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Abstract

The Assured Forwarding (AF) based service in a Differentiated Services (DiffServ) network fails to provide bandwidth
assurance among competing aggregates under certain conditions, for example, where there exists a large disparity in the
round-trip times, packet sizes, or target rates of the aggregates, or there exist non-adaptive aggregates. Several mechanisms
have been proposed in order to address the problem of providing bandwidth assurance for aggregates, using only the
knowledge gathered at ingress routers. In this paper, we present a control theoretic approach to analyze these mechanisms
and explore the reasons when they fail to achieve bandwidth assurance under some circumstances. Then we propose a
simple but robust controller for this problem, namely, the Variable-Structure Adaptive CIR Threshold (VS-ACT)
mechanism. We validate the analysis and demonstrate that VS-ACT outperforms several other mechanisms proposed in the
literature over a wide range of network dynamics through extensive simulations.

Keywords- Differentiated Services, Assured Forwarding Service, Bandwidth Assurance, Proportional-Integral Control,
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1. Introduction

The Differentiated Services (DiffServ) [1] approach is proposed as a scalable mechanism to address the insufficiency of
the traditional Internet infrastructure in providing adequate Quality of Service (QoS) support. This is especially important
to satisfy an ever-increasing number of diverse applications, each with different QoS requirements. Assured Forwarding
(AF) [2] Per Hop Behavior (PHB) is one of the DiffServ forwarding mechanisms standardized by Internet Engineering
Task Force (IETF), which offers different forwarding assurances to different customers based on their profiles. Recently,
several research studies on the AF-based service performance within the current DiffServ framework, such as in [3]-[5],
have brought forth some of the shortcomings of this service. In particular the AF-based service fails to provide bandwidth
assurance (i) when there is a large difference in round-trip times (RTTs), packet sizes, target rates, or the number of micro-
flows among the competing aggregates; (ii) when there exist extremely aggressive non-adaptive flows. The main reasons
for this failure include (i) the TCP congestion control algorithm; (ii) non-adaptive flows showing no response to congestion
indication. Several mechanisms such as in [5] and [10]-[23] have been proposed in order to alleviate this problem.

This paper focuses on applying a control theoretic approach to analyze and design mechanisms, which are employed at
ingress routers in order to improve bandwidth assurance for aggregates based only on the knowledge, gathered at the
ingress routers. We refer to such mechanisms as ingress-based mechanisms in this paper. These mechanisms improve
bandwidth assurance in the AF-based DiffServ networks by indirectly influencing the rate allocated to flows/aggregates at
congested routers through marking some packets as IN/OUT at the ingress routers. In this paper we assume that ingress
routers have only output queues and only core routers may be congested. Discussions about ingress-based mechanisms in
combined input and output queuing (CIOQ) switches are given in Section 8. We use routers and switches interchangeably
in this following. Control theoretic approaches have been widely used to analyze and design mechanisms to improve the
performance of various software systems [7], including intelligent AQM schemes such as in [5], [18] and [24], which
improve network QoS by directly controlling flows at congested routers. Recently the authors in [17] designed an ingress-
based mechanism by using the feedback control theory. However, to the best of our knowledge, no other work has
considered a control-theoretic analysis of existing ingress-based mechanisms. In addition as shown in our simulation
results, the fixed-gain controller [17] faces performance degradation in dynamic networks. A network is considered
dynamic in this paper when, for example, there are changes in flow characteristics or changes in traffic load or changes in
the network resources.

In this paper we present a generic Nonlinear Proportional-Integral (NPI)-type controller structure, where the proportional
and integral gains are not static. Using this controller structure, we analyze some existing ingress-based mechanisms and
explore the reason for when they fail to achieve bandwidth assurance. Then we develop an ingress-based mechanism,
which is a self-tuning PI controller for adapting the marking threshold, namely, Variable-Structure Adaptive CIR
Threshold (VS-ACT) in order to improve bandwidth assurance. Here, CIR represents the Committed Information Rate,
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defined in the Service level Agreement (SLA) [1]. The marking threshold of a priority for an aggregate is the average rate
of data transfer allowed at this priority level. In Time Sliding Window Three Color Marker (TSW3CM) [6], there are two
marking thresholds, CIR and Peak Information Rate (PIR). Extensive simulations are carried out in this paper to investigate
the dynamic (transient and steady-state) behavior of VS-ACT. Transient behavior captures the responsiveness and
efficiency of a mechanism in reacting to the changes in the network conditions. The transient performance metrics
considered here include the settling time and overshoot. Steady-state behavior captures the performance of the control
system after the transient response settles. The steady-state performance metrics considered include steady-state error and
sensitivity. Simulation results confirm our analysis and demonstrate that VS-ACT outperforms several other adaptive
mechanisms in terms of the transient and steady-state performance in the process of improving bandwidth assurance over a
wide range of network dynamics. VS-ACT achieves these by on-line adjustments to the controller gains based on the
system states rather than on network parameters such as the maximum RTT, the number of active long-lived TCP flows, or
the link capacity. The system states, used in this paper, include the deviation of the low-pass filtered average arriving rate
from the aggregate’s CIR and the change of the deviation.

The main contributions of this paper include: (i) applying a control theoretic approach to analyze some existing adaptive
ingress-based mechanisms; (ii) using the control theoretic approach to design a simple but robust controller for improving
bandwidth assurance; (iii) performing extensive simulation studies in support of our analysis and investigating the
performance of VS-ACT.

The rest of this paper is organized as follows. First, we discuss some related work on improving bandwidth assurance in
Section 2. Then we present a generic NPI-type controller structure and use it to analyze some existing mechanisms in
Section 3. In Section 4, the VS-ACT mechanism is presented. We study the performance of VS-ACT and compare it with
other mechanisms in Section 5. Finally we present the conclusions in Section 6.

2. Related Work

Fig.1 shows the framework of a Differentiated Services network. In this framework, the routers are divided into two
categories, core routers and edge routers (including ingress routers and egress routers). Ingress routers are responsible for
marking the DiffServ Codepoint (DSCP) of all the incoming packets according to the marking threshold. The core routers
do not have any per-flow state and just differentiate packets based solely on the DSCP marking of the packets. Ever since
Clark proposed the AF-based service framework by using RED with in/out (RIO) mechanism in [8], extensive performance
studies of the AF service in this framework have been carried out. In order to improve the performance of AF service in
this framework, some researchers design intelligent AQM schemes at core routers, for example in [5] and [18]. In this
paper we only consider intelligent schemes designed at edge routers to improve bandwidth assurance with the assumption
that no intelligent dropping/scheduling schemes are implemented at core routers. This assumption is consistent with the
DiffServ approach of pushing the complexity to the network edges in order to keep the core of the network simple and
scalable. Note that the mechanisms employed at ingress routers and the intelligent AQM schemes at core routers are
complementary and can be used in conjunction with each other.

According to the number of levels of drop preference in an AF class, there are two kinds of traffic conditioners: (i) two-
color based and (ii) three-color based. Three-color based conditioners, such as TSW3CM, are proposed in order to improve
the fair sharing of excess bandwidth. Through simulations, the authors in [9] conclude that utility of three levels of drop
precedence in a traffic class depends on the traffic load, the sum of target rates and the available link capacity.

