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Abstract—Understanding the TCP congestion control mech-  The outstanding performance of TCP in dealing with net-
anism from a global optimization point of view is not only im-  work congestion has motivated researchers to look for a
portant in its own right, but also crucial to the design of other possible interpretation of TCP congestion control from an

transport layer traffic control protocols with provable proper- R o :
ties. In this paper, we derive a global utility function and the optimization-based, distributed traffic control framework [9]

corresponding optimal control law, known as TCP control law, [10] [19]. The implication of finding such an interpretation

which maximizes the global utility. The TCP control law cap- is significant for two reasons. First, such an interpretation
tures the essential behaviors of TCP, including slow start, con- will unveil whether or not the TCP congestion control leads
gestion avoidance, and the binary nature of congestion feedback to globally stable operation and if so, what is the underlying

in TCP. We find that the utility function of TCP is linear in . " .
the slow start phase and approaches the well-known logarithm global design objective the TCP congestion control protocol

function as the data rate becomes large in the congestion avoid- Strives to achieve. Second, such an interpretation will pave
ance phase. We also find that understanding the slow start phase the way for the design of new end-to-end congestion control

with a fixed threshold is critical to the design of new transport protocols, which jointly with TCP, achieve globally optimal
layer control protocols to enable quality of service features. Fi- and stable traffic control.

nally, we design an optimal, minimum-rate-guaranteed (MRG)
traffic control law that shares the same utility function with the Significant research efforts have been made on the gen-

TCP control law, aiming at achieving fair share of network re-  era| understanding of optimization-based, distributed control
sources with TCP. By design, the MRG control law and the TCP laws [1-4][6-12][17-21]. Some work also focuses on the un-

control law jointly maximize the global utility and achieve glob- h . NP
ally stable control. Our preliminary simulation study of the derstanding of TCP behavior from an optimization perspec-

MRG control law indicates that it is indeed TCP friendly and  tive [9] [10] [19]. In their seminal work, Kelly et al. [9]
can provide minimum rate guarantee as long as the percentage demonstrated that a user utility functionlef;(x) form (x is

of network resource consumed by the MRG flows is moderately a flow data rate) leads to a control law that exhibits additive-
small. Consequently, the MRG control law has the potential t0 ;e 55e-and-multiplicative-decrease (AIMD) behavior, re-
be used to provide minimum rate guarantee for low-bandwidth bii he TCP . id h Thi '
Internet applications, such as live streaming media. Sem ing the ' conggstlon aVO'I a.n.ce phase. IS. encour-
aging observation has triggered significant research interests
in an attempt to further understand the TCP behavior from an
optimization point of view. In [10], Kunniyur, et al. showed
that the TCP behavior without the slow start phase can be

The window-based congestion control used in the currdf°déled using a framework based on a utility function mi-
Transmission Control Protocol (TCP) is a fully distributedUS @ cost function. By taking into account randomness of
end-to-end traffic control mechanism. It relies solely oRacket loss, their model leads to a user utility function of the

single-bit binary information feedback as input for the corf@'™M —1/ asx becomes large. Low [19] studied the vari-
trol, i.e., whether the forwarding path is congested or ndtys var|at|o-ns of TCP u_smgapnmal—dual ”PU"”ear_ program-
This binary information is acquired on the basis of sourd®ing technique, that directly solves the original utility max-

inferable information only, such as repetitive acknowledgdization problem. While the primal algorithms capture the

ments (ACKs) of the same segment, measured round-trip d&P window control behavior (without the slow start phase)

lay, and/or ACK timeout, without the assistance of the ne@t the TCP source node, the dual algorithms translate into

work nodes for the control and regardless of the link techndiVén active queue management (AQM) algorithms running
ogy and queuing mechanism used in the network nodes. Tiighe network nodes.
makes TCP highly scalable and deployable at global scale. The above TCP models successfully capture important as-

I. INTRODUCTION



pects of the TCP congestion control, especially some vari-

ations of TCP that involve network nodes. However, in the o

existing work, the aperiodic, binary nature of end-to-end TCP max Z Ui(z:) 1)
congestion control is not well captured and the slow start =l

phase of TCP control is not modeled. Based on the SlidifgPiect to network constraints

Mode technique in control theory, the family of optimization- 5
based, distributed control laws found in [22] successfully ad- Z i < By, let ©)
dresses the case where information feedback for the control ilet.

