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Abstract—This paper investigates algorithms to determine an the sending rate of the multimedia traffic due to a change in
optimal choice of the FEC parameters(n, k) to mitigate the the set of FEC parameters. For losses of type 1 this assumption
effects of packet loss due to buffer overflow at a wireless baseg 1oy ghly correct, if one assumes that the channel has enough
station on multimedia traffic. We develop an analytic model of the bandwidth t d th iqinal timedi ket I
considered network scenario that takes into account the traffic 2N W'_ X 0 sen € onginal muttime |_a pac_ els as we ‘fis
arrival rates, the channel loss characteristics, the size of the the additional FEC packets at the same bit rate it was operating
buffer at the wireless access point, and the influence of the FEC before changing the actual FEC paramefers:). In contrast,
parameters on the packet loss. Applying the theory of recurrent for packet losses of type 2, a change of the FEC parameters
linear equations, we present a new approach to establish a closedg 445 10 a change in the overall sending rate of the multimedia
form solution of the underlying Markov model for the buffer traffic that in t leads t dif t f the AP
occupancy and verify the analytical results via simulations. rafic that in urn eads to a aiteren occupa!ncy orthe

gueue and thus influences the frequency at which losses of type

2 occur. Consequently, we see that the algorithms described in

|. INTRODUCTION previous papers only predict the effectiveness of FEC codes

. . . . ) . correctly for losses of type 1, but not of type 2.

The delivery of real-time multimedia traffic over wireless In [4], for the first time the effectiveness of FEC parameters
el works. Th tual lity of . view of losses of type 2 was investigated. However, the
wireless networks.  the perceptual qualy of SErVICe as T&sniinous time model applied in [4] leads to a very complex

ceived by the user suffers from packet loss, delay, and de%

. .o . thematical derivation and the actual calculation of the
jitter. Packet loss in wireless networks is due to two CauseSco tiveness of the FEC parametérs k) is computationally

1) Packets might get lost or arrive corrupted at the receivggéry expensive. The less complex, asymptotic algorithms also
when they are transported over the lossy air mediugeoposed in [4] only give valid results for a limited range of
This can be caused by a low signal to noise ratio ®put parameters.
collisions with packets sent from neighboring access | this paper, we consider the problem of determining the
points or nodes. efficiency of FEC parameterén, k) in view of losses of
2) Packets are dropped from the queue of the wirelegfe 2. In contrast to [4], we use a discrete time model that
access point (AP) if the queue is full. provides both a short mathematical derivation as well as an
In the following, we will refer to packet losses resulting fronexact and computationally simple solution for all possible
reasons 1 and 2 desses of type &nd 2, respectively. values of network parameters. Different from previous work
Forward Error Correction (FEC) codes have been widetjuoted above, the current packet loss is not used explicitly as
researched as a method to achieve improved QoS [2], [9]. FBE input parameter for the algorithm to determine the FEC
codes have been shown to be very effective against packet Ipasameters. Instead, we develop a model of the network that
provided that the losses are not too bursty [1]. A FEC blodkkes explicitly into account the arrival patterns of all traffic
code with a parameter sét, k) takes a codeword of data streams in the network, the size of the buffer at the access
packets and generates- k additional parity packets, such thatpoint, and the reliability of the wireless channel.
a total of n packets are transmitted over the network. If the Technically, our approach is as follows: First, we develop a
sum of multimedia and FEC packets received at the receiveMgrkov steady state model for the queue occupancy. Applying
at leastk, thenk multimedia packets are recovered. Otherwisthe theory of linear recurrent equations, we establish a closed-
only the received multimedia packets are recovered. form solution for the Markov model. Second, we calculate the
The rapidly changing network conditions in communicatiofoss probability after FEC recovery as a function of the FEC
systems imply a need for adaptive FEC protection schemes thatametergn, k).
dynamically change the FEC parameténsk) depending on  In the next section, we describe the assumed network model.
the current network conditions. Various adaptive FEC schemassectionslll! andlV, we develop an analytic model of the
have been proposed [3], [5], [8]. These papers make nonsidered network scenario and calculate the loss probability
distinction between losses of type 1 and 2 and design gendadc multimedia traffic after FEC recovery. An application of
FEC algorithm for any lossy channel. The effect of FEC coddlse algorithm developed in this paper to a real networking
to protect against packet losses of type 1 has been investigateenario is explained K. We verify our models numerically
in [6]. in sectionVI/ and conclude in secticWIl.
In these articles, the effectiveness oh@v FEC parameter
set is calculated using the current loss probability of the Il. NETWORK MODEL AND TERMINOLOGY
considered traffic stream, i.e., it is assumed that the lossWe consider a network model that consists of a multimedia
probability of the channel is not influenced by a change gender and a multimedia receiver, a number of competing
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senders and competing receivers, and a wireless access point. e
The multimedia sender sends multimedia packets and the @ ncth @ @ @
competing senders send unspecified packets over wired con-