Intelligent traffic conditioners at ingress routers have been proposed in [10]-[17] which use the knowledge gathered at
the ingress router to improve bandwidth assurance in the context of the AF-based services. Before we proceed, we define a
few terms used subsequently in the paper. We refer to a flow/aggregate as unsatisfied when its bandwidth assurance is not
achieved; otherwise it is considered satisfied. We refer to a flow/aggregate as conditionally-satisfied when its bandwidth
assurance is achieved by increasing CIRry.s, larger than CIR. The essence of the remedies suggested in [10]-[17] is to
increase the allowed maximum low-pass filtered arriving rate of IN traffic of the unsatisfied flow/aggregate so that a larger
amount of IN traffic of this flow/aggregate is injected into the domain to compensate for the performance loss caused by
the dropped/ECN-marked low priority packets. Some authors, for example in [10]-[13], implement this by incorporating
TCP flow characteristics (such as RTT, packet size, Retransmission Time-Out) into the computation of marking
probabilities. These remedies can be applied only to individual flows or require that all the micro-flows in an aggregate be
identical. Some intelligent schemes for aggregates based on aggregate information have been proposed, such as in [14]-
[17]. Usually, this aggregate information is the low-pass filtered average arriving rate, which is computed at ingress routers
either periodically or upon a packet arrival. In order to reduce the large performance fluctuation and reduce the sensitivity
to control parameter settings, the authors in [14] propose the Memory-based Marking (MBM), which adjusts marking
probabilities (defined as mp) upon a data packet arrival by using the current average arriving rate and the previous average
arriving rate. Note that the average arriving rate is computed also upon the arrival of a packet. In [15] the authors propose a
Packet Marking Engine (PME, employed at routers), which uses the periodically estimated average arriving rate as the
decision-making factor in the process of adjusting the marking probability periodically. The authors in [16] develop an
Adaptive CIR Threshold (ACT), which adapts the marking threshold (defined as CIRrys) periodically. Note that MBM,
PME and ACT utilize feedback control in an ad hoc manner. Very little is known about why they work and very little



explanation can be given when they fail under some circumstances. By using classical linear control theory, the authors in
[17] propose a fluid flow model for the dynamics in the AF-based DiffServ network and develop the Active Rate
Management (ARM), which regulates the token bucket rate at ingress routers to guarantee the minimum bandwidth
requirement. Token bucket rate is a kind of marking threshold. To our knowledge, ARM is the first mechanism that has
been designed based on feedback control theory. It consists of a fixed-gain PI controller and a low-pass filter. ARM also
uses the periodically estimated average arriving rate as the decision-making factor in adjusting the token bucket rate
periodically. Note that mp of a satisfied aggregate in PME or the token bucket rate of a satisfied aggregate in ARM may be
decreased to zero. However, ACT uses CIR as the lower bound of CIRthresh.

edge core
8 router 8 router @ source
Fig.1. DiffServ architecture

In addition, intelligent mechanisms at ingress routers based on explicit feedback messages, sent from other routers to the
ingress routers, have been proposed, which can be classified into two categories, active and passive. In the passive
mechanisms, such as in [19]-[21], control packets are sent periodically by ingress routers in order to trigger other routers to
generate feedback messages. The problem caused is that bandwidth is still consumed by the control packets even if there is
no performance improvement. In active mechanisms such as in [22] and [23], feedback messages are generated at the core
or egress routers. The main problem caused is their limited ability in detecting whether the failure of bandwidth assurance
occurs. Thus, the authors in [22] propose to combine the active feedback mechanism with ACT [16].

3. A Generic NPI-type Controller Structure for Improving Bandwidth Assurance

In this section, we first introduce a generic NPI-type controller structure. Then, we use it to analyze several existing
adaptive mechanisms, including PME [15], MBM [14], ARM [17], and ACT [16].

3.1. A generic NPI-type controller structure

Without loss of generality, we assume that each aggregate is served by a separate ingress router. The traffic of all
aggregates feed into a core router. Fig.2 depicts the closed-loop architecture of the combined Adjusting-Algorithm/AQM
AF-based DiffServ network, where each bold inner loop denotes an AF-feedback-loop. This loop is invoked at every
sampling instant. Each dotted box denotes an ingress router. In the context of control theory, the Adjusting-Algorithm is a
controller, employed at ingress routers in order to improve bandwidth assurance by increasing the amount of IN priority
traffic based only on the knowledge gathered at the ingress router; “Aggregate i Dynamics” (0<i<n, n is the number of
ingress routers) is the plant in the AF-feedback-loop. The sensor aims to measure the arriving rate.

In general, the implementation of a controller requires considering four major inter-related aspects: (i) identify the three
basic control-related variables, the reference value, controller input and controller output; (ii) define the controller
structure; (iii) design the controller gain adjusting algorithms; (iv) set the control parameters used in the algorithms.

We define the controller input at time instant k as e(k)=CIR-r,(k), where CIR is the reference value, that is, the target
rate defined in the SLA. Here, due to the bursty nature of the network traffic and other perturbations, r, is defined as the
low-pass filtered arriving rate. Now the key issue is defining the controller output. Some mechanisms such as PME and
MBM improve bandwidth assurance by adjusting the DSCP marking probability, mp; others such as ARM and ACT
improve bandwidth assurance by adjusting CIRty.sh. Since the essential idea of all the mechanisms is to improve the
amount of IN priority traffic, the controller output should completely determine the allowed maximum low-pass filtered
arriving rate of IN priority traffic. When the controller output is defined as mp, this maximum rate is still affected by r,
However, when the controller output is CIRtesh, the controller output completely determines this maximum rate. Thus, we



choose CIRtyesn as the controller output in our generic NPI-type controller structure. Correctly defining the controller
output benefits the explanation of a mechanism.
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Fig.2. The combined Adjusting-Algorithm/AQM AF-based DiffServ network

Now we consider designing the controller structure. The authors in [24] discuss the limitations of applying a pure
proportional controller for AQM. Similar limitations exist when a pure proportional controller is applied to adjust CI/Rpyesh-
Adding Integral control can alleviate these limitations. Eq.(1) gives the digital approximate implementation of a
continuous-time NPI-type controller structure [25], obtained by applying Trapezoidal rule [26].

CIRqe (k) = CIR o (K = 1) + K, (k) (e(k) —e(k - 1)) + K (k) (e(k) +e(k - 1)) (1)

Eq.(1) is the combination of the proportional control action CIRy,., (k) = CIRy,., (K —1)+ Kp(k)(e(k) —e(k—- 1)) and the

integral control action CIRy,., (k) = CIRy,. (k—1)+ K, (e(k) +e(k— 1)) . We do not use Derivative (D) control because the

network traffic is bursty and Derivative control may amplify the noise. In Eq.(1), K,,(k) and K;(k) are both controller gains,
respectively representing the proportional gain and the integral gain. When K,(k) and Kj(k) are both constants, Eq.(1) is a
linear controller. Although a fixed-gain PI controller is an effective controller for a static system, its ability is degraded in
the presence of network parameter variations and disturbances. A controller with varying gains, tuned appropriately, can
produce better performance than the fixed-gain controller, while still enjoying the simple structure of the fixed-gain PI
controller.

3.2, The rules of tuning controller gains

Designing an efficient NPI controller requires proper tuning of K, and Kj in order to produce small overshoot, short
settling time, small steady-state error and low sensitivity in dynamic networks. Settling time reflects how fast the

. . . . . r™ - CIR
bandwidth assurance is re-achieved after changes in the network conditions. Overshoot represents the value of ——,

CIR
is the maximum value of r, during its transient phase. A large overshoot damages the benefits of other

max

where r

aggregates. Sensitivity represents how significantly the changes in network resources or traffic characteristics affect the
attainment of bandwidth assurance for unsatisfied aggregates. Sensitivity describes the robustness of the control system
with respect to these changes.

K, and K; can be tuned by applying the indirect adaptive control approach [27], which uses the estimated network
parameters to update the controller gains. This approach has been used in [28], [29] and [30]. In this paper we attempt the
system-state-based self-tuning method to adjust K, and Kj, which is an implementation of the direct adaptive control
approach [27]. In this method, K, and Kj are designed as functions of the system output, 7,.

