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Abstract

Vegas is a new implementation of TCP that achieves between 40 and 70% better throughput,
with one-half to one-fifth thelosses, as compared to theimplementation of TCP in the Reno dis-
tributionof BSD Unix. Thispaper motivates and describesthefive key techniquesemployed by
Vegas, and presentstheresultsof acomprehensive experimenta performance study—using both
simulations and measurements of the actual Internet—of the Vegas and Reno implementations
of TCP.
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1 Introduction

Few would argue that one of TCP's strengths lies in its adaptive retransmission and congestion control
mechanism, with Jacobson’s seminal paper [5] providing the cornerstone of that mechanism. This paper
attempts to go beyond this earlier work—to provide some new insights into congestion control, and to
propose modificationsto TCP that exploit these insights.

The tangible result of this effort is a new implementation of TCP that we refer to as TCP Vegas. This
name is a take-off of earlier implementations of TCP that were distributed in releases of 4.3 BSD Unix
known as Tahoe and Reno; we use Tahoe and Reno to refer to the TCP implementation instead of the Unix
release.’ Note that Vegas does not involve any changes to the TCP specification; it is merely an alternative
implementation that is able to interoperate with any other vaid implementation of TCP. In fact, al the
changes pare confined to the sending side.

The main result reported in this paper is that Vegas is able to achieve between 40 and 70% better
throughput than Reno. Moreover, this improvement in throughput is not achieved by an aggressive re-
transmission strategy that effectively steals bandwidth away from TCP connections that use the current
algorithms. Rather, it isachieved by amore efficient use of the available bandwidth. Our experiments show
that Vegas retransmits between one-half and one-fifth as much data as does Reno.

This paper is organized as follows. Section 2 outlines the tools we used to measure and analyze TCP.
Section 3 then describes the techniques employed by TCP Vegas, coupled with the insights that led us to
the techniques. Sections 4 and 5 present a comprehensive evaluation of Vegas performance; the former
reports simulation results and the latter gives preliminary numbers for measurements of TCP running over
the Internet. Finally, Section 6 makes some concluding remarks.

2 Tools

This section briefly describes the tools we used to implement and anayze the different versions of TCP.
All of the protocols were developed and tested under the University of Arizona's z-kernel framework [4].
Our implementation of Reno was derived by retrofitting the BSD implementation into the z-kernel. Our
implementation of Vegas was derived by modifying Reno.

2.1 Simulator

Many of theresultsreported in this paper were measured on anetwork simulator. Even though severa good
simulators are available—e.g., REAL [8] and Netsim [3]—we decided to build our own simulator based on
the z-kernel. In this environment, actual z-kernel protocol implementations run on a simulated network.
Specifically, the simulator supports multiple hosts, each running a full protocol stack (TEST/TCP/IP/ETH),
and several abstract link behaviors (point-to-point connectionsand ethernets). Routers can be modeled either
as a network node running the actual 1P protocol code, or as an abstract entity that supports a particular
gueuing discipline (e.g., FIFO).

'We limit our discussion to Reno, which is both newer and better performing than Tahoe. Also note that in terms of the
congestion-related algorithms, Reno is roughly equivalent to the BNR2 implementation of TCP.



The z-kernel-based simulator has several nicefeatures. First, it providesarealistic setting for evaluating
protocols; each protocol is modeled by the actual C code that implementsit, rather than some more abstract
specification. Second, it automatically makesall the protocol swe haveimplemented inthez-kernel available
for analysisin the simulator. Third, it istrivia to move protocols between the simulator and the real world,
thereby providing a comprehensive protocol design, implementation, and testing environment.

One of the most important protocols available in the simulator is called TRAFFIC—it implements
TCP Internet traffic based on tcplib [2]. TRAFFIC starts conversations with interarrival times given by
an exponential distribution. Each conversation can be of type TELNET, FTP, NNTP, or SMTP, each of
which expects a set of parameters. For example, FTP expects the following parameters: number of items
to transmit, control segment size, and the item sizes. All of these parameters are based on probability
distributions obtained from traffic traces. Finally, each of these conversations runs on top of its own TCP
connection.
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Figure 1: TCP Reno Trace Examples

2.2 Trace Facility

Early inthiseffort it became clear that we heeded good facilitiesto analyzethe behavior of TCP. Wetherefore
added codeto the z-kernel to trace the relevant changes in the connection state. We paid particular attention
to keeping the overhead of this tracing facility as low as possible, so as to minimize the effects on the
behavior of the protocol. Specifically, the facility writes trace datato memory, dumpsit to afile only when
the test is over, and keeps the amount of data associated with each trace entry small (8 bytes).

