from stage to stage in the multi-stage interpolation.

The computer-readable medium of claim 10 wherein the computing includes:
in a first stage of the mufti-stage interpolation, rounding a first marginal pixel value to the nearest integer in a
first direction according to the stage-alternating rounding control; and
in a second stage of the multi-stage interpolation, rounding a second marginal pixel value to the nearest integer

in a second direction opposite the first direction according to the stage-alternating rounding control.

The computer-readable medium of claim 11 wherein a rounding control parameter controls the first and second
directions.

The computer-readable medium of claim 12 wherein the rounding control parameter alternates between 0 and 1
on a frame-by-frame basis.

The computer-readable medium of claim 10 wherein the reference video frame is a first reference video frame,
the method further comprising repeating the computing for a second reference video frame and reversing the first

direction for the second reference video frame based upon a rounding control parameter.

The computer-readable medium of claim 14 wherein the first reference video frame is a key frame and the first
direction is pre-determined for the key frame.

A system comprising:

means for computing pixel values in reference video frames using multiple stages of interpolation with stage-
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alternating rounding control; and
means for performing motion compensation relative to the reference video frames.

17. The system of claim 16 wherein in a first stage of the multiple stages the means for computing rounds a first
marginal pixel value to the nearest integer in a first direction, and wherein in a second stage of the multiple stages
the means for computing rounds a second marginal pixel value to the nearest integer in a second direction opposite
the first direction.

18. The system of claim 16 wherein a rounding control parameter controls the first and second directions, and wherein
the rounding control parameter alternates between 0 and 1 on a frame-by-frame basis.
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Figure 13 |
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’ . 1400
Figure 14
X N \ intermediate
x-bit range input value(s) 1420,
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Figure 15 ;°°
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Figure 16
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Figure 17
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