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Abstract: We improve a well-known TCP throughput enhancement scheme over heterogeneous networks of wired/wiress
paths. The scheme (Westwood+) adjusts the congestion window using the estimate of currently available
bandwidth instead of halving the window in the event of a packet loss, enhancing the TCP throughput. Our
scheme infers the cause of packet loss(if it is due to congestion or regular bit errors over wireless paths) from
the changes of the RTT values. We adapt the RTT threshold used for determining the cause of packet loss
to the current congestion level. For example, we increase the RTT threshold for a packet loss to be regarded
as due to congestion when the congestion level of the path is estimated to be low. This avoids unnecessary
halving of the congestion window on packet loss due to regular bit errors over wireless path in a more precise
way than previous schemes. Compared with the Westwood+, our scheme improves the TCP throughputs by
29% and 55% on 1 Mbps and 10 Mbps paths, respectively. The fairness degradation is negligible.

1 INTRODUCTION tion. Snoop(Snoop, 1995) scheme places an observer
in the base station at link layer. However, it can be
purely local and aware of the semantics of the TCP

TCP congestion control runs under the basic assump-Protocol.

tion that any packet loss is the indication of conges- |y next, in the explicit loss notification approach

tion. However, the assumption does not hold when the receivers/network routers mark the acknowledge-

the TCP flow path includes wireless part. In such a ments with appropriate notification of distinguish-
case the packet loss may not come from congestioning the channel errors from congestion losses. Then
but from I’egulal’ bit errors over wireless path TCP the Senders respond to the notiﬁcation' In TCP-
throughput may be unnecessarily degraded due to thecasablanca(Biaz, 2005), the sender sends packets
packet loss from bit errors over wireless part even \th different discard priorities. Routers drop marked
though there is little congestion. packets to de-randomize congestion losses. The re-
_Known schemes to address this problem can beceijver discriminates the cause of packet loss and
divided into three categories(Sumitha, 2005): First, marks the acknowledgement with explicit loss noti-
network-based schemes locate an agent at the acfication. Then the sender responds to the notifica-
cess point/base station on the TCP path to locally tion. Like TCP-Casablanca, the explicit loss notifica-
recover the wireless loss at transport or link layer. tion approaches require modifications to network in-

M-TCP(MTCP, 1997) and I-TCP(ITCP, 1995) ap- frastructure, the receiver, and the senders.

proaches split the TCP flow into the two parts at trans- . .

port layer and deal with the wireless part in differ- _ Finally, end-to-end schemes modify the TCP con-

ent way to improve the throughput. Network-based gestion control _algquthm to distinguish the losses

schemes at transport layer do not maintain the end-dué to congestion in the network from other ran-
to-end semantics of TCP and may require state to bedom l0sses over wireless paths. They can be de-

maintained and packets to be buffered at the base staPloyed more easily because they are a modification
to the TCP congestion control at sender or receiver
This work was supported by the second-phase of Brain Side. Westwood+(West, 2004) is the best end-to-end
Korea 21 Project in 2006. scheme as far as we know in terms of TCP throughput
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Figure 1: The heterogeneous network model of wired/wireless paths.

enhancement. It estimates currently available band- Then, the RTT{") can be written as Equation 1.
width and adjusts accordingly the congestion window
size instead of halving it in the event of a packet
loss. When three duplicate ACKs (TDACKS) are re-
ceived, both the congestion window (cwnd) and the
slow start threshold (ssthresh) are set equal to the esti-
mated bandwidth times the minimum measured RTT. 3 PROPOSED SCHEME
On timeout, the ssthresh is set as before while the
cwnd is set equal to one. ] ]

We propose a new end-to-end scheme which im- 3.1  The Loss Differentiator
proves the Westwood+. Instead of estimating the

available bandwidth, our scheme precisely infers the e present a new scheme to precisely infer the cause
cause of individual packet loss whether it is due 10 of each packet loss encountered whether it is due to
congestion or regular bit errors of wireless nature. congestion or not. The RTT) measured immedi-
The congestion window is reduced only when the ately before the current packet loss is used through
packet loss is determined to be due to congestion. A Equation 2 as an indicatof and T}, are an expo-
fT1()\/Ir]§] Ff]rEEESf]()|(j f({r r€3|EitI\/€§ (If]ZiT]QJGE.()f F21-1i Zi(]iilr1§5t r1€3r1tizi|)/ \AIEEi§3f1t€3(j r11()\/ir]£) Ei\/(arziggea ()f F21ﬂ1)(€ir](j tr1(3
the minimum RTT is employed to differentiate the geviation. They are updated By = IT + 1T and
cause of each packet loss. The moving threshold is - 1 = . .
lowered to be more sensitive to congestion loss when Ldev = §Tdey +7 [T — T| as in most TCP imple-
il ) CONGE mentations. The current packet loss is determined to

the network is is congested while it is increased when | "" . - - <00 10ss if Equation 2 is satisfied
the network is unloaded. g q '

