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Abstract: We analyse the performance of a router with mul- plicable to other control algorithms of similar type. Foese
tiple TCP and UDP connections. The UDP stream has pre- systems we first provide the conditions under which the sysie
emptive resume or non pre-emptive priority over the TCP stable. Then we develop closed form expressions for theigtro
connections. The UDP stream modeled as a Markov modu-put and the mean sojourn times of the different TCP and UDP
lated Poisson process can actually be a superposition of sevconnections. Finally we verify the accuracy of these formeulia

eral UDP streams. The TCP streams can have different prop- simulations.

agation delays, packet size distributions and maximum win-  We cite now some studies on the analysis of TCP connections
dow sizes. We obtain the stability and closed form expressis passing through different routers. The TCP has been ardilgze
for various performance parameters. For example the formu- Altmanet al. [1], Bonald [6], Laet al. [11], Padhyeet al. [16],

lae for the throughputs of various TCP streams , their mean Lakshmanand Madhow [12] and Veres and Boda [19], in addition
sojourn times and the mean sojourn time of the UDP stream to others. The TCP with the RED control at the routers has been
are provided. Next we obtain all the above results when the studied in Firoiu and Borden [9], Misret al. [14] and Sharma
router deploys the RED congestion control algorithm. Our and Punyaslok [18]. The extra UDP stream has been considerec
approximations are verified through extensive simulation e- only in Baccelli and Hong [3], Bonald [6] and Sharma and Pun-

sults. yaslok [18]. As explained above, in the current Internet wiill
Keywords: TCP protocol, stability, performance analysis, REDsually expect several UDP streams also. A realistic mamtel f
algorithm, priority. a superposition of UDP streams is stochastic. Under a s$ticha

traffic, the periodic behavior seen in the network when or@PT
1 Introduction connections are there, will be destroyed. Also, the queugthes

, and delays can be significantly affected by the UDP traffia- Fu
The TCP/IP based Internet has .become.the domlne}nt netvorkitL  nore among the above studies, only Baccelli and Hong [3]
technology today. Even though it was originally designepr® - 4 gharma and Punyaslok [18] prove the stability (ergbdici

vide bgst effort service to data tra_fﬂc, curr_ently inteesafforts of the system. The system with priority has not been, to tis¢ be
are being made to support real time services also (see atteg o ur knowledge, analyzed so far

RFCs [7], [5]). Despite this effort, the analysis of architges in The paper is organized as follows. In sectbowe describe our

the Internet gnwronment is only recently being studied. model, provide the notations and briefly recall the TCP wimdo
The real time services are expected to use the UDP pmtoﬁBTN control and the RED algorithm. In secti@il we mention

Therefore, the ;JDP trafflc_(;/vn(ljlrllcreasg 25 thehreal tlrnefltrafthe conditions under which we have proved the stability ef th
increases. In order to provide delay and throughput gueesrto system. In section8 we provide the performance analysis of

those UDP streams, priority is one of the methods proposid [%he system. Sectiors2 and3.3 provides the formulae for the

Forr]e><lample, theh!nrtﬁrnet Qraft [15] prr]opogis a Pre"}'u_lr_"m(frvthroughput and the mean sojourn times of the TCP and the UDP
in the Internet, which is going to use the UDP protocol. t packets when there is no RED control at the router. Se&idn

fic will be given priority at the routers. We study the perf@mce extends the analysis to the system with RED control. Sedtion
of such a system. We consider a router where several TCP %@ies the accuracy of these results via simulations

UDP connections are sharing the buffers at the output lirntkef
router. Later on we also consider a system where the router The Model

ploys active queue management techniques e.g. Random Early

Detection (RED) [10]. RED is recommended for implementatid®Ve consider a single queue representing the buffer at the out
in Routers to manage queue lengths, reduce end-to-endyatqmut link on a router. A TCP and a UDP connection send pack-
and reduce packet dropping within the Internet [8]. Thenefoets to this queue (later on we will consider multiple TCP and
we specifically concentrate on it but our techniques will pe aUDP connections). We will consider TCP Tahoe and TCP Reno



versions. We assume that the TCP connection is sending a Ithveglost packet and sets

file and hence it always has packets to send. The packet Ength

of the TCP and UDP packets are assumed iid with general dis- wpp1 =1, hpypy = maz(wy/2,2).