is discontinuous, aperiodic, and binary. On the basis of )& erer; (1,) is the utility function for flowi; F is the total
family of control laws given in [22], in this paper, we aiMp,mper of flows in the networks; is the rate of flow; £ is

at developing a more accurate model for end-to-end TG set of links in the network; ana; is the bandwidth of
congestion control and also a new end-to-end minimum-rajgiy 7 in t .

guaranteed (MRG) control law. For the best effort (BE) service, the distributed control law

_ This paper makes two major contributions. First, a utikho] that solves the above problem is given by (for simplicity,
ity function of TCP and the corresponding control law, callege omit the index)

TCP control law, are derived. The control law captures the

slow start, congestion avoidance, and the aperiodic, binary @ = (2(t,2)[f(z) — (1 — eg)])iy 3)
nature of the information feedback in TCP. The slow start -

phase is found to correspond to a linear term in the utivith OU () /0

ity function. This term indicates that the user fairness can fla)=1— e 0V@/0 (4)
be improved by setting the slow start threshold to a largghd
fixed value for a flow with longer round-trip-time (RTT). .
In the congestion avoidance phase, the utility function cony)+_ = { maz(y,0) if z=0 (5)
verges to the well-known logarithm function as the data rate Y if z#0

becgmes ""?rge’ Wh',Ch prowdgs the so called ngghted PRRerex is the flow ratel/(x) is a differentiable concave and
portional fairness with the weight equal to the ratio betweeéfrictly increasing function of; z(z, t) is a strictly positive

the additive increase rate and multiplicative decrease fac nction: andcg is the binary congestion indicatorg1 if

These findings are tested against the ns-2 simulation resutllt% packet forwarding path is congested and 0 otherwige):
Second, an MRG control law is derived, based on the sam&pa logical negation afg '

utility function as TCP, which by design, ensures fairngss 10 Note that the above control law can faithfully capture the
TCP. The MRG control law and the TCP control IaWJO'ntlydiscontinuous, aperiodic, and binary nature of any end-to-

achieve globally stable and optimal control. ' The simulas,y yatfic control, such as the end-to-end TCP congestion
tion results indicate that the MRG control law is indeed TCEontrol. This is because the required minimum input for the

f;:endly and can |c;rowde rrlllmmum rate guaran'([je(; ashlong 8Bove family of control laws is a binary indicatey, indicat-

the pgrcentage of network resource consumed Dy t_ € M'ﬁ% whether the forwarding path is congested or not. More-
flows is moderately small. These results provide insights fie, it is shown in [22] that the above control laws are glob-

the possible design of an optimal, end-to-end MRG trangyy qaple and converge to the optimal rate allocation. It is

port layer protocol to support low-bandwidth Internet appliz ;g shown that the corresponding control laws in discrete

cations, such as live streaming media and Voice-over-IP. - io 4omain with a finite time interval lead to stable and near
The rest of the paper is organized as follows: Section (l)lptimal control

derives the utility function of TCP and TCP control law. The On one hand, for any given concave user utility functions

proposed TCP model is tested against ns-2 simulation resultg, iy of distributed control laws with positivez, ¢) func-
in Section Il and IV. Section V designs and tests an MR, can be readily derived from Eqgns. (3)-(5). On the other
control law. Finally, Section VI concludes the paper and dg g an empirically designed, elastic control protocol, such
scribes our future work. as the TCP congestion control mechanism, can be reverse en-
gineered by matching its behavior with the above family of
Il. UTILITY FUNCTION OFTCP control laws. This matching process may lead to a control
In this section, we derive the global utility function of TCHaw that best describes its behavior and an underlying utility
based on a large family of distributed control laws that mafunction this control law maximizes. We take this latter ap-
imize the global utility of a very general form proposed irproach. Namely, we derive the utility function and the control
[22]. We first state the results in [22], which are relevant ttaw that closely matches with the TCP congestion control be-
the modeling of TCP. The problem can be stated as followsavior.