Compared with the Westwood+, our scheme im-

k
proves the TCP throughputs by 29% and 55% on 1 T>T+ Ty - (2 (Tp) _ 1) 2)
ev T

B-S

T=T,+ 5

)

Mbps and 10 Mbps paths, respectively based on ns-2

simulations(NS-2). The fairness degradation is negli- ] ] o
gible. The rationale behind the indicator represented by

Equation 2 can be better explained using Figure 2. It
shows the relationship among the buffer occupancy,

2 NETWORK MODEL RTT andp. againstz W3, the aggregate sum of the

=1
. congestion windows of the TCP flows established.
Figure 1 shows a heterogeneous network model of jj; denote the congestion window size isth TCP
wired/wireless paths to be used in the following de- flow out ofr, flows.

scription of our schemen,. denotes the probability of

packet loss due to congestion in the wired path while

Py denotes a uniformly random packet loss probabil- Empty 1 Build-up |  Overflow
ity over the wireless path. Without loss of general- I '

ity, we assume there is no congestion over the wire- | Linkfiilizatior)
less pathC' denotes the link bandwidth in Mbps and T |
B denotes the number of packets(sigg currently .
occupying the buffer. B.,.. denotes the size of the CT T 1B

buffer. d denotes the propagation delay between the - =
base station(R2) and the receiver. [gtdenote the

propagation delay on the path between the sender andtigure 2: Three-state of netWOl’k buffer and the change of
receiver. The queuing delay is representedgg@. the RTT with the aggregation eivnd of each flow.
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Figure 3: Accuracies of loss differentiator verguor various network conditions.

When the buffer occupancy nears overflow, we CReceipt of TDACKS>
have " > T, and the probabilty of congestion
lossfp.) becomes increasingly high. In order not to
miss any congestion loss, we decrease the threshold.
On the contrary, wheff” approached’,, we increase
the threshold not to mistakenly count the wireless loss No,
as congestion loss. We estimated the accuracy of  siow-start phase
the indicator against the value éfthrough a simu-
lation involving packet losses of known causds.is
the ratio of the number of congestion losses correctly
inferred over the total number of congestion losses. Ve

. .. . . . Congestion loss
A, is similarly defined for wireless losses. Asn-

Yes, Congestion avoidance phase

Congestion loss

No,
Wireless loss

creasesA. increases as shown in Figure 3(a), while ; :
A, is decreased as shown in Figure 3(b). Thumn iy cvndlE ssthreshe=ewnd
be chosen through trade-off analysis for best perfor- &< ssthresh cwnd < ssthresh
mance in terms of throughput and fairness. | 7 |

The thresholds in Zigzag scheme(Song, 2003) are C Refransmission >
special cases of our indicator while they employ the

one-way delay approximately equal to half of the

RTT. The capability of our loss differentiation for . _ _ Y
wireless losses is better by 100% than Zigzag scheme Congestion loss :if T'>T +T,, [2(” ']
while for congestion losses both schemes have the

same accuracy when only one flow is established.  Figyre 4: Flow chart for the modified congestion control

. . block.
3.2 Tcp Modification

3.3 Throughput Model

To apply the loss differentiator, we modify two blocks

in TCP congestion control: they are RTT update and \ne derive the TCP throu
; ghput of the proposed
receipt of TDACKSs. In RTT update, the TCP sender scheme following arguments developed by

updates the minimum of RTT which indicates the Kelly(Kelly, 1999). The throughput model of

propagation delay. On receipt of TDACKSs, the sender Westwood-+(Luigi, 2002) is also derived similar to

evaluates Equation 2 using the sample RTT measured(Ke”
. ; oo y, 1999). The TCP throughput model can be
just before the TDACKSs only if the TCP connectionis jafined as Equation 3. For the simplicity, we do not

in the congestion avoidance phase. The sender halves,,4e| the behavior after a timeout.

cwnd if Equation 2 is satisfied. Otherwise, the sender

keeps currentwnd. We explain the procedure of the 1 1

receipt of TDACKSs in Figure 4. vrep = ‘H (3)
—9)p

a andb denote the increase and the decrease para-



meter in TCP, respectivelyp is the total packet loss the packet loss. Thewnd is reduced by half if the

rate. Letx,.q andb,.q denote the throughput and proposed scheme regards the packet loss as due to

the decrease parameter of the proposed scheme, reeongestion. Otherwise, thavnd will be kept. Let

spectively.z,,,+ andb,,,,+ denote those of the West- Pr(c|l) denote the probability of packet losses re-

wood+, respectively. For both schemsds set to 1. garded as congestion losses. It results from the ag-
The decrease parametérs( and b,,,,+) derived gregate sum of the probability to correctly detect the

as a function can characterize the congestion controlcongestion losses representedf})ayﬁlC and the prob-

of the proposed scheme and Westwood+, respectively.ability to wrongly infer the wireless loss into the con-