We then devel oped varioustoolsto analyze and display the tracing information. The rest of this section
describes one such tool—it graphically represents relevant features of the state of the TCP connection as a
function of time. Thistool outputs multiple graphs, each of which focuses on a specific set of characteristics



of the connection state. Figure 1 gives an example. Since we use graphs like this throughout the paper, we
now explain how to read the graph in some detail.
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Figure 2: Common Elementsin TCP Trace Graphs

First, al of the TCP trace graphs have certain featuresin common, asillustrated in Figure 2. Thecircled
numbersin thisfigure are keyed to the following explanations:

Hash marks on the z-axisindicate that an ACK was received at that time.
Hash marks at the top of the graph indicate that a segment was sent at that time.

The numbers on the top of the graph indicate the time when the n*" kilobyte (KB) was sent.

A WD P

Diamonds on top of the graph indicate when a coarse-grained timer event happens. This does not
imply atimeout, just that the clock facility woke up and checked if any timeouts should happen.

5. Circles on top of the graph indicate the time when a coarse-grained timeout occurred, causing a
segment to be retransmitted.

6. Solid vertical lines running the whole height of the graph indicate the time when a segment that is
eventualy retransmitted was originally sent, presumably because it was lost.? Notice that several
consecutive segments are retransmitted in the example.

In addition to thiscommon information, each graph depictsmore specific information. Thebottom graph
in Figure 1 isthe simplest—it showsthe average sending rate, calculated from the last 12 segments. Thetop
graph in Figure 1 is more complicated—it gives the size of the different windows used by TCP for flow and
congestion control. Figure 3 showsthesein more detail, again keyed by the following explanations:

1. Thedashed line givesthe threshold window. It isused when doing slow-start, and marks the point at
which the congestion window growth changes from exponential to linear.

2. Thedark gray line givesthe send window. It isthe minimum of the sender’s buffer size and receiver’s
available buffer space.

2For simplicity, we sometimes say a segment was lost, even though all we know for sureis that the sender retransmitted it.
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Figure 3: TCP Windows Graph

3. Thelight gray line gives the congestion window. It is used for congestion control, and is an upper
limit to the number of bytes sent but not yet acknowledged.

4. Thethinlinegivesthe actual number of bytesin transit at any given time, where by in transit we mean
sent but not yet acknowledged.

The graphs just described are obtained from tracing information saved by the protocol, and are thus
available whether the protocol is running in the simulator or over area network. The simulator itself also
reports certain information, such as therate, in KB/s, at which datais entering or leaving ahost or a router.
For arouter, thetraces al so save the size of the queuesasafunction of time, and thetime and size of segments
that are dropped due to insufficient queue space.

3 Techniques

This section motivates and describesfive techniquesthat VVegas empl oysto increase throughput and decrease
losses. The first two of these techniques are simple extensions that result in a more timely decision to
retransmit a dropped segment. The third techniqueis an adjustment to TCP's congestion window resizing
algorithm; it is required because of Vegas' more accurate timeout mechanism. The fourth technique is
designed to better space transmissions. The fifth technique is the most novel. It gives TCP the ability to
anticipate congestion, and adjust itstransmission rate accordingly. The relationship between our techniques
and those proposed el sewhere are discussed at the appropriate places throughout this section.

3.1 MoreAccurate RTT Calculation

In Reno, round trip time (RTT) and variance estimates are computed using a coarse-grained timer (around
500 ms), meaning that the RTT estimate is not very accurate. This coarse granularity influences both the
accuracy of the calculation itself, and how often TCP checks to seeiif it should time out on a segment. For
example, during a series of testson the Internet, we found that for losses that resulted in atimeout—usually
due to two or more dropped segments in a RTT, the exact figure depends on the number of segments in
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transit—it took Reno an average of 1100ms from the time it sent a segment that was lost until it timed out
and resent the segment, whereas less than 300ms would have been the correct timeout interval had a more
accurate clock been used.

In contrast, Vegas reads and records the system clock each timea segment issent. Whenan ACK arrives,
Vegas reads the clock again and does the RTT calculation using this time and the timestamp recorded for
the relevant segment. The proposed extension to TCP includes a Timestamp option that could be used to
accomplish the same effect [6], although our approach obviously needs no cooperation from the receiver.

Using anaccurate RTT estimateservestwo purposes. First, it leadsto amore accuratetimeout cal cul ation.
Second, it is used in conjunctionwith the mechani sm described in the next subsection to decide to retransmit
a dropped segment in a more timely fashion.

