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ABSTRACT

We propose a flow-control scheme that combines the merits of credit- and rate-based flow-control
schemes by applying direct control over both bandwidth and buffer resources. The goal of the proposed
scheme is to design an optimal rate-control policy for a given finite buffer capacity by maximizing average
throughput and bounding end-to-end delay. By applying the second-order rate control, the proposed
scheme not only makes the rate process converge to the neighborhood of link bandwidth, but also confines
the queue-length fluctuation to a regime bounded by buffer capacity. Using hop-by-hop credit flow control,
the proposed scheme ensures lossless transmission with a finite buffer capacity while maintaining high
network utilization. The source dynamically adjusts its transmission rate and rate-control parameters
according to both the network congestion status and whether or not the system states are in the target
operating regime.

Using the fluid approximation method, we model the proposed flow-control scheme and study the sys-
tem dynamic behavior for ABR (Available Bit Rate) service under the most stressful traffic condition. We
derive the expressions for queue build-ups and average throughput in the equilibrium states as functions
of rate-control parameters, feedback delay, link bandwidth, and buffer capacity. Based on the analytical
results, we identify the optimal equilibrium state and propose the second-order rate control algorithm
for transient-state flow control. We derive a sufficient condition which guarantees the second-order rate
control to drive the system from any transient state to an optimal equilibrium state. The worst-case
performance bounds, derived as the closed-form functions of flow-control parameters, provide an ana-
lytical means of evaluating the performance of the second-order rate control in terms of convergence
speed and buffer utilization. The analytical results for both single and multiple connection scenarios
have shown the proposed scheme to be stable and efficient in that the source rate and bottleneck queue
length rapidly converge to a small neighborhood of the designated operating point. Also, presented are
examples showing that the proposed scheme outperforms the other existing schemes.

Index Terms — ATM networks, ABR service, feedback flow control, credit-based flow control, rate-based
flow control, lossless transmission, shared and distributed resource control.
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1 Introduction

An ATM network can transport a wide variety of information such as data, audio, and video. Dif-
ferent types of user traffic have different requirements on bandwidth, loss ratio, and delay, which are
characterized by a set of traffic parameters. Based on these traffic parameters, the ATM network sets
up a connection (or Virtual Circuit — VC) from its source to destination. A connection runs through
a sequence of intermediate switch nodes, where it shares link bandwidth and buffer space with other
connections. Thus, the traffic rate flowing through a switch depends on the number of connections and
the source rates of these connections. To achieve high bandwidth utilization in the face of bursty traffic,
the connections sharing the same output link are statistically multiplexed at the switch. However, if
all of these connections become active simultaneously, or some connections increase their rates unlimit-
edly, queues build up at bottle-necked switches. Eventually, the buffer capacity is exceeded and cells are
dropped, resulting in low throughput, large delay, and even network blockage. To prevent a network from
falling into this kind of congestion, an efficient flow-control scheme is required.

Available Bit Rate (ABR) service, which is suitable for various data communications, can maximize
network bandwidth utilization and avoid congestion. In ABR service, there is no strictly-specified con-
tract between the network and a client that describes the traffic behavior and the expected quality of
service. Rather, the network is expected to provide each client with a fair share of available bandwidth
dynamically; so ABR is a sort of best-effort service. After allocating a certain bandwidth to high-priority
traffic, such as Constant Bit Rate (CBR) connections, the network divides the remaining bandwidth
among ABR connections. Fach client should also adjust his transmission rate based on the feedback
on network congestion. So, ABR service requires a closed-loop congestion-control scheme, dynamically
regulating the cell-transmission rate of each source according to congestion status.

A number of flow-control schemes have been proposed for ABR service. Among these, both credit [1—-
4] and rate [5-9] schemes have received most attention [10]. The credit scheme guarantees lossless
transmission by applying direct control over buffer space for each connection in a hop-by-hop manner.
However, the credit scheme cannot make a bandwidth guarantee for each connection since it is window-
type flow control and does not regulate the traffic flow rate [11]. Moreover, the credit scheme attempts
to keep the buffer full to achieve high utilization. This may result in unbounded end-to-end delays and
large delay variations. In contrast, the rate scheme provides a bandwidth guarantee and a bounded delay
to each connection by exercising direct control over the link bandwidth allocated to each connection in
an end-to-end fashion. But the buffer requirement for the rate scheme is very large and increases with
feedback delay, the number of active connections, and the initial rate [12-15]. This makes the buffer
design very difficult since the exact value of each connection’s feedback delay and the number of active
connections over a given link are not known a priori.