In this paper, we do not model the timeout effect oénd
TCP. In other words, we model multiplicative-increase- 2(t,x) = p+ Bz (13)
and-multiplicative-decrease (MIMD) behavior in the slow . . _ ) .
start phase and additive-increase-and-multiplicative-decre44ieTeC is a constant/ (z) is a differentiable, strict concave,
(AIMD) behavior in the congestion avoidance phase. Mor&"d increasing function; and, z) is positive. Hence the
over, we assume that the threshold ratebetween the slow AIMD control law achieves globally optimal rate allocation

start phase and the congestion avoidance phase is fix8gximizing utility function described in Eqn. (12). In the
Namely, we model the steady state TCP behaviors where the"” congestion avoidance phage,= 1/2, thenU(x) =
threshold converges to a constant. (2p + 2)llog(p + /2) — 1] — zflog(x/2) — 1] + C. Note
Forx < zg, i.e, in the slow start phase, assume that tﬁgat the3 value is found t.o _be larger than ,1/2 in [10] and
increase rate is (« >0) and the decrease rateds (0 < [16]. However, our analysis in the next section shows that
3 < 1). In the absence of congestion, i,— 0, the control value has limited effect on the equilibrium rate allocation and
law in Egn. (3) is given by hence, we simply leff = 1/2. _ _ _
We setC at a value such thdl (x) is continuous at this

i=z(t,x)f(z) = ax (6) Point. Then we have
In the presence of congestion, i.ej,= 1, we have o zslog[(a + B)ZS] ~HFogut pry+ @)
utBas B 8
@ = z(t)[f(z) — 1] = —fz () Egns. (6), (7) (for < «,) and (10), (11) (for > ) are
Then we have the utility function called the TCP control law, which maximizes the utility func-
tion given by Eqgns. (8) (for < z) and (12) (forz > ).
U(z) = zlog(1 + 9) (8) The TCP control law captures the steady state TCP behav-
B iors where the slow start threshald is a constant. More
and specifically, TCP uses a dynamic slow start threshold. In the
2ta) = =2 = (a+ f)z (9) absence of TCP timeout, a flow always adjusts its slow start
f() threshold to be half of the peak rate (the rate at the instance of

U(x) is a differentiable, concave, and strictly increasingongestion). When TCP is in the steady state, the peak rate
function, andz (¢, z) is positive forz > 0. So the MIMD IS fixed and so is the slow start threshold. Whenever a con-

control law achieves globally optimal rate allocation, max@estion occurs, the rate is set to the slow start threshold and
imizing a linear utility. The scale factor of the utility de-the flow immediately enters the congestion avoidance phase.
pends on the ratia/3. A flow with a larger increase fac- As aresult, the steady state TCP behavior is modeled by Eqn.
tor () or smaller decrease factog) has higher utility. For (10), (11), and (12). In other words, the slow start phase plays
the slow start phase in TCP, assumel and3=1/2, then an important role only during the initial TCP ramp-up phase.
U(z) = zlog3. The proposed, normalized utility function wiflh = 0.1
Forz > z,, i.e., in the congestion avoidance phase, agdndzs = 1, as well as the logarithm utility functioridg(1 +
sume the additive-increase rateis> 0, and multiplicative- )) are presented in Fig. 1. We see that the utility in the slow
decrease rate j&z. In the absence of congestion, ig;,= 0, Start phase constitutes a significant part of the proposed util-

the Contr0| |aW iS given by |ty fUnCtion. A ﬂOW aChieVes more Ut|||ty in the SlOW start
phase than that in the congestion avoidance phase. Hence,
i=zta)f(x)=p (10) flows with larger slow start thresholds tend to grab the net-
work resource more aggressively.
In the presence of congestion, i.ej,= 1, we have In the congestion avoidance phase, wheén >> g,
U(z) ~ (u/B)log(x) + const. For TCPU ~ 2ulog(x) +
i =z(t,z)[f(z) - 1] = Bz (11) const. Namely, when the flow rate is large, TCP achieves

the well-known weighted proportional fairness [9] with the
weight value equal t@/3, explicitly proportional to the ad-
ditive increase rat@. For TCP, the congestion window size
Uz) = (Hﬂc)[log(u#rﬁx)—1]—x[log(ﬂx)—1]+0 (12) s increased by one packet per RTT. As a result, the add_|t|ve
B increase rate is inversely proportional to its RTT. A flow with
L - - a shorter RTT has higher additive increase rate. Hence, the
Here we assume the rate of a flow is positive after the flow initiates. In ilit d thus th I ted rate. f fl ith hort
other words, the flow has a positive initial rate. For example, the initial flol/t!lIty, @nd thus the allocated rate, for a tlow with a shorter

rate is two packets per RTT in TCP-Reno RTT in a shared link is higher than that of a flow with a

