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ABSTRACT where the more important data is provided greater protection than

Media delivery over lossy packet networks is a challenging problemthe less important data. The application of UEP with scalably coded
. - . images and video has been extensively studied [6, 7], and this has
and Forward Error Correction (FEC) based techniques are an impot

tant technique for overcoming packet loss. Conventional FEC-base?Hso begn applied to provide dlfferentlal_protectlon forthe I, P,and B
rames in conventional MPEG coded video (also a form of scalable

media delivery techniques protect all packets equally, or protect a

. .~ .coding). Under this approach, when the packet loss rate is higher
subset of the packets, or protect different subsets of packets with di han the amount of redundancy which can be applied, the redun-

ferent levels of protection, e.g., scalable coding with unequal €ITOl 2 nev is allocated to protect the most important data. e.q. aoplied
protection (UEP). This paper proposes an FEC-based technique ?o y p P - €.9., app

maximize the expected received media quality by explicitly discard+ protect the base layer of a scalably coded media or to the | and
P q y by explcitly P frames for an MPEG coded video (and the B frames are not pro-

ing packets, when beneficial, in order to provide additional room fortected). We refer to this class of schemes as “protect subset’.

FEC. Given knowledge of the importance of each packet, we show Thi ; mines the problem of determining what is the best
that there is a simple and intuitive criterion for the optimal selection IS paper examines the problem of determining what is the bes

of which packets to discard and which to protect, as well as the Iev%jvEeC rsgragsegyarzoaﬂwgi; ttr::h?\)i(pﬁgtf: ircz:sigc;orl]:éié thgrfroer(r:s;vnegé
of protection, to minimize the expected distortion experienced at th Prop d p P

receiver. The proposed approach provides significant gainstiozer as compared to the “protect all” and *protect subset” classes of ap-

conventional approaches, and these gains are illustrated for the ¢ ré)z?cpest descbnb?d f"iﬁover' Sprc]ec%czglg, \;vhs n negre;iaryhv\ﬁprrop
of sending H.264 coded video data over a packet erasure channgProtecta subsetot the pre-encoded data ydiss ding another:
with known packet loss rate. Subset of the data. While it may appear illogical to intentionally in-

troduce additional losses as the first step of delivering data, we show
Index Terms— Video streaming, forward error correction, FEC that appropriate selections of what to discard and what to protect
can provide significant benefits. In particular, by explicitly discard-
1. INTRODUCTION ing data, we gain additional room for FEC, which is then used to
provide improved protection for the more important remaining data.
Media delivery over wired and wireless networks is important today  This paper continues in Section 2 by describing the specific prob-
and will likely increase in importance in the future. A challeng- lem to be examined and different strategies for overcoming it. Sec-
ing problem in this context is how to reliably deliver media over tion 3 examines the proposed strategy in detail, and analytically de-
a lossy packet network. A variety of techniques have been devetermines the optimal solution assuming the number of packets is
oped to overcome this problem, including forward error correctiongiven by a continuous value — which provides beneficial insight into
(FEC), retransmission-based techniques, error-resilient codirg, e the solution. The case of integer number of packets is examined in
concealment, and various combinations of the above [1, 2, 3, 4]. DéSection 4. Experimental results validating the proposed technique
pending on the specific situation, one or another technique may k#e given in Section 5, followed by a summary.
more appropriate. For example, if real-time encoding is performed
and the encoder receives timely feedback about which packets are
received by the decoder, or about the channel loss characteristics,

then a variety of feedback-aware techniques can be applied [4]. . L
This paper examines the use of FEC for reliable media deliv-In the following, we assume that the media is coded infuackets

ery over a lossy packet network, and for simplicity of discussion wePS" unit of timg, and each pacKet is indepeqdently decodable. We
co);lsider the CZSF; when the media is pre-er?cod)éd and stored at '(?h to transmit the_coded medl_a through a link W'th. throgghput of
sender. In addition, we assume that the probability of packet losS [:ac}:ﬁts iﬁr u:'t tr'mbe’bffllr.ld Wh'gh rerfafresdptacket;shln an LI?I man-
is known to the sender. Given the pre-encoded content, one typicgfatevzl'jl_% Tg\g mzc?ia?sleltsy;u?nec,i t?) %eedeczgs d oig?ifng ugiisat a
FEC approach is to add sufficient FEC packets so that the receiv ?ne e block of UD ton received packets). by an FEC decoder
may recover all of the transmitted media packets. This approac (ie., P P ), by

treats all packets equally and provides equal error protection acro %l(l)?év(i%r?ys‘zr?eedfcggt?gg' t?e eilcr)fer::?)l\r/lgrgt?lethtf st:]r:?:gér(]: %feigg;r
all packets in an attempt to recover all packets — we refer to this cladd ’ P y y

of techniques as “protect all”, e.g., [5]. When the media is scalabl nd unavailable to the media decoder. The quality of reconstructed