tributions and finite means (the two streams can have differe _ ) )

distributions). A generic TCP packet has lengihand a UDP TCI_3 Reno is an |_mproved_ version of_ TCP Tahoe and follows
packet has length. The UDP stream is generating packets as Hif window adaptation algorithm described below. When a new
MMPP (Markov modulated Poisson process). If instead of of€K arrives, the window update is done as in Tahoe. When a
UDP connection, several connections are using the rowaeh eP@cket loss occurs Reno updates its window size dependorg up

generating an MMPP stream, a superposition of these strisany¥hether it receives three dupllcat_e ACKs or a tlmeout occurs
also an MMPP stream. Hence this generalization is covered/¥)en 3 duplicate ACKs are received Reno sets in motion the
our model. This is a commonly made assumption and is qUgét retransmit and fast recovery mechanisms:

realistic especially for a superposition of connections. (1) When the third duplicate ACK arrives set

We assume the buffer length infinite. Later on the RED algo- hi+1 = m‘“”(?”k/z 2)_' o Wk = higs1 +3
rithm will also be employed. This will effectively make thefter and retransmit the missing packet. _ _
length finite. The analysis for the infinite buffer queue isfus  (2) Each time an additional duplicate ACK arrives (requesting
when the buffer lengths are large. Also, as we will see, tire pe the same packet)
formance indices so obtained, require minor changes toigigov Wgt1 = Wi + 1 ) .
the performance of the RED controlled queue. and transmit a segment if allowed by the window.

We assume that the UDP packets are provided time prior'ifty‘re‘? duplicate ACKs do not arrive at the source by the tinge
over the TCP packets. We consider both the preemptive-resiier imes-out,
and the non-preemptive priorities . The actual system shyongl- Wit =1, gy = 2. ) )
fer non-preemptive priority because it avoids packet fragra- 1 he RED algorithm is described in [10]. We provide only the
tion. However, if TCP packets can be long then, the delaysezhu€Ssential details which are usually considered in the arsabf
by the residual service time of TCP packets at various nodesi@/S algorithm (in particular we ignore the counter by fixingt
the path of a UDP packet can add up to a significant amoufhnd the adjustment made during the idle period). On thearri
Thus, preemptive priority has also been considered iralitwe. ©Of thenth packet to the queue, it is dropped with probabifify
The TCP packets experience a total propagation delay (ifothe While enqueued with probability — p,. Thep, is calculated
ward pipe+ the backward pipe by the ACKs) &f. We assume based on the average queue lengtiat that_tlme. Two thresholds
A to be deterministic, even though a randomidcan also be 0 < Tmin < Tmas < oo are fixed appropriately. Then
handled.

We also study the above system when the RED algorithm is  P» = 0, ff qj‘ < Tomin,
deployed at the router. This has become a popular activeequeu = 1, if ¢u > Trmaa,
management policy and has been implemented in varioustrecen Pmaz(Gn = Tmin) .
= M Tpin < Gn < Tnaa-
routers. Trmaz — Timin

The following notation will be used. At time w(t) is the TCP
window size, h(t) the TCP window thresholdy(¢) the queue ™" T
length (including the packet being transmitted)) the total n Is specified by
workload in the queuegr(t) the number of TCP packets and b= (1= B)in_1 + 8
qu (t) the number of UDP packets in the queue. At times we will n = n—1 n
be concerned about these parameters at certain embedd=d {ifieres is a small parameter, currently specified arotfid?.
e.g., at packet arrival epochs. Then we will represent thgm b
attaching a subscript e.g, the queue length will be denoted b\,2-1 Stability

dn- In this section we mention the stability results we have iolet

Now we briefly describe the window control mechanisms €y this system. Proofs are provided in the detailed version
TCP Tahoe and TCP Reno. For details one may refer to Stevensirst we assume infinite buffer, no RED control ahd= 0.

wherep,,,... IS a parameter recommended to be 0.1 recently. Also,

[17]. Consider the preemptive resume priority discipline witlisBon
For TCP Tahoe when new data is acknowledged (new ACKgivals for the UDP stream . The window size quickly reaches
are received) the sender recomputes its window size as: Wnaz, the maximum window size allowed and stays there, if we
neglect timeouts because of excessive delays in the quéaigisT
wry1 = wy + 1if wy < hy, (slow start phase) a good assumption if the traffic intensjty= \E[s] of the UDP
wr+1 = wg + 1/wy if wy, > hy, (congestion avoidance) stream is not very large (say less than 0.5). This is the ptese

likely scenario in the Internet, because the TCP traffic aglh-
When a packet loss is detected (either by the reception opB-dutinue to dominate for some time to come. Thus this becomes a
cate ACKs or by a timeout) the sender immediately retrarssngystem with one Poisson arrival stream with iid packet leagt



