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Abstract— In recent years, |P-based virtual private networks 4) Achieving a high scalability for transfer rate/number of
(IP-VPNSs), which provide a virtual privately owned network over VPNs

an IP network, have attracted attention. With existing IP-VPNSs, .
however, there is a serious problem that faimess among IP- _ 'hiS paper then proposes I2VFC (Inter- and Intra-VPN
VPN customers is not satisfied. In this paper, we first discuss Fairness Control) to achieve fair IP-VPN services. 12VFC

design objectives of a control mechanism for achieving fair is an AIMD (Additive Increase and Multiplicative Decrease)
IP-VPN services: achieving inter-VPN fairness, achieving intra- \window flow control [6] that operates between IP-VPN service

VPN fairness, easy deployment into existing IP networks, and P ; P
achieving a high scalability. We then propose an IP-VPN fairness providers edge routers (i.e., PE routers) [2]. Specifically,

control called 12FVC (Inter- and Intra-VPN Fairness Control) Multiple flows (i.e., streams of packets with identical protocol
for realizing a fair IP-VPN service in a scalable way. The core type, source/destination address, etc.) accommodated in a VPN
of 12VFC is an AIMD (Additive Increase and Multiplicative  are aggregated into a single flow at the ingress PE router, and

Decr_gas,e) VéindOW flOW szn\tlgéoﬁefaiwg a?on% |P-\{E’\: SerIilge AIMD window flow control is performed for each aggregated
provider's edge routers. as the advantage that an IP- ;

VPN service provider can arbitrarly specify inter-VPN fairness rovthbet\f{veetn mgr?irs].and egress PEf rI(I)UterS'F. t Section Il
criteria by utilizing analytic results of AIMD window flow control. € structure or this paper Is as follows. First, section
Moreover, I2VFC can be easily deployed into existing IP networks presents related work on IP-VPN fairness control mecha-
by simply modifying edge routers. Through several simulation nisms. Section |l discusses design objectives for IP-VPN
experiments, we demonstrate that I2VFC realizes both inter-VPN - fajrness control. Section IV describes an architectural overview
fairness and intra-VPN fairness with extremely high accuracy. of 12VFC, followed by explanation of the I2VFC opera-

|. INTRODUCTION tion algorithm. Section V presents several simulation results,

IP-based virtual private networks (IP-VPNs) [1-3], Whichcciemonstratmg effectiveness of 12VFC. Finally, Section VI

rovide a virtual privately owned network over an IP network oncludes this paper. Note that effectiveness of our I2VFC is
p privately \ : extensively investigated in [7] through simulation experiments
have attracted attention. A virtual private network can b

constructed on an IP network at a lower cost than witﬁnd prototype system experiments.

conventional dedicated lines. Il. RELATED WORK
However, there is a serious problem that existing IP-VPNs

cannot guarantee faimess among IP-VPN customers. This, is>¢Veral papers [8, 9] have proposed methods of achieving

because the IP network is a best-effort network, so the IBIr IP-VPN services though modifying a queue manage-
+ment mechanism of DiffServ routers. However, the methods

VPN constructed on it is also a best-effort network. In rea“tgn&oposed in [8, 9] require that all routers in the network

e replaced with DiffServ routers having a specific queue
nagement mechanism, so these methods cannot be easily
ployed into a service provider's IP network.

On the contrary, methods of achieving IP-VPN fairness

the provision of fair IP-VPN services [4]. In recent years;
a variety of research has been conducted regarding tra
engineering technigues for IP networks. However, existi

traffic engineering techniques are still inadequate for achieving: ! .
fair IP-VgN servi%es at greasonable cost ?2]_ u%mg an AIMD window flow control mechanism between

Our research focuses on a L3-PPVPN (Layer 3 ProviddiQuters have been proposed in [10, 11]. These approaches
Provisioned VPN) framework [5], which is a frameworkachieve faimess among IP-VPNs by aggregating multiple

where the service provider provides layer-3 VPN service fPWs accommodated in a VPN into a single flow and by per-
customers. The main objective of our work is to achievfPMing an AIMD window flow control for those aggregated
fair IP-VPN services within an L3-PPVPN framework by d'0Ws. However, methods proposed in [10, 11] require that a

method that can be easily deployed in the service provideF€CIfic active queue management mechanism be implemented
IP network. at all core routers in the network.