Then we have



work. Flows that starts at the source nofegand ends at the
destination nodd); (i=1, 2, 3 and 4). The link bandwidth
for each of the links between nod&s andRs, R, and R,

and R3 and R, is 100 Mbps (Mega bit per second) and the
link bandwidth for each of the rest of links is 200 Mbps. The
three 100 Mbps links are the bottleneck links, each of them
is shared by two flows. Three different propagation delays
Xs=1 1 (to, t1 andt,) are assumed for different links as shown in
Figure 2. We study three different cases with different link
propagation delays as shown in Table I.
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Normalized Utility
o
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o
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—— Proposed Utility |1
Log Utility

TABLE |

0 05 1 15 2 LINK PROPAGATION DELAY OF THREE CASES
Traffic Rate

T
Casel | 5ms | 5ms | 5ms

Casell | 2ms | 5ms | bms
longer RTT. If the additive-increase rate is set to a constant Case 1 5ms | 5ms | 2ms

value for every flow, then each flow has the same utility func-
tion and hence achieves the same allocated rate in a shared
link, independent of RTT. This explains why keeping con-
stant additive-increase rate in TCP leads to fair allocation of
traffic rate to every flow, as observed in [5] and [13]. Util- et
ity functions with dependence on RTT were also proposed in
[23] in the context of pricing models and in [19] based on
AQM algorithms.

Fig. 1. Utility Functions
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Ill. RATE ALLOCATION BASED ON UTILITY FUNCTION

The TCP control law (i.e., MIMD in the slow start phase
and AIMD in the congestion avoidance phase) and the corre-
sponding utility function in the previous section are derived
in the continuous time domain without taking into account ‘ ‘ ‘ ‘ ‘
the effect of TCP timeout. A natural question to be asked 0 50 100 150 200 250 300
is how accurate the control law and the corresponding utility Time
function describe the TCP behavior. In this section, we test Fig. 3. Measured average TCP Utility
the accuracy of the proposed model by first comparing the

measured TCP utility against the optimal utility, and then the \We first estimate the utility function in Eqns. (8) and (12)
measured rate allocation of TCP sessions against the optifglthe equilibrium rate allocations of TCP-Reno and com-
rate allocation. pare it with the theoretical optimal utility. In TCP, the thresh-
old of the slow start phase is dynamically adjusted based on
the current congestion window size. Whenever congestion is
detected, the slow start threshold is set to half of the current
window size. In the simulation, we first measure an average
threshold value (in Mbps) for each flow which is computed as
the average threshold window size (in Mega bits) divided by
the average measured RTT (in seconds). Then the theoretical
maximum utility is calculated based on the measured aver-
age thresholds, and the measured utility of TCP at tirise
Fig. 2. Network topology | estimated based on both the measured average thresholds and
the average rates from time Otof all the TCP flows. Both

Let us consider a network with a total number of 12 nodetheoretical and measured average network utility for Case |

as shown in Figure 2. Assume there are 4 flows in the netre given in Figure 3 (similar results are obtained for Cases

Normalized Average Utility
o
~

o
[N)




Il and 1ll, which are not given here). The close match dbits, the additive increase rate of a flowug RTT. In our
the two curves indicates that the proposed model captures $iaulation, the packet size is set to 1,000 bytes, e+
underlying utility of TCP well. 8000. Table Il gives the theoretical rate ratios based on Eqn.

To further test the accuracy of the proposed TCP model, &6) for all three cases. Here the RTT is simply taken to be
compare the measured rate allocations of TCP flows agaitist round-trip propagation delay. The RTTs for flow 4 and
the theoretical ones that maximize the proposed utility funother 3 flows in all three cases are: 30 ms and 50 ms in Case
tion. As mentioned before, a TCP flow is always in the con: 18 ms and 50 ms in Case Il; and 30 ms and 38 ms in Case
gestion avoidance phase in the steady state, assuming thatlihe
timeout is ignored. Hence, the utility of each flow can be cal-

