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Abstract-- Accur ate estimation of network characteristics based
on end to end measurements is an important and challenging
problem. With the increasing variety and sophistication of
Internet access methods, the mobility of the usersand the need for
seamless handoff across them, monitoring access link capacity
becomes critical for efficient multimedia delivery. In fact, this
allowsthe multimedia server to properly adjust its sending rate to
the rapidly changing access speed of the mobile client. This
problem is challenging because most of the existing capacity
monitoring schemes are active, like Pathrate (and therefore
introduce extra overhead on the bandwidth limited access link).
M oreover, the access link is often asymmetric (eg, ADSL, IxRTT,
etc) thus preventing the use of round trip monitoring schemes such
as Pathchar and CapProbe. In thisstudy, we propose and evaluate
a passive, one-way link capacity monitoring tool called TFRC
Probe. With TFRC Probe the source can monitor the forward
direction capacity of both asymmetric and symmetric access links,
and can rapidly and accurately adapt its transmissions rate
accordingly. We validate TFRC Probe with both simulation and
testbed experiments, and show that TFRC Probeisavery flexible
tool that can accurately track frequent changesin access capacity.

Index terms—capacity estimation, CapProbe, passive estimation,

TFRC Probe

l. INTRODUCTION

Knowledge of link capacity is particularly important
for network management, pricing, and QoS support,
especialy in emerging technologies such as in overlay,
P2P, sensor and grid networks. With the emerging
complexity of wireless network connection technologies,
the link capacity of a network connection may vary
dramatically due a variety of factors, such as vertical
handoff (e.g. a handoff between 802.11b and IXRTT
technology), dynamic channel allocation (e.g. IXRTT and
GPRS), and wireless channel quality (e.g. 802.11b). For
these sophisticated settings, knowing the link capacity
will permit the source to rapidly and accurately adapt the
outbound data transmissions rate. Therefore, it is of
increasing interest nowadays to achieve an accurate and
“on-ling” monitoring of link capacity.

The basic idea of using monitoring probes to estimate
link capacity can be achieved through either active or
passive measurement. Active measurement is a common
approach that injects measurement (probe) packets into
the network. The obvious drawbacks of active
measurement have motivated the development of passive
measurement techniques, which aimed to detect network
properties without disturbing on-going network services

(via traffic already flowing through the network).
Monitoring probes are also required to reflect changesin
link capacity (e.g. ahandoff between 802.11b and IXRTT
technology) in atimely manner, so asystem can adjust its
data transmission properties based the most “up-to-date”
information. Moreover, to enable seamless network
protocols functionalities and other management
operations, monitoring probes would have to maintain
end-to-end properties. Summarizing the design goals
discussed above, it is apparent that an ideal network
monitoring technique should & provide correct
information, b) work passively without adding excess
overhead to the networks, c) promptly react to
occurrences in network events and d) maintain
end-to-end semantics.

Addressing al of the above requirements for capacity
estimation and monitoring, we propose TFRC Probe, an
on-line capacity monitoring technique achieved through
embedding the CapProbe algorithm [7] within the TFRC
protocol [4]. Different from the round-trip nature of
CapProbe agorithm, we specifically designed TFRC
Probe to monitor the link capacity of the forward
direction link only. This is based on the realization that
capacity information on the forward direction link
conveys critical information for any data transferring
operations involving asymmetric  links. Since
information traffic on asymmetric links such ADSL are
usually ten times moreintensive on forward direction link
(download) as oppose to reverse direction link (upload)
(e.g. video streaming and file downloading), the ability to
appropriately establish the upper-bound of servers
sending rate can provide much assistance in regulating
the quality/speed/smoothness of data delivery services.
For instance, a previous study has shown that TFRC is
slow in responding to adrastic capacity increase[5], and
has indicated that a fast rate adaptation algorithm can
significantly improve multimedia delivery (for example,
by adjusting source rate, content and format) [1]. In this
study, TFRC Probeisvalidated with both simulations and
testbed experiments, and has been proven to be quite an
effective tool in providing accurate capacity estimation
and monitoring.

Therest of the paper is organized asfollows. In section
2, we present work related to this study. In section 3, we
briefly describe TFRC protocol and detailed the concepts
of TFRC Prabe. In section 4, we evaluate the accuracy of



TFRC probe in estimating link capacity through series of
NS2 simulations. In section 5, we present results from
our testbed experiments to validate the monitoring
capability of TFRC Probe in Internet and wireless
networks. Section 6 concludes the paper.