Now we discuss how to use |e(k)| to adjust Kj,and K; according to the features of the proportional control action and the
integral control action. When the characteristics of a satisfied aggregate or the environmental conditions (such as
characteristics of other aggregates) change, the aggregate’s ability in grabbing bandwidth may change. That is, the
operating point of CIRry.s, Of this aggregate may change. This change must result in changes in |e(k)|. Usually, the larger



the |e(k)|, the larger the impact of the network conditions on the aggregate. That is, a large |e(k)| usually means that the
current CIRtnsh is far away from the new operating point. The proportional control action, K, (k)e(k) , changes CIRthresh in

proportion to the value of e(k) and in the direction, which reduces e(k) [26]. The integral action changes CIRrpesh
incrementally, in proportion to the time integral of previous errors. A large K, and K; can produce faster transient response
with possible instability [27]. Thus, when there is no disturbance, it is reasonable to design K, and K; as increasing
functions of |e(k)|. Then CIRtyesn can quickly reach the new operating point. In addition, the possible instability caused by
using large constant K, and X to speed up transient response is alleviated. However, when considering disturbance, the
rules of adjusting K; are becoming complex [27]. Thus, in Section 3.3 we only analyze the proportional gain in each
mechanism. As shown in the simulation results in Section 5, this analysis method can give insights into the behaviors of
PME, MBM, ARM, and ACT.

3.3.  Analysis of some existing mechanisms

We use the above discussions to analyze PME, MBM, ARM and ACT. We have mentioned that r, is a low-pass filtered
average arriving rate. A fluid model for this dynamics is given in Eq.(A.4) in Appendix A. In order to simplify the analysis,
we ignore this dynamic. In addition, we ignore the low-pass filter when we analyze ARM. Based on these assumptions, we
can map PME, MBM, ARM, and ACT to the NPI-type controller structure in Eq.(1).

3.3.1. PME

PME uses Eq.(2) to update mp(k) at time instant k. 7 is a positive constant.

(k)
mp(k) = mp(k — 1)+77[1— IR] 2

By letting e(k)=CIR- r,(k) and CIRryesi=mp(k) ro(k), we obtain
Ryocy (K) = CIR,, (k=14 20 LT (ofh) - etk 1)+ ( D1 ek +etk-D) 3)

r, (k) 77
CIR
function of , and a non-lncreasing function of CIR. Thus, an unsatisfied aggregate with small r, or with large CIR has a
slow speed of increasing CIRuesh. (i1) When 7,>CIR, the controller is also a NPI controller. It is obvious that K|, in the case
of r,<CIR is always smaller than K, in the case of r,>CIR. When an aggregate exceeds its CIR through increasing CIRryrcsh,
the decreasing action of K, causes the arriving rate to quickly go below CIR. However because the speed of increasing
CIRnresh 18 slow, it takes a long time to recover back towards the CIR from below. Thus, the average goodput is below CIR
for a long time. Thus, it is difficult for the unsatisfied aggregates to approximate the average goodput close to their CIRs.
Note that such decreasing and increasing methods result in the small difference in the achieved average goodput among the
AF adaptive aggregates, compare to TSW.

Thus, K, (k) =

, showing that: (i) When 7,<CIR, the controller is a NPI controller, where K, is a non-decreasing

3.3.2.  Memory-based marker

MBM uses Eq.(4) to update mp. v(k) denotes the average arriving rate estimated at time instant £.

mp (k) :mp(k—1)+(l—%j+w v(k) < CIR
v(k —1)—v(k) “)

mp(k) =mp(k-1)+ v(k)> CIR

v(k)

We rewrite Eq.(4) into Eq.(5) by letting e(k)=CIR-v(k) and CIRtpesv= v(k)mp(k).

1 v(k 1v
Ry (k) = CIR,, (k1) +( A8, ](e(k) —elk=0)+ T2 ey ek -D) vk CIR 5
Thrcsh (k) CIRT]msh (k - 1) + (e(k) - e(k - 1)) V(k) > CIR
k)
Note that MBM updates mp whenever a packet arrives. Eq.(5) shows that (i) When w(k)<CIR, K (k)= *CIR +1. Thus,

the controller is an NPI-type controller. The features of the MBM in this case are similar to PME. The unsatisfied



aggregate with smaller r, or with larger CIR has a slow speed of increasing CIRtpesn. (1) When v(k)>CIR, the controller is
a fixed-gain Proportional (P) controller. The static feature when v(k)>CIR and the slow increasing feature when v(k)<CIR
enlarges the difference in the achieved Average Goodput among the competing AF adaptive aggregates, compared to TSW.

3.3.3. ARM

ARM consists of a fixed-gain PI controller and a low-pass filter. We ignore the low-pass filter. Then it can be mapped to
Eq.(6). The token bucket rate is a kind of CIRty.sn. @ and b are positive constants.

CIR, .. (k)=CIR,, . (k=1)+ae(k)—b(k—-1) (6)

Thres]

atb and K, (k):%. We have previously mentioned the

Eq.(6) is a fixed-gain Pl controller, where K (k)=

disadvantage of a fixed-gain controller. But the following simulation results show that ARM produces a fast response in
most cases. The main reason is that ARM uses zero as the lower bound of CIRry.sn. We discuss the drawbacks of using
zero as the lower bound in Section 4.2.2.

3.3.4. ACT marker

ACT uses Eq.(7) to update CIRp, at time instant k. y and S are both positive constants.

CIR, . (k)=CIR,, . (k-1)+yCIR {1 - %} r(k)<CIR && CIR, . <2.0CIR

CIR (7
CIR,, . (k)=CIR,,  (k—1)— BCIR|1- o r(k)>CIR && CIR,, > CIR

r

We rewrite Eq.(7) into Eq.(8) by letting e(k)=CIR- r,(k).
CIR,, ..(k)=CIR, . (k—=1)+ %(e(k) —e(k— 1)) + %(e(k) +e(k - 1)) r(k)<CIR && CIR,,.,<2CIR
®)
CIR,, . (k)=CIR, (k-1 + %ﬂ((j—:;(e(k) —e(k - 1)) + %ﬂ((:—:){(e(k) +e(k - 1)) r(k)>CIR && CIR,, > CIR
T 7

Eq. (8) shows that (i) When r,<CIR, the controller is a fixed-gain PI controller, where K| (k) :% and K, (k) :% . (1)

1 SCIR
2 r,.(k)
decreasing function of CIR. Thus, K,(k) is a non-increasing function of |e(k)|. It is noted that the features of the control
gains in ACT in this case are opposite to those of PME. This slowly-decreasing feature in adjusting the CIRtpes, of the
conditionally-satisfied aggregate with large r, when r, >CIR is undesirable. In addition, setting y larger than fin [16] also
reduces the speed of decreasing CIRryeesh- In the following sections we use the term slowly-decreasing method to represent
the use of these two features that cause the slow speed in decreasing CIRpsn of the conditionally-satisfied aggregate.
Although the slowly-decreasing method can accelerate the attainment of bandwidth assurance for some unsatisfied
aggregates, it may result in an excessive increase in C/Rty.sn 0f some conditionally-satisfied aggregates. This results in the
Average Goodput of these aggregates being larger than their CIRs. A serious side effect is that the excessive amount of IN
traffic may prevent weak unsatisfied aggregates, such as those with large RTT, large CIR and the like, from improving
their goodput. It may also result in the unfair sharing of excess bandwidth among aggregates. We see these effects in the
simulations presented later.

When r.>CIR, the controller is a NPI controller, where K, (k)= , a non-increasing function of », and non-

3.4.  Summary

According to the above analysis, we list K, and K of each mechanism in TABLE I. From this table, we can see that
either these mechanisms are fixed-gain controllers or the controller gains are adjusted contrary to what is desired. As
shown in the following simulation results, a fixed-gain controller performs well in some network situations but performs
worse in other situations. However, a controller with an undesirable design of controller gains either results in the
bandwidth attainment over CIR or can’t improve bandwidth assurance.