This paper first discusses design objectives of a control

for achieving fair IP-VPN services. Specifically, the following o . D ESI.GN OBJECTIVES

four design objectives and their necessities are discussed. (1) Achieving Inter-VPN Fairness
1) Achieving inter-VPN fairness The first design objective is to achieve inter-VPN fairness:
2) Achieving intra-VPN fairness i.e., achieving fairness among customers contracting for VPN
3) Easy deployment in a service provider's IP network services. In existing IP-VPNs, since the underlying IP network



is a best-effort network, inter-VPN fairness cannot be satisfied. 2ggregate into a
However, IP-VPN services should use bottleneck link band- "' VPN flow
width fairly among VPNs even if a given VPN generates heavy ’h‘g

traffic volume; i.e., it should not unduly restrict throughput
of other VPNs. Namely, it is desired that each VPN flo

(i.e., aggregated flows in a VPN) can utilize some ratio o\gﬁr
the bottleneck link bandwidth, and the ratio can be specifieo
by the IP-VPN service provider.

Given that providers are the ones providing for IP-VPN
services, criteria for inter-VPN fairness should be freely spec-
ified by the IP-VPN’s service provider. For example, instead of
equally distributing bandwidth to multiple VPN flows sharing
the same bottleneck link, distributing bandwidth according to Fig. 1. Overview of I2VFC (Inter- and Intra-VPN Fairness Control)
some factors such as the VPN's geographic location (distance
between sites, number of hops, etc.) and the contracted line
rate might be appropriate. Appropriate fairness criteria aw@ork. One of reasons that IP-VPNs have been widely deployed
dependent on the policy of the IP-VPN service providers, shese days is that an existing IP network infrastructure can be
that IP-VPN fairness control is required to support arbitrarysed as—is. Hence, fair IP-VPN services should be realized by
fairness criteria. modifying the existing IP-VPN framework as least as possible.

Specifically, if the throughput of VPN flow(l <4 < N)is Specifically, achieving IP-VPN fairness control that needs
T; and the weight of the throughput of VPN flavas specified modifications only to PE routers, which are owned by the IP-
by the IP-VPN service provider is;, then achieving VPN service provider, is strongly required [2, 5, 12]. More-

T. T over, customer edge (CE) routers are managed by customers

= = 2 (1) contracting the VPN service, so modification to CE routers

Ti T by the IP-VPN service provider is virtually impossible. Thus,
with respect to all, j (i # j) is required. IP-VPN fairness control must be realized by simply changing

In addition, the timescale in which inter-VPN fairness i$E routers of the IP-VPN service provider.
achieved is also important. Functions required to IP-VPN o . .
fairness control differ vastly depending on whether fairnedd) Achieving a High Scalability for Transfer Rate/Number of
with a fine granularity (e.g., at the order of milliseconds) or ¥PNS
rough granularity (e.g., at the order of seconds or minutes) isThe fourth design objective is to achieve a high scalability
required. for the transfer rate of VPN flows and the number of VPNs

In reality, inter-VPN fairness should be achieved on accommodated. In recent years, shift to faster networks has
timescale on the order of approximately 100 times the roungrogressed rapidly, so throughput on the order of Gbit/s
trip time because of the following two reasons: (1) currenthshould be achieved for each VPN. Current customers of IP-
most of the traffic transmitted on an IP-VPN is data traffic, SYUPN services are generally some organizational units like
achieving fairness on a timescale on the order of approximateJgmpanies and groups, so the number of VPNs managed by
100 times the round-trip time would be adequate, and (3h IP-VPN service provider has been rather low. In the future,
achieving fairness on a timescale on the order of the roundewever, VPN customers would be an individual user, so that
trip time is not possible by just modifying the provider edgehe number of VPNs managed by the IP-VPN service provider
routers; i.e., core routers must be modified. will explode. Hence, it is important that IP-VPN fairness
(2) Achieving Intra-VPN Fairness control has a high scalability also for the number of VPNSs.