The aforementioned problems with credit and rate schemes stem from the fact that neither scheme
exerts direct control over both link bandwidth and buffer space. In this paper, we propose an integrated
flow-control scheme that applies direct control over both link bandwidth and buffer space, to achieve the
following goals:

o Lossless transmission for given finite buffer capacity,

e Optimal rate control to maximize average throughput for given buffer capacity,
e Bounded end-to-end delay,

o Fair bandwidth shares guaranteed among competing connections,

¢ Maximum network utilization.

Using the first-order fluid approximation [16-18], we model the proposed scheme and analyze the
system’s dynamic behavior for ABR service under the most stringent traffic condition. In previous
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Figure 1: Basic configuration of the rate-based flow control scheme.

performance analyses, the maximum queue length @),,,, was treated as a free parameter under the
unrealistic assumption of infinite buffer capacity [5,12-15,18-20]. In contrast, we assume the buffer
capacity Chuqz is finite and use @42 < Cruaz a8 a constraint to find the optimal rate-control function.
We derive closed-form expressions for queue build-ups and average throughput in both transient and
equilibrium states. Also, we derive a set of expressions for computing the evolutions of rate and queue
length functions for both transient and equilibrium states. From the analysis, we identify the optimal rate-
control pattern and conclude that just exercising increase/decrease rate control is not effective enough to
have the system converge to the optimal operating regime specified by the allocated bandwidth and buffer
capacity. To ensure convergence from any initial state to the optimal equilibrium state, we develop a
second-order rate-control algorithm. A sufficient condition is derived to show the feasibility of the second-
order rate control. We also derive the worst-case performance bounds, as the closed-form functions of
flow-control parameters, which not only provide performance measures for the second-order rate control,
but also offer the insight on how to select appropriate parameters for the second-order rate control.
Applying the second-order rate control in the transient state shows that the system rapidly converges to
the designated optimal operating regime.

To support per-VC queueing and fair bandwidth sharing, we apply a weighted round-robin (WRR)
scheduling to transmit each connection’s cells at a frequency proportional to its MCR (Minimum Cell
Rate). Using two multiple-connection examples, it is shown that the proposed scheme outperforms the
other existing schemes in terms of buffer requirement, lossless transmission, bandwidth share guarantees,
and average throughput, and makes system states converge to the optimal operating regime quickly.

This paper is organized as follows. In Section 2, we describe and compare rate and credit schemes, and
identify the problems with them. Section 3 presents our proposed scheme to solve these problems. Section
4 deals with the system model and the control model for the proposed scheme. In Section 5, we derive
analytical solutions for both transient and equilibrium states and evaluate the scheme’s performance for
the single-connection case. In Section 6, we propose the second-order rate control algorithm for the
transient state flow control, and describe its properties and transient-state performance analysis. Section
7 analyzes the proposed scheme’s performance for the multiple-connection case through examples. The
paper concludes with Section 8.

2 Rate vs. Credit, and Why Interworking ?

We first describe rate and credit schemes, and then compare them in terms of structures and perfor-
mance, arguing for the need to integrate them.

2.1 The Rate Scheme

We briefly describe the operation mode of the rate-based congestion-control mechanism, drawing mainly
from the ATM Forum traffic management standard [9]. The standard only specifies the behaviors of the
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Figure 2: Credit-based flow control.

Source End System (SES) and the Destination End System (DES), leaving the implementation of ATM
switches to manufacturers. Figure 1 illustrates the basic configuration of the rate scheme. SES is allowed
to transmit cells at a rate up to the Allowed Cell Rate (ACR) which varies dynamically, depending on
network congestion status. The ABR client negotiates with the network on the Initial Cell Rate (ICR),
the Minimum Cell Rate (MCR), and the Peak Cell Rate (PCR) at the time of connection setup. ACR is
varied between MCR and PCR.