TABLE I CONTROL GAINS IN EACH SCHEME

PME MBM ACT ARM
For r (k) n 1 v(k) ¥ a+b
i K, | —— ——+1 =
unsatisfied | Fp | "o 2 CIR 2 £ 2
aggregate X X R
x | 207 1vk) b4 g (et e
"] cr 2 2 CIR 2 = 2 | B
For (k) 1 BCIR a+b | 2
‘ K| =m o 1 =N =
satisfied » | CIR 2 AP0 5
aggregate \/ < a 5
o | 207 o 2 | 1 BCIR a—b
. —_ fi=} —_—
"] CIR 2 2 r(k) 2
Note: x represents that the settings of controller gains have adverse effect on performance.
v represents that the settings of controller gains can bring help to the performance improvement.

Fixed-gain  represents that the controller gains are static.

4. Variable-Structure PI Controller for Adapting CIR Threshold
In this section we present VS-ACT and discuss some design considerations.
4.1.  The VS-ACT mechanism

Based on the above discussions, we develop a Variable-Structure PI controller for adapting C/Rtpesn. The initial value of
CIRpresh 18 set to CIR. The VS-ACT mechanism acts as follows: (i) when 7,<CIR, CIRmy.s, is increased step by step until

2CIR; (ii) when 7,>CIR and CIRtyeshi>CIR, CIR s, 1s decreased step by step until CIR. The formula of adjusting CIRtyesn
is depicted by

IRy (K) = CIRyy, (k = 1) + @) Ky (€)= € =1)) + ki, (k) + el = 1)) |

©)
CIRy, (k) = max {CIR, min {2CIR, IRy, ()} }
where
k
o(k) =3 mx 4 8- {0.75 |e(h)| <|e(k-1)|
1+exp [— [e(k) / 77]2 J . B 1.0 otherwise (10)

kpmin and Kimin in Eq.(9) and k.« in Eq.(10) are positive constants. Their settings are discussed in Section 4.2.3. 7 and S
are user-defined positive constants.

4.2.  Design Considerations

4.2.1. The formula

Fig.3 depicts the block diagram of a AF-feedback-loop system with VS-ACT. It is easy to see that VS-ACT is based on
modulating the control output of a fixed-gain PI controller with¢g(k), which is a modified sigmoidal function of |e(k)|. The
reason for using the modified sigmoidal function rather than other kinds of functions such as the Ayperbolic function or the
piecewise-linear function is the consideration that (i) the exponential term can produce a fast increase or a fast decrease; (ii)
it is much easier to bound the function value when using a smooth sigmoidal function; (iii) we need K,(k;)=K,(k,) when
le(k1)| = |e(k»)| when the moving directions at both time k; and time k; are the same (towards the CIR or away from CIR);
thus we make modification to the standard sigmoidal function.

Eq.(9) and Eq.(10) show that K,,(k) and Kj(k) are both designed as non-decreasing functions of |e(k)|. The motivation of
varying K;(k) proportional to |e(k)| is that varying K;(k) proportional to |e(k)| can produce fast transient response. In addition,
the low-filtered arriving rate can accommodate some disturbance. Even if there is unnecessary accumulation in CIRtyesh,
the accumulation may be not large and may be quickly released because K;(k) is proportional to |e(k)|. In order to reduce the
unnecessary accumulation due to disturbance and in order to prevent instability, we use small kpmin and kimin When |e(k)] is
small and the increasing speed of K(k) and Kj(k) is also small when |e(k)| is not large. These are achieved by using 7 and



“square” in Eq. (10). Note that “square” can speed up the increase of K,,(k) and Kj(k) when |e(k)| >7. The time delay and the
existence of the other aggregates may result in the excessive increase in K,(k) and Kj(k), leading to instability. In order to
reduce the possibly excessive increase/decrease in CIRtuesh, Ky(k) and Kj(k) are varying between [kpmin » Kmax TApmin] and
[Kimins Kmaxtkimin], T€SpECtively.
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Now, we give the reason for using f. The control action of VS-ACT depends on the movement of r, toward CIR or away
from CIR. Fig.4 is an example about the variation of e(k) over time. The controller gains should be smaller in thick curves,
where |e(k)| < |e(k-1)|. The reason is that when e(k;)=e(k,) and the moving direction of r,(k;) is away from CIR and the
moving direction of r,(k) is towards CIR, a large K, at time k, may lead to unnecessary increase or decrease in CIRpresh.
We use fto achieve this goal.
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Fig.4. Illustration of function of e over time

4.2.2.  Using upper and lower bounds

We have mentioned that VS-ACT uses CIR as the lower bound of CIRtys, and 2CIR as the upper bound. The goal of
using the upper and lower bounds is similar to the goal of anti-windup [26] strategies in the classical control theory. It is
possible that any further increase in CIRy.sn does not lead to any improvement in bandwidth assurance when CIRtyresn
increases past a certain point. If the integration of e(k) continues in this case, the value of CIRp.sn becomes very large
without any performance improvement. e(k) then has to be of the opposite sign for a long time to bring the value of
CIRthesh back to its steady-state value when the network conditions are changing. Thus, if there is no upper bound, there
may exist an adverse impact on other aggregates improving bandwidth assurance and there may be an adverse impact on
the fair sharing in excess bandwidth among aggregates when the network conditions are varying. In addition, when
CIRnresh OF mp is allowed to be zero, the performance of the aggregate itself in achieving bandwidth assurance and sharing
in excess bandwidth is degraded in some situations. The simulations in Section 5.4 illustrate the importance of using upper
and lower bounds. Choosing 2CIR as the upper bound is motivated by the multiplicative-decrease feature in the TCP
congestion control algorithm.

4.2.3.  Setting control parameters

The settings of kmax, kpmin and kimin are critical to the performance of the system. Recently the authors in [31] have
analyzed the stability of the system in [17], where ARM is employed at the ingress routers and a two-level PI controller is
employed as AQM at the core router. We use the same approach to analyze the stability of the system, where (i) the ingress
router uses the TSW profiler to provide two-level edge coloring and uses a fixed-gain PI-type marker to adjust CIRtyesn; (i1)
RIO is used as AQM at the core router. The details are given in [33]. The salient steps of the analysis are given in
Appendix A.1. We derive the sufficient conditions for system stability as given in condition (A.8) in Appendix A.l. Note
that using such conditions to derive kmax, Kpmin aNd Kimin, if not impossible, is hard work, especially when there are a large
number of aggregates involved.

However, these conditions provide some theoretical guidelines for selecting Kmax, Apmin and kimin. When we choose kymin
and ki, We ignore the transient behavior and focus on the steady-state behavior. In the sufficient conditions derived for



stability, the upper bounds are approximately decreasing functions of RTT and increasing functions of N (the number of
micro-flows of an aggregate). Thus, letting km.—=0, we choose kymin and kimin, in the scenario, where (i) each adaptive
aggregate has the same characteristics; (ii) the minimum N~ and the large propagation delay RTT" are used; (iii) CIR is set
to the average of the possible values used in all the simulations; (4) setting the sending rate of non-adaptive aggregates
such that the subscription level of the bottleneck link is light. The subscription level of a link is defined as the ratio of the
sum of CIRs of adaptive aggregates and the sending rates of non-adaptive aggregates to the link bandwidth. We repeat
simulations to find out the large values of kymin and kini, such that the goodput of each unsatisfied aggregate can
approximate CIR. The motivation here is that the system with this VS-ACT at ingress routers is locally stable in the range
of N> N and RTT<RTT" when the system (N~ ,RTT") with VS-ACT, using (Kpmin» Kimin) and k=0, is stable.