The second design objective is to achieve fairness among IV. ARCHITECTURE ANDALGORITHM
users accommodated in the same VPN, i.e., intra-VPN fal&-_ I2VEC Overview
ness. IP-VPN services should not allow unfairness among i ) o
users accommodated in the same VPN even if inter-VPNAN overview of the proposed I2VFC is shown in Fig. 1. The
fairness is achieved so that fairness among VPN customége of I2VFC is an AIMD window flow control that operates
should be achieved. This paper defines intra-VPN fairne88 IP-VPN service provider's PE routers. .
as being achieved when the ratios of throughput of flows Specifically, multiple flows accommodated in the same
accommodated in the same VPN are equa|_ VPN _are aggregated into a Slngle VPN flow and stored in
Given the characteristics of IP-VPN servicespwever, @ logical queue for each VPN at ingress PE routers. PE
requirements for intra-VPN fairness are relatively lax comouters distinguish VPN flows from source and destination IP
pared to requirements for inter-VPN fairness. In general, hodddress of a packet. Then, the round-trip time and packet loss
bandwidth should be distributed to users accommodated figte of the network are periodically measured by exchanging
the same VPN should be decided by the customer contractimgnagemem packets for each VPN between ingress and egress
the IP-VPN service, and not by the IP-VPN service providePE routers. o ) _
Thus, IP-VPN fairness control would be sufficient if it does Based on this information, ingress PE routers perform

AIMD based
flow control

VPN flow

ingress egress
PE router IP network PE router

end-end flow control
(e.g. TCP-Reno)

not unduly restrict throughput of certain flows. AIMD window flow control for each VPN flow, and adjust
) , L the number of packets sent from every VPN flow. Only
(3) Easy Deployment in a Service Provider’s IP Network window flow control is performed between PE routers, and

The third design objective is to be able for an IP-VPNetransmission and error recovery are not performed. Note
fairness control to be easily deployed into an existing IP nethat VPN traffic is transferred bi-directionally, so window flow



control must be performed for VPN flows both upwards and «
downwards.

By performing AIMD window flow control for each VPN
between PE routers, inter-VPN fairness is achieved. That is,
parameters for AIMD window flow control are set appro-
priately based on the measured round-trip time and packet
loss rate and fairness criteria specified by the IP-VPN service
provider (see Section IV-C for details). Thus, the ratio of
throughput for VPN flows can be arbitrary controlled as set
by the service provider.

Intra-VPN fairness is achieved by simply relying on TCP
congestion control operating between end hosts. That is, IP-
VPN fairness control itself does not actively perform control
to achieve intra-VPN fairness. All of the round-trip times and
packet loss rates for flows accommodated in the same VPN
are expected to be equal, so sufficient intra-VPN fairness can
be achieved simply by TCP congestion control.

Any packet processing such as encapsulation is not per-
formed on packets transferred between PE routers. That is,
packets belonging to the same VPN are transferred as-is
in the IP-VPN service provider’s network. Thus, PE router
processing is simplified so that a high scalability for transfer
rate and the number of VPNs can be achieved.

B. Algorithm

In what follows, operation algorithm of I2VFC is explained.
Refer to Appendix for the pseudo code of 12VFC.
For each VPN flow, 12VFC performs the following opera-
tions:
« Obtain feedback information by exchanging management
packets
Management packets are exchanged between the ingress
and egress PE routers to obtain information (i.e., packet
loss ratep, round-trip time R, and sequence number
of successfully received packets) required for 12VFC’s
window flow control.
An ingress PE router sends a management packet for each
fixed numberA of data packets sent to the corresponding
egress PE router. A management packet carries the VPN
identifier, the time when the management packet is gen-
erated, and the sequence number of the last data packet
sent from the ingress PE router.
The egress PE router calculates the packet losgpraie
each VPN flow from the received management packet as

(# of packets received by egress PE router
after receiving previous management packet)
(# of packets sent by ingress PE router
after sending previous management packet)

(2)

Perform AIMD window flow control between ingress and
egress PE routers

An ingress PE router updates window size according to
AIMD window flow control and controls the amount of
packets sent from each VPN.

When it receives a management packet, the ingress PE
router updates window sizer as follows based on the
measured packet loss ratefor the VPN flow:

|

Here, W42 IS the maximum window size anW/,,,;,

is the minimum window size. Normally, the ingress PE
router receivesy/A management packets in a round-trip
time. Thus, Eg. (4) means that window size is increased
only by a per a round-trip time when the packet loss rate
is zero.

By appropriately configuring the maximum and mini-
mum window sizes, the maximum throughput and the
minimum throughput of each VPN flow can be freely
specified. For instance, if the maximum window size
Winae 1S configured ag,q. X R, the throughput of each
VPN flow is upper-bounded b¥’,,.. Moreover, if the
minimum window sizélV,,,;,, is configured ag,;, X R,

it is guaranteed that the throughput of each VPN never
falls less tharil},,;,.