and one window controlled stream with fixed length windovesizsystem with window siz&/,,, ... Also, A = 0 implies thatiV,,,4.
Winaee @and iid packet lengths. Becausedf= 0, all theW,,,, TCP packets are always there in the queue and the servergs nev
TCP packets will always be present in the queue. A TCP arrivdle. Therefore the TCP packets completely utilize the badth
epoch (this is also the epoch when service of a TCP packet is p leftover by the UDP (the bandwidth normalized to 1). Thus
completed) seeing no UDP packet in the queue will be a regerke throughpulr of the TCP, in number of packets transmitted
ation epoch for this system. Lete a generic regeneration lengtin a unit time is(1 — p)/E[st]. Also, by Little’s law, the mean

for the processt 2 {(w(t), h(t),v(t), ar(t), qu (t))}. We have Sojourntime of the TCP packets is

shown that whep < 1, E[s%] < oo andE[s$] < oo for some W Wnas Els7]
a > 1, thenE[r*] < oo and its distribution has a spread-out E[Sr] = === = —— :
component. Thus, from regenerative process theory (Asenuss T —p
[2], Chapter 5), the proces§ has a unique stationary distribution et us compare the above performance indices with a system
and starting from any initial distribution the process cenges to without priority (see Sharma and Punyaslok [18]). One oleser

it in total variation. A similar statement can be made if wecothat\; andE[Sy] for the TCP remain unchanged while the mean
sider the above process at TCP arrival epochs. sojourn timeE[S] for the UDP stream in the non priority case is

Now consider the case when the UDP arrival stream is @n,,,, E[st]/(1 — p). The difference ofZ[S] can be substantial
MMPP process with the modulating Markov chain a finite staggee for example Section 4). Thus, we obtain a significant ob-
irreducible process. Even for this system we have proved tbarvation that by giving priority to the UDP stream we camgai
E[m%] < oc andT has a spread-out component under the abasignificantly in the performance of the UDP without loosimya
mentioned assumptions. thing for the TCP stream! However, the varianceSf is ex-

If the priority for the UDP stream is non-preemptive, then Wgected to increase but then the variance can be importattidor
have shown that all the above results hold (for Poisson and®PMMUDP but not for the TCP connections. These conclusions and ob
arrivals) under the same assumptions. servations will be valid in sectioB.2 also. However in section

Finally we have extended the stability results to the caserwts.3, when we employ the RED control these conclusions may not
A > 0 and/or when RED control is deployed at the router withold.

Poisson/MMPP exogenous traffic (for the RED controlledesyst Next we consider the case when > 0. In the present sce-

p < lis notrequired). nario, one can collect all the propagation delays in theesyst
. and keep at one place (say in the feedback pipe). Now some of
3 Performance AnaIyS|S the TCP packets and/or Acks may be propagating in the pipe. We

In this section we provide approximate performance angly@sSume that the receiver advertised window be large enaugh s
of the system when the UDP stream has preemptive or nbiftthe serveris neveridie. Thig remaing(1 - p)/E[sz]. Let
preemptive priority over the TCP stream. In sectibhwe con- £1¢7] be the mean number of TCP packets in the queue under
sider the system with one TCP connection and without the RIEfFtionarity. Then, using Little’s law on the propagatiopep we
control. In sectior8.2 we extend the results to the multiple TCPPtIN

case. In sectiofi.3 we provide the analysis for the system with ArA = Winae — Elgr].

RED control. In each case we obtain closed-form expressi@mgl using Little’s law in the queue, we obtain

for the throughpuf\r of the TCP connections and the mean so-

journ timesE[Sy] andES of the TCP and the UDP packets un- AT E[ST] = ElqT1)].
der stationarity. In section 4 we will verify the accuracytioése ) ]
approximations via simulations. From these equations we obtdifiSt] and E[qr]. The E[S] is

. ) not affected byA. Again, the TCP performance indices are not
3.1 Queue with one TCP connection affected by the priority to the UDP.