We choose the value of ki, in order to speed up the transient response without sacrificing the stability. We set the
ability of grabbing bandwidth of each aggregate different in a large degree (we do it by assigning them with different
propagation delay or with different CIRs) and the subscription level of the bottleneck link is heavy, such as the network
scenarios in 5.1.3 and 0. We repeat simulations until the transient response is satisfactory while the steady-state behavior is
satisfactory.

5. Simulation Results

We use ns-2 [32] to evaluate the effectiveness of VS-ACT and compare its performance with TSW, PME, MBM, ACT,
and ARM.

The network topology used for simulations is shown in Fig.5. In this figure Sy/D; (1< 7 <10) is source/destination node; I;
is ingress router; E; is egress router; and C, is core router. The link delay between E; and D; is 10ms. The capacities and
delays of other links are set to 20Mbps and 5ms, respectively. There are 10 aggregates (A;-Ajg), where A; is from S; to D;.
An adaptive aggregate is defined as consisting only of identical adaptive micro-flows, which respond to congestion. A non-
adaptive aggregate is defined as consisting only of identical non-adaptive micro-flows, which do not respond to congestion.
We summarize the attributes of each aggregate in TABLE II. We employ UDP sources sending constant bit rate (CBR)
traffic as an example of non-adaptive sources. The sending rates of Agand Ao are both 5.0Mbps. We use TCP sources
generating infinite FTP bulk data as adaptive sources. The TCP sources are based on the TCP-Reno implementation.

C,—E, is the bottleneck link and it is implicitly over-subscribed. The subscription level is 120%. Here, an under-
subscribed (exact-subscribed) link is referred to as the link where the sum of CIRs of all competing aggregates is less than
(equal to) the link capacity; an implicit over-subscribed link refers to a kind of under-subscribed links where the sum of
CIRs of adaptive aggregates and the sending rates of non-adaptive aggregates is larger than the link capacity.

Source  Ingress Router Receiver

Adaptive AF Aggregate

Adaptive Best-effort Aggregate

Core Egress
Router Router

Non-Adaptive AF Aggregate

Non-Adaptive Best-effort Aggregate

Fig.5. Network topology

Some notations and the corresponding parameters used in the following section are defined in TABLE III. In PME, we
find that when7 is set to 0.045 PME performs better than setting other values to7 in the following simulations. We use the
time sliding window (TSW) profiler at the ingress routers when doing simulations with TSW, PME, MBM, ACT and VS-
ACT and we use the token bucket profiler when doing simulations with ARM. The input of PME, MBM, ACT, and VS-
ACT is computed by using the Exponentially Weighted Moving Average (EWMA) technique with the 1-second period and
the weight of 0.8. The arriving rate in the 1-second period is computed by measuring the number of arriving packets over
1-second. We use 1.0 second as the sampling interval to update the marking probability in PME and 2.0s as the time
interval to adjust CIRyesn in ACT and VS-ACT. The reason for choosing 2.0s is that the maximum RTT is in (1.0, 2.0)s in
experiment 0. The reason for using 1.0s rather than 2.0s in PME is that the transient response in most experiments is too
slow if we use 2.0s. For ARM, the parameters used in the controller are set as suggested in [17]. In [17], the sampling
interval for adapting the token bucket rate is set to 1/37.5s and the time interval for computing the average arriving rate is



set to 1.0s. RIO is used as the AQM for all the following simulations. Note that the authors in [17] evaluate ARM by
applying the two-level PI controller as AQM, which is different from our paper. The RIO parameters, [Qmin> Qmax> Pmax] fOr
IN and OUT, are set to [150,400,0.02], [80,150,0.1], respectively. Adaptive hosts and network routers are ECN-enabled.
The packet size at routers is 1000bytes. Unless otherwise specified, the above settings are used as default values in the
following simulations.

In the following we consider both static and dynamic scenarios. By static networks, we mean that network
configurations and traffic characteristics is not changed during the whole simulation. The simulations in the static scenarios
aim to examine the steady-state behavior of the various mechanisms. The performance metric is the Average Goodput,
computed by measuring the number of packets received at the receiver over a specified time period after the network is in
the quasi-stable state. The simulations in the dynamic scenarios aim to examine the transient behavior of the various
mechanisms. The performance metric is the Average Goodput (estimated per 5.0 seconds) variation in the simulation
period.

TABLE I ATTRIBUTES OF AGGREGATES
Aggregate # of micro-flows Packet size CIR Proszi)guarzi)grll)zlay
(bytes) (Mbps) (ms)
A, 5 1000 2.0 50
A, 5 1000 2.0 50
Aj 5 1000 2.0 50
Adaptive Ay 5 1000 2.0 50
aggregate As 5 1000 2.0 50
Ag 5 1000 2.0 50
A 5 1000 2.0 50
Ag 5 1000 0.0 50
Non- Ay 1 1000 2.0 50
Adaptive |, 1 1000 0.0 50
aggregate
TABLE III SCHEMES
Mechanism Parameters
TSW Time Sliding Window Two Color Marker
MBM Memory-based Marking
PME Packet Marking Engine, 7= 0.045
ACT Adaptive CIR Threshold, y=0.05, 4=0.025
VS-ACT kepmin=0.03, Kimin=0.028, kax=0.03, 77=0.5Mbps, S=75%

5.1. Static network scenarios: under-subscribed

The simulations in this section examine the steady-state performance of each scheme in under-subscribed networks. So
far we have assumed that all the micro-flows in an aggregate are identical. Thus, when we exclude the impact of non-
adaptive aggregates, the main elements that affect the ability of an adaptive aggregate in achieving bandwidth assurance
are (i) the number of micro-flows in the aggregate; (ii) CIR of the aggregate; (iii) micro-flow characteristics such as packet
size and RTT. We study the impact of each of these attributes on the Average Goodput. We vary one attribute at a time and
examine the performance. The range of RTTs, packet sizes and CIRs is chosen according to the simulations in [12]. All the
aggregates, Aj-A, are active. Each simulation lasts 800s. The Average Goodput of each aggregate in one simulation is
computed from the 400" second to the 800" second. Each simulation is repeated 10 times, and then a final average is taken
over all the runs. In the following, we first present the results for the various cases and then give remarks.

5.1.1.  Impact of the number of micro-flows
The number of micro-flows of A;-Ag is set to 5, 10, 15, 20, 25, 30, 35 and 15 respectively. Other settings are same as in

TABLE II. Fig.6 shows the Average Goodput achieved by A;-A; for each scheme. In the figure, the horizontal line (at 2
Mbps) denotes the target rate to be achieved by each aggregate and 1-7 denote A,-A,, respectively.
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Fig.6. Simulation 5.1.1: Static under-subscribed network --- Impact of # of micro-flows

5.1.2.  Impact of packet size

The packet sizes of Aj-A; are set to 100byes, 300bytes, 500bytes, 700bytes, 1000bytes, 1200bytes, 1500bytes,
respectively. Other settings are same as in TABLE II. Fig.7 shows the Average Goodput achieved by A;-A; for each
scheme. In the figure, the horizontal line (at 2 Mbps) denotes the target rate to be achieved by each aggregate and 1-7
denote A;-A, respectively. B represents bytes.