The ingress PE router can semdackets during a round-
trip time. To prevent deadlock when management packets
are repeatedly discarded in the network, re-transmission
control is performed only for management packets using
a timeout mechanism. Specifically, a ingress PE router
receives no management packet during timeout period
T,.t, after receiving a management packet, it immediately
sends a new management packet. Typical configuration of
T, would be4dR [13]. After transmission, the ingress
PE router multiplicatively decreases window size using
Eq. (4).

It should be noted that overhead caused by sending man-
agement packets between PE routers is not significant;
a fraction of the bandwidth consumed by management
packets is given by

min(Waz, w + %) if p=0
max(Win, w —bw) otherwise

“4)

(management packet size)
(management packet size)A x (data packet size)

(®)

which is less than 0.5% for 1,500 [byte] data packet, 32
[byte] management packet, and= 4.

C. Achieving Inter-VPN Fairness

A management packet sent back to the ingress routerT e basic idea for achieving arbitrary fairness at a large
carries the VPN identifier, the calculated packet loss raténescale sufficiently greater than the round-trip time is to
p, and the highest sequence number of all data pack@t%lUSt parameters of AIMD window flow control for each VPN
received by the egress PE router. operating between ingress and egress PE routers.

After receiving the management packet, the ingress PEAIMD window flow control [6] additively increases window
router know the packet loss ratefor each VPN flow and Size w by a only when congestion does not occur in the
the highest sequence number of all data packets receive@fwork. Otherwise, it multiplicatively decrease window size

by the egress PE router. The ingress PE router calculafsb x w. AIMD window flow control is adopted in the TCP
the round-trip timeR for each VPN flows as congestion avoidance phase, and a large amount of research

has been conducted in the literature [6, 14-18].
For example, using a deterministic AIMD model, through-
put 7' of AIMD window flow control in steady state is

R= (time of sending the management packet)
(time of receiving the management packe(B)



approximately given as [14] However, a flaw of this method is that fairness between
traffic of different protocol types accommodated in the same
pa(b— 2)+ \/p(b— 2)a(pab— 8b— 2pa) VPN cannot be achieved. For instance, when both TCP and

r = 4pbR (6) UDP traffic share the bottleneck link, 12VFC cannot realize
V2—bya fairness between TCP and UDP traffic. Given the purpose of
— (7) IP-VPN services, however, strict control of intra-VPN fairness
\/2_bR\/13 should be performed at customer edge routers managed by

customers contracting the IP-VPN service, but it is beyond the
géope of this paper. For example, stricter intra-VPN fairness
factor of the window size. Alsof is the network’s round- prc?totc::)gl gtc mzvggstg)r/né)reéfggglpogutgrr.lorlty control for each
trl%Ume and_p IS éhe %acfket Iosz_frfate. t tive. N | In 12VFC, AIMD window flow control operates between PE
£ ng qar:j_v |e€/v ?h (t )throrg a dl .32‘;” I?ersgec |}[/e. ”afrlne Youters, and TCP window flow control operates between end
q. (6) indicates that the bandwidth allocation to all flowy s That is, two independent feedback-based control operate
cannot only be distributed fairly, but also be distributed withijn, taneously between PE routers and between end hosts. As
an arbitrary ratio by using AIMD window flow control. Eq. (6) j,3ye heen pointed out in studies on TCP over ABR [19], there

means that throughput of flows can be controlled at an arhipi he 5 risk of performance degradation due to mutual
trary value if parameters andb are configured appropriately jyioiterence of different feedback-based controls. I2VFC's

according to the network’s round-trip time and packet 10Ss \ inqow flow control avoid such interference of feedback

rate p. : : )
. . . controls by operating at much larger timescale than TCP

Let us consider fairness among multiple VPN flows. Pao-ne_r S by operating ! ger imes S

rametersa andb of AIMD window flow control for thei-th The window flow control in the TCP congestion avoidance

VPN flow are respectively denoted by, and b;. Similarly, - q0 is an AIMD window flow control with additive increase
throughput of thei-th VPN flow is denoted byr’;, and its Pactora = 1 and multiplicative decreask = 1/2. 12VFC

round-trip time and packet loss rate are denotedihyandp;.  gets and b to much smaller values than those of TCP.
Fwsf;c, we fOCLI‘S on the fairness béatween VPN flovzmd This causes that 12VFC modestly changes window size, so
VPN flow j. By letting R;/R; =~ andp;/p; = 4, according o window flow control operate at different timescales. In
to Eq. (6), the ratio; for T; and T} is given by Section V, through simulation experiments, we discuss how
T I2VFC achieves intra-VPN fairness by appropriately configur-
n = - (8) ing a andb.