Figure 5(a) shows the change @fnd in NewReno  gestion loss represented By (1 — 4,,) as shown

over wireless paths. In this case, all of packetloss arejn gquation 4. Therefore, the change dwnd is

regarded as due to congestion. Figure 5(b) shows thatl . py(¢|1) . cund.

the proposed scheme infers the cause of packet loss’

and keeps the currentond if the loss is regarded as 1

the wireless loss. Figure 5(c) shows that changing Pr(c|l) = ’ [pe - Ac+puw- (1= Ay)]  (4)

can be equivalent to the proposed scheme. We first de-; -
five ,,q similar to (Kelly, 1999) and (Luigi, 2002), Since the total packet loss ratepisit follows that the

and then compare the proposed scheme with the West-exPeCted change efund per update step is:

wood+ usingy,,q andby,q, . 1—p 1

E[Acwnd] = — —Pr(cl) - cwund-p (5)
g o by d cwnd 2

Reduction of cwnd by decrease : : :
y parameter, b=1/2, due to packet losses Smce.the time between update steps 3 a%’ by
cwnd | } recalling Equation 5, the expected change in the rate
2 per unit time is approximately:
Sx(t) 1—p 1 )
= — 5 Pr(dD) p-2?()) (6)

_ Equation 6 is a separable variable differential equa-
fme tion. By separating variables, Equation 6 can be writ-
(@) NewReno TCP ten as:

y Packet loss events

cwnd 6$(t) 1
} >, eI Pr(c|l) -p-ot (7)
22(t) — T bre
and by integrating each member the following solu-
cwnd Increases with ignoring the tion can be obtained
sign of packet loss by algotithms
e . Xy - (1 +Cy - 6_%'Pr(cll)'p't)
(b) proposed scheme o(t) = 1—-Cy- e~ 3-Pr(cl)-pt
Reduction of cwnd by decrease wherez; = %1 / P?r((lcﬁ’)’_) is the root of the equation
parameter, b, due to packet losses 2(1—p) p
und ! 2?(t) — gz panyp = 0 and a constant, depends
on the initial conditions. The steady state throughput
A of the proposed scheme is then,
Proposed scha Change decrease parameter, b
. 1 /2(1-p)
. : =1 = —\|=——
e ©Tpra = i a(t) = 7 Pr(cll) - p ®)

(SR RO | and by recalling Equation 3 and#,,.; can be written

as Equation 9.
Figure 5: The change afwnd in (a) NewReno, (b) pro-

posed scheme, and (c) equivalent model of the proposed 1 a(l —p) 1 1—p
scheme changin Tprd = —p]——"t = [
o it = T\ T by~ T\ TPr(ell) 7

The cwnd is updated upon ACK reception. Each
time an ACK is received back by the sender the.d
is increased by /cwnd. On the receipt of TDACKS,
the proposed scheme involves to infer the cause of = 1- 2% pe- Ac+pu- (1= Aw)] (9)

1
bprda = 1-— 3 - Pr(c|l)



From Equation 9, the proposed scheme can adapt
bprq INtO p. since it increased,, asp. decreases(See

Figure 3). For exampleh,.q can be set to 1 when 100 [ g ,‘__x;,g,é_};,;&_a‘_
pe ~ 0. However,b,.q can approaci‘% asp. in- e 1
creases. g so -
To compare with Westwooq, the t_h_roughput ap- é 60 —m—NewReno (1%) |
proximation is shown as following (Luigi, 2002): g ; ~+ @+ Westwood+ (1%)
= &~ Proposed (1%)
5 40 A / —O—NewReno (5%) —
[ x ---0---Westwood+ (5%) |
:Cwu)—&- — 1 1 — p (10) 5 20 kg’ <A Proposed (5%) |
) NS NS T S T T N S I NS N
VIT-1) p 123456 7 8 910
By recalling Equation 3p,,,, can be derived as the number of flows
Equation 11.
(a) link utilization
1 a(l —p) 1 1-—
Towt = T T —bwws)p T T,
()
T . J
Cobwwr = ?p (12) é 0.98 I -
-g 0.96 - —ll—NewReno (1%) -
. . 5 L —-®--- \Westwood+ (1%)
From Equation 11, we can find that the Westwood+ B 094t ~A--Proposed (1%) -
tries to empty the buffer to suppress the increase of £ - :‘;:NewRenod <5°/Oj) 1
RTT since theb,,.. is sensitive to the buffer occu- L 092 F ... o
pancy. Consequently, compared with Westwood+, the A A B A S R T

proposed scheme can be expected to improve the TCP 1234567 8910
throughput. the number of flows