First we consider the case when the UDP stream is Poisson, arffithe UDP stream is an MMPP, then to obtain the performance

it has preemptive-resume priority over the TCP packetsiallyi ©f the TCP, we only need to replageby the mean rate of arrival

we also assume that = 0 and the buffer length is infinite. Therefor the MMPP stream. To comput€[S], instead of using the

is no RED control in this section. result for theM /GI/1 queue, one should use the results for the
Under the above assumptions, the UDP stream is not affect@iesponding/ M PP/GI/1 queue.

by the TCP packets at all. Thus, it is a simple M/GI/1 queuawit Nextwe analyse the non-preemptive priority system. The per

mean sojourn time formgnce indices for the TCP stream remain same as for the pre
emptive queue for all the cases. The performance of the UDP
AE[s?] packets is affected to the extend that now, a UDP packet-arriv

E[S] = + Els].

ing to the queue serving a TCP packet will have to wait tilttha
packet is fully transmitted. A little thought will convindhat if

Next consider the TCP stream. As mentioned earlier, for infite TCP fully utilizes the bandwidth, then the system seethby
nite buffer case, we can consider it as a fixed window codollUDP stream is a queue with vacation, where the vacations are

2(1-p)



caused by the service of TCP packets. Since the TCP packet3a8 Queue with TCP connections and RED con-
assumed to have iid distributions, from Bertsekas and Gaitla trol

(4],

) ) First consider the case when the packets (of UDP and TCP) ar-
AE[s"] Els7] + E[s] riving at the queue are dropped independently with probgbil
2(1-p)  2E[s7] p. This is a special case of the RED queue (as we will explain
é)elow). For this problem, we propose to use the formulaergive
above except that now the will be replaced by\(1 — p) and
the window size will be changing. Therefore, instead of gsin
3.2 Queue with multiple TCP connections Winaz We will use E[W], whereEW is the average_\_/vindow

length of the TCP connection for packet loss probabjlityar-
In this section we study the system of sectiohexcept that now, jous approximations foEWW are available (see.qg, [16], [14])
there aren > 1 TCP connection sharing the queue. The TCP|n this paper we have used the Padhye’s [16] approximation,
parameters for connectiérare denoted bW paa (i), A(i), s7(i)  EW = 1+ \/(8(1 — p)/3p) + 1, for one TCP case. In section
etc. 4 we have also simulated the system with 5 TCP’s. Then this
We have obtained the stability results for this systemXor= approximation is not good. Thus we have developed a better ap
0, infinite buffer and without RED control under the additibngroximation (to be reported in the detailed version of thegra
assumption thaB[(sr(i))*] < oo for somea > 1. The stability Using that approximation we obtain very good match.
with the RED control is currently under investigation. Now we consider the system of secti@r2 except that the
For the preemptive priority case, the UDP stream is not afdeue also employs the RED algorithm. Therefore, whenthe
fected. Thus its sojourn times for the Poisson or the MMPIe camcket arrives at the queue it is lost with probability which
remain as before. For the TCP connections, whéf) = 0 for depends upon the average queue lengthFrom sectior2 we
all ¢, during the time one cycle di,,.. (i) services is over for observe that the parametéused in the dynamics af, is quite
connection, W,,..(j) services of connectiofpare over. There- small (x 10~2). Then, the{qg,} moves much more slowly than

E[S] =

if the UDP arrival process is Poisson. Similarly one can f&an
the MMPP case.

fore, other system componenis, w,, q(t) etc as in [18]. We exploit
_ (1 = p)Winaa (i) this feature to develop a decomposition approach. In this ap
Ar(i) = S Winae G E[sT ()] proach, whery, =~ ¢, many packets around the packewill
j=1 Wmazl] v see the{q,, } process approximately constaniafThus they will
Using Little’s law we also get see the queue as a queue without RED but where the packets ar
lost independently with the probability(G) as dictated by the
Ar()E[S7(i)] = Winae (i), i = 1,...,m. RED algorithm. In addition, the fast moving components & th

system can reach stationarity conditioned¢gyn= 4. Thus the

WhenA(i) > 0 at least for somé, and are not excessivelyE[S(‘j)]’ E[S7(g)], A(g) can be computed from sectioBs and

large for eachi (so that the queue is never empty), then by Little?b2 as explaiqed in the previous paragraph. In the rest of the sec
tion we explain how to computg, .

law , for eacts, Define2?(t) = Qs 28(0) = go. Let{z(t)} be the solution
Ar(i)A(i) = Wmaz(i) — Elqr(i)], of the ODE
=0 _ gl 2] - 2(0), 2(0) = g 1
M) BLST (9] = Plar(i), ar -~ a0l =0 =0 =0 )
where E[q | z(t)] is the (quasi)stationary mean of the process
(i) = (1 —p)Elqr(i)] _ {g.} wheng, = z(t). We have proved that & 0,
2eg= Plar (LT G) sumseerl 78) — ()] 50 @

Solving these equations simultaneously, we obtain(7),
Elqr(i)] andE[Sr(i)] for eachi.