L . TABLE Il
culated based on Egn. (12), assuming it is always in the con-
. . i, . THEORETICAL OPTIMUM RATE ALLOCATION FOR THREE CASES

gestion avoidance phase. Denote the additive increase rate
and slow start threshold of flowarey; andz®, respectively.
Then the utility of the system is

| Rate Ratio| Case || Case ll| Case lll |
[ gz | 02 | 012 | 026 |

4

i Although not tightly coupled with the queuing mecha-
Uer, s, s, w0) = S A5+ 0)llog(ui + ) 1 ° Y ob ey

nisms in use in network nodes, the family of control laws

=1 . . . . ..
presented in the previous section does implicitly assume that
—willog(Bwi) — 1]+ Ci} (15)  Gitterent flows sharing the same congested link should have
subject to equal opportunity to sense the congestion. Hence we let all
v+ 2, <B fori=1,2and3 the flows share a single Random Early Detection (RED) first-

in-first-out (FIFO) queue at each router. Flows are generated

where B is the shared link bandwidth. Since flows 1,by '!'C_P-Reno. Each simglation run is 300 seconds and the
atistics are collected during the last 100 seconds.

2 and 3 have the same RTT, the flow rates and the a%F. 4-6sh the 1l i y for th
ditive increase rates of these flows are the same, i.e., lgures ) show the Tlow ratio versus time _or ree
- - o ] . o - cases, respectively. The flow ratéor the three cases is com-
TL= =@y =0 = B zgandi = g = pis = uted as the average rate of flows 1, 2 and 3. Here, we ob-

Then the maximum utility is achieved by settlngD 9 ' : '
_ : . serve that the measured TCP flow ratios are close to the the-
OU (x1,x2,x3,24)/024=0, i.e., the optimal rate,xy, : X
o . . oretical ratios for all three cases. These results demonstrate
satisfies the following equation: . . .
that the derived utility function and hence the TCP control

w/B+ B — 3;4}3 pa) B+ x4 (16) law captures the essential behavior of TCP.

[ B—Jf4 Xq

In Eqn. (16), the power coefficient takes value 3 because flow 0.3
4 traverses 3 bottleneck links. In general, the power coeffi-

cient will ben if flow 4 traverses: bottleneck links. When 0.25
x = B — x4 >> p/p (in all three cases of the simulation,
Bx/u > 50), Egn. (16) can be approximated by

- - - Theoretical Ratio
Measured Ratio |

o
)

T4 T4 Ha

x B—x4 3p (A7)
The flow allocation is dependent on the additive increase rate
and the number of bottleneck links, but is independent of 0.05

and B. For that reason, we have simply set= 1/2. The

©
=

Ratio of X, tox (x4/x)
o
[
(4]

flow rate is proportional to the additive increase rate and in- 0 : : : :
; ) 200 220 240 260 280 300
versely proportional to the number of shared bottleneck links. Time
Hence TCP achieves proportional fairness: inversely propor- _ '
tional to the RTT and the number of shared bottleneck links. Fig. 4. Rate Ratio, Case |

Whenu = puy, the flow ratiox, : @ ~ 1 : 3, the same as the
optimal rate allocation for the logarithm utility function with
a constant scale factor. IV. EFFECT OFSLOW START THRESHOLD
In the congestion avoidance phase, the congestion windowFor TCP using dynamical slow start threshold, the slow
is increased by one packet per RTT. If the packet size isstart phase has no impact on the equilibrium rate allocation



a flow that traverses multiple bottleneck links tends to grab

o
w

~ - ~Theoretical Ratio all the available link bandwidth. These results strongly sug-
0.25 Measured Ratio || gest that the utility of TCP in the slow start phase is a linear
= function.
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Fig. 5. Rate ratio, Case Il < 20t
0 L L L L
0.5 ‘ : 200 220 240 260 280 300
- - - Theoretical Ratio Time(Second)
Measured Ratio
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< 20t
among flows, given that the TCP timeout is a rare event. To ) ekt ket takitte Retekiat it ettt atintiekietie
test the linear utility function for the slow start phase, we 200 220 %ﬁrge(Seco%%C)’ 280 300
modify TCP-Reno by setting a fixed threshold valuefor
every flow in the network. Then we run this modified TCP- Fig. 8. Rate allocation, with fixed threshaid=100 Mbps
Reno on the same network topology with propagation delay
given in Case |I. We consider; > B/2 andz, < B/2, Now let’s look at the case whers is fixed andes < B/2.
separately. Due to the linear part in the utility function, the optimal rate