3.2 New Mechanism for Deciding to Retransmit

Reno not only retransmitswhen a coarse-grai ned timeout occurs, but alsowhen it receives n duplicate ACKs
(n isusudly 3). Reno sends a duplicate ACK whenever it receives new data that it cannot acknowledge
becauseit hasnot yet received all the previousdata. Vegas extendsthe duplicate ACK mechanism asfollows;
asimpleexampleisgivenin Figure 4.

e Whenaduplicate ACK isreceived, Vegas checksto seeif the difference between the current time and
the timestamp recorded for the relevant segment is greater than the timeout value. If it is, then Vegas
retransmits the segment without having to wait for »n (3) duplicate ACKs. In many cases, losses are
either so great or the window so small that the sender will never receive three duplicate ACKs, and
therefore, Reno would have to rely on the coarse-grained timeout mentioned above.

e When a non-duplicate ACK isreceived, if it isthe first or second one after a retransmission, Vegas
again checksto seeif thetimeinterval since the segment was sent islarger than the timeout value. If
itis, then Vegas retransmits the segment. Thiswill catch any other segment that may have been lost
previous to the retransmission without having to wait for aduplicate ACK.

In other words, Vegas treats the receipt of certain ACKsasatrigger to check if atimeout should happen.? It
still contains Reno’s coarse-grained timeout code in case these mechanisms fail to recognize alost segment.

3.3 Modified Window Sizing on Congestion

The congestion window should only be reduced due to losses that happened at the current sending rate, and
not due to losses that happened at an earlier, higher sending rate. In Reno, it is possible to decrease the
congestion window more than once for lossesthat occurred during one RTT interval. In contrast, Vegas only
decreases the congestion window if the retransmitted segment was previously sent after the last decrease.
Any losses that happened before the last window decrease do not imply that the network is congested for
the current congestion window size, and therefore do not imply that it should be decreased again.

 An obviously more accurate thing to do is scheduleatimer event for each segment asit is transmitted. However, our experience
isthat thisis too expensive.



Revd ACK for packet 10 (packets 11 and 12 are in transit)
fffffff Send packet 13 (which is lost)

Revd ACK for packet 11
Send packet 14

1) Revd ACK for packet 12
E Send packet 15 (which is also lost)
|_

Should have gotten ACK for packet 13

Rcvd dup ACK for packet 12 (due to packet 14)
,,,,,,, Vegas checks timestamp of packet 13 and decides to retransmit it
(Reno would need to wait for the 3rd duplicate ACK)

Recvd ACK for packets 13 and 14

[ Sinceitis 1st or 2nd ACK after retransmission,

Vegas checks timestamp of packet 15 and decides to retransmit it
(Reno would need to wait for 3 new duplicate ACKS)

Figure 4: Example of Retransmit Mechanism

Thispolicy is needed because Vegas is much better than Reno at detecting losses. If Vegas used Reno’s
window sizing policy, it would decrease its congestion window more than Reno simply because it detected
|osses sooner than Reno.

3.4 Spike Suppression

TCP's sdf-clocking feature depends on the arrival of evenly spaced ACKs, each of which acknowledges
roughly asegment’sworth of data. Based on traces of Reno, we concluded that many Reno lossesareduetoa
failurein the self-clocking mechanism that result in spikesin the sending rate. By a spikeinthe sending rate,
we mean that the sender transmits multiple segments back-to-back; Figure 1 at time 2.7 seconds illustrates
an example of aspike. There are two main reasons that spikes occur:

1. Largecumulative ACKs—asingleACK that acknowledges several kilobytesdueto segmentsarriving
out-of-order at the receiver.

2. ACK compression [13, 10]—a sequence of ACKs arrive closer together than they were sent.

In the case of the large ACK's, the main reason for segments arriving out-of-order is that segments are lost
and then retransmitted. Thus, one often sees large spikesin the sending rate right after certain losses, those
for which the congestion window islarge enough to allow alot of datato be sent. Spikesthat lead to losses
are commonly seen during slow-start; more on thisin Section 3.5.

Although the idea behind the congestion window is to limit the number of bytes sent during one RTT,
the congestion window does not control how those bytes are spaced over the RTT. Ideally, one would want
to space the bytes (segments) as evenly as possible to prevent overrunning the buffers on the intermediate
nodes of the connection. If the maximum segment size, such that there is no fragmentation, is given by
MaxSeg, and Wi ndowS ze denotes the si ze of the congestionwindow, then theideal segment spacingisgiven

by:



SegSpacing = RTT x MaxSegment / WindowS ze

Vegas' spikesuppress on mechanism consistsof only all owing twice MaxSegment byteson each SegSpac-
ing interval; the total number of bytes transmitted per RTT is still bounded by the congestion window. It
allows for transmitting twice the ideal number of bytes per SegSpacing so the current number of bytes
in transit can catch up with the allowed number given by the congestion window. The spike suppression
mechanism is turned off during slow-start because transmission spikes are necessary to keep up with the
exponentially increasing transmission rate of the slow-start mechanism.