. BACKGROUND AND RELATED WORK

Earlier approaches for estimating link capacity relied
on either delay variations among probe packets as in
pathchar [6], or dispersion among probe packets as in
Nettimer [9] and Pathrate [2]. Other tools such as pchar
and clink [3] use variations of the same idea as pathchar.
Pchar also uses regression to determine the slope of the
minimum RTT versus the probing packet size. In[9], Lai
and Bakers propose kernel density techniques to
statistically filter packet pair dispersions. In [12], Paxson
showed that the dispersion distribution can be
multi-modal (e.g. in multi-channel links), and proposed
the use of Packet Bunch Modes, a technique involving
packet trains of different lengths. Dovrolis' [1] analysis
clearly revealed that the dispersions distribution can
indeed be multi-modal without multi-channels, and that
the strongest mode in the multimodal distribution of the
dispersion may correspond to either (1) the capacity of
the path, or (2) a “compressed” dispersion, resulting in
capacity over-estimation, or (3) the Average Dispersion
Rate (ADR), which is lower than the capacity.

CapProbe [7] is a recently proposed capacity
estimation technique, which has been shown to be fast
and accurate over alarge range of scenarios. CapProbeis
based on a simple and fundamental observation that both
expanded and compressed probing samples must have
experienced queuing delays on either the first or the
second packet of the probing packet pair. By observing
the sum of the delays from a packet pair sample, caled
the delay sum, a“good” packet pair sample can be easily
identified as the minimum of al the delay sums. The
dispersion of the packet pair sample with the minimum
delay sum can then be used to estimate the correct link
capacity.

The simplicity of CapProbe agorithm allows full
integration of its technique with myriads of other data
transmission protocols with minimal modifications. With
the only requirement being the inclusion of back-to-back
transmitted packets to the protocol datatraffic. The first
implementation of CapProbe uses ICMP messages since
every ICMP request is replied to immediately. However,
such “out of band” capacity estimation traffic is often
considered inappropriate for mobile computing
environments, especially when the link capacity is fairly
small. In this paper, we will discuss a passive link

capacity estimation technique by embedding CapProbe
techniques within TRFC protocol. The details of the
design and protocol integration will be presented in the
following subsections, and the eval uation of the proposed
integration will be discussed in the simulation and
experiments sections.

[I. APPROACH

We will briefly review the underlying operating
principles of TFRC protocol in section A, which is
followed by a detailed description of a passive capacity
estimation technique dubbed TFRC Probe in section B.
Design tradeoff between capacity resolution and probing
frequency of this estimation technique is also addressed.

A. TFRC Overview

TCP-Friendly Rate Control (TFRC) is an equation
based unicast multimedia streaming protocol proposed in
[4]. TFRC mimics the TCP long-term throughput by
utilizing the response function below to control the upper
bound of sending rate [4]:
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T represents the upper bound of the sending rate, which
is determined by packet size s, round trip time R, loss
event rate p, and the TCP retransmission timeout value
tRTO-

TFRC is designed to facilitate flow controlled TCP
friendly transport of data streams without strict error
controls. It is designed to increases the sending rate
gradually over time. For example, the maximum increase
of TRFC sending rate is capped at just 0.14 packets per
RTT, or 0.22 packets per RTT with history discounting as
described in [4]. Furthermore, TFRC is also designed to
respond smoothly to data loss events, instead of cutting
down the sending rate drastically upon every single loss
event.

In order to achieve smoother data transmission in
TFRC, the sender and the receiver are required to
cooperate with each other. The sender is responsible for
computing the smoothed round-trip time R using an
exponentially weighted moving average, and determining
the retransmit timeout value tgro. The sender is aso
responsible for adjusting its sending rate T t0 be close
to T, which is derived from the equation.

T=




On the other end, the receiver is responsible for
calculating the loss event rate p and sending the
information back to the sender once per round-trip time.
Theloss event rate is obtained by maintaining an array of
the last eight loss intervals. This loss interval array is
continuously updated and a weighted average of the loss
intervals is computed. The reported loss event rate p is
defined as the inverse of the weighted average.