For fixedz, andzs > B/2, due to the linear utility func- of each flow in the steady state is above the slow start thresh-
tion in the slow start phase, the theoretical optimal rate aitd z;,. Among all the flows, flow 4 has the longest RTT
locations are approximatelyz; = 2, = x3 ~ x, and and thusthe smallest average and peak @biﬂ the steady
x4 ~ B — x4, independent of RTT. For, = 80 Mbps, state. First consider the case whete< x§/2. When con-
xq4 ~ 20 Mbps,z; = 22 = x3 = x ~ 80 Mbps, i.e., gestion occurs, the rates of all flows are reduced to half of
the ratioxy : « ~ 0.25; Forzy, = 100 Mbps, x4 ~ 0, their respective peak rates. The rate of flow 4 is reduced to
1 = x92 = x3 ~100 Mbps. Figures 7 and 8 present the§/2, larger thane,. By ignoring the timeout effect, when
simulation results for TCP-Reno with fixed thresholdat  congestion occurs, the flow rates are reduced by half and then
80 and 100 Mbps. We see that the rate ratjo x is around all the flows enter the congestion avoidance phase immedi-
0.24 forx, = 80 Mbps, very close to the theoretical ratioately. So the utility function for flows with a fixed small slow
The rate of flow 4 is close to 0 fars; = 100 Mbps. For start threshold is expected to be the same as that for TCP with
the linear utility, a flow sharing a single bottleneck link witha dynamic threshold.



For the case where; < B/2 andz, > x;ﬁ/Q, the peak
rate of flow 4 (i.e.,x;‘,) is less tharRx; and greater tham,
(above the threshold) in the steady state. When congestion
occurs, flow 4 goes to the slow start phase due to the fact that
the rate is reduced te,/2 which is below the threshold. In
this case, flow 4 goes back and forth between the congestion
avoidance phase and the slow start phase. In this particular
case, it is difficult to analytically derive the optimal rate allo-
cations using the utility function given in Egns. (8) and (12).
To simplify the analysis, here we derive an approximate util-
ity function, which can be easily used to estimate the optimal
rate allocation. Note that, after flow 4 goes to the slow start
phase, it enters the congestion avoidance phase at flow rate
x, after one RTT. So flow 4 is in the additive increase phase
most of the time. If we consider the rate change from the
peak value to the slow start threshold to be a single rate de-
crease at rate — x,, then the flow can be viewed as always
in the congestion avoidance phase. The control law can be
approximately modeled as: (1) the rate increases afurate
the absence of congestion (the same as in Eqn. (10)), and (2)
the rate decreasesat-z, in the presence of congestion, i.e.,

T =z(t,x)f(z) = —x+ x4 (18)

Then the utility function derived from Egns. (10) and (18) for
this approximated control law can be expressed as

U(z) = (p+a—z)log(p+z—x,) — (x—xs)log(x — )
(19)

Now the optimal rate of flow 4 can be computed from the
utility function expressed in Egn. (19). Let us study the rate
allocation in Case | using fixed, at 10, 20, and 40 Mbps.
For 2, =10 and 20, the peak rates of flows 1, 2, and 3 in
steady state are ove@r,, and the utility function of these
flows is given by Eqn. (12), denoted &8 (). For flow 4,
the peak rate in steady state is less tBap, and its utility
function is given by Eqn. (19). In this case, the optimal rate
allocation maximizes the total utility/(x1,zo,23,24) =
S22 UNa) + U2(z4). For z,=40, the peak rates of all
four flows in steady state are less than,. In this case, we
havel (1, xo, x3, 24) = S, U?(x;). The optimal rate al-
location with different slow start thresholds are given in Table
M.

TABLE 11l
THEORETICAL OPTIMUM RATE RATIO WITH DIFFERENT SLOW START
THRESHOLDS

| Rate Ratio| #,=10 [ #,=20 | 2,=40 |
[ gz | 0223 0.373] 0.769 |
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Fig. 11. Rate Allocation for fixed threshoie, =40