For the non-preemptive priority case, we should repl
E[st] andE[s%] in the formula forE[S] by E[s!] and E[s}]

where denotes convergence in probability. Since in the actual

a%%stemﬂ is quite small, we can approximaté (¢) by the solu-
tion of the ODE (1). The solution of the ODE can be computed
numerically if we knowE(q | z(t)].

where m gt GV Elso(i Now we compute®|q | z(t)]. The probability of packet loss as
Bs] = 2z Elar () Elsr ()] dictated by RED when = =(t) is p(=(#)). Also,
Zi:l E[QT(Z)]
Elq| 2(t)] = Elqu | 2(t)] + Elgr (p(2()))],
E[s?] = 241 Elar 1)) Els7()] whereE[qy | s(t)] is the time stationary queue length of the UDP

>icy Elar(i)] . packets andE[qr(p(z(t)))] of the packets of all TCP connec-



tions. TheE[qr(p(z(t)))] can be computed for each TCP convery good match to the simulations.

nection as in section®1 and3.2 and all those are added to ob- Finally we describe the results for the system with RED. The
tain E[gr(p(2(¢)))]. Also, E[qu | z(t)] can be computed fromRED parameters ar€,,i, = 5, Tmaz = 15 andppa. = 0.1

the corresponding results for tdé/GI/1, M/GI/1 with vaca- for the one TCP case. The TCP and the UDP stream parameter:
tion or MM PP/GI/1 etc. as the case may be, where navis are as above. We plot the theoretical and simulaté¢t{) ODE

replaced byA(1 — p(2(t))). in Figs. 1 — 3. Figs1,2 provide the results for the Poisson and
In section 4 we will see that the performance obtained via tte MMPP case respectively whén= 10~*. We also provide
approximation is quite good. the simulated°(t)) for the non-priority case.We have compared

Finally we compare the performance of this system with tiiee simulated and theoretical results for #ye E[St] andE[S].
system without priority. As in sectioh 1, the E[S] in the present The approximation is good (better than the 5 TCP case prdvide
system is less than in the system without priority. Howeuar, below). These results are not provided for lack of space.3Fig
like in section3.1, we have shown in the detailed version of therovides the same curves whén= 10~3. The approximation
paper that for the system with RED, even though Xa€:) re- in Fig. 3 is obviously not as good. The performance indices ar
main same, th&[Sr(i)] increases in the present system. The regrovided in Table 5. From this we observe that evergfer 103
son this difference occurs is because now we need t&{i§&i)] the approximations are quite good for except EjS7]. In this
instead ofV,,,.,. (). E[W ()] may be differentin the present systable we also provide the results for the system withoutrjtyio
tem from the system without priority. Indeed we have shovat thrhis confirms our results that unlike for the infinite bufferse,
dso for the present system is strickly less than for the nonijtyiorthe E[Sr] for the priority case is higher than for the nonpriority

case and hencB[W (i)] are strictly larger. case.
) . Fig. 4 gives the curves for tHeT CP case. The TCP parameters
4 Simulation results Winaz (i), E[s7T(i)] and A(i) are the same as mentioned above

r the without RED case. In this we have plotted the theocabti
DE using the Padhye’s approximation as well as our own. One

UCB/LBNL. For all our simulations the link speed has beentkef)ees_ that there is a s_ubstantial imprO\_/ement by using OubRPpP
constant afl0Mbps and the packet sizes for both the TCP arl ation. Table6 provides the comparison of the theor_etlca! and
the exogenous streams are 750 bytes (for the one TCP case).t simulated values fokr, E[St] and E[S] under stationarity

intensity of the exogenous stream is keppat 0.3. The maxi- and wheng < T,.;». In calculating the theoretical values we

mum window sizeW,, .. is kept a0 unless specified otherwise.h""ve used our own approximation 6{i]. The approximations

We have only simulated the non-preemptive priority casec:tmhiander the t_ranS|ehnt conditions (vx_/hén< r”””) are n_ot g}c;;d.
anyway is more interesting from the practical point of view. owever, since the system acquires stationarity quite(asn

_ -3 i i i
We first discuss the results farTCP case without RED. Ta-0"€ SO for = 107) , the performance under stationarity is
ble 2 provides the theoretical and simulated values\pr E[Sr] more important.
and E[S] whenA = 0 and10 ms. One observes a excellen
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TABLE 1: UDP POISSON TRAFFIC WITHOUT PRIORITY, THROUGHPUT
LAY