3.5 Congestion Detection and Avoidance

TCP Reno’s congestion detection and control mechanism uses the loss of segments as a signal that thereis
congestion in the network. It has no mechanism to detect the incipient stages of congestion—before losses
occur—so they can be prevented. Reno is reactive, rather than proactive, in thisrespect. Asaresult, Reno
needsto create |ossesto find the available bandwidth of the connection. This can be seenin Figure 5, which
showsthe trace of a Reno connection sending 1IMB of data over the network configuration seen in Figure 6,
with no other traffic sources; i.e., only Hostla sending to Host1b. In this case, the router queue sizeisten
and the queuing disciplineis FIFO.

35.1 PreviousWork

There are several previously proposed approaches for proactive congestion detection based on a common
understanding of the network changes as it approaches congestion (an excellent development is given in
[7]). These changes can be seen in Figure 5 in the time interval from 4.5 to 7.5 seconds. One change isthe
increased queue sizein theintermediate nodes of the connection, resultingin an increase of the RTT for each
successive segment. Wang and Crowcroft’'s DUAL agorithm [12] isbased on thisincrease of the round-trip
delay. The congestion window normally increases as in Reno, but every two round-trip delays it checks to
seeif the current RTT is greater than the average of the minimum and maximum RTTs seen so far. If itis,
then it decreases the congestion window by one-eighth.

Jain's CARD (Congestion Avoidance using Round-trip Delay) approach [7] is based on an analytic
derivation of asocially optimum window sizefor adeterministic network. The decision as to whether or not
to change the current window size is based on changes to both the RTT and the window size. The window
is adjusted once every two round-trip delays based on the product (\WindowSze. ... - WindowSze,;;) X
(RTT,urrent - RTT,4) asfollows: if the result is positive, decrease the window size by one-eighth; if the
result is negative or zero, increase the window size by one maximum segment size. Note that the window
changes during every adjustment, that is, it oscillatesaround its optimal point.

Another of the changes seen as the network approaches congestion is the flattening of the sending rate.
Wang and Crowcroft’s Tri-S scheme [11] takes advantage of thisfact. Every RTT, they increase the window
size by one segment and compare the throughput achieved to the throughput when the window was one
segment smaller. If the difference islessthan one-half the throughput achieved when only one segment was
in transit—as was the case at the beginning of the connection—they decrease the window by one segment.
Tri-S cal culates the throughput by dividing the number of bytes outstanding in the network by the RTT.
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Figure 5: TCP Reno with No Other Traffic (Throughput: 105 KB/s)

Asafinal example, Keshav's Packet-Pair rate probing technique sends two back-to-back segments and
gets an estimate of the available bandwidth from the delay observed between the ACKs[9].

3.5.2 Congestion Detection in Vegas

Vegas' approach is most similar to Tri-S, in that it looks at changes in the throughput rate. However, it
differs from Tri-Sin that it calculates throughputs differently, and instead of looking for a change in the
throughput slope, it compares the measured throughput rate with an expected throughput. The simple idea
that Vegas exploitsis that the number of bytesin transit is directly proportiona to the expected throughpuit,
and therefore, as the window size increases—causing the bytesin transit to increase—the throughput of the
connection should also increase.

Vegas usesthisideato measure and control the amount of extra datathis connection hasin transit, where
by extra data we mean data that would not have been sent if the bandwidth used by the connection exactly
matched the available bandwidth of the network. The goal of Vegas is to maintain the “right” amount of
extradatain the network. Obviousdly, if aconnectionissending too much extradata, it will cause congestion.
Lessobvioudly, if a connection is sending too little extra data, it cannot respond rapidly enough to transient
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Figure 6: Network Configuration for Simulations

increasesin the available network bandwidth. Vegas' congestion avoidance actions are based on changesin
the estimated amount of extra datain the network, and not only on dropped segments.

We now describetheagorithmin detail. Notethat thea gorithmisnot in effect during slow-start. Vegas
behavior during slow-start is described in the following subsection.