(b) fairness index

4 PERFORMANCE EVALUATION Figure 6: Link utilization and fairness index on 1 Mbps of
bottleneck fomp,, = 1% and5%.

4.1 Experimental Setup
4.2 Results

We evaluate the performance of proposed scheme via
ns-2 (Ver 2.26)(NS-2) simulation. The network topol- Figure 7 shows the throughput with increasing wire-
ogy is shown in Figure 1. The bottlenedk' (n the less packet loss rates. Compared with Westwood+,
Figure 1) is set to 1 Mbps or 10Mbps. The size of the the proposed scheme improves the throughput by up
buffer (B.4z) IS set to the bandwidth-delay product to 29% and 55% when the bottleneck bandwidth is 1
which is 12 packets or 120 packets, respectively. We Mbps and 10Mbps, respectively. Figure 6(a) shows
set the packet size equal to 1500 bytes. The valude of the link utilization with varying the number of flows
is setto 2. We run simulations 50 times. In the each of for 1% and 5% of wireless packet loss rates on 1 Mbps
the 50 runs, we estimate the average throughput, linklink. The increase of wireless packet loss rate may
utilization and fairness index. We use the Jain’s fair- prevent the flows from fully utilizing the bottleneck
ness index(Jain, 1984) as in Equation 12 wherand link capacity. Compared with Westwood+, the pro-
n denote the throughput afth flow and the number  posed scheme improves the utilization by 0.1%-59%
of flows, respectively. The Westwood+ module for depending on the number of flows. Figure 6(b) shows
ns-2 is obtained from an official site(hnsWestwood).  that the fairness index of the proposed scheme stays
over 0.995 which is similar to those of Westwood+

n 2 and NewReno.
<Z x7> Figure 8(a) shows the TCP throughput decreases
Flz)=~"—/— (12) as wireless propagation delay(ncreases({'=1Mbps
nixg andp,,=1%). The NewReno suffers most as high as
ot 47.5% when the delay increases from 10ms to 100ms.

While the throughput of the Westwood+ and the
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proposed scheme decrease 17.6% and 19%, respedn Figure 9(b) and 9(c), the proposed scheme have the
tively, the proposed scheme improves the throughput best goodput with increasing the wireless packet loss
by 11.5% - 14.5% compared with the Westwood+. rate.
Figure 8(b) shows the TCP throughput Bg,,,. in-

creases. WheB,,,, = 6 packets, the proposed

scheme improves the throughput as shown above. Goodput(%) = Jilesize

—  x1 13
duration x C' X 100(%)  (13)

4.3 Implementation and results
5 CONCLUSION

We implement the algorithm based on Linux Kernel

Ver. 2.4.20 as shown in Figure 9(a). The sender runs We propose a simple TCP modification to improve the

a FTP client and the receiver runs a FTP server. The Westwood+ through precise inferring of the cause of
data flow is sent through the Nist Net(NIST). We set packet losses. The proposed scheme is an end-to-end
50 packets to the maximum buffer size and 70ms to scheme which is easy to implement. Modifications is
forward path delay, and we vary the wireless packet made only to the TCP sender. From the simulation
loss rate from 0% to 9%. We record the goodput de- results, an adaptative loss differentiator can improve
fined as Equation 13 for 3MB and 100MB of file size. the throughput compared with Westwood+, and the
We uploads a file of size 3MB 10 times. As shown degradation of fairness is negligible. Westwood+ can
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Figure 9: (a) Emulation setup using NistNet and goodput for (a) 3SMB(BnheilOOMB file.

estimate the available bandwidth less than the real oneTCP Westwood+ modules for ns-2. http://193.204.59.68/
due to frequent wireless losses. Thus, it may fail to re- mascolo/tcp%20westwood/modules.htm

tain the currentwnd. However, the proposed scheme NS-2 network simulator (ver 2). LBL, http:/Avww-
can retain the currentond through more precise in- mash.cs.berkeley.edu/ns

ferring of the cause of packet losses. Our scheme iSNational Institute of Standards and Technology, “NIST
more effective in improving the throughput especially Net”, http://www.antd.nist.gov/itg/nistnet
when the bottleneck bandwidth is high(Compare Fig- g j5in p.M.Chiu and W.Hawe,

"A Quantitative Measure
ure 7(a) and 7(b)). Q

of Fairness and Discrimination of Resource Alloca-
tion in Shared Systems”, Technical Report, Digital
Equipment Coporation, DEC-TR-301, 1984
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