- . edia is determined by the packets which are received, FEC de-
coded, another approach is to apply unequal error protection (UE oded, and available to the media decoder. The distortion due to the

*This work was performed while attending the Researchers sideace unavailability of each individual paCket is assumed to be known, and
program at HP Labs. expressed by (i) wherei is the packet index. In addition, we as-

2. PROBLEM STATEMENT




sume that the total quality loss (i.e. total amount of distortion) due? .
to unavailable packets is additive in the distortions caused by the
individual lost data packets.

There are a number of FEC-based strategies for overcoming th
distortion consequences of packet erasure losses, which carlyrough
be classified as below:

7

e Protect All : Protect all of the packets equally with the avail- PLR PLR
able FEC discarded unprotected

e Protect Subset : Protect a subset of packets (typically the most D
important) with the available FEC I

o Protect Different Subsets with UEP : Protect different subsets
of packets with different levels of protection (UEP)

e Discard & Protect : Proposed technique to discard a subset
and protect subset(s) of packets (also possibly with UEP)
Clearly, if the available FEC is sufficient to protect all of the ™ > PLR i »PLR
protected aggregate

packets from potential erasures, then Bretect All technique al-
ready provides the best quality in the sense that all of the coded pack- ]
ets will be recovered and the distortion will be zero. However, wherfig. 1. Effects as a function of PLR for a subset of packets when (1)
the available FEC is not sufficient to protect all of the packets therfliscarding the subset, (2) leaving subset unprotected, (3) protecting
the situation is unclear — and this is the operational situation whicfio @ single level of protection; and (4) aggregate result for discard-
motivated this work. Since we consider the case where the medifld @ subset, leaving another subset unprotected, and providing two
is pre-encoded and stored for later delivery, the sender can not ré&vels of protection.

encode the media at a different bit rate, and the sender’s options are

limited to those mentioned above. We examine this situation next.

2, we plot the distortion vs. PLR performances of several example
3. PROPOSED SOLUTION schemes that try to transmiit= 285 data packets across a link with
capacity ofn = 300 packets, providing room for 15 FEC pack-
To simplify the analysis in this section, we neglect the fact that theets initially. These example results are using H.264 coded video
numbers of packets are integer values, instead assuming they cpackets as described in Section 5. The three schemes aPeof1)
take on real values. The case of integer number of packets is exect All where all 285 video packets are protected wit{3@0, 285)
amined in the subsequent section. Relatedly, we assume we hagede, (2)Protect Subset where the 190 most important video packets
distortion densityD(x) as a staircase function of the continuous- are protected with 6205, 190) code and the remaining video pack-
domain packet number, obtained from the discrete analog. With ets are unprotected, and (Bjscard & Protect where the 15 least
these simplifications, we can state that: important video packets are discarded and replaced by extra checks
in a (300, 270) code to provide additional protection to the remain-
ing more important video packets. The performances of these are
) . plotted against the best-case lower bound. The expected distortion
ZE i ﬂ:xgz);eft'&gih:)r%Ta'n'ng data packets, where is normalized so that if all of the packets_ are I_ost _the total distortion
o would be 1. Note that foProtect All the distortion is zero for PLR
We next show this is true. less than 5%, and rises linearly for larger PLRs. As shown via these
Given a particular way of coding data packets, some of the examples, if the available FEC is sufficient to overcome the PLR then
data packets are discarded/overwritten, some are left unprotectddrotect All is the best solution. However, if the PLR is greater than
and some receive error protection. At a PLRppthe expected dis- what the available room for FEC can handle, tReotect Subset and
tortion due to transmitting packets, by case: Discard & Protect provide significant gains in performance.