V. Sharma and P. PunyasldRerformance Analysis of TCP Congestion with

A prs E[57] Z[3]
(ms) (pac/s) (ms) (ms)
Siml. | Theo. | Siml. | Theo. [ Siml. | Theo.
0 1166 | 1167 | 25.67 | 25.70 | 26.12 | 25.68
10 1166 | 1167 | 15.68 | 15.70 | 16.10 | 15.69

TABLE 2: UDP POISSON TRAFFIC WITH NON
THROUGHPUT, DELAY

PREEMPTIVE PRIORITY,

A Py E[57] Z[3]
(ms) (pac/s) (ms) (ms)
Siml. | Theo. | Siml. | Theo. | Siml. | Theo.
0 1165 | 1167 | 25.70 | 25.70 | 1.02 1.02
10 1165 | 1167 | 15.70 | 15.70 | 1.02 1.02

TABLE 3: UDP MMPP TRAFFIC WITH AND WITHOUT NON

PREEMPTIVE PRIORITYA = 10ms, THROUGHPUT, DELAY

Priority AT E[ST] E[S]
(pac/s) (ms) (ms)
Siml. | Theo. | Siml. T Theo. | Siml. T Theo.
None 1162 | 1167 | 15.76 | 15.70 | 17.05 | 15.69
UDP 1167 | 1167 | 1559 | 15,70 | 1.23 | 1.23

TABLE 4: 5 TCP CASE WITH NON PREEMPTIVE PRIORITY TO UDP,

THROUGHPUT AND DELAYS

TCP1] TCP2 | TCP3 | TCP4 [ TCP5

A 10 10 15 20 10

Wonas 20 75 30 35 20

ElsT] 1000 900 800 700 600
T Theo. | 155.8 | 194.8 [ 225.0 | 253.0 | 311.0
(pac/s) [ Siml. | 155.9 | 194.8 [ 224.9 | 252.7 | 3115
ETS7] | Theo. | 1183 | 118.3 | 118.3 | 118.3 | 118.3
(ms) [ Sl | 1I8.2 | 1I8.1| 118.2 | 118.2 | 118.2

TABLE 5: UDP POISSON TRAFFIC WITH AND WITHOUT NON
PREEMPTIVE PRIORITY AND RED CONTROL WITH3 = 10~2

AT ETST] E[S
A (pac/s) (ms) (ms
(ms) [ Siml. T Theo. | Siml. | Theo. [ Siml. [ Theo.
Stat. 0 1173 ] 1187 | 7.37 | 766 | 1.02 | 1.02
Prio. 10 1115 | 1172 6.04 4.72 1.01 1.02
Tran. 0 1204 | 1167 | 20.63 | 25.70 | 0.98 1.02
10 1032 | 1167 | 1295 15.70 | 0.99 1.02
No Stat. 0 1170 1203 | 594 | 6.10 | 6.32 | 6.10
Prio. 10 1116 | 1173 467 3.58 487 3.58

TABLE 6: 5 TCP CASE WITH NON PREEMPTIVE PRIORITY TO UDP

AND RED CONTROL WITHB = 1074, Trnin = 20, Traz = 60

TCP1 | TCP2 ] TCP3 | TCP4 | TCP5

A 10 10 15 20 10

Wmaz 20 25 30 35 40

ETsT] 1000 | 900 800 700 600

AT Theo. 23341 23441 2048 | 1825 | 233.4

Statio- | (pac/s) [ Siml. 233.0] 230.2 | 2126 | 192.3 | 230.6
narity | E[St] | Theo. 25.9 25.9 259 [ 259 25.9
(ms) Siml. 27.8 27.8 271 26.6 26.8

AT Theo. | 155.8 [ 194.8°| 225.0 | 253.0 | 311T.0

Tran- | (pac/s) [ Siml. 1706 | 220.6 | 217.8| 220.0 | 2939
sient [ E[St] | Theo. | 1183 118.3 | 118.3 | 1183 1183
(ms) Siml. 93.4 96.0 100.2 | 102.0 | 105.2
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Figure 1: UDP Poisson traffic with = 1074, A = 10 ms.
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Figure 2: UDP MMPP traffic with = 10~%, A = 10 ms.
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Figure 3: UDP Poisson traffic with
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Figure 4: RED Queue with 5 TCP and UDP connection Shows
curves for both Padhye as well as our Markovian approximatio
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