B Al: 100B O A2:300B 0O A3:500B m A4: 700B O A5:1000B 0 A6: 1200B O A7:1500B
2.2

packet size

21
2

1.9

1.8

Goodput (Mbps)

1.7

1.6

TSW PME MBM ACK VS-ACT ARM

Fig.7. Simulation 5.1.2: Static under-subscribed network --- Impact of packet size

5.1.3.  Impact of target rate

The target rates of A;-A; are set to 0.5Mbps, 1Mbps, 1.5Mbps, 2Mbps, 2.5Mbps, 3.5Mbps and 4.5Mbps, respectively.
So the subscription level is 127.5%. Other settings are same as in TABLE II. Fig.8 shows the Average Goodput Deviation
of Aj-A; for each scheme. Average Goodput Deviation is defined as [(Average Goodput) — CIR]. Ideally the Average
Goodput Deviation should be zero, as represented by the dashed line in the figure.
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Fig.8.  Simulation 5.1.3: Static under-subscribed network --- Impact of target rate
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5.1.4. Impact of RTT

We set RTTs of Aj-A; to different values by setting the link delay of E,—D; (i from 1 to 7) to 10ms, 50ms, 200ms,
350ms, 500ms, 650ms, and 800ms, respectively. Other settings are same as in TABLE II. Fig.9 shows the Average
Goodput achieved by A,...A; for each scheme. In the figure, the horizontal line (at 2 Mbps) denotes the target rate to be
achieved by each aggregate and 1-7 denote A;-A, respectively. We repeat the simulations by varying the link delay of Si—
I; (i from 1 to 7) instead of the link delay of E,—D; to set the RTTs of different aggregates to different values. Similar
results are obtained. We don’t show the results.

WAL:10ms @A2:50ms OA3:200ms @ A4:350ms @ AS5:500ms O A6: 650ms @ A7: 800ms

25
— RTT
[}
S
S 2 — — — |
5
Q.
8 15
0]

;
TSW PME MBM ACK VS-ACT ARM
Fig.9. Simulation 0: Static under-subscribed network --- Impact of RTT
5.1.5. Remarks

The results in Fig.6-Fig.9 show that: (i) When MBM is employed, the Average Goodput of most AF adaptive aggregates
in the four experiments can’t approximate CIR. Compared to TSW, the Average Goodput of some AF adaptive aggregates
is improved, but some is degraded. Consistent with the analysis in Section 3.3.2, there is large difference in the Average
Goodput among A;-A;. (ii)) Compared to TSW and MBM, PME results in smaller difference in the Average Goodput
among A;-A;, consistent with the analysis in Section 3.3.1. (iii) Due to the fixed control gains, ARM behaves better under
some conditions but worse under other conditions. (iv) ACT and VS-ACT perform better than other mechanisms in the
four experiments in the term of improving bandwidth assurance. When ACT is applied, A;-A; can achieve their CIRs in
Experiments 5.1.1-5.1.3. But in Experiment 0, the Average Goodput of A, is far below its CIR while other conditionally-
satisfied aggregates (A-Ag) obtain more than their own CIRs. We use SumCIRpes to denote the sum of CIR s, of all the
aggregates passing through the bottleneck link. Fig.10 (a) and (b) give the SumCIRy., variations in the four experiments
of ACT scheme and VS-ACT scheme, respectively. Fig.10 (a) explains the performance of ACT in 0, validating the
analysis in Section 3.3.4. Fig.10 (b) shows that, when VS-ACT is applied, the SumCIRtpesh, of VS-ACT is smaller than that
of ACT. Thereby A; in Experiment O has a greater chance to increase its goodput. The Average Goodput of A;-A; is very
close to their CIRs in the four experiments.
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Fig.10. Simulation 5.1: SumCIRpesn

5.2, Static network: exact-subscribed

Now we investigate the steady-state performance of each scheme in the static exact-subscribed network. Only A;-A; are
active. The target rates of A;-A; are set to 8.0 Mbps, 4.5 Mbps, 2.5 Mbps, 2.0 Mbps, 1.5 Mbps, 1.0 Mbps, and 0.5Mbps,
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respectively. Other settings are the same as in TABLE II. The simulation lasts 800s. Fig.11 shows the Average Goodput
Deviation of A;-A; for each scheme. Ideally the Average Goodput Deviation should be zero, as represented by the dashed
line in the figure. The Average Goodput at the receiver is computed from the 300"s to the 800"™s. Each simulation is
repeated 10 times, and then a final average is taken over all the runs. The results of this experiment further confirm the
conclusions about TSW, MBM, ACT and VS-ACT made in 5.1. In this experiment, PME and ARM perform better than in
Section 5.1. The reason is that the lower bounds of mp and CIRty.s, are both 0.0.
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Fig.11. Simulation 5.2: Static exact-subscribed network

5.3, Dynamic networks

The results in Experiments 5.1 and 5.2 display the failure of TSW, MBM and PME in providing bandwidth assurance in
static networks. From this section onwards, we focus on evaluating ACT, ARM and VS-ACT by examining their transient
behaviors. We have mentioned earlier that one factor degrading the performance of ACT is the slow decrease in K, of the
conditionally-satisfied aggregates with smaller CIR or with larger », when r, >CIR. In Section 5.3.1, we examine the case
of “with smaller CIR”, that is, the impact of the conditionally-satisfied aggregates with smaller CIR on the performance of
the unsatisfied aggregate. In Section 5.3.2 we examine the case of “larger r,”. We also use the simulations in 5.3.1 and
5.3.2 to show ARM performs better in some network situations but performs worst in other situations.

5.3.1. Varying non-adaptive traffic load

The network is dynamic due to the varying non-adaptive traffic load, which leads to the varying subscription level. The
simulation lasts 800s. The sending rates of Ag and A, are both 0.5 Mbps in [0, 200th]s, 5.0Mbps in [200“1, 400‘h]s, 1.0Mbps
in [400",600™]s and 9.0Mbps in [600™ 800™]s, respectively. The target rates of A;-A, are set to 7.0, 4.0, 3.0, 2.0, 1.5, 1.0
and 0.5 Mbps, respectively. Ag, Ag and Ay send best-effort traffic. Other settings are same as in TABLE II. Fig.12 (a), (b)
and (c) depict the Average Goodput variation of A;-A; for ACT, VS-ACT and ARM, respectively. They are obtained by
measuring the number of packets per 5 seconds. Fig.13 plots CIRty.sn variation and Average Goodput variation of A; for
ACT and VS-ACT. CIRThresh_A; ACT (CIRThresh_A; VS-ACT) represents the variation of CIRysn of A; when ACT
(VS-ACT) is applied. GB_A; ACT (GB _A;_ VS-ACT) represents Average Goodput variation of A; when ACT (VS-ACT)
is applied.

The result in Fig.12 (a) shows that, when ACT is employed, the slowly-decreasing method damages the benefit of A,
when the network is changing from a heavy implicit over-subscribed situation [200™,400™]s to a light implicit over-
subscribed situation [400,600]s. In the whole simulation, A,-A; can achieve their CIRs; but the goodput of A, can reach its
CIR only in [0, 200™]s and [500™ 600™]s. The reason is that in [200™,400"]s excessive IN traffic in the network increases
the probability of ECN-marking or dropping of the IN packets. Therefore, no matter how the CIRty.sn of A; is increased,
when the sending rate of A, (all are IN packets) increases past a certain point, some IN packets of A; are ECN-marked or
dropped. As a consequence, the Average Goodput of A, can’t reach its CIR. Fig.13 shows this. In [400",600"]s, the
sending rates of Ag and A, are small. Actually, A;-A; can achieve their CIRs without using such a large CIRtps as in the
previous periods. But Fig.12 (a) shows that, in [400", 500™]s, the Average Goodput of A is less than its CIR. This is
because, during this period, A,-A7 slowly decrease the large value of their CIRtyesn, Which is accumulated in [ZOO‘h, 400‘h]s.
Thus, there is still excessive IN traffic entering the network, preventing A, from increasing its goodput. A, in [600™,
800"]s behaves as in [200™,400"]s.
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Fig.13. Simulation 5.3.1: Goodput and C/Rtyg, variations of A

Fig.12 (b) and (c) show that when VS-ACT and ARM are applied, the transient behavior is quite satisfactory in terms of
the small settling time and the small overshoots. The Average Goodput of A;-A; approximates their corresponding CIRs
during the entire simulation.

