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ABSTRACT

We propose a real-time video transmission scheme, reféored

as SNP/VQR, which is capable of providing spatial and tempo-

ral scalabilities. SNP/VQR avoids error propagation by biimg
bandwidth adaptability with error concealment. A realdimsoft-
ware implementation of SNP/VQR is tested over a wireless net
work with simulated 5% to 20% of packet losses. SNP/VQR pro-
duces a relatively constant visual quality in our packes kisdies.

1. INTRODUCTION

With the emergence of broadband wireless channels, thereeis
newed interest in real time video communications over \@sgl
IP networks. Scalable video coding [1] is the preferred miode
sending video over wireless networks, where a subset ofdie ¢
pressed bit stream provides the base quality. Additionahece-
ment layers build on to the video quality in the spatial amdge-
ral domains. Scalability allows the server to dynamicatljuat to
the bandwidth variations in the network by transmitting dueed
number of layers at times of congestion.

The paper presents a video compression scheme for transmis

sion of streaming video over wireless networks. The scharitdd
on the noncausal predictive codec with vector quantizatiod
conditional replenishment (SNP/VQR) [2] in the followingys.

to the performance of MPEG4 under ideal transmission ciamit
In our simulated packet loss studies, we observe that SNR/VQ
produces a constant quality video over the entire transomss
Section 2 reviews SNP/VQR and derives the forward unilat-
eral prediction model. Section 3 describes the bandwidtp-ad
tation and error concealment features of the forward SNRVQ
Experimental results, including a comparison with MPEG#, a
presented in section 4. Section 5 concludes the paper.

2. SNP/VQR CODEC

As shown in Fig. 1, the compression procedure of SNP/VQR has a
predictive component followed by vector quantization (Ve
predictive component has three stages: (1) Estimationeo¥ehti-
cal, horizontal, and temporal interactiofis, 8., 8: }; (2) Trans-
formation of the 3D noncausal model to an equivalent unithte
representatiof L, F'}; and (3) Generation of the uncorrelated er-
ror field ¥ using a 3D noncausal Gauss Markov prediction model.
To achieve low bit rates, the error vid@as compressed using
the cascaded VQ shown in part Il of Fig. 1. We apply conditiona
replenishment [3] at each stage of the cascaded VQ, where a VQ
block is transmitted only if it is substantially differembfn the cor-
responding VQ block at the same location in the previous é&am
The decoder reconstructs the video by inverting the stepbeof
encoder in the reverse order and is shown in part 11l of FigVva.

1. SNP/VQR uses a backward unilateral prediction approach now develop the forward prediction model for SNP/VQR.
based on modeling the video with a noncausal Gauss Markovrorward Unilateral Prediction: Extending Woods’ minimum mean
random process (GMrp). Starting from the last frafhe= square error (MMSE) approach [4] to 3D models, a first order
Ny), backward prediction encodes the video sequence in video is represented by the bilateral autoregressiverdimealel
the reverse ordefN, > k > 1). In this paper, we derive
an equivalenforward unilateral prediction model, which ~ Zijk — Bo(Tiv1k + Tio1;k)— 1)
recursively transforms the video, in its natural order< Br(Tij+1k + Tij—1k) — Be(Tijhs1 + Tijr—1) = e(3, J, k),
k < Ng), into a 3D uncorrelated error field. Forward pre-

diction is, therefore, more suitable for live streamingedd ~ Wherezi;x is the pixel intensity at spatial locatidn, j) in framek

) of the(N; x Nj x Nk) input video and; ;. is the correlated input
2. We propose using the forward SNP/VQR for flow and error noise. Using a row-major order to arrange pixels in framek

control for low bit rate video communications. We design a ; (k) ; : ;
i X ) into vector X '*) and then stacking the resulting vectors, gives

bandwidth scalable version of SNP/VQR capable of adjust- g g g
(2

ing its transmission rate acording to the changing network
conditions. This solves the flow control problem while er-
ror propagation is avoided by using an error concealment By rearranging pixels:; ;i in vector X and the correlated input
approach based on spatial and temporal median filtering.  noisee; ;; in €, Eq. (1) is expressed aéX = . For a first order
A software implementation of the forward SNP/VQR is suceess GMrp, (1), the covariance matri.. of the video field is>> A~",
fully tested for real time video cellular telephony over asléss whereg? is the variance of the pixel intensities in the video. The
IP network with 5% to 20% of simulated packet losses. Ourltesu ~ Structure of the potential matrit is described in Theorem 1.
show that the performance of the forward SNP/VQR is comparab Theorem 1: The expressiotdX = €' represents a 3D, first-order,
noncausal GMrp with zero Dirichlet boundary conditions (hiff