nections to the AP. The AP forwards all packets over the , . PRbebctydatdn

. . . . . Transition probabilities from P«
wireless channel to the multimedia or competing receivers.
For simplicity, we assume that all packets are of fixed, equal Pdcdp+9AR I+ TR D
size. Gl e Dacn i

Ps R

Packets that arrive at the AP from the senders are either
directly sent to the wireless interface of the AP or are queuedy - ..o probabilities -
in a buffer within the AP. The AP buffer has a maximum length at B Transition probabilities
T which corresponds to the maximum number of packets that between Pr-1 and Pr
can be buffered. Any packets that amve when the queue is f"H’g 1. The transition probabilities for the AP queue occupancy.
are dropped from the queue. In this paper, we only considerTheorem 1:
AP-queues that follow a FIFO queueing discipline. The first 1
packet in a queue is sent over the wireless channel if the Py = T—1 ) (1)
channel is available. Depending on the wireless technology, 1+ > é—ﬁBk + pLD
a retransmission or a wireless MAC layer FEC scheme might ’Zzl
be implemented. Throughout this paper, we assume a discrete, P, = Poin 1<k<T-—1 )
slotted time model. For simplicity, we assume that both the ck - ’
arrival of a packet to the AP from a sender and the successful Pr = iy (3)
departure of a packet from the AP over the wireless channel Pp
take one time slot. Assuming a Bernoulli model, we definghere
pa(< 1) and po(< 1) as the arrival probability at the k .
AP-queue of a multimedia packet and a competing packet, B, = Z (B(J) Clkfl’ 1<k<T_—1 (4)
respectively, and safy = 1 — pa, qc = 1 — pc. pp is the = A2 -
probability that in a time slot a packet is sent successfully from A = papc + qapcqdp + pagean, (5)
the AP queue over the wireless channel apd=1—pp. pp . .
only represents the rate at which packets leave the AP queue. B = papcap, C'=dqadcpp, 71 ©)
It does not include the rate at which wireless MAC layer FEC Y = (1+C—pp-— ququ)%BT_l )
packets or retransmissions of packets are sent over the wireless AT ¢ AT
channel if any of these technologies is implemented in the ~(A—= B) 57— Br—2 — B Br_s.
wireless network. Finally, we abbreviat§) as Cj'. For the  rom the network modef'in sectidii and Fig/Z, we see:
analysis, we split a time slot in three sub time slots:
1. Packet arrival phase: Packets are sent from the multimediafo = o (¢aqc + gapcpp + pagepp) + Pigaqepp, (8)
sender to the AP with probability,. Competing packets are P, = P (gaqcqp + qapcpp + paqepp)