B. TFRC Probe

TFRC probeisapassive capacity monitoring technique
realized through embedding the CapProbe algorithm
within the original TFRC protocol. TFRC Probe is
designed to meet the following objectives: a) accurate
capacity estimation, b) fast estimation process ¢) minimal
traffic overhead and modification to the original TFRC
protocol. Like CapProbe, TFRC Probe estimates link
capacity, since such information is important for the
streaming server to adjust its sending rate and media
quality. However, as a difference from CapProbe, which
estimates However, as a difference from CapProbe,
which estimates the round-trip capacity of the path,
TFRC Probe is designed to estimate the one-way link
capacity on the forward direction link. The one-way
estimation isimportant when the link is asymmetric. . In
the following we will describe how TRFC can
accomplish those abjectives.

1) Accurate Capacity Estimation

Capacity estimation in the one-way fashion has
attracted increasing amount of research interest of late.
Thisis due to the fact that most bandwidth consumption
(e.g. data streaming services, file download, etc) occurs
on the forward direction link. As a result, capacity
information on the forward direction link is helpful for
the data serversto properly adjust its sending rate or data
quality, whereas the traditional round-trip estimation
may not be adequately representative on asymmetric
links (e.g. ADSL and satellite links).

Following the fundamental concepts of CapProbe,
passive capacity estimation capability can be added to
TFRC by smply sending a portion of data packets
back-to-back and estimating the link capacity based on
the measured dispersion and end-to-end delay of these
back to back packets [7]. Figure 1 compares the
difference between TFRC and TFRC Probe. In the
original TFRC, as illustrated in Figure 1-a, transmission
of data packets is paced and evenly distributed, based on
the computed sending rate. This is beneficial to
multimedia streaming applications which require a

smooth and stable sending rate. For the purpose of
CapProbe-based capacity estimation, however, paced
transmission lacks the packet pairs that are crucial to the
scheme. In order to perform passive capacity estimation
following the CapProbe algorithm, a modification is
made in TFRC Probe such that after every n™ data packet
issent out, the TFRC Probe sender immediately transmits
the next data packet without waiting for the pacing
interval. In other words, TFRC Probe creates a
back-to-back sampling packet pair for every n packet.
The default value of n is set to 20 in our experiments.
Figure 1-b highlights the differences between the two
schemes.

Additionally, in order to achieve one-way capacity
estimation, the back-to-back sampling packets are
time-stamped with the sending time (Ty) of the
corresponding packet pair. Upon receiving the sampling
packets, TFRC Probe receiver measures the one-way
delay of each packet in the packet pair (T, and T,) by
subtracting T, from its respective receiving time. The
dispersion (T, - T;) and delay sum (T, + T,) are then
calculated, and the capacity estimation is made by
following the CapProbe algorithm [7]. The capacity
estimation results can be reported to the TFRC Probe
sender using either the original ACK packets or
“out-of-band” reporting packets. In our implementation,
the capacity estimation results are carried by the regular
ACK packets; therefore, no additional traffic overhead is
introduced.

Note that, the measured one-way delay (T, and T,) may
not exactly represent the experienced transmission time
of each sampling packet, since the sender and the receiver
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Figure 1. (a) original TFRC (b) TFRC Probe (the gray
ones ar e back-to-back sampling packets)

hosts may not be correctly synchronized in advance.
However, the dispersion measurement and the process of
finding the sampling packet pair with the minimum delay
sum are gtill effective in TFRC Probe, as long as the
frequency of the time ticks are the same on the two end
hosts. Since the CapProbe algorithm only relies on the



dispersion of the sampling packet pair which has the
minimal delay sum, the capacity estimation can be thus
accurate even when the two end systems are not properly
synchronized.

2) Fast Link Capacity Estimation

Besides providing accurate capacity estimation, a
successful link capacity monitoring tool should promptly
“capture” each capacity change event when it occurs (e.g.
adaptation of transmission modes on the 802.11b link, or
a vertical handoff between two different connecting
technologies). It turns out that the capacity estimation
process needs to be fast and the estimate needs to be
updated frequently. The speed of capacity estimation is
determined by two factors, namely the convergence
speed and the sampling rate. Though TFRC Probe
inherits the outstanding convergence speed from
CapProbe algorithm, the speed of capacity estimation in
TFRC Probe till relies on the sending rate of the probing
packets. More specifically, suppose Reng iS the sending
rate of data packets, Sisthe number of samples needed to
get areliable capacity estimation, P isthe data packet size,
t is the expected time to get one capacity estimation, the
relation of these properties can be represented in Eq. 2
and Eqg. 3.