5.3.2.  Varying number of micro-flows in aggregates

In this experiment, we examine the case of “larger ,”. We vary the number of micro-flows in the aggregates in order to
give them different abilities in grabbing bandwidths. The number of micro-flows of A;-Ag is set to 5, 10, 15, 20, 25, 30, 35
and 15, respectively. All the aggregates are active. In order to avoid the impact of CIR, the CIRs of A;-A;are all set to
2.5Mbps. The CIR of Ay is 1.5Mbps. The sending rates of Ay and A;, are both SMbps. Other settings are same as in
TABLE II. The simulation lasts 600 seconds. In the first 200 seconds, only 5 micro-flows in each adaptive aggregate of A;-
A, are active. From the 200%s to 400™s, all micro-flows are active. In the last 200s, only 5 micro-flows in each adaptive
aggregate are active. Fig.14 shows the Average Goodput and CIRry.s, variations of A; and A; for ACT, VS-ACT and
ARM.

We can see that: (i) when ACT is applied, during the first 200 seconds, A; and A; have the same characteristics and the
CIR1nesh Of both aggregates is approximately the same. At the 200" second, a number of micro-flows start. Although
CIRtpesh of A is increased quickly (because y =0.05), due to the slow decrease in CIRmy.s, of other aggressive
conditionally-satisfied aggregates such as A,, the goodput of A, is far below its CIR. This continues until the CIRtpes, of
A, is decreased sufficiently at about the 350™ second. At the 400™ second, most micro-flows stop and A,---A; have the
same traffic characteristics again. Thus, A, can achieve its CIR without using so large CIRty.sn as in previous period. But
the slowly-decreasing method in ACT makes CIRtesn of A; decrease very slowly, delaying other aggregates such as A
from improving bandwidth assurance. (ii) When VS-ACT is applied, it shows fast response to network changes and there is
small variation in the Average Goodput of each adaptive AF aggregate in the whole simulations. (iii) Fig.14 (c) shows the
weird performance of ARM during [200", 400"]s. This is due to the fixed controller gains.
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Fig.14. Simulation 5.3.2: Varying number of micro-flows in aggregates

The importance of upper bound and lower bound on CIRyesh

600

600

This experiment aims to investigate the importance of using upper bound and lower bound on CIRtyesn, mentioned in
Section 4.2.2. We do simulations only with VS-ACT. A;-A; have the same traffic characteristics as in TABLE II. The
simulation lasts 800s. The sending rates of Ay and A, are varying during the simulation, both 0.0 Mbps in [0, 200"]s,
9.0Mbps in [200", 400™]s, 1.0Mbps in [400",600™]s and 9.0Mbps in [600",800™]s. We do two simulations and then
compare their results. In the first simulation, during the first 400s CIRty.sn varies in [0.0, 2CIR]; during the left 400s
CIR1presh Varies in [0.0, o). In the second simulation CIRy,s, is allowed to vary in [CIR, 2CIR] during the entire simulation.
We use the results in the first 400s to illustrate the importance of the lower bound and the results in the left 400s to
investigate the importance of the upper bound. We only show the results of A;, Ag, Ag, and Ajy. Fig.15 (a) and (b) plot the
Average Goodput variation of A; and Ag in the two simulations, respectively. Fig.16 (a) and (b) plot the Average Goodput

variation of Ag and A, in the two simulations, respectively.
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Fig.15. Simulation 5.4: Performance of A; and Ag
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Fig.15 (a) shows that in [80™200"]s and [500™, 600™]s, the Average Goodput of A, approximates the Average Goodput
of Ag. Fig.15 (b) shows that when CIRry.s, is bounded, the fairness in sharing excess bandwidth between A; and Ag is
improved greatly. In addition, the results in [200™, 400™]s and [600™ 800"]s show, when bounded, the bandwidth assurance
of A, is achieved. Same conclusions can be made about non-adaptive aggregates Ay and A, from the results in Fig.16.
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Fig.16. Simulation 5.4: Performance of Ay and A

6. Discussion and Conclusion

In this paper, we systematically explore the application of feedback control theory to design mechanisms to improve
bandwidth assurance based only on the knowledge gathered at ingress routers. We use a control theoretic approach to
analyze some existing adaptive mechanisms in the literature. Then, a Variable-Structure PI controller for adapting CIR
Threshold is developed. The performance evaluation results support the conclusions derived from our control-theoretic
analysis of the existing algorithms and demonstrate the superiority of VS-ACT over a wide range of network dynamics.

As in the case of other ingress-based mechanisms that use only local knowledge to improve bandwidth assurance, VS-
ACT also faces the problem of low domain throughput [22] when there exist aggressive non-adaptive flows. This problem
can be alleviated by combining it with the mechanism developed in [22].

Note that the ingress-based mechanisms run at the output queue at the ingress routers. All the above discussions in the
under-subscribed networks assume that the arriving rate of an aggregate at the ingress input link card is equal to the
departure rate of this aggregate from the ingress output link card. But this may not be true when switches, such as CIOQ
switches, have multiple input and output queues. In such switches the existence of cross traffic between multiple input and
output interfaces may cause the difference between the arriving rate and the departure rate of an aggregate and then affect
the attainment of bandwidth assurance. When the failure of bandwidth assurance is caused by only cross-traffic, increasing
CIRnresh contributes nothing to the attainment of bandwidth assurance. The authors in [34] propose a solution to prevent
the failure of bandwidth assurance caused by cross-traffic. This solution and VS-ACT are complementary and can be used
in conjunction with each other. Note that when the failure of bandwidth assurance of an aggregate is caused by cross-traffic
inside the switch, increasing CIRty.sn Of this aggregate does not lead to serious performance degradation to those other
flows that share other switches with this aggregate in the networks. By serious performance degradation, we mean that
undesired increase of CIRy.s, may cause transient performance degradation to other flows when there is no impact from
cross-traffic, but the ingress-based mechanisms can quickly correct the undesired increase.
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Appendix Local stability analysis of the under-subscribed AF-based DiffServ network

Al System stability analysis

This section presents the results of the local stability analysis of the under-subscribed AF-based Diffserv network where
(1) there are n heterogeneous aggregates, each consisting of &; identical long-lived TCP connections; (ii) the ingress router
uses the TSW profiler to provide two-level edge coloring and uses a PI-type marker with fixed-gains to adjust the marking

threshold CIR,-Th; (iii) RIO is used as AQM at the core router with an infinite and non-emptying buffer. Without loss of
generality, we assume that each aggregate is served by a separate ingress router. The traffic of all aggregates feed into a
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core router with link capacity C and queue length denoted by ¢(#). Our starting point is the linearized model for the
standard AF-based DiffServ network and the method of analyzing stability proposed in [31]. For simplicity, we assume the
dropping probability of IN traffic at congested routers is zero. Before continuing, we first introduce the notations that are

used in the following. The subscript i refers to the i-th aggregate, from 1 to n.

C: link capacity (packets/sec).

* N the number of micro-flows in the i-th aggregate.
* Ry the round-trip delay of a micro-flow in the i-th aggregate (second).
* py: dropping/marking probability of red traffic.

* q: instantaneous queue length (packets).

* Wi: window size of a micro-flow in the i-th aggregate (packet).
Tyi: is the average propagation delay of the i-th aggregate.

* x; : the sending rate of the i-th aggregate.

C]Rl»Th : the marking threshold of the i-th aggregate.

* |e| : the magnitude of e.