First, define a given connection’s BaseRTT to be the RTT of a segment when the connection is not
congested. In practice, Vegas setsBaseRTT to the minimum of al measured round trip times; it iscommonly
the RTT of thefirst segment sent by the connection, before the router queuesincrease dueto traffic generated
by this connection. If we assume that we are not overflowing the connection, then the expected throughput
isgiven by:

Expected = WindowSze/ BaseRTT

where WindowSize is the size of the current congestion window, which we assume for the purpose of this
discussion, to be equal to the number of bytesin transit.

Second, Vegas cal cul ates the current Actual throughput. Thisisdone by recording the sending timefor a
distinguished segment, recording how many bytes are transmitted between the time that segment is sent and
its acknowledged isreceived, computing the RTT for the distinguished segment when its acknowledgement
arrives, and dividing the number of bytestransmitted by the sample RTT. This calculation is done once per
round-trip time.*

Third, Vegas compares Actual to Expected, and adjusts the window accordingly. Let Diff = Expected
- Actual. Note that Diff is positive or zero by definition, since Actual > Expected implies that we need to
change BaseRTT to the latest sampled RTT. Also define two thresholds, o < 3, roughly corresponding to
having too little and too much extra data in the network, respectively. When Diff < «, Vegas increases
the congestion window linearly during the next RTT, and when Diff > (3, Vegas decreases the congestion
window linearly during the next RTT. Vegas |l eaves the congestion window unchanged when o < Diff < 5.

Intuitively, thefarther away theactual throughput getsfrom the expected throughput, the more congestion
thereisin the network, which implies that the sending rate should be reduced. The 5 threshold triggersthis

*We have made every attempt to keep the overhead of Vegas' congestion avoidance mechanism as small as possible. To help
quantify this effect, we ran both Reno and Vegas between SparcStations connected by an Ethernet, and measured it to be less than
a5%. Thisoverhead can be expected to drop as processors become faster.

9
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Figure 7: TCP Vegas with no Other Traffic (Throughput: 169 KB/s)

decrease. On the other hand, when the actual throughput rate gets too close too the expected throughput, the
connectionisin danger of not utilizing the available bandwidth. The « threshold triggersthisincrease. The
overall goa isto keep between o and 3 extrabytesin the network.

Because the agorithm, as just presented, compares the difference between the actual and expected
throughput rates to the « and § thresholds, these two thresholds are defined in terms of KB/s. However,
it is perhaps more accurate to think in terms of how many extra buffers the connection is occupying in the
network. For example, on aconnectionwithaBaseRTT of 100msand asegment sizeof 1KB, if « = 30KB/s
and § = 60KB/s, then we can think of « as saying that the connection needs to be occupying at |east three
extrabuffersin the network, and g saying it should occupy no more than six extra buffersin the network.

In practice, we express « and 5 in terms of buffers rather than extra bytes in transit, and we determine
asuitable value experimentally. During linear increase/decrease mode—as opposed to the slow-start mode
described below—we set « to two and 3 to four. This can be interpreted as an attempt to use at least two,

10



but no more than four extra buffers in the connection.

Figure 7 shows the behavior of TCP Vegas when there is no other traffic present; this is the same
conditionthat Reno ran under in Figure5. There isone new type of graph in thisfigure, the third one, which
depicts the congestion avoidance mechanisms (CAM) used by Vegas. Once again, we use a detailed graph
(Figure 8) keyed to the following explanation:
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Figure 8: Congestion detection and avoidancein Vegas

1. The small circles below the send segment marks on top of the graph are indicationsthat Vegas' spike
suppression mechanism prevented segments from being sent.

2. Thesmall vertical line—once per RT T—showsthetimeswhen Vegas does congestion control decision;
i.e., computes Actual and adjuststhe window accordingly.

3. Thegray line shows the Expected throughput. Thisis the throughput we should get if all the bytesin
transit are able to get through the connection in one BaseRTT.

4. Thesolid line showsthe actual sending rate Actual. We calculateit from the number of byteswe sent
inthelast RTT.

5. The dashed lines are the thresholds used to control the size of the congestion window. The top line
correspondsto the « threshold, and the bottom line correspondsto the 3 threshold.

Figure 9 shows a trace of Vegas sharing the bottleneck router with tcplib traffic. The bottom graph shows
the output produced by the TRAFFIC protocol simulating the TCP traffic. The thinlineisthe sending rate
in KB/s as seen in 100ms intervals; the thick line is a running average (size 3). The graph clearly shows
Vegas congestion avoidance mechanisms at work and how its throughput adaptsto the changing conditions
on the network.

3.5.3 Madified Slow-Start with Congestion Detection

Reno’s slow-start mechanism is very expensive in terms of losses when it is not limited by a small send
buffer or a slow host. Since it doubles the size of the congestion window every RTT while there are no

11
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Figure 9: TCP Vegas with tcplib-Generated Background Traffic

losses—which is equivalent to doubling the attempted throughput every RTT—when it finally overruns the
connection’s bandwidth, we can expect losses in the order of half the current congestion window, more if
we encounter a burst from another connection.