No scheme performs better than all others over all PLRs. How-
ever, we can identify the best scheme at each PLR and show that the

The best distortion performance at a PLR@$ achieved
by overwriting the least distorting" data packets with

e Discarded:D(7);

e UnprotectedpD(i); statement at the beginning of this section is true.

e Protected:0 if p < py, andpD(z) if p > pn, Wherepy, Claim 1: Suppose we rank order tihedata packets by their
is the threshold where FEC fails for packetletermined by  associated distortion-on-loss in the order of rising distortion (packet
code parameters. 1 least, packek most). Then the best scheme at any PhRan

These characteristics are illustrated in Figure 1. The overall expect

packe, The plot e overall cistortion ve. PLR 1 piecemies e [01eCied: See notaton n Figure 3. Therefore, we ake) o be

and exhibits discontinuities at any PLR that is at a threshold of FECTONOtONIC non-decreasing without loss of generality.

decoding failure. Claim 2: The number of check packets available for FEC pur-
We identify a best-case lower bound for the distortion vs. PLRPOSES i = max{n — k + d, 0}.

of any coding strategy: when packet unavailability occurs in check  Claim 3: Giverr check packets, the best scheme at RLes

packets first, then in the data packets in the order of increasing distoa-single(s +r, s) code to protect data packets, whereis set equal

tion. This gives the lowest possible distortion at any PLR. In Figureto 1;—”r so that erasures in the protected packets are correctable.

be put in the form that: packets numberkd.., d are overwritten,
%ﬁcketsd + 1,...m are unprotected, and packeis+ 1, ...,k are



Example Operation at n=300, k=285 The best distortion performance at a PLR o achieved
0.15 ; Y by overwriting the least distorting" data packets with

—7— Protect all . . .
o Protect subset FEC and protecting the most distortinydata packets

—— Discard and protect wheres* is either{%(n —k+ d*)J ork—d*. The
— — Lower Bound remaining data packets, if any, are left unprotected.
The valuesi™ ands™ are determined by (z).

o
N

“ We note that we only need to modify one claim from the previous
section, along with its consequences, to account for the discrete case:
" “ Claim 3* (discrete): Givenr check packets, the best scheme at

\ | PLR p uses a singlés + r, s) code to protect data packets, where

sis setequal tc{lprrJ so that erasures in the protected packets are

" | correctable.

\ | _ - Forn > k, the following algorithm finds the optimal values
1 - d* and s* by searching at mositpn — (n — k)] + 1 values ofd

0 - ‘ and finding the one that gives minimum distortifyj,,,;. A slight
PLR ’ modification makes this algorithm work far < k as well.

o©
o
a

Normalized Total Distortion

Fig. 2. Examples of operation versus PLR. D; 01 <= 0
d<=0
" while d + | 52(n +d — k)| <k do
. k—|1=2 (n+d—k) )
r ‘ _Dtotal < Z?:1 D(i) + pzr':dt-ﬂp J D(i)
proposed emceomccomemecomcond dfd+1 MM+t Kk if Dtotar < D;(otal then
—d u " s D;otal = Dtotul
discarded unprotected protected d* =
) o ) . st <= ﬂ(n—&—d—k)J
Fig. 3. Notation illustrating conventiondh, k) code (top) and pro- . P
. . X . end if
posed technique for discard/unprotect/protect when packet index is dedtl
sorted by distortion (bottom). Pre-encoded data packets are shaded.end while

Diorar <= Y-, D(i)
if Diotar < Diyiq then
D:otal ~ Dtotal

conventional

Therefore, we are left only to pick the optimal value éwhich
then determines andu, givenn, k, andp. The expected total dis-

tortion of an optimal scheme in terms @fs: d: «d .
sf<=k—d
d m end if
Diotal = / D(z)dx +p/ D(z)dx
z=0 r=d
wherem is determined byn = k — 1=2(n — k + d). We find the
d that minimizesD;,,; by taking a derivative and setting it to zero: 5. EXPERIMENTAL RESULTS
0= 9Dtotal  _ D(d) + p[aﬂp(m) — D(d)] To examine the potential benefits of the proposed approach, we con-
od od sider the case with H.264/MPEG-4 Part 10 Advanced Video Coding
= D(d) +p[71;PD(m) — D(d)] (AVC) coded video. Specifically, we consider when the video is
coded with an initial I-frame followed by all P-frames, and no B-
= (1-p)[D(d) — D(m)] frames. We choose to code the video with all P frames in order to