A linearized model of the wunder-subscribed AF-based DiffServ network around the equilibrium point

(qe, We, pe,(CIR™ )e) is described by

0gi g
aCl R
S (s) = §g SR 5+~ 3, ()
A S_67Vi
8f
oq(s)= Z f5W(S)
i=1
&g
where

Wi (t) = g,(q.W;. p, . CIR™)
(t) f(@.W,, p,,CIR™)

aq 7,Z:1C><R

o _N

oW, R

og; _[CIR™ CIR™ W
ow, 2N, NW2 Pe™ R, Pr
Ogi _ 1 CIR™ WCIR™ W

op, R, NW; 2N; 2R,

1 11 1 1

agiTh:L[L+m}pr
8CIR™ N\ W, 2
SW(t) = W () =W
dq(t)=q(t)—q°

Sp ()= p ()~ p;

SCIR™ () = CIR™ (¢) - (CIR™" )

The details of the model can be found in [33]. The equilibrium point (qe,

equations

(A.1)

we, pf,(CIRiTh)e) satisfies the following
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X i
R02T, +L (A.2)
C
n( W
0=3|N—|-C
;( lRi]

PI-ACT; defined in Eq.(A.3) is employed at the j-th ingress router to adjust the marking threshold CIRJ»Th of the j-th

unsatisfied AF adaptive aggregate, j=1..m. m is the number of unsatisfied AF adaptive aggregates.

k s +1
PI-ACTj ZPI,ACT ) (AS)
PI-ACT,(s) = -
i S

The aggregate arriving rate at the ingress router is computed by measuring the number of sent packets over a fixed time
period Trsw and further smoothed by a low-pass filter F. The transfer function representing this estimation is given by

F(s)= 4

=5Trsw Ad
sta. (A4)

The transfer function representing RED mechanism for OUT traffic is given by

L
AQM,(s) = —XED—

) (A.5)

kRED
Combining the model in Eq.(A.1) with RIO and PI-ACTs leads to a closed-loop system. The details for stability analysis
of this system are given in [33]. In the following we first give the Small Gain Theorem applied for stability analysis and
then give the conditions for system stability.

Small Gain Theorem [35]: Consider the feedback system shown in Fig.17, where P and A are stable linear systems. If’
| ﬁA| <1forall  then the feedback system is stable.

» ~
»

P

S S SN

Fig.17. Simple feedback system

- 5F AQM
In the AF-based DiffServ network described by Eq.(A.1) and Eq.(A.3)-Eq.(A.5), i)(S) = % = 1562—() where
X —Lp N
1 L ” _ 6g 1 N. ~ )
Ly(s)= RED_3 | e~ — | = Lggp Ly (j@)
PUT Y s AT o, e R ? (A.6)
99 kgep ow,

and A(s) = 3] P;,A;(s) where
jel
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LAJ ()

A(s)=—i "
J( ) 1+LAj (s)
s
N 8 kPl—ACTj [z+l]
1 f g5 PL-ACT, a4 Ty
L, (s)= e =k L [2)
Aj( ) ] 5gj R, 8C1RjTh P s+a, PI-ACT; La, (jo) (A7)
o,
P = e‘SRj %;ﬂ
! apr 5= ag] R_]
o,

In Eq. (A.7), A;j denotes the perturbation induced by PI-ACT; at the j-th aggregate and P; denotes the plant of the j-th
aggregate.
We can prove that the AF-based DiffServ network described by Eq.(A.1) and Eq.(A.3)-Eq.(A.5) is locally stable if Lrgp

and k,, . satisfies

1 1
ko . <mi . T\ =1,
VS-ACT < mln{Z‘Re(LAj(jwz))‘ ] ! } ’ !

& 1 1 (A.8)
Ly, <min M M —|L o )|

More details about Eq.(A.8) are given in [33]. Some notations in Eq.(A.8) are explained next. @ is the frequency such

that ‘L}j(ja)ﬂ‘:maxmeg1 ‘L~Aj(ja))‘ , where le{w:LZAj(ja))z—lSOo} . w is the frequency such that

R(:(I:Ai(ja)z)):minwEF Re(I:Ai(ja))) where T' is Nyquist contour of iAj(s) . as is the frequency such

mmanEJ aif
that|L (ja)3)| max .. |L (ja))| ! Z % ‘ and M = P . Here £¢(0,1.0).
R AR . %gil||or
q ow, i ey oW, aq( -4)

A2 An illustrative example

In this subsection, we apply the above sufficient conditions to analyze stability of a simple under-subscribed AF-based
DiffServ network. This network consists of three heterogeneous aggregates (A;-Ajz). Aj-Ajz consist of 20, 30 and 25micr-
flows, respectively. All the micro-flows (FTP flows) in an aggregate have the same characteristics. The round-trip link
delays of A;, A, and A; are set to 0.23second, 0.lsecond and 0.05second, respectively. CIR;=2000packets,
CIR,=500packets, CIR;=1250packets. Core router buffer size is set to 1200packets. Link capacity is 4500packets. Thus
only PI-ACT is active.

We set [qmin, Gmax> Pmaxs q_Weight] for OUT packets to [600packets, 50packets, 0.25, 0.0000011111]. Thus the AQM
controller used for OUT traffic at the core router is

4
AOM () = 4.5455x10

5 0 (A.9)

0.005
We choose

0. 0006(— + lj

A.10
PL-ACT, (s) = 0.6 and Fs) = — e (4.10)
s+
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That is, the arriving rate of an aggregate at the ingress node is estimated per one second. In PI-ACT, the proportional
gain is 0.001 and the integral gain is 0.0006.
Queue length oscillates around 100packets. Hence, the round trip times are R, =0.2522s, R, =0.1222s, R;=0.0722s. The
nominal TCP/AQM system is described by

1
— AQM
Jo— 0
|P(jw)| = I 9 (A.11)
3
1- ' af AOM (Zrlpz)
jo——
dq
where gi =-8.1930 1/second; and where the transfer functions for A;, A, and A; are described by
q
poen 081 N 029230209 ! 20
op, og R s—(-0.9733) 0.2522
o,
p=et 8 1 Ny w03 640) ! 30
b, o 0g, R, s—(~1.3460) 0.1222 (A.12)
ow,
p=et 8 1 Ny o (ig6.9806) ! 23
op, . 083 R, s—(-2.8477) 0.0722
oW,
. . . Ly (s)
The disturbance is described by A,(s) = ———— , where
1+ Ly (s)
6x1074 -2 11
. 1 N, og 1 20 ( 6 1
Ly (s)= L L_(PI-ACT, ) F,(s) = 1 : e’
A, (5) ( )R T (C0.9733) 02522 00186) ¢ @A)

We observe in Fig.18 that |(}3)(PIA1 )| <1, in Fig.19 that |A|<1, and in Fig.20 that |p

;08 R OCIR™
om

A

<1, which establish local

stability of the example network. In addition, we give the ns-2 simulation results. Fig.21 shows the Average Goodput
variation and CIRrp.s, Variations of A;---A;. Fig.22 gives the bottleneck link queue length variation versus time.

Magnitude (dB)
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Fig.18. Magnitude Bode plot of (P A) Fig.19. Magnitude Bode plot of A Fig 20. Magnitude Bode plot of P
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Fig.22. Bottleneck link queue length variation
A3 Relations between network parameters and kyg acp.
il

We now analyze the relations between network parameters (V; and R;) and ‘ZAJ- (s)‘ , and the relations between network

- . . . A, T Kovxcr, T
parameters (V; and R;) and Re(LAj (s)) . When Trapezoidal rule is applied, K,= Sl kmmj —and K= — —k,, AcT; -
ZPI—/\CTj 2 ZPI—ACTJ 2
. N . 0g i .
Here T'is sampling interval. Letting zpjacp = s we obtain
] .
j
W W[l_l]
1 ! N, \2 W |ijw+aj 1|
- . = | 1 a —sTTsw;j | (A14)
L, (jo,) L s
w2
and
| ! [ ! + WJ] (cos(T; ) ! w sin(T; )
= B Th Y TSW; )~ TSW,
‘Re(LAJ (sz))‘ =|,, _RCR" (11 Wy 2 St} b a ' (A.15)
J ]\[J 2 VVjZ aj
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Thus, the upper bound of is decreasing function of CIRiT " and R, increasing function of N;. Same relations are

|LAJ (S)|

for Re(iAj (s))
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