@)

X =[xOF x@T x0T
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Fig. 1. Block Diagram of the forward SNP/VQR.

with Ay = Iy, ® B+ Hy, @ CandA; = In, ® D (4) 2.1. Structureof Cholesky Blocks

where® denote the Kronecker product. The constituent blocks are To illustrate the structures of the Cholesky blogls™, ()3,
we run a simulation of (8) wit#, = 0.156631, 5, = 0.166309,

B= —B;LH}V,, +1In,, C=—Buln,, andD = —B;In,. (5) and B; = 0.167446 defined on a 3D(24 x 24 x 24) lattice.
These values of field interactions are obtained from a relglo/se-

In (3)-(5), symbolsl, andIy, denote identity matrices, while  quence. For comparison, we also compute their steady statesy
H{VK andH]{,I are Toeplitz matrices that have zeros everywhere {L>, F'*°} by iterating (8) until convergence is achieved. Based
except for the first upper and lower diagonals, which are azeg on the computed values, we make the following observations.
of all ones. The subscript denotes the order of the matrix. |
Theorem 1 defines the prediction model X = &) for a 3D non- o R . .
causal field in terms of paramet€s,, gh, Bt 0;}). The structure F=||for (Nx < k < 1). The pl())t hlghll(%wts.the rapid geometric
of the potential matrix4 includes pixels from both the past frame ~ convergence of the sequendes andlzo with respect 0.
(k — 1) and the future framék + 1) for prediction of pixels in Property 2: Fig. 2(b) polgts the norm F7%, 1, 1 — Fi%, || of thf
framek. Such a representation precludes recursive computations.constituent blocks i as a solid line marked with symbot".

Property 1: Fig. 2(a) plots the normgL*) — L,°°|| and||F*) —

Theorem 2 derives an equivalent forward unilateral model. The norm||Lg7 1, +1 — Ligye, || In L™ is shown WLtoh symbols'.
Theorem 2: The following are equivalent representations fora 3D, Ve observe that the constituent blocksf” and L™ themselves
first order, noncausal GMrp with zero Dirichlet b.c. converge along the respective block diagorfalsOther nonzero
subblocks outside the main block diagonal in bétff and L>°

1. Bilateral Representation: ~ AX = & (6) also converge in a similar manner.

] 1) (1) ) Property 3: Figs. 2(c) and 2(d) plot the norms of the blo¢ks??,, ||
2. Unilateral Representatiof: X" = v ) and||F;%, || along block row¢;. We note that these blocks con-

and FPXED 4 B xE — ") (9 < k< Ng) verge to0 along¢; on either side of the main diagonal 5.

Based on Properties 1-3, we approximate each Cholesky block
L™ in £ by anM; block banded, lower triangular matrix. Simi-
larly, each Cholesky block™®) in £ are approximated by ah/>

block banded, upper triangular matrix, such that

wherev® represents the row major ordered pixels in fratnef
the whitened error field (s, j, k), obtained from the transforma-
tion, 7 = £~ T¢&. Blocks {L®, F®} are the constituent blocks
on the main and first lower block diagonals of the block bidiag
onal matrix£, derived by the Cholesky factorizatiaht” = A.

All other block diagonals irC are zero blocks. [ |
Since the covariance matri®, = o247, itis straightforward to
show that the covariancE, = o&2I. In other words, the noise  2.2. Practical Implementation
vector ¢ is white and we have completely uncorrelated the 3D . TP . .
video field with the unilateral transformation, (7). The Gisky To derive the simplified implementation of the unilaterginesen-

i itth, (%) (k) i ith/, -
blocks{Ly, F}. } are obtained directly frorjA,, A2} by expand- tatlon,tv\(e expland ((711)4WIIM f‘F‘dF | apl;iz)rolilgatsd dw'tm{l.
ing £T £ = Ain terms of the constituent blocks as upper triangular ana/; lower triangular block banded matrices,

respectively. Fo/; = M» = 3, the resulting expressions are

Ff) =0V (62— t) <My and L), =0V (61 — f1) < Ma.