(

sent from the competing senders with probability to the

+ P + + + P, ,
AP. If packets are sent from both the multimedia and senders, B PO PAPCPD +PaGeaD F 4apcp) 24adeppb
we assume that each of the two packets arrives before the othefv = Pk (9a9c4p +qapcpp +pagepp)
packet with equal probabilitjg. The queue length is increased +  Py—1(papcpp +paqcqp + qapcap)
by the number of arriving packetse {0, 1, 2}. . 4+ Pry19aqepp + Pr—opapcqp, 2 <k <T -2,
2. Packet dropping phase : If aftgr the packet arrival phaﬁt%_l = Pr_1(gAqeqp + gapepp + padepp + papepp)
there arel’ + d, d € {1,2} packets in the AP-queue, the last
d packets are dropped from the queue. + Prpp + Pr—s (papepp + pagedp + 4apcqp)
3. Packet sending phase: With probability the first packet + Pr_spapcqp, 9)
of the AP-queue is sent over the wireless channel and arrives, Prgp + Pr_1 (paqcqp + gapcqp + papcyp)
uncorrupted at the rece?ver. If the queue is empty, no packet.is Pr_apapcdn. (10)
sent. The queue length is decreased by the number of departing
packetsd € {0,1}. Using the definitionsg) - (6), we rewrite B) - (9):
V\:e_dsekﬁnePl;z,tO gtfr:]g Tdasf :ne proiai)ility (;_hat tr;]e AP f CP, = P,A (11)
containsk packets at the end of the packet sending phase of a B _ _
time slot. In this paper, we will determine the loss probability Ch = P(A+C) - R(A-B), (12)
after FEC recovery for given parameters, pc, pp, T, n, Py13C = Pyia(A+C) — Py (A— B) — BB,
and k. 0<k<T-—4, (13)
IIl. STEADY STATE MODEL OF AP QUEUE OCCUPANCY Prpp = Pr-i(1+C—pp —qaqcqp)
Pr_o(A— B)— Pr_3B. (14)

In this section, we calculate the steady state probabilijes
As a novelty, we apply the theory of linear recurrent equatio$he relations|11), (12), and @3) imply (2) for £ = 1,2, 3.
to establish an explicit formula faoP,.. We first prove: Using induction and13), we show that2) holds fork+3, k+



3 < T, provided it holds fork, k+ 1, andk + 2. To prove this equations: For a series defined as = z; = 1 andz,, =
claim, we insert the expressio@)(in (13), and now have to ax,_1 + bx,_2,n > 2 wherea,b € RT, there is,

show that: 1
, =———[(1-8)a"+ (a—1)8"], 18)
AR+3 Ak+2 Ak+1 OC BTN [(
CWBIHB (A+ C)mBmz —(A— B)WBkﬂ a* +4b
n wherea and 3 are the roots of the equatiarf = ax +b, i.e.,
B B, (15) = 3(a + Va2 +4b), B = (a — Va® + 4b). This follows

directly forn = 0,1 and by induction fom > 2.
From (17), (18), and the fact that for th&, there is1— 5 = «,
we see that3;, = B;, where

which is equivalent to

A’Byys = APByyo+ A2CByyo — A’CByyq . -
+ +
+ ABCByy1 — BC?Byy, g+~ U+Kape) ™ —(1-Kapc) (19)
g 241K ope ’
which we write asX; = X, + X3 — X, + X5 — X4. We recall BO
that Cptt = Cp + Cp_,, O = 1. Thus, from @) Kapc =4/1+ -5 0<k<T-1
X1 — X2 — X5 -1 .
k43 . k2 . We use relation49) to calculateD := > %B,’; as follows:
3 > BC k4+3—1 2 BC _ Ee1
= A Z P2 okt3-l_ p3 Z BY\ okt
A2 ! A2 ! 2T—2 k
=0 =0 D — A 14+ Kapce Z (A(lJrKABC))
% ! - CKABC 2 (2C)k
BC k=0
_A3 PY) okti--n =
Z A2 -1 2T—-2 k
=t (1= Kapc 3 (A(1 - Kapc))
kt2 BON! 2 prs (2C)*
_ 3 LY k+3—1 _ ~k+2—1 _ ~k+2-1 r_1
4 ; < yp ) (Cz G Gy ) o (1 N KABC>2 (A0t _
143 C(I)€+3 _ C(I)c+2) CKapc 2 %ch) _1

+A3 (20)

-1
= ()" (e )

9 (AQ—Kapc)™* 1]
k+2 k+3
<k

_ (1 — KABC) C)T-1 -
2 Al-Kapc) _q
2C
(16) From Theorend, (19), and @0), we obtain Theorer2 which
) reduces the complexity of the calculation of tRg in Th.[1.
In the same way, we sek; — X, — Xg = 0, which together o0y« is defined ag” in (7) with By, replaced byB;.