Reg Xt =nNxSxPx8 (2
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In our implementation, the default setting of nis20 (the
probing packets are sent every 20 data packet), and Sis
set to 20 (the capacity estimation results are reported
every 20 samples). Since Ryng is maintained by TFRC
rate control algorithm, the optimal data packet size P is
then obtained by Eg. 3 given the expected time for each
capacity estimation update, t, which is set to 5 seconds by
default. By iteratively update P according to the sending
rate Reng fOr every S samples, TFRC Probe is able to
monitor the link capacity with resolution of t seconds.
Wisely tuning the resolution factor t, TFRC Probeis able
to be notified the capacity changes while monitoring the
network links.

V. SIMULATION

In this section, the monitoring ability of TFRC Probeis
verified by avariety of configurationsin NS-2 simulator
[10]. A set of simulations are performed to evaluate the
accuracy and speed of the capacity estimation, and

different types of cross traffic are used to simulate
different network dynamics. The topology we used in the
simulation is depicted in Figure 2, where bottleneck link
(between node 3 and 4) is shared by all the data flows and
configured as an asymmetric link with various capacities
in the forward direction and fixed capacity (100K bps) in
the backward direction. TFRC Probe and CapProbe are
independently performed on the path from node 1 to
node 6, and the crosstraffic (if it exists) is generated from
node 7to 10, 8t0 9, 11 to 14, and 12 to 13 respectively.

A [iombps . TioMbps
‘ 20.:':5"“ 20ms
-

10Mbps
20ms

Figure 2: Simulation Scenario

Table1: Typesof crosstraffic
Cross Traffic Description
4 FTP flows (from node 7 to 10, 8 to 9,
11 to 14, and 12 to 13); 1500
bytes/packet
4 CBR flows (from node 7 to 10, 8t0 9,
11 to 14, and 12 to 13); 500
bytes/packet; 80% load on the
bottleneck
16 Pareto flows with apha = 1.9 (4
flows from node 7 to 10, 4 flows from 8
to 9, 4 flows from 11 to 14, and 4 flows
from 12 to 13); 1000 bytes/packet; 80%
load on the bottleneck

Typel

Typell

Typelll

Three different types of cross traffic, detailed in Table
1, were used to examine the speed and the accuracy of our
probing techniques under various network conditions.
Cross traffic type | and Il are smple FTP/CBR
connections between multiple senders and receivers. For
cross traffic type 111, multiple Pareto flows were used to
model after web traffic [13] . Different capacity values
are assigned on the link from node 3 to node 4 to create
the bottleneck link. In each experiment, we also collect
the estimated capacity after 20 packet samples and again
using 50 packet samples to evaluate the speed of the
estimation. We summarized the resultsin Table 2.

From the results, TFRC Probe shows high accuracy in
all the test cases, regardless of different types of cross
traffic. It is also evident that accurate estimation can be
achieved with merely 20 packet samples for al of the
scenarios. While CapProbe measures the round-trip



Table 2: TRFC Probe-Capacity Estimation Result

TFRC Probe|CapProbg TFRC Probe| CapProbe]TFRC Probe| CapProbe|TFRC Probe| CapProbe
nocross |20samples| 100K 100 K 500 K 100 K 1M 100 K 5M 100 K
traffic | 50 samples| 100K 100 K 500 K 100 K iM 100 K 5M 100 K
cross traffic| 20 samples| 100K 100 K 500 K 100 K 1M 100 K 5M 100 K
typel | 50samples| 100K 100 K 500 K 100K 1M 100 K 5M 100 K
cross traffic| 20 samples| 100K 100 K 500 K 100 K 1M 100 K 5M 100 K
typell | 50samples| 100K 100 K 500 K 100K 1M 100 K 5M 100 K
cross traffic| 20 samples| 100K 100 K 500 K 100 K 1M 100 K 5M 100 K
typelll | 50samples| 100K 100 K 500 K 100K 1M 100 K 5M 100 K
bg;tc'lf\”,gz fj?f:;iitgnolfi :lle 100 Kbps 100 Kbps 100 Kbps 100 Kbps
b?g:\‘fv”a‘i%k;?gcagg ﬂfnf(he 100 Kbps 500 Kbps 1 Mbps 5 Mbps

capacity of alink, TRFC probe is specialized to measure
the forward link capacity. Again, it should be emphasized
that capacity information conveyed by the forward link is
critical for most data transferring protocols (e.g. video
streaming and file downloading) in setting the
appropriate upper-bound for their sending rates. This is
especialy true for protocol operating on asymmetric
links such as ADSL. The simulation results indicate that
the proposed TFRC Probe approach is beneficial for such
purposes.