Figures 9-11 show the simulated rate allocation of four
flows atz, = 10, 20 and 40 Mbps, respectively. The rate ra-
tios (x4 : x) are close to their theoretical counterparts for all



three cases. We observe that despite the fact that flow 4 tifze rater is above the targeted minimum rate the control
verses three critical links and has a larger RTT value than tlesv is the same as the TCP control law; (2) when the rate
rest of the flows, its rate increases as the threshold increasas smaller than the targeted minimum r&deand the path
and stays above or close to the threshold value. This suggéstsongested, the decrease ratexig2; the same as the TCP
that the fixed slow start threshold could play a key role farontrol law. Without congestion, the increase rate is
providing user fairness, provided that it does not exceed in
certain value{s < B/2 for the current case). m .
Based on these results, we conclude that the linear partgn= { (377;;”% — Da/2 m if 2 < Ts
the utility function plays a key role for rate allocation. Al- ("maz = 1)a/2 + pria,  otherwise

though the slpw start phase dqes not play an importqnt rolehinrzw — 1, the MRG control law degenerates to the TCP
TCP (assuming TCP timeout is a rare event) due to its useQfnirol law. I1f+  is greater than 1, the exponential in-

max

a dynamic slow start threshold, understanding the slow Staftase rate for the MRG control law is faster than TCP in the

phase provides valuable insights on how to design new engls, siart phase, and the increase rate is still exponential in

to-end transport layer protocols, in particular, the protocojfe congestion avoidance phase, but at a lower rate. In our

that can provide guaranteed rate services. In summary, Weyiementation of the MRG control law, the rate of a flow
verify that the utility functions in the slow start phase is I'nht timet is calculated as the congestion window size at time

ear. t divided by the average measured RTT at timaNe also
use a dynamic slow start threshold. In other words, when the
V. CONGESTIONCONTROL LAW FOR MINIMUM RATE path is congested, the slow start rate is set to half of the cur-
GUARANTEED SERVICE rent flow rate and the rate is reduced by half. However, the

The above TCP model indicates that a flow with a |0ngér,\crease rate is always exponential if the rate is smaller than
RTT and sharing more bottleneck links achieve lower ratfe target rate. Hence the target rate plays a role similar to
As aresult, it cannot be used to support applications requiriHtf fixed threshold and hence it may provide rate guarantee.
rate guarantees. So an interesting question to be answered [fom Ean. (22), we note that i, = 3, the increase
the following: is it possible to design an end-to-end conge&te isz + 3p ~ z, i.e., the flow rate is doubled every RTT.
tion control protocol to support Minimum Rate Guaranteel the rate is reduced by half from the target rate when con-
Service (MRGS)? As a first step towards answering this qu&estion occurs, such increase rate brings the flow rate back to
tion, in this section, we derive a minimum-rate-guarantedfe target rate in one RTT. A largef;,, results in a larger
(MRG) congestion control law. This control law possessddcrease rate. However, a larggf,,, still takes the flow rate
the following three desirable features. First, it maximizes tH@ck to the target rate in one RTT, the same as the case of
same utility function as the TCP control law does, i.e., théna = 3- Hence any, for 77, > 3 has the similar
utility function given in Eqns. (8) and (12). Hence, by desigreffect asrii,, = 3. v, > 3 has an impact only for the
the MRG control law is TCP fair and friendly. Second, jus¢ase that a flow senses continuous congestions and goes back
like end-to-end TCP, it is end-to-end in the sense that it c¥initial slow start rate. Hence we only considgf,, in a
be implemented without involving the network nodes. Thirdange between 1 and 3.
flows using the MRG control law can coexist with the flows We conducted preliminary simulation testing of the MRG
using the TCP control law, and they jointly drive the networgontrol law. Consider a network topology with 14 nodes as
to a globally stable and optimal state. In what follows, w&hown in Figure 12. In this network, each link has a band-
present this control law and provide preliminary testing revidth of 20 Mbps and the propagation delay of each link is
sults based on simulation. givenin Figure 12. There are 5 flows running in this network.

According to [22], the optimal control law for single pathFlow ¢ starts at the sourcé; and ends at the destinatidn,

MRG service (MRGS) can be generally expressed as follovis, =1, 2, 3, 4 and 5). The RTTs excluding queue delay for
flows 1 to 5 are 12, 14, 50, 22, and 8k, respectively. As-

(22)

i = (2(t,2)[f(z) — (1 —cg x r™)])i, (20) sume that flow 4 requires 3 Mbps minimum rate guarantee,
) whereas all other flows are elastic BE flows.
with First, we run all five flows using TCP-Reno. Figure 13
1 if 2 >0 shows the average rate of the five flows. The rates_of flows
r™(z) = { s ifr <O (21) 1, 2 and 3 are around 12 Mbps , the rate of flow 5 is about