Asnetwork bandwidthincreases, we can anticipateasimilar increasein the expected | osses of slow-start.
We need away to find a connection’s available bandwidth that does not incur thiskind of loss. Towardsthis
end, we incorporated our congestion detection mechanism into slow-start with only minor modifications.
To be able to detect and avoid congestion during slow-start, Vegas allows exponential growth only every
other RTT. In between, the congestion window stays fixed so avalid comparison of the expected and actua
rates can be made. When the actual rate falls below the expected rate by a certain amount—we call thisthe
~ threshold—Vegas changes from slow-start mode to linear increase/decrease mode. As with the « and 3
thresholds, v was determined experimentally.

The behavior of the modified slow-start can be seen in Figures 7 and 9. The reason that we need to
measure the actual rate with a fixed congestion window is that we want the actual rate to represent the
bandwidth allowed by the connection. Thus, we can only send as much dataasis acknowledged inthe ACK.
(During slow-start, Reno sends two segments for each ACK received.)
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4 Simulation Results

Thissection reportstheresults of simulated runs of TCP Vegas and Reno using the z-kernel based simulator.
Although we have also measured Vegas and Reno on the actua Internet—see Section 5—the simulator
allows us to better control the experiment, and in particular, gives us the opportunity to see whether or not
Vegas getsits performance at the expense of Reno-based connections. Notethat all the experimentsused in
this section are on the network configuration shown in Figure 6.

4.1 One-on-OneExperiments

We begin by studying how two TCP connections interfere with each other. To do this, we start a 1IMB
transfer, and then after a variable delay, start a 300K B transfer. The transfer sizes and delays are chosen to
ensure that the smaller transfer is contained completely within the larger.

Reno/Reno | Reno/Vegas | Vegas/Reno | Vegas/Vegas
Throughput (KB/s) 60/109 61/123 66/119 74/131
Throughput Ratios 1.00/1.00 1.02/1.13 1.10/1.09 1.23/1.20
Retransmissions (KB) 30/22 43/1.8 1.5/18 0.3/0.1
Retransmit Ratios 1.00/1.00 1.43/0.08 0.05/0.82 0.01/0.01

Table1: One-on-One (300KB and 1MB) Transfers

Table 1 gives the results for the four possible combinations, where the column heading Reno/Vegas
denotesa 300K B transfer using Reno contained withinalMBytetransfer using Vegas. For each combination,
the table givesthe measured throughput and number of kilobytesretransmitted for both transfers; e.g., inthe
the case of Reno/Vegas, the 300K B Reno transfer achieved a 61K B/sthroughput rate and the 1M Byte Vegas
transfer achieved a 123K B/sthroughput rate.” Theratiosfor both throughput rate and kil obytesretransmitted
are relative to the Reno/Reno column. The values in the table are averages from 12 runs, using 15 and 20
buffersin the routers and the delay before starting the smaller transfer increasing from 0 to 2.5 seconds.

Themainthingtotake away fromthese numbersisthat Vegasdoesnot adversely affect Reno’sthroughpuit.
Reno’s throughput stays pretty much unchanged when it is competing with Vegas rather than itself—the
ratios for Reno are 1.02 and 1.09 for Reno/Vegas and Vegas/Reno, respectively. Also, when Reno competes
with Vegas rather than itself, the combined number of kilobytes retransmitted for the pair of competing
connections drops significantly. The combined Reno/Reno retransmits are 52KB compared with 45KB for
Reno/Vegas and 19KB for Vegas/Reno. Finaly, note that the combined Vegas/Vegas retransmits are less
than 1KB on the average—an indication that the congestion avoi dance mechanism isworking.

4.2 Experimentswith Background Traffic

We next measured the performance of a distinguished TCP connection when the network is loaded with
traffic generated from tcplib. That is, the protocol TRAFFIC is running between Hostla and Host1b in

5 Comparing the small transfer to the large transfer in any given column is not meaningful. Thisis becausethe large transfer was
able to run by itself during most of the test.
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Figure 6, and a LM Byte transfer is running between Host2aand Host2b. Inthisset of experiments, thetcplib
traffic is running over Reno.