= 0.

with (16) proves I15). For &k = T, (3) follows from (2) for Theorem 2:
k < T, and (4). (1) follows from 2), (3), and the fact that ' 1
T —
S Po=1.0 P = .
k=0 D
Now, we simplify the expressions derived f&), in Theorem AR
1. We extend the definition of th&;, in (4) by defining B, Py = P B l<k<T-1,
as By = 1. First, we show: Py

BC Pr = —Y*.

PD
Bry1 = Brp+ <A?> By_1, k> 1. a7

For the proof, we show that

IV. PACKET LOSS PROBABILITY AFTERFEC RECOVERY
We first calculate the probability;,ss that a multimedia or

FEC packet arriving at the AP in the packet arrival phase is
Clkﬂfl dropped in the packet dropping phase of the same time slot.
This happens if at the beginning of a time slot:
o There arel’ — 1 packets in the queue, and a competing
packet arrives before the multimedia at the queue.

BC\'
A2

k
2 BC l B 2 BC l _
3 (%) ey (5) e

5 BON!
C§+1+Z<A§) CFrIl

=1

_ k
= @ Pt — « There arel’ packets in the queue.
. Z (BC)Z i Consequently, 1
-1
E g<ktl A? Pypss = sPr_ipc+ Pr. (21)
2<lf 2 2

Based on our model (sedl), the factor% expresses the

Arguing as above, we se&;, = Y5 + Y5, Y1 = Y, = 1, probability that if in a time slot packets are sent from both the
andY; = Y7 € {0,1}. multimedia and the competing sender, the competing packet
We recall some facts from the theory of linear recurremtrrives before the multimedia packet. We note that to apply

which we write asY; + Y, +Ys = Yy + Y5 + Y5 + V7.



Theoremi2 to calculatePr_; and Py in (21), p4 is increased V1. NUMERICAL RESULTS

t0 pay to account for the FEC overhead. - In this section, we present simulation results that verify
Arguing as in [7], we now calculag; (k, n) as the probability the accuracy of the expressioral) and @2). We used the

to lose: multimedia and at least —k —i+1 FEC packets at ¢ programming language to build a model of the network
the receiver andZ,, as the probability to lose an individualmodel and simulated 1000000 consecutive time slots. Fig.

multimedia packet after FEC recovery as follows: 2 shows the change of the multimedia packet recovery rate
n—k after FEC recovery as a function of the FEC paraméter
pi(k,n) = CFPL..QF ! > cnk The simulations show that the analytic model fits exactly the
m=maz(0,n—k—i+1) simulation results, i.e., the difference between analytical and
X P Qo kem simulation results is within the expected statistical variance of
% the simulations. The difference is so fine that the respective
Elpes = %ZZ x pi(k, ). (22) values cannot be distinguished in a graph.
i=1

0.7

Using Theoren®, (21), and 22), we see that if we compute
the values ofC} forehand, the complexity of the calculation
of Ej,ss is O(kn). This is less than the complexity(n?k? + e
Tnk?) of the (exact) method in [4]. T
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V. APPLICATION SCENARIO R il

In a real application, the multimedia sender must know all - . LT
the relevant input parameters to calcul&g,, (21) and £, -
(22). The multimedia sender knows the multimedia arrival rate Lo~
p4 and the paramete(s, k). The maximum queue lengffi is % . s 10 22 i 1o
a static value which at the time of network configuration can be
communicated to the sender. The valuepgf can be derived Fig. 2. The loss probability after FEC recovery for changingvith T=200,