SES sends a forward Resource Management (RM) cell every N,,, data cells (or periodically) to collect
congestion information. Upon arrival of a forward RM cell at DES, the cell is returned as a backward RM
cell to SES. The current congestion information on network resources is provided by DES and intermediate
switches, which may modify the content of the backward RM cell. When the backward RM cell arrives at
SES, the SES adjusts its ACR according to the Congestion Indication (CI) bit and the Explicit Rate (ER)
field in the RM cell. If SES receives a backward RM cell with CI=1, it decreases ACR multiplicatively
(but not below MCR); otherwise, it increases ACR additively (but below PCR). When a switch/DES
experiences a severe congestion, it can reduce the ER field of RM cell, requesting that the source quickly
reduce its transmission rate to the switch’s acceptable level. SES sets its ACR to ER if it is lower than
the current ACR.

The CI bit and the ER field in an RM cell are set according to a switch’s data queue length. There
are two types of switch architectures, which involve different flow-control actions.

Ezplicit Forward Congestion Indication (EFCI) based switch: If the queue length grows beyond
an upper threshold @), the switch marks the EFCI bit in the header of passing-by data cells to
indicate congestion (see Figure 1), until the queue length drops below a lower threshold @;. DES
sets the CI bit in each backward RM cell according to EFCI status of the most recent data cell
received.

Ezplicit Rate (ER) based switch: FR-based switches are equipped with an intelligent marking and
explicit rate setting capability. This enables switch to selectively reduce the rates of ABR sources by
marking the CI bit, or setting the ER field, of the corresponding VCs with larger ACRs according
to the degree of congestion in forward and/or backward RM cells.

Both types of switches may coexist in a single network environment and also backward RM cells may
be generated by a switch to achieve quick congestion notification/dissipation. A detailed description of
rate-based flow control can be found in [9].

2.2 The Credit Scheme

The operation of the credit-based flow control is shown in Figure 2 for a single-hop VC. At the upstream
node U, every VC keeps a credit balance Cy,; which is initialized to C,,;, the maximum number of buffer
slots allocated at the downstream node for this VC. Each time U sends a data cell on the VC, this VC’s



Chqy is decreased by one. As long as the Ch,; is positive, the upstream node U can transmit cells on that
VC. For each VC, the upstream node U keeps a running count U,,; of all the data cells it has transmitted,
and the downstream node D keeps a running count D.,; of all data cells it has forwarded. D encloses the
up-to-date value of D.,; in the credit record field of the credit cell, which is transmitted to U periodically
or once every certain number of data cells. Upon receiving the credit cell with D.,;, U updates its credit
balance, Cpoi = Cruge — (Uent — Dept), for that VC (see Figure 2). Note that the non-negative quantity
Ucnt — Dent represents the outstanding cells/credits which correspond to those cells of the VC U has
transmitted but D has not yet forwarded. These are “cells in transit” plus “cells in queue” when D
sends the credit cell, containing D.,:, to node U. The frequency of sending feedback credit cells can be
controlled periodically or one credit cell per N data cells forwarded by the downstream node D for some
positive integer N. Periodically sending credit cells (thus based on time) can help system recover from
possible loss of credit cells, but may introduce more overhead traffic. Sending a credit cell per N data
cells is more economical since it keeps overhead traffic at a fixed percentage of data traffic. However, a
credit-check cell [3] needs to be sent periodically to ensure the recovery from possible loss of credit cells.

There are two important features for the credit scheme described above. First, the scheme ensures
strict lossless transmissions since Chg; is always smaller than, or equal to, currently available buffer space
at the downstream node and never exceeds C),q. Second, if C,q, is greater than the product of the
bandwidth capacity, p, and the link round-trip delay, 7;, between U and D, then the VC can run at the
full link speed as long as all other VCs are idle. Note that 7; represents the sum of propagation delay,
processing delay, and credit cell transmission interval. In the credit scheme, the average transmission
rate during 7; can be controlled indirectly by C,q: and the frequency of credit cells.