Reno | Vegas-1,3 | Vegas-2,4
Throughput (KB/s) 58.30 89.40 91.80
Throughput Ratio 1.00 153 1.58
Retransmissions (KB) | 55.40 27.10 29.40
Retransmit Ratio 1.00 0.49 0.53
Coarse Timeouts 5.60 0.90 0.90

Table2: 1IMByte Transfer with tcplib-Generated Background Reno Traffic

Table 2 gives the results for Reno and two versions of Vegas—Vegas-1,3usesa = 1 and g = 3, and
Vegas-2,4 usesa = 2 and § = 4. We varied these two thresholdsto study the sensitivity of our algorithm.
The numbers shown are averages from 57 runs, obtained by using different seeds for tcplib, and by using
10, 15 and 20 buffersin the routers.

The table shows the throughput rate for each of the distinguished connections using the three protocols,
along with their ratio to Reno’s throughput. It aso gives the number of kilobytes retransmitted, the ratio
of retransmits to Reno’s, and the average number of coarse-grained timeouts per transfer. For example,
Vegas-1,3 had 53% better throughput than Reno, with only 49% of the losses. Also note that there islittle
difference between Vegas-1,3 and Vegas-2,4.

These simulationstell us the expected improvement of Vegas over Reno: more than 50% improvement
on throughput, and only half thelosses. The results from the one-on-one experimentsindicatethat the gains
of Vegas are not made at the expense of Reno; thisbelief isfurther supported by the fact that the background
traffic’s throughput increases by 20% when Reno is competing for resources with Vegas, as compared to
when Reno is competing with itself.

We also ran these tests with the background traffic using Vegas rather than Reno. This simulates the
situation where the wholeworld uses Vegas. The throughput and the kil obytes retransmitted by the 1M Byte
transfers didn’'t change significantly—Iess than 4%—»but this time the throughput of the background traffic
was unaffected by the type of protocol running the 1IMB transfer. These results are summarized in Table 3.

1IMB Transfer
traffic over Reno Vegas
Reno (KB/s) | 68 82
Vegas (KB/s) | 84 85

Table 3: Throughput of Background Traffic When Competing with a1MB Transfer

4.3 Other Experiments

We tried many variations of the previous experiments. On the whole, the results were similar, except for
when we changed TCP's send-buffer size. Below we summari ze these experiments and their results.
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e One-on-one tests with traffic in the background. The results were similar. Again, Reno did better
when running against VVegas than against itself, but thistime, itslossesincreased by only 6% (versus
43%) in the Reno/Vegas case.

e Two-way background traffic. There have been reports of change in TCP's behavior when the back-
ground traffic is two-way rather than one-way [13]. Thus, we modified the experiment in Section
4.2 by adding tcplib traffic from Host3b to Host3a. The throughput ratio stayed the same, but the
loss ratio was much better: 0.29. Reno resent more data and Vegas remained about the same. The
fact that there wasn't much change is probably due to the fact that tcplib already creates some 2-way
traffic—TELNET connections send one byte and get one or more bytes back, and FTP connections
send and get control packets before doing a transfer.

o Different TCP send-buffer sizes. For al the experimentsreported so far, weran TCPwith a50K B send-
buffer. For this experiment, we tried send-buffer sizes between 50KB and 5KB. Vegas' throughput
and losses stayed unchanged between 50KB and 20K B; from that point on, as the buffer decreased,
so did the throughput. Thiswas due to the protocol not being able to keep the pipe full.

On the other hand, Reno’s throughput initialy increased as the buffers got smaller, and then it
decreased. It always remained under the throughput measured for Vegas. We have previously seen
this type of behavior while running Reno on the Internet. If we look back at Figure 5, we see that
as Reno increases its congestion window, it uses more and more buffers in the router until it looses
packets by overrunning the queue. If we limit the congestion window by reducing the size of the
send-buffer, we may prevent it from overrunning the router’s queue.

If we knew the connection’s avail abl e bandwidth, then we could set Reno’s send-buffer size appropri-
ately. The problem, of course, isthat we don’'t have this knowledge at the beginning of the connection
and the connection’s available bandwidth may change with time.

5 Preliminary Resultson the Inter net

This section measurements of TCP over the Internet. Because it is simple to move a protocol between the
simulator and the “real world”, the numbers reported in this section are for exactly the same code as in the
previoussection. Our results must be considered preliminary because they were limited to transfers between
the University of Arizona (UA) and the Nationa Institutes of Health (NIH). The connection consists of 17
hops, and passes through Denver, St. Louis, Chicago, Cleveland, New York and Washington DC.

Theresults are derived from a set of runs over aseven day period from January 23-29. Each run consists
of aset of seven transfers from UA to NIH—Reno sends 1IMB, 512K B, and 128K B, Vegas-1,3 sends 1IMB,
512K B, and 128K B, and Vegas-2,4 sends IMB. Weinserted a45 second del ay between each transfer inarun
to give the network a chance to settle down, a run started approximately once every hour, and we shuffled
the order of the transfers within each run.