V. EXPERIMENTS

In this section, we present our testbed experiment
results to validate the correctness and capabilities of
TFRC probe. Measurement result on links of various
speed and networking technologies is addressed in
section A; the effectiveness TRFC probe in monitoring
wireless capacity is discussed in section B.

A. Experimental Verification of TFRC Probe

The first set of experiment evaluates the accuracy of
TFRC probe on wired links of different connecting
technology, which is followed by a set experiment on
wireless scenarios. For these experiments, the adaptive
packet size feature is temporarily disabled to allow
validation of TFRC probe functionality. The link
connections tested were:  100Mbps  Ethernet,
2M/128Kbps DSL, 802.11b (11, 5.5, 2, and 1 Mbps
transmission modes), and IXRTT (150K bps). The DSL
DownLink is estimated by hosting the TFRC Probe
sender on the Internet and the receiver behind the DSL
link; whereasthe DSL UpLink is estimated by hosting the
TFRC Probe sender behind the DSL link and the receiver

on the Internet. The probing packet size is fixed at 1000
bytes for each experiment, which is repeated five times
for each link. Table 3 and Table 4 shows the experiment
results (estimated capacity and required time for
completion) after collecting 20, 50, and 100 samples.

From the results, TFRC Probe were able to estimates
the capacity accurately and rather rapidly (in terms of
number of samples). Specifically, TFRC Probeis able to
measure the bottleneck capacity within 20 samples and
within 10% of the actual valuesin almost all experiments.
Note that the effective capacity of 802.11b is usualy
smaller than the physical channel capacity due to the
MAC layer overhead (eg. RTS/ICTS packets and
CSMA/CA mechanisms). Compared with the CapProbe
results reported in [7], TFRC Probe measures the
capacity of the forward direction link; whereas CapProbe
always measures the UpLink capacity of the DSL link
since it relies on the “round-trip” based estimation.

The results adso show that the speed of capacity
estimation is highly related to the link capacity. For
instance, while estimating capacity of the 100Mbps
Ethernet link, it takes only 5.5 seconds to obtain 20
samples in the experiments; whereas, while it took 70
seconds to estimate the 128Kbps DSL UpLink. It is
obviously desirable to speed up the estimation processin
order to perform efficient “monitoring” task and to
provide “up-to-date” information. The packet size
adaptation feature is thus necessary, and its effect will be
evaluated in the next subsection.

B. Capacity Monitoring of Wireless Links

Figure 3 depicts the experiment results of 802.11b
capacity monitoring. The experiment testbed is created
on a Linux based system, and the 802.11b transmission
mode is manually changed with ‘iwconfig’ command.



Table 3. Capacity estimation of TFRC Probe on the wired links of different technologies

Run 1 Run 2 Run 3 Run 4 Run5

Capacity| Time |Capacity| Time |Capacity| Time |Capacity| Time |Capacity| Time

20samples | 9218 | 55 | 9492 | 55 | 9425 | 56 |107.99| 55 | 9407 | 56

fgg&r Bgts S0samples | 9817 | 58 | 10431 | 57 | 9425 | 59 | 9402 | 57 | 9407 | 58

100samples | 9817 | 61 | 10431 | 60 | 9425 | 62 | 9402 | 61 | 9407 | 62

DSL 20samples | 1982 | 70 | 1807 | 86 | 1710 | 88 | 1782 | 67 | 1835 | 67
DownLink| s0samples | 1.982 | 127 | 1865 | 124 | 1835 | 126 | 2145 | 126 | 1652 | 105
2Mbps | 100 samples | 1.982 | 209 | 1865 | 189 | 1835 | 189 | 2145 | 190 | 1652 | 169
DSL 20samples | 0114 | 709 | 0122 | 695 | 0115 | 727 | 0110 | 815 | 0119 | 714
UpLink | 50samples | 0.114 | 1450 | 0122 | 1376 | 0.115 | 1460 | 0115 | 1475 | 0112 | 1423
128Kbps | 100 samples | 0.115 | 2656 | 0.122 | 2585 | 0.119 | 2586 | 0.115 | 2660 | 0112 | 2575

Capacity: Mbps, Time: second

Table 4. Capacity estimation of TFRC Probe on the wireless links of different technologies