L1142

— T
L™ = chol(A; — &y, F&THT PO, (®) V(1 <k< Ng)and(1 <t <Np),
with F®) = (L") =74, for (N > k > 1). The symboldx, min(ey+3,N7) 3
i = 5 i 5 (k) 5 (k=1 (k) x (k) _ (k)
is 0 fork = Nx. For all other values of, o, n, is 1. We note that Sk - Z Fglei ) 4+ Z LelTXi ) — v, (9)

Ly, is an upper triangular matrix, whilgj, is lower triangular. =t r=max1.t;—3)
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Fig. 2. lllustration of convergence in the Cholesky blocks{f@r = 0.156631, 5, = 0.166309, 3: = 0.167446}. (a) Plots 011|L"“) — L
and||F®) — F°|| versus frame indek. (b) Plots Of || Lg 410,41 — LeSe, Il @nA|[F 710, 11 — Foe, || versus block rowls. (c) Plots of
[|Lg7e, || for the last five rowg; and(1 < £2 < £1) in L™ (d) Plots of|| £, || for the first five rowsl; and(£1 < £2 < Np)in F*

where the Cholesky blockgF, ") , L") } are obtained directly
from blocks{ B, C, D} by expanding (8) and exploiting the block
banded structure of the matrices.

The practical implementation of the forward SNP/VQR usgs (9
to generate the whitened error imagg., which is compressed us-
ing a 3-stage cascaded vector quantizer. Additional cossjoe is
achieved by applying conditional replenishment at eacestd
the cascaded VQ, where a vector quantized block is traresmitt
only if it is substantially different from the correspondinector
quantized block at the same location in the previous franhe. T
compressed bit stream is then multiplexed with audio anéroth
data types, if required, segmented into fixed length paclestd
transmitted over the communication network.

3. FLOW AND ERROR CONTROL

For live video communications, reduction of transmissiates is
only one of the required steps. A second equally importask ta
is handling transmission errors and packet losses in theonlet
Current error control mechanisms include some form of nstra
missions and/or forward error correction (FEC). Retrassion
based approaches fail in real time applications, partitulahen
the round-trip propagation delay is large. FEC schemes ddd a
tional bits to the compressed data and are not particuladfulifor
low bit rate communications. In addition, FEC schemes ase al
deemed ineffective when packet losses are bursty. Sincereve a
primarily interested idive, low bit rate multimedia applications,
retransmission and FEC based approaches are not viabtmspti
for us. Instead, the forward SNP/VQR achieves error resibdoy
combining bandwidth adaptability with error concealment.
Bandwidth Adaptation: The practical implementation (9) of the
forward SNP/VQR can achieve scalability in both the spatrad
temporal domains. Thepatial scalability is a direct consequence
of cascaded VQ used to compress the prediction error. Inxhe e
perimental setup, we use a 3-stage, 6-hit vector quantizérav
‘321’-bit distribution between the three stages. For thet bpatial
quality video, the outputs of all three stages are transohiib the
receiver. The intermediate quality uses the outputs fragest 1
and 2, while the lowest quality uses only the output fromathg
The frame rate scalability is achieved by representing the in-
put video sequenc& ®, (1 < k < Ng), in three layers. The
base layer consists of every fifth fram&(** =% and is transmit-
ted to all receivers. The first enhancement layer encodesmet

diate frames X “*~1) while the second enhancement layer en-
codes the remaining frames(?*). To fully exploit the temporal
redundancy, prediction in the first enhancement layer useses
reconstructed from the base layer as well as the originahdsa

X k=1 " Similarly, prediction in the second enhancement layer
uses frames reconstructed from the base and first enhanckayen
ers in addition to the original frames (?%).

By combining the spatial and frame rate scalabilities, tre f
ward SNP/VQR offers three quality of services: Gold, Sihard
Bronze, at hit rates between 10kbps to 500kbps. Aroaze ser-
vice uses the base layer of the temporal feed compressed with only
the first stage of the cascaded VQ. Tdileer service couples the
base and first enhancement layers. Each layer is comprestted w
the first two stages of the cascaded VQ. Finally, gbkel service
uses all three temporal layers and a 3-stage cascaded VQ.

Using the above scalability feature, the forward SNP/VQR al
lows decoding at multiple rates from the same bit streamdBan
width adaptation is achieved by using different stages efcdds-
caded VQ and selecting some or all of the enhancement layers.
This solves the flow control problem, while error propagatie
avoided by concealing the effects of transmission errors.