2.3 Comparison of Rate and Credit Schemes and Their Problems

The rate scheme regulates a connection’s bandwidth by directly controlling its source cell-transmission
rate according to network congestion information. Using RM cells and EFCI bit setting, the information
feedback control loop spans the entire network in an end-to-end fashion. The rate scheme aims at
providing a bandwidth guarantee to each VC, bounding end-to-end transmission delay, and achieving
fair allocation of network resources. On the other hand, the credit scheme exercises direct control and
feedback on the amount of space left in switch buffers, rather than the rate. Instead of exercising an
end-to-end control algorithm, the credit scheme segments the control loop at each switch. To maintain
high utilization, the credit scheme always attempts to use all available buffers. The goal of credit scheme
is to ensure lossless transmission with a given finite buffer capacity while maintaining high bandwidth
utilization.

Depending on their different goals and structures, these two schemes each have their own advantages
and disadvantages, which will be discussed below.

Lossless transmission and buffer requirement: It is difficult to design buffers with the rate scheme.
As was analyzed in [12-15], the buffer requirement for the rate scheme is very large and increases with
feedback delay, the number of active connections, and the initial rate. However, the exact values of the
network delay of each connection and the number of active connections over a given link are usually
unknown a priori, which makes it very hard to predict the required buffer space. As a result, one is
forced to compromise between buffer size and loss ratio. In contrast, the credit scheme supports lossless
transmission for any given finite buffer size.

Bandwidth guarantee: By explicitly assigning a target bandwidth to each connection, the rate scheme
is most suitable for band-width-guaranteed applications. The credit scheme, like other window-type flow-
control schemes, does not provide any bandwidth guarantee to each connection since it does not directly
regulate the transmission rate.
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Figure 3: Basic framework and RM cell format of the proposed scheme.

End-to-end delay and delay variation: In the credit scheme, trying to always keep the buffer full
may lead to larger end-to-end delays and delay variations. On the other hand, the rate scheme guarantees
bandwidth for each VC and thus, each VC can receive guaranteed throughput. So, shaping traffic for
each VC allows the end-to-end delay to be bounded.

Network resource utilization: Using a hop-by-hop feedback protocol, the credit scheme tends to
achieve very high network utilization even in the face of widely-varying traffic loads, because buffered
data can be sent whenever such an opportunity arises. In the rate scheme, the feedback information on
available bandwidth of a bottleneck link located far away can take a significant amount of time to reach
the source node, thus making it difficult to achieve high utilization of bandwidth. Moreover, if lossless
transmission or a low loss rate is required, a very large buffer must be provided at each switch. This large
buffer may be severely underutilized when only a small portion of VCs are active. By contrast, the credit
scheme can ensure lossless transmission with a much smaller buffer while keeping it highly utilized.

Flow control is basically a resource management and control problem in a shared and distributed
network environment. Network resources are composed of link bandwidth and buffer space. However,
neither of the two schemes exerts direct control over both of these resources. Thus, an efficient flow-control
scheme should apply direct control over both bandwidth and buffer resources.

3 The Proposed Scheme

Based on the complementary features of the rate and credit schemes, we propose an integrated flow-
control scheme which combines their merits while overcoming their drawbacks.

3.1 Key Differences from Rate or Credit Scheme

The framework and RM cell format for the proposed scheme are illustrated in Figure 3. Our scheme
also uses the EFCI bit and RM cell to convey network congestion information. The EFCI bit is used for
rate control and the backward RM cell is used for updating credit balance. Here the RM cell is redefined
such that it contains both rate and credit control information. In particular, we added a new CU (Credit
Update) field in the RM cell and use the BN (Backward Notification) bit to distinguish the RM cells
generated either by the source or by intermediate switch nodes. Both rate and credit control are applied
at all nodes using the redefined RM cells. Qur scheme discriminates between two types of congestion:
(1) bandwidth congestion, if queue length Q(t) > @, a queue length threshold; (2) buffer congestion, if
credit balance Cy,; = 0. If a buffer congestion occurs at a switch, the switch generates a backward RM
cell (with BN=1) and sends it back to the source for a quick notification/release of buffer congestion.
There are two rate control modes at the source corresponding to these two types of congestion: (i) if a
bandwidth congestion occurs then the source rate is reduced exponentially from its current value; (ii) if
a buffer congestion occurs then the source needs to:

e cut down its current ACR to an appropriate smaller value R., which is less than the bottleneck
bandwidth g, but larger than its MCR. How to calculate R, will be discussed later (see Eq. (5.11));



00. Local Variables: ACR := ICR; Ucnt := 0; