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ABSTRACT

Multi-homed mobile devices have multiple wireless commu-
nication interfaces, each connecting to the Internet via a low
speed and bursty WAN link such as a cellular link. We pro-
pose a packet striping system for such multi-homed devices
— a mapping of packets by agateway to multiple channels,
such that the overall performance is enhanced. We model
and analyze the striping of delay-sensitive packets over mul-
tiple burst-loss channels. We derive the expected packet loss
ratio when FEC (Forward Error Correction) and retransmis-
sions are applied for error protection over multiple channels.
We next model and analyze the case when the channels are
bandwidth-limited. We develop a dynamic programming-
based algorithm that solves the optimal striping problem for
the ARQ, the FEC, and the hybrid FEC/ARQ case.

1. INTRODUCTION

Many modern wireless devices are multi-homed — having
multiple wireless communication interfaces, each connecting
to the Internet via a wireless wide area network (WWAN) in-
terface such as a cellular link. Though this type of interface
provides long range services, the bandwidth is limited, and
packet losses are frequent and bursty. To enhance perfor-
mance in this setting, an assistant gateway can “aggregate”
device’s low speed WAN channels — a mapping of incoming
packets to its multiple channels together with the use of error
protection schemes such as forward error correction (FEC)
and retransmissions (ARQ) — to optimize end-to-end packet
delivery. Clearly, such striping engine improve delivery of
delay-sensitive media streaming data greatly: like a typical
single channel packet interleaver, by spreading FEC packets
across channels, one avoids decoding failure due to a single
burst loss, yet unlike the interleaver, one also avoids exces-
sive transmission delay of long interleaving.

Indeed, this striping or inverse multiplexing problem has
recently received great interest in mobile wireless network-
ing domain [1, 2, 3]. Unlike previous work that focuses
on bulk transfer, we focus our attention on delay-sensitive
packet delivery such as media streaming.
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2. CHANNEL MODEL BASICS

Given the burst loss nature of wireless links, we model each
channel using a two-state Markov chain (Gilbert model). Let
p(i), i > 0, be the probability of having exactly i consec-
utive correctly delivered packets between two lost packets,
following an observed lost packet, i.e. p(i) = Pr(0°1|1). Let
P(i) be the probability of having at least i consecutive cor-
rectly delivered packets following an observed lost packet,
i.e., P(i) = Pr(0%|1). Given Gilbert model parameters p and
q, p(i) and P(i) are:
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q(i) and Q(¢) are complementarily defined functions; ¢(i) =
Pr(1%0|0) and Q(4) = Pr(1¢|0).

We next define R(m,n) as the probability that there are
exactly m lost packets in n packets following an observed
lost packet and can be expressed as:

P(n) for m=0and n >0

n—m
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We additionaly define (m, n) as the probability that there
are exactly m loss packets in n packets between two lost
packets following an observed lost packet. Finally, we de-
fine 7(m, n) as the probability that there are exactly m lost
packets in n packets following a lost packet and preceding a
successfully received packet.

We define the complementary function S(m,n), as the
probability of having exactly m correctly received packets in
n packets following an observed correctly received packet.
s(m,n) and 5(m, n) are defined counterparts to r(m, n) and
7(m,n).



3. FEC FOR BURSTY CHANNELS

We derive the expected packet loss ratio (PLR) of FEC code

— (n, k) Reed-Solomon code in particular « g — on a bursty
channel. Recall RS(n, k) is correctly decoded if any & pack-

ets of the group of k data and n — k parity packets are cor-

rectly received. First, we condition on the status of the last

packet transmitted (loss/success), giving us two conditional

probabilities, ars|1 and agg|o, respectively. aprs can then

be expressed as:

aps =7 * ags;y + (1 —7) * ars|o (6)

where ™ = ﬁ is the raw packet loss ratio (PLR).

To find agg|1, we consider the k data packet block and
the n — k parity packet block separately. We condition on the
status of the last (k-th) data packet; given the k-th data packet
is lost or received, we use R(.,.) or S(.,.) for probability
calculation of the trailing n — k parity packet block.

Conditioning on the event when the k-th data packet is
lost, we consider all cases when any number ¢ of the remain-
ing k — 1 data packets are lost. Each case ¢ will have a loss
ratio of %, assuming there are > n—k+ 1 total loss packets
including the n — k parity packets. Similar analysis condi-
tioning on the event when the k-th data packet is successfully
received completes the derivation for agg|::
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where [z] is the positive part of . Similar analysis can be
performed to derive agg|o.

4. STRIPING FEC DATA

Data and parity packets of a given RS(n, k) can be striped
over a set of channels in multiple ways. We call the map-
ping of k data and n — k parity packets to m bursty channels
an FEC distribution. We denote such mapping function as
g: (k,n—k)— (u,v), u,v € Z™. It is a mapping of two
scalars to two vectors of length m, where u; (v;) represents
the number of data packets (parity packets) assigned to chan-
nel 7. In addition, we define w; = wu; + v; as the total number
of packets assigned to channel .

Let random variable X be the number of data packets
dropped in k& data packets in a RS(n, k) code. Let Y, Z and
© be the number of correctly transmitted data packets, par-
ity packets and total packets, respectively. X, Y and Z are

related as follows:
X:{k—Y if Y+Z<k-1
0 0.W.

@®)

When given probability mass functions (pmfs) of Y, Z and
© =Y 4+ Z, we can find the expectation of X as follows:

E[X] Ek—-Y|Y+Z<k—-1PY+Z<k—1)
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To find P(© < k — 1), we first define random variables
Y; < w;, Z; < v; and ©; < w; as the number of correctly
transmitted data packets, parity packets and total packets in
channel 4, respectively. We can then write:

m
Y =>v,
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For each channel ¢, pmf of ©; = Y; + Z; can be written as:
P(©; =j) = m R(w; — j,w;) + (1 —m;)S(j, wi) aan

where 7 = 0,...,w;. Since ©, as well as Y and Z, are all
sums of random variables, we derive pmf of © using proba-
bility generating function (pgf) Ge (§):

Go(&) = B®] = B¢ - BIE®™] = Go, (€) -+~ Ge,, (€)
Hence pgf Go () is simply a product of pgfs Go, (£)’s. We
recover pmf of © from pgf Gg () as follows (p.148 of [4]):

(12)

We can now find P(© < k — 1) by summing P(© = j) for
0<j<k—1

To find E[Y|© < k — 1], we make the simplifying as-
sumption that Y and Z are independent. We get:

E[Y|Y +Z<k—1]
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pmf of Y is found similar to ©. We will denote 7(g) as
E[X]/k — PLR given mapping g for RS (n, k) code.

4.1. Fast FEC Distribution Search Algorithms

The number of unique mappings of n — k parity and k data
packets to m channels is exponential in m and k. Instead
of exhaustive search, we explore practical greedy schemes
to select good FEC distributions. A greedy algorithm incre-
mentally grows an FEC distribution one packet at a time. The
order in which one grows the FEC distribution — when to
insert a data packet or a parity packet — greatly affects the
performance. We tried several greedy algorithms and present
the four best performers.

The first algorithm greedy1 first allocates one data packet
to the optimum channel — channel in which adding the ad-
ditional packet will result in the smallest PLR. It then al-
locates one parity packet to the optimum channel, then the



Table 1. Average PLR for FEC distribution search algorithms
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Fig. 1. PLR for different FEC distribution search algorithms

rest of the data packets one at a time to the optimum chan-
nel, and then the rest of the parity packets. greedy?2 allo-
cates one data packet to the optimum channel, all the parity
packets one at a time to the optimum channel, and then the
rest of the data packets. greedy3 allocates data and par-
ity packets alternatively to optimum channel when possible.
greedy4 allocates data and parity packets alternatively in
small bundles, proportional to the ratio of data to parity pack-
ets. We also compare them with an even allocation scheme
even where the same number of data and parity packets are
evenly allocated to each channel, | £ | and | 2=£ |, with left-
over packets, k —m | £ | and (n — k) — m | %= |, allocated
to the channel with smallest PLR. For three bursty channels
of parameters (0.05,0.45), (0.03,0.27), (0.05,0.4), we cal-
culated PLR for these algorithms for RS(7, ) and RS(8, x)
where 1 < x < n — 1. The resulting average effective PLRs
over the possible FEC’s are shown in Table 1. We compare
their performance with the optimal FEC distribution, found
by exhaustive search optimal.

even is by far the worst performer and greedy?2 is the
best overall performer. In fact, when we plot the difference
in effective PLR compared with optimal in Figure 1, we
see that although greedy2 may not always be the best per-
former in the group, it has the overall smallest maximum dif-
ference. For the above reasons, we use greedy?2 as our
heuristics for constructing FEC distribution.