Error Concealment: To conceal the distortion introduced by VQ
blocks damaged due to transmission errors or lost due togpack
losses, the forward SNP/VQR uses spatial and temporabpimter
lation. A lost packet in SNP/VQR implies that certain bloaks
the error image’ are not available for reconstruction of the video.
Unavailable pixels in these damaged blocks are interpmifaten
correctly received pixels in adjacent blocks from the santeme-
vious frames. To facilitate interpolation, the forward SMR
interleaves the VQ blocks during packetization so that tdsme
packet does not lead to loss of contiguous blocks.

4. EXPERIMENTS

We test the performance of the forward SNP/VQR when sulgecte
to random packet losses during transmission. In our sinoulst

we use the monochrome video sequenCagphone with a QCIF
resolution of(144 x 176) pixels per frame and a display rate
of 30 frames/s. The test sequences are encoded with thertbrwa
SNP/VQR and transmitted over a channel with 5% to 20% of
packet losses. We present results of a simulation with ardé¢a

of 82.56 kbps and 20% of random packet loss. Data from the cor-
rectly received packets is used to reconstruct the video.



Fig. 3 plots the peak signal to noise ratio (PSNR) at 82.56kbp
for the following four schemes: 1. SNP/VQR without packessip

2. MPEG4 without packet loss; 3. SNP/VQR with packet loss and P e e s w0 e wmo w0

no compensation for error; and 4. SNP/VQR with packet losk an (a) SNP/VQR under ideal transmission conditions.
error concealment. Schemes 1 and 2 assume no transmissicsm er N — T

or loss of packets and allows us to compare the performartbe of i
forward SNP/VQR with MPEG4 under ideal transmission condi- e s W w0 o wo i
tions. Schemes 3 and 4 assume a 20% packet loss during teansmi (b) MPGE4 under ideal transmission conditions.

sion of the vector quantized fietd In scheme 3, the luminance of

any pixel in@, whose information is lost due to packet loss, is set VYV WYYV

to zero. Scheme 4 replaces the values of such pixels with &he m o w0 T ) e o
dian of the corresponding undamaged pixels in the thregadigat (c) SNP/VQR with 20% packet loss.

neighboring blocks in the same frame and one block at the same S———————— |
location from the previous frame. To keep the decoder sirfgrle

real time applications, we avoid more complex approachels as P @ e e s no e

the projection onto convex sets (POCS) interpolation. ~ (d) SNP/VQR with 20% packet loss and error concealment.
Fig. 3illustrates that the performance of the forward SNpR/  Fig- 3. Variability of PSNR at 20% simulated packet loss.

is comparable to the performance of MPEG4 at 82.56 kbps un- Bit rate Mean PSNR

der ideal transmission conditions. Further comparisorheftivo (Kbps) | SNP/VOR| MPEG4

codecs is completed in Table 1, which lists the mean PSNR (av- 106.13 | 32.84dB | 32.15dB

eraged over all frames) for video sequences compressedhwith 8256 | 31.64dB | 31.20 dB

forward SNP/VQR and MPEG4 at bit rates below 125 kbps. Re- 5219 | 3056dB | 29.74 dB

sults from Table 1 support our earlier conclusion. Underdéon 3840 | 2947dB | 29.05dB

tions of 20% s!mulated. packgt loss, we observe from Elg. 8 tha 26.52 20.08dB | 28.61 dB

scheme 4 provides a fairly uniform quality of reconstructito. 1873 | 28.68dB | 28.46 dB

Even a simple error concealment approach like median fitjeri
used in the forward SNP/VQR eliminates error propagatian. T Table1: Comparison of mean PSNR between SNP/VQR and MPEGA4.
provide subjective evaluation of the reconstructed vidempre-
sentative frame (frame 27) is extracted from the sequenmes c
pressed with schemes 1-4. Fig. 4 shows the original and &ur r
constructed frames. We observe that scheme 4 (Fig. 4(edpeath
most of the distortion introduced by the loss of packets.(#id)).

All features of the original image corresponding to the fumstkets
are distinctly visible in the video reconstructed with stiees.

5. SUMMARY

Inthis paper, we successfully tested a real-time, bandhsdalable
video transmission scheme for wireless applications. Topgsed
scheme allows spatial and frame control scalability atedéfht
rates from the same bit stream. This solves the flow conta-pr
lem while error propagation is avoided by using a relatigtgple
time and spatial median filtering approach.
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