produce coded frames, and associated packets, which have a homo-
By the monotonic non-decreasing property/ofz), 2t < 0 geneous coding dependency structure and therefore do not sagges
as long asn > d, so the total distortion is decreaseddagicreases natural prioritization of frames (besides for the earlier P-frames be-
incrementally (andn decreases), until the poiat = m. We take  jng more important than the later ones), in contrast to scalably coded
this last value to be*, i.e. d* = k — *=2(n — k + d*), whichis  yideo or video coded with I, P, and B frames. This homogeneous

equivalent to the statement at the beginning of this section. coding structure would appear to be a nice match for FEC designed
Also note that this formulation is valid for the case< k with-  to protect all the packets. Nonetheless, even with a homogeneous
out modification; this more unusual case will also be examined irtoding structure, P-frames can also differ in importance from one
the experimental results. another by a very significant amount depending on the video source
— something that can be beneficially exploited [8]. Note that the pro-
4. DISCRETIZED ALGORITHM posed approach extends trivially to include | and B frames, or other

coding structures which produce coded data of different importance.
In practice, we need a scheme that takes into account the discrete Four standard test sequences in QCIF format were examined,
nature of packets, so we modify our statement from Section 3 for th€arphone, Foreman, Mother & Daughter, and Salesman. Each is
case of integer numbers of packets. coded at a constant quantization level for an average PSNR of about



36 dB, at 30 fps, and has at least 350 frames, in the same mannaary their operation with PLR here. On the other habikcard &
as in [8]. The first frame of each sequence is intra-coded, followedProtect at each PLR optimally discards the appropriate number of
by all P-frames. Every 4 frames a slice is intra updated to improvédeast important packets (beyond 15 when necessary), thereliy crea
error-resilience by reducing error propagation corresponding to amg FEC capabilities where there was none, to provide optimal pro-
intra update period oV = 4 x 9 = 36 frames. Every P-frame tection. These unusual cases € k£ andn < k) demonstrate the
fits within a single 1500 byte packet, hence in these experiments thiéexibility and benefits of th®iscard & Protect technique.
loss of one packet corresponds to the loss of one P-frame. Every los
frame is replaced by the last correctly received frame, and distortiot
is measured after decoder error concealment. We assume that t
initial I-frame is always correctly received to simplify the analysis.
Similar behavior was observed for each video sequence, and leecau
of the limited space only results f@arphone are shown.

Note that for simplicity, the experiments assume that the numbe £
of packets lost is exactly given by the PLR times the number of trans £

Competitive Performance (n=285, k=285) Competitive Performance (n=270, k=285)

—<— Protect all
—e— Protect subset
—+— Discard and protect

—<— Protect all
—e— Protect subset
—+— Discard and protect

o
o

tal Distortion

mitted packets, which produces performance curves with sharp cué
offs that are easy to interpret. When the packet loss PDF has a mo *
conventional distribution (e.g., binomial PDF) then the problem is
solved by minimizing the expected distortion over the distribution.
The optimal performance achievable by each technique at each
PLR for 285 video packets and 300 transmittable packets is showpig_ 5. Optimal performance at each PLR for each scheme, for the
in Figure 4. Specifically, the result at each PLR corresponds to thg,sual cases of = & (left) andn < k (right).
optimal result possible at that PLR by that technique. For example,
while Protect All does not vary the processing for different PLRs (it
operates as af300, 285) code for all PLRs)Protect Subset andDis-
card & Protect do vary their operation as a function of PLR in order
to optimize their performanceProtect Subset varies the size of the
subset protected so those packets (the most important packets)
not suffer losses at the given PLR. At each POiscard & Protect
operates as described in Section 4 to minimize the expected dist
tion. Clearly, the proposddiscard & Protect can provide significant
benefits over the convention@totect All andProtect Subset.
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Normalized Total Distortion
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6. SUMMARY

Tlris paper examined the problem of improving the quality of FEC
V\ﬂ otected media sent over a packet erase channel. In contrastto con
ventional FEC techniques which protect all of the media packets or
f subset of the most important media packets, the proposed tech-
nique explicitly discards the least important packets to make addi-
tional room for FEC to protect the most important packets. Given
information on the relative importance of the packets, we determine
the optimal number and selection of packets to discard as well as to
protect, and the optimal level of protection, to minimize the expected
distortion at the decoder. This highly flexible approach is also appli-
cable in cases when FEC is not normally considered, e.g., the num-

ber of transmittable packets is equal to£ k) or less than®{ < k)

the number of original packets. Experimental results with H.264
coded video demonstrate that significant performance improvements
can be achieved as compared to conventional FEC approaches.

Competitive Performance (n=300, k=285)
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