5. DELAY-SENSITIVE TRAFFIC OVER
BANDWIDTH-LIMITED CHANNELS

We add bandwidth limitations to our previous burst loss model
as shown in Figure 2. Each j of m channels is modeled by
a FIFO queue and transmission link pair: a queue with con-
stant service rate yu; is connected to a transmission link of
fixed delay A; and Gilbert-modeled bursty loss of parame-
ters p; and ¢;. At a given time, the fullness of the queue j is
l;. The time required to transmit a packet through queue j is
then: (I; +1)/p; + A;.
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Fig. 2. Model of bandwidth-limited channels.
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We assume the packets in the incoming queue before the
striping engine are labeled with expiration times d;’s. A
packet with d; must be delivered by time d; or it expires and
becomes useless. We assume the packets are ordered in the
incoming queue by smallest expiration times. We assume
striping engine is activated whenever there is a packet in the
incoming queue.

5.1. ARQ-based Algorithm

We assume we optimize one packet at a time with expiration
time d. Let f(d'),d’ = d — t, be the probability that a packet
with expiration d is correctly and timely delivered to the
client, where ¢ is the time of optimization instant at the strip-
ing engine. Let farq(d’) be the probability that the same
packet is correctly and timely delivered using (re)transmission
(ARQ). Let le)%Q (d’) be the probability that the same packet
is correctly delivered on time if channel ¢ is first used for
ARQ. Assuming the client can errorlessly inform the striping
engine of the packet loss (packet loss ratio 7;), the packet has
a chance for retransmission with a tighter deadline.

sy = { famat®) K20
farg(d) = max f{)o(d)
; . g’ _ D o (i)
fﬁ{}m(d’) { 81 —m) +mif(d — DY — Dp) :)fv;i > DY
(14)
where Dgf) = lil + A, is the transmission delay for chan-

nel ¢ and Dy is the feedback delay for the receiver to inform
the striping engine of the loss event, same for all channels.
We can solve (14) using dynamic programming (DP),
where each time f4rq(d’) or f(V(d') is called, the optimal
solution is stored in the [4,d’'] entry of a DP table, so that
each repeated subproblem is solved only once. Assuming d’
and Dgf) + Dy are integers, the complexity of (14) is O(md).
If they are not integers, we need to round down d’ and round
(4)

up Dy’ + Dp for an approximate solution.

5.2. FEC-based Algorithm

As mentioned, we use greedy algorithm greedy?2 to find a
sub-optimal but good FEC distribution. We will denote such



Table 2. Model Parameters for Experiment

chnl | p q o A ’
1 0.05 0.45 30ms/pkt 80ms :
2 0.03 0.27  30ms/pkt 80ms 8
3 0.05 0.4 25ms/pkt  100ms [

distribution as g from now on. In addition, we consider only ¢ :
RS (n,n — 1) while varying n for different channel codlngn ’

strength. We bound the delay of using FEC, given mapping
function g, as the maximum delay experienced by a packet
in the n-packet group:

+ A4 (15)
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Let frec(d)),d] = di — t, be probability that a packet
with expiration d; is correctly and timely delivered using
FEC. Because frrc(d)) affects n — 1 data packets, it is the
average success probability of the first n — 1 packets in the
head of the incoming packet queue. Given RS (n,n — 1),
function g results in PLR 7(g). frec(d)) is:

n—1
fFEC’(dll) = mf‘x{n_IZf i nil
sy = {§om@ HsED

(16)

where frpc(d)) is optimized over a range of n.

Notice there is a penalty term A\(-"5) in (16). The rea-
son is that using RS (n,n — 1) invariably increases the traf-
fic volume by factor n/(n — 1). Hence a penalty term is
used to regulate the packet volume so that it does not lead
to queue overflow. A is selected inverse-proportionally to the
total amount of traffic currently in the m queues.

5.3. Hybrid Algorithm with FEC and ARQ

We can now combine the ARQ and FEC algorithms into one
hybrid algorithm. f(d}) is now simply the larger value of the
two possible choices — (re)transmission or FEC:

if d >0

f(dll) _ { glax[fARQ(d/l)v fFEC(d/l)] o, a7

where frrc(d)), unlike (16), is now defined recursively to
permit retransmission:

frec(dy) = max
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5.4. Experimental Results (18)
We implemented a simulator in C running on 1inux to test
the developed striping engine. In the first experiment, we
validate the performance of near-optimal FEC distribution al-
gorithm greedy?2 striping FEC packets across bursty chan-
nels. Given input packet rate of 62.5pkt /s and FEC RS(4, 3),
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Fig. 3. Performance Comparison of FEC and ARQ Schemes

a) FEC Comparison

greedy stripes packets across three channels with parame-
ters shown in Table 2. Figure 3a shows the resulting PLR
of greedy2 (distr) as a function of packet end-to-end
delay tolerances in ms, over a non-distributed FEC scheme
(non-distr), which uses a single channel for each set of
FEC packets. Two observations can be made. First, the ben-
efit of FEC kicks in earlier for distr than non-distr.
This is because spreading FEC packets has lower end-to-end
delay than non-spreading. Second, even after the benefit of
non-distr kicks in for large end-to-end delay, distr is
still better. This is because spreading FEC across channels
has the effect of de-correlating the bursty channels, and RS
works better in uncorrelated channels than correlated ones.

In the second experiment, we validate the performance of
the striping engine in band-limited scenario. Figure 3b shows
the performance of optimal ARQ scheme over two weighted
round-robin (WRR) schemes. WRR randomized only accord-
ing to bandwidth of channels, while WRR2 randomized only
using channels that the pending packet has a chance to ar-
rive on-time given current buffer occupancies. We observe
that after end-to-end delay tolerance is sufficiently large to
tolerate at least one retransmission, the optimal ARQ outper-
formed WRR and WRR2.

6. CONCLUSION

We presented algorithms for optimal striping of delay-sensitive pack-
ets over multiple burst loss channels. Our algorithms find an oper-

ating region to balance conflicting channel characteristics such as

loss, latency and bandwidth to reap the benefit of aggregating mul-

tiple channels. Simulation results show that our algorithm outper-

forms naive algorithms such as weighted round-robin.

7. REFERENCES
[1] C. Carter and R. Kravets, “User device cooperating to support resource aggrega-
tion,” in Proceedings of the IEEE WMCSA 2002.
[2] H.-Y. Hsieh and R. Sivakumar, “A transport layer approach for achieving ag-
gregate bandwidth on mutli-homed mobile hosts,” in Proceedings of the ACM
MobiCom 2002, Atlanta, GA, Sept. 2002, pp. 83-94.
[3] A.C. Snoeren, “Adaptive inverse multiplexing for wide area wireless networks,”
in Proceedings of the IEEE GLOBECOM’99.
[4] A. Leon-Garcia, Probability and Random Processes for Electrical Engineering,
Addison Wesley, 1994.



	Index
	ICME 2005

	Conference Info
	Welcome Messages
	Venue Access
	Committees
	Sponsors
	Tutorials

	Sessions
	Wednesday, 6 July, 2005
	WedAmOR1-Action recognition
	WedAmOR2-Video conference applications
	WedAmOR3-Video indexing
	WedAmOR4-Concealment &amp; information recovery
	WedAmPO1-Posters on Human machine interface, interactio ...
	WedAmOR5-Face detection &amp; tracking
	WedAmOR6-Video conferencing &amp; interaction
	WedAmOR7-Audio &amp; video segmentation
	WedAmOR8-Security
	WedPmOR1-Video streaming
	WedPmOR2-Music
	WedPmOR3-H.264
	WedPmSS1-E-meetings &amp; e-learning
	WedPmPO1-Posters on Content analysis and compressed dom ...
	WedPmOR4-Wireless multimedia streaming
	WedPmOR5-Audio processing &amp; analysis
	WedPmOR6-Authentication, protection &amp; DRM
	WedPmSS2-E-meetings &amp; e-learning -cntd-

	Thursday, 7 July, 2005
	ThuAmOR1-3D
	ThuAmOR2-Video classification
	ThuAmOR3-Watermarking 1
	ThuAmSS1-Emotion detection
	ThuAmNT1-Expo
	ThuAmOR4-Multidimensional signal processing
	ThuAmOR5-Feature extraction
	ThuAmOR6-Coding
	ThuAmSS2-Emotion detection -cntd-
	ThuPmOR1-Home video analysis
	ThuPmOR2-Interactive retrieval &amp; annotation
	ThuPmOR3-Multimedia hardware and software design
	ThuPmSS1-Enterprise streaming
	ThuPmNT1-Expo -cntd-
	ThuPmOR4-Faces
	ThuPmOR5-Audio event detection
	ThuPmOR6-Multimedia systems analysis
	ThuPmOR7-Media conversion
	ThuPmPS2-Keynote Gopal Pingali, IBM Research, &quot;Ele ...