Run1 Run 2 Run 3 Run 4 Run5

Capacity| Time |Capacity| Time |Capacity| Time |Capacity| Time |[Capacity| Time

20samples | 0.186 | 1159 | 0.187 87.1 0.186 68.3 0.140 | 116.0 | 0.186 61.6
115)E)RK-Ik—)-;I;S 50samples | 0.140 | 1564 | 0.140 | 1223 | 0.187 | 1132 | 0.140 | 1885 | 0.140 | 1131
100 samples | 0.140 | 2300 | 0.140 | 1829 | 0.140 | 187.0 | 0.140 | 286.8 | 0.140 | 212.3

20 samples 0.65 17.0 0.91 17.8 0.85 18.7 0.94 17.7 0.92 17.9

810,5;;5 50 samples 0.93 25.6 0.93 27.8 0.91 28.2 0.94 26.3 0.93 27.8
100 samples | 0.91 39.6 0.93 41.6 0.91 42.6 0.92 41.2 0.93 42.3

20 samples 1.48 16.7 1.80 16.8 181 16.9 1.77 17.9 1.80 18.0

820,5;;5 50 samples 1.48 21.8 1.74 212 1.68 21.6 1.09 239 1.69 235
100 samples | 1.49 29.1 1.47 29.6 1.80 29.8 1.72 323 1.73 325

20 samples 3.73 14.8 3.86 15.3 4.36 14.9 3.83 15.1 4.45 14.6

58_ %f\hlblpbs 50 samples 4.18 184 3.86 19.7 3.80 19.5 4.06 19.3 3.87 18.6
100 samples | 4.18 232 3.92 244 3.80 24.0 4.06 24.0 3.87 228

20 samples 8.09 7.6 7.60 75 7.91 75 7.00 7.6 6.26 79

i(l)l%/lﬁ)z 50 samples 8.09 9.0 7.60 10.1 6.23 9.6 7.00 10.2 6.26 10.2
100 samples | 7.84 12.7 7.60 11.8 6.23 11.6 6.60 12.0 6.26 11.9

During the experiment the transmission mode is set to 2,
5.5, 11, 5.5, and 2 Mbps mode at times { 50, 100, 150, 200,
250second} . The packet size adaptation feature of TFRC
Probeis enabled in the experiments; thus, the packet size
is now a function of the TFRC Probe sending rate,
number of data packets between two samples (n, whichis
set to 20), number of samples for each estimation (S
whichisset to 20), and expected time for each estimation
(t, which is set to 5 second) according to Eqg. 3.

The estimated capacities illustrated by Figure 3 are
very consistent and closely matches the effective 802.11b
capacitiesfor most of the reported values. There are some
inaccurate results reported from the experiment, several
over estimation of capacity were reported at around 250"
second, and under estimation of capacity were reported

Capacity: Mbps, Time: second

around 205™ second. These estimation inaccuracies are
likely influenced by the dynamic nature of the wireless
channel. The estimation accuracy can be improved by
simply increase the number of required samples for each
estimation (S); however, it might decrease the estimation
speed in accordance to Eq. 2.

Figure 3 also shows the adaptation of TFRC Probe
packet size, as expressed in Eq. 3. It is evident that the
packet size of TFRC probe increases when the sending
rate increases and decreases when the sending rate
decreases. While operating at 5.5 and 11 Mbps modes,
the packet size remained stalled due to the maximum
packet size setting (1500 bytes) in our implementation.
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Figure 3. Capacity monitoring of 802.11b connection

VI. CONCLUSION

In this study, we present TFRC probe, an efficient
passive monitoring tool that provides accurate capacity
estimation. TFRC Probe combines CapProbe and TFRC,
achieving faster capacity estimation with lower overhead.
Moreover, TFRC Probe maintains its probing rate (and
therefore accuracy) constant by adjusting the probing
packet size in accordance to TFRC sending rate. This
guarantees “up-to-date” capacity information.

Validated with both simulations and various testbed
experiments, TFRC Probe has demonstrated high
accuracy and convergence speed. From those results, we
conclude that TFRC Probe is adequate for monitoring
network link capacity. It's worth mentioning that the
concept of TFRC Probe is not restricted to the TFRC
protocol only. The passive capacity estimation concept
can be transparently applied to other UDP based
application protocols (e.g. RAP, RTP, UDP based FTP
and P2P file downloading) and other emerging data
transmission protocols (e.g. DCCP[8]).
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