a:b;(2 — b;) E. Ease of implementation

a;bi(2—b;)728 ©) The proposed 12VFC achieves IP-VPN fairness control by
! ’ modifying only PE routers. Hence, it can be easily deployed in
Thus, arbitrary fairness can be achieved by settingnd b @ service provider’s IP network. The proposed I12VFC performs
so thatr takes the desired value. However, there are infini®@lMD window flow control between ingress and egress PE
combinations ofa and b that satisfy Eq. (1). One of thoserouters, so there is no need to modify existing core routers. In
combinations should be chosen by considering the transieidition, intra-VPN fairness is achieved by simply using TCP
performance of AIMD window flow control [13, 15]. conges_tion control operating at end hosts, so there is no need
For configuring parameters and b to achieve arbitrary to modify end hosts.
fairness, round-trip timeR; and packet loss rate; must o -
be known for all VPN flows. In the proposed I2VFC, byF Achieving scalability
exchanging feedback information between PE routers, round-The proposed I2VFC achieves a high scalability by not
trip time R; and packet loss ratg; for each VPN flow are identifying each flow accommodated in the VPN at PE routers.
measured. Note that the round-trip time and packet loss ra&ete that it is possible to realize fairness among different
between PE routers are necessary, not between end hostsprotocols by identifying each flow accommodated in a VPN
and by applying some congestion control to each flow. How-
D. Achieving Intra-VPN Fairness ever, for identifying each flow accommodated in a VPN, at

Intra-VPN fairness is achieved by simply relying on TCPeast transport-layer packet header must be analyzed, leading
congestion control operating between end hosts. That is, [fignificant processing burden on ingress PE routers. Moreover,
VPN fairness control does not identify each flow accommadvhen an IP packet is encrypted using IPsec or other security
dated in the VPN. mechanisms, identifying each flow at ingress PE routers is

More than 90% of the Internet traffic is sent by TCP, s@mpossible. On the contrary, with our I2VFC, there is no need
that relying on TCP congestion control operating on end hos identify each flow accommodated in the VPN at PE routers,
would be reasonable. Since the TCP congestion avoidar® PE routers can operate at a very high speed. Note that
phase adopts AIMD window flow control, when the round-trig2VFC operates without problem even when the payload of IP
time and the packet loss rate are equal among different T®pCckets is encrypted using IPsec or other security mechanisms.
flows, the bottleneck link bandwidth is expected to be shared V. SIMULATION
fairly. The round-trip time and packet loss rate are expected :
to be equal for all flows accommodated in the same VPN, soBy presenting simulation results, we demonstrate the ef-
intra-VPN fairness can be achieved simply by TCP congestidectiveness of the proposed 12VFC. Due to limited space of
control. the current paper, only two simulation results for a network
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topology (Fig. 2) are presented. For detailed simulation con-
figurations and more extensive simulation results, refer to [7].

Data transfer is performed continuously using multiple TCP
flows from the sending host to the receiving host starting at
t = 0 [s]. There exist five VPN flows, and the weight of
VPN 1, 2, 3, 4, and 5 are respectively set to 1, 2, 2, 3 and
4. Propagation delay of links, L-1, L-2, L-3, L-4, and L-5,
are respectively set to 0.05, 0.025, 0.075, 0.05 and 0.025 [s].
UDP traffic is generated on the bottleneck link as background
traffic. The average arrival rate of background traffic is 30%
of the bottleneck link bandwidth and the packet length is fixed
at 1,500 bytes. The inter-packet arrival time is exponentially
distributed. Unless otherwise noted, the following parameters
are used in the simulation: the bottleneck link bandwidth is
50 [Mbit/s], the router buffer size is 50 [packet], there exist 30
TCP flows in each VPN flow, the management packet interval
is A = 4, and the propagation delay of links except L-1
through L-5 is a very small value (i.5,06 x 10~ [s]).