	Friday, 8 July, 2005
	FriAmOR1-Annotation &amp; ontologies
	FriAmOR2-Interfaces for multimedia
	FriAmOR3-Hardware
	FriAmOR4-Motion estimation
	FriAmPO1-Posters on Architectures, security, systems &a ...
	FriAmOR5-Machine learning
	FriAmOR6-Multimedia traffic management
	FriAmOR7-CBIR
	FriAmOR8-Compression
	FriPmOR1-Speech processing &amp; analysis
	FriPmSS1-Sports
	FriPmOR2-Hypermedia &amp; internet
	FriPmOR3-Transcoding
	FriPmPO1-Posters on Applications, authoring &amp; editi ...
	FriPmOR4-Multimedia communication &amp; networking
	FriPmOR5-Watermarking 2
	FriPmSS2-Sports -cntd-
	FriPmOR6-Shape retrieval


	Authors
	All authors
	A
	B
	C
	D
	E
	F
	G
	H
	I
	J
	K
	L
	M
	N
	O
	P
	Q
	R
	S
	T
	U
	V
	W
	X
	Y
	Z

	Papers
	Papers by Session
	All papers
	Papers by Topic

	Topics
	1 SIGNAL PROCESSING FOR MEDIA INTEGRATION
	1-CDOM Compressed Domain Processing
	1-CONV Media Conversion
	1-CPRS Media Compression
	1-ENCR Watermarking, Encryption and Data Hiding
	1-FILT Media Filtering and Enhancement
	1-JMEP Joint Media Processing
	1-PROC 3-D Processing
	1-SYNC Synchronization
	1-TCOD Transcoding of Compressed Multimedia Objects
	2 COMPONENTS AND TECHNOLOGIES FOR MULTIMEDIA SYSTEMS
	2-ALAR Algorithms/Architectures
	2-CIRC Low-Power Digital and Analog Circuits for Multim ...
	2-DISP Display Technology for Multimedia
	2-EXTN Signal and Data Processors for Multimedia Extens ...
	2-HDSO Hardware/Software Codesign
	2-PARA Parallel Architectures and Design Techniques
	2-PRES 3-D Presentation
	3 HUMAN-MACHINE INTERFACE AND INTERACTION
	3-AGNT Intelligent and Life-Like Agents
	3-CAMM Context-aware Multimedia
	3-CONT Presentation of Content in Multimedia Sessions
	3-DIAL Dialogue and Interactive Systems
	3-INTF User Interfaces
	3-MODA Multimodal Interaction
	3-QUAL Perceptual Quality and Human Factors
	3-VRAR Virtual Reality and Augmented Reality
	4 MULTIMEDIA CONTENT MANAGEMENT AND DELIVERY
	4-ANSY Content Analysis and Synthesis
	4-AUTH Authoring and Editing
	4-COMO Multimedia Content Modeling
	4-DESC Multimedia Content Descriptors
	4-DLIB Digital Libraries
	4-FEAT Feature Extraction and Representation
	4-KEEP Multimedia Indexing, Searching, Retrieving, Quer ...
	4-KNOW Content Recognition and Understanding
	4-MINI Multimedia Mining
	4-MMDB Multimedia Databases
	4-PERS Personalized Multimedia
	4-SEGM Image and Video Segmentation for Interactive Ser ...
	4-STRY Video Summaries and Storyboards
	5 MULTIMEDIA COMMUNICATION AND NETWORKING
	5-APDM Multimedia Authentication, Content Protection an ...
	5-BEEP Multimedia Traffic Management
	5-HIDE Error Concealment and Information Recovery
	5-QOSV Quality of Service
	5-SEND Transport Protocols
	5-STRM Multimedia Streaming
	5-WRLS Wireless Multimedia Communication
	6 SYSTEM INTEGRATION
	6-MMMR Multimedia Middleware
	6-OPTI System Optimization and Packaging
	6-SYSS Operating System Support for Multimedia
	6-WORK System Performance
	7 APPLICATIONS
	7-AMBI Ambient Intelligence
	7-CONF Videoconferencing and Collaboration Environment
	7-CONS Consumer Electronics and Entertainment
	7-EDUC Education and e-learning
	7-SECR Security
	7-STAN Multimedia Standards
	7-WEBS WWW, Hypermedia and Internet, Internet II

	Search
	Help
	Browsing the Conference Content
	The Search Functionality
	Acrobat Query Language
	Using the Acrobat Reader
	Configuration and Limitations

	Copyright
	About
	Current paper
	Presentation session
	Abstract
	Authors
	Gene Cheung
	Puneet Sharma
	Sung-Ju Lee