Table 4 shows the results for the IMB transfers. Depending on the congestion avoidance thresholds,
it shows between 37% and 42% improvement over Reno’s throughput with only 51% to 61% of the
retransmissions. Note that Vegas out-performed Reno on 92% of the transfers, and across al levels of
congestion; i.e., during both the middle of the night and during periods of high load.
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Reno | Vegas-1,3 | Vegas-2,4
Throughput (KB/s) 53.00 72.50 75.30
Throughput Ratio 1.00 137 142
Retransmissions (KB) | 47.80 2450 29.30
Retransmit Ratio 1.00 0.51 0.61
Coarse Timeouts 3.30 0.80 0.90

Table 4: IMByte transfer over the Internet

1024KB 512KB 128KB
Reno | Vegas | Reno | Vegas | Reno | Vegas
Throughput (KB/s) 53.00 | 7250 | 52.00 | 72.00 | 31.10 | 53.10
Throughput Ratio 100| 137| 100| 138| 100| 171
Retransmissions (KB) | 47.80 | 24.50 | 27.90 | 10.50 | 22.90 | 4.00
Retransmit Ratio 100| 051| 100| 038| 100 | 0.17
Coarse Timeouts 330| 080 170 020| 110| 0.20

Table5: Effects of transfer size over the Internet

Because we were concerned that Vegas' throughput improvement depended on large transfer sizes,
we aso varied the size of the transfer. Table 5 shows the effect of transfer size on both throughput and
retransmissionsfor Reno and Vegas-1,3. The first thing to seeis that Vegas does better relative to Reno as
the transfer size decreases; in terms of throughput, we see an increase from 37% to 71%. The results are
similar for retransmissions, as the relative number of Vegas retransmissions goes from 51% of Reno’s to
17% of Reno’s.

The next thing to notice is how the number of kilobytes retransmitted by Reno starts to flatten out as
the transfer size decreases. When we decreased the transfer size by half, from 1MB to 512K B, we see only
a 42% decrease in the number of kilobytes retransmitted. When we further decrease the transfer size to
one-fourth its previous value, from 512K B to 128K B, the number of kilobytes retransmitted only decreases
by 18%. This indicates that we are approaching the average number of kilobytes retransmitted due to
Reno’s slow-start losses. From these results, we conclude that there are around 20K Bs retransmitted during
slow-start, for the conditions of our experiment.

Onthe other hand, the number of kilobytesretransmitted by Vegas decreases almost linearly with respect
tothetransfer size. Thisindicatesthat Vegaseliminatesnearly al lossesduring slow-start duetoitsmodified
slow-start with congestion avoidance.

6 Concluding Remarks

We haveintroduced several techniquesfor improving TCP, including a novel approach to congestion avoid-
ance that tries to control the number of extra buffers the connection occupiesin the network. Experiments
on both the Internet and using a simulator show that Vegas achieves 40 to 70% better throughput, with
one-half to one-fifth as many bytes being retransmitted, as compared to the implementation of TCP in the
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Reno distribution of BSD Unix. In many respects, thiswork is still preliminary, with the following issues
requiring more attention.

First, we believe that adding congestion detection to slow-start is important, and will become more
important as network bandwidth increases. Vegas offers a beginning, but there is a problem that still needs
to be addressed. During slow-start, the TCP sends segments at twice the rate supported by the connection;
i.e., two segments are sent for every ACK received. If there aren’t enough buffers in the bottleneck router,
Vegas slow-start with congestion detection may |ose segments before getting any feedback that tells it to
slow down. We have several solutionsin mind that we plan to implement in the near future. Oneisto use
rate control during slow-start, using a rate defined by the current window size and the BaseRTT. Another
is to slow down as we reach the bandwidth available to the connection (Vegas has enough information to
figure this out).

Second, Vegas' congestiondetection algorithm dependson an accurate valuefor BaseRTT. If our estimate
for the BaseRTT is too small, then the protocol’s throughput will stay below the available bandwidth; if it
is too large, then it will overrun the connection. Our experience is that the the protocol does well with it
current choice of BaseRTT. However, we plan to study this more carefully.

Third, the question of whether or not Vegas' linear increase/decrease mechanism is fair must still be
answered. On the one hand, we have no reason to believe that our approach is unfair, and we plan to do
further analysisto attempt to show this. On the other hand, we plan to experiment with an additiveincrease
and multiplicative decrease algorithm [1].
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