: s . =0.2, p>=0.5, n=17.
by deploying a specialized wireless MAC layer measuremeht
software, which has been developed by the authors, at the VII. CONCLUSIONS
receiver. However, the arrival rate of the competing trafic =~ This paper presents an algorithm to determine the optimal
is in general not available to the multimedia sender. choice of FEC parameterén, k) to protect a multimedia

In this section, we propose a two-step procedure to calculateeam sent over a wireless network from packet losses due to
the valuesP..s; and E,s; when the actual value gfc is not packet dropping at the queue of the wireless access point. We
known to the multimedia sender. First, for given values afevelop a mathematical model of the wireless network that
DA, Pp, Pross if N0 FEC protection is applied and for giventakes into account the exact arrival pattern of the multimedia
values ofpa, pp, n, k, Ejss if FEC protection is applied, stream, the accumulative arrival rate of all other traffic arriving
the equations21) and 22) are used to determine the actuaht the wireless access point, the loss model of the wireless
value of pc. This procedure is explained in detail in the nexthannel, and the queue size of the wireless access point.
paragraph. Second, in order to determine an optimal FECThe theory of linear recurrent equations is applied to estab-
parameter sefn, k), the determined value gic is used as lish a closed form solution of the steady state Markov model
an input parameter to the expressi@i)( for the buffer occupancy. We propose a deployment scenario

The derivation ofl21) and Thi2 shows that for given values for the algorithm and verify the effectiveness of the algorithm
of pa, pp, and T the formula 21) establishes a one-to-onevia network simulations.
and monotonic mapping betwegp and P, i.e., for a given
value of P, there is one possible choice pf. Similar, for
givenpy, pp, T, andn, k, the relation22) establishes a one- [1] Adoul, J.-P.AError intervals and cluster density in channel modeling,
to-one and monotonic mapping between and Eiys:. (2] Biahut, R Theony and Pracice of Erfor ontrol codeasison-Wesley

The multimedia server knows the actual valuespaf n, 1993,
and k, and can obtainP,s, or Ej,ss from the multimedia [3] Hayasaka, M.; Loyola, L.; Miki, T.Packefcell loss recovery using
receiver. In view of the monotonic relation betwegs and ‘éigﬁg:ﬁsi‘iﬁﬂ%,f(f/rolr_g"”"lI;'E]Ee Ké‘gsg%os;‘?rv'ces over best effort
Pioss Or Ejoss, the multimedia server now determines the4] Ait-Hellal, O.; Altman, E.; Jean-Marie, A.; Kurkova, IOn loss prob-
actual value ofpc as follows: It performs an iterative search abilities in presence of redundant packets and several traffic sources,
‘?Ver possible valuepc that. uses a bin_ary chop strategy t0[5] chr:t:rll’g:)iml‘(/léPE\(\j/ZLL;?\llttleo?ér:\fvear-dBer(olrgzgz}eftBigr; 1‘501r8r.eal-time internet
find the actual value opc with a predefined accuracy. video, Proc. of the 13th Packet Video Workshop. 2003.

In practice, thefeasible choices ofn and k will be limited [6] Frossard, PFEC Performances in Multimedia Streaming Pas¢BEE
by the bandwidth and Iaten_cy OYerhe_ad introduced by the FE ij)r?;n .IDI._;elt:treorsSée\l/roJ,.Sé)r[])(t)irﬁélwllzaEr(C:tha?g%(’)rl l\zllze-(}iszfsltreaming in Active
code. The procedure described in this paragraph can be used to Networks,|[EEE ICME 2004, Taipei.
find the parameter set andk among all feasible choices af [8] Libman, L.; Orda, A.,Optimal FEC Strategies in Connections with
and k that minimizes the loss probability after FEC recovery.q Large Delay-Bandwidth Producté£EE ICC 2004.

Rizzo, L.; Effective erasure codes for reliable computer communication
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