5 Mbps. The rate of flow 4 is below 2 Mbps, much smaller
where®O is the targeted minimum rate anf},.. is a tunable than its required minimum rate of 3 Mbps.

parameter. Letting the utility function be the one in Egns. (8) Now we run MRG control law for flow 4 and TCP-Reno
and (12), we have the MRG control law as follows: (1) whefor other flows. We find that the target rate for flow 4 can be
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achieved when " is 2 or above. When" . is less than < 5 T |
2, the average rate of flow 4 is increased but cannot reach its flow 4
target rate. Figures 14 and 15 show the average rate of five 0 i i i i i
0 50 100 150 200 250 300

flows. The rate of flow 4 reaches its target rate at b{jth, =
2 and 3, respectively. Note that in both cases (see Figures 14
and 15), the four TCP flows incur minor rate losses comparé- 15. ~ Flow Rate Allocation, MRG Control Law for flow 4 with
with the respective rates in Figure 13. When the target rdtees=>
of flow 4 (not presented here) is increased further to 4 Mbps,
the MRG control law can provide about 3.5 Mbps, less than
its target rate, while the other flows incur very little further
rate losses. This indicates that the MRG control law is TOP2P [ive streaming media applications, such as PPlive [14]
friendly. In other words, it has the ability to better exploiind PPStream [15]. There are mainly two types of P2P mul-
the available network resource than TCP to achieve its t@imedia applications: live streaming data and multimedia file
get rate. In the meantime, when the network resource is ifwnloads. Both applications use TCP as its reliable data
sufficient to sustain its target rate, it has the ability to baqkansport_ The first type of applications requires guaranteed
off to ensure friendliness to TCP flows. These ObservatiOG_Serage throughput rate performance, which is usually a few
are encouraging but preliminary. Itis of practical importandgundreds of Kbps. The received data in a peer is buffered
to understand, from a theoretical point of view, under whagr a few minutes before its replay. Hence, a short rate de-
conditions, the target rate can be achieved,which will be exrease does not affect the replay quality if the average rate
ploited in our future work. reaches its target rate at a timescale of tens of seconds. The
The proposed MRG control law has great potential to lmcond type of applications is elastic. Due to the relatively
used to support low-bandwidth Internet applications witbmall bandwidth demand of live streaming applications, sup-
minimum rate guarantee, such as live streaming media gmatt such applications using the proposed MRG control law
Voice-over-1P. For example, it can be applied to the popul& expected to have limited impact on other elastic traffic.

Time(Second)



VI. CONCLUSIONS ANDFUTURE WORK [9]

The TCP congestion control mechanism used in today’s In-
ternet is a fully distributed, end-to-end traffic control mecH20l
anism. It uses only resource inferable, single-bit binary in-
formation as input for the source control, i.e., whether tHe1]
forwarding path is congested or not. These salient featur[ 291
make TCP highly robust and deployable at global scale.

This paper aimed at understanding, interpreting, and mdég]
eling of end-to-end TCP behavior on the basis of a global
optimization framework. First, we derived a utility function[14]
of TCP and its corresponding control law, called TCP contS]
trol law. The TCP control law captures the TCP slow sta|1t1,6]
congestion avoidance, and the aperiodic, binary nature of the
TCP information feedbacks. We found that the utility funcl?]
tion in the slow start phase is linear. This term indicates that
the user fairness in terms of achievable user utilities can 13€]
improved by setting the slow start threshold at a fixed, larger
values for flows with longer RTT values. Second, a Minimumqg)
Rate Guaranteed (MRG) control law is derived based on the
same utility function of TCP. The MRG control law and th(?lzo
TCP control law jointly achieve globally stable and optimal
control. The preliminary simulation results indicated that the
MRG control law can provide minimum rate guarantee undgrl]
certain conditions. These results provide significant insights
on the possible design of an MRG transport layer protocf!
to support emerging Internet applications, such as P2P live
streaming media.

As our future work, we will study, from both theoretical
and engineering perspectives, under what conditions the tar-
get rate of a flow using the proposed MRG control law can
be achieved. We also plan to develop other possible optimal,
end-to-end traffic control laws and protocols to meet various
application needs, such as assured forwarding service and up-
per bounded rate service.

(23]
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