Figure 3 shows evolutions of the fairness indéxX20] of
all VPNs, as a performance metric for inter-VPN fairness.
Note that F' takes a value between 0 to 1, with = 1
when fairness is completely satisfied and with close to
0 when fairness is not satisfied. In this figure, the additive
increase factors are fixed at = 0.01,0.05,0.1,0.5 or 1.0
and the multiplicative decrease factbrof VPN flow 1 is
fixed atb = 0.1 whereas the other multiplicative decrease
factorsb are determined from Eq. (4). For comparison purpose,
simulation results without the 12VFC control are also plotted.
This figure indicates that I2VFC achieves inter-VPN fairness
with extremely high accuracy (i.ef > 0.9).

Moreover, Fig. 4 shows fairness indéxfor TCP connec-
tions in each VPN, as a performance metric for intra-VPN
fairness. In this simulation, there exist two TCP flows in each
VPN. In this figure, the additive increase factors are fixed at
a = 0.1,0.5,1 or 5 and the multiplicative decrease factors are
fixed atb = 0.1,0.25,0.5 or 0.75 . For comparison purpose,
simulation results without the 12VFC control are also plotted.

One can find from this figure that intra-VPN fairness is
good in particular when values af and b are small. Such
phenomenon can be explained by the interference between
I2VFC's window flow control and TCP’s window flow control;
i.e., when values of andb are large (e.gq > 1 andb > 0.5)
I2VFC's window flow control interferes with TCP’s window
congestion control. Note that intra-VPN fairness is improved
by introducing 12VFC's window flow control regardless of
settings of the additive increase factorand multiplicative
decrease factdr. Such fairness improvement can be explained
by disparing congestion at the bottleneck link; i.e., by in-
troducing I12VFC’s window flow control between ingress and
egress PE routers, the bottleneck link is less congested than
the case without the I12VFC’s control. Therefore, packets of
TCP connections in each VPN flow are less likely to be
dropped, leading more stable behavior (e.g., less timeouts) of
TCP connections.

VI. CONCLUSION

In this paper, we have first discussed design objectives of
a control for achieving fair IP-VPN services: achieving inter-
VPN fairness, achieving intra-VPN fairness, easy deployment
in a service provider’s IP network, and achieving a high

proposed I2VFC (Inter- and Intra-VPN Fairness Control) to
achieve fair IP-VPN services over existing an IP network.



The core of 12VFC is an AIMD (Additive Increase andEngress PE routealgorithm (per VPNflow)

Multiplicative Decrease) window flow control that operates
on ingress and egress PE routers. The most notable feat
of 12VFC is that the IP-VPN service provider can freely ",
specify inter-VPN fairness criteria by utilizing analysis results

of AIMD window flow control. In addition, I2VFC can be

Hq?tialization:

astseq = 0
count = 0

easily deployed into existing IP networks by simply modifyingf data-packetin—queue

provider’'s edge routers. Moreover, we have presented severap
simulation results, demonstrating effectiveness of I2VFC in

realizing both inter-VPN fairness and intra-VPN fairness.

APPENDIX
PseuboCobDE OFI2VFC

Ingress PErouter variables (per VPNMlow)

window Window size of AMD window flow control

seq # of data packetsent

ack # of acknowledgediata packets

count # of data packetsent since the lastmanagement
packet sent

rtt Measuredround-trip time

a Additive increasefactor

b Multiplicative decreasefactor

Wmax  Maximum window size

Wmin Minimum window size

Delta # of data packetshetweenmanagemenpackets

Tout Time-out period of managemenpacket

retransmission

Ingress PErouter algorithm (per VPNflow)

initialization:

seq =0
ack = 0
count =0

if data-packetin—queue

if seq— ack < window
send data packet
seq =seq +1
count = count + 1

if count>= Delta
send managemerpacket (now, seq)
count = 0

I window flow control
| to egregsuter

if receive maagementpacket (time, ack,loss)

if loss =0 I addtive increase
window = window + ax Delta / window;
window = min (window, Wmax)

else I multiplicative decrease

window = window— b * window;
window = max (window, Wmin);
rtt = now— time I measure roundrip time

if now— last-managemenpacketreceived> Tout
send managememacket (now, seq)
count = 0
window =
window = max (window,\Wmin);

Egress PErouter variables (per VPMlow)

lastseq Sequencenumber of data packetsrecorded
in the last managementacket

# of data packets receivesince the last
managemenpacket received

count

window— b x window; ! multiplicative decrease

end datapacket

count = count + 1

I toingressrouter

if receive managemenpacket (time, seq)

loss =

(seq— lastseq— count) / (seqg— lastseq)

lastseq = seq
send managememacket (time, seq,oss)
count = 0

(1]
(2]

(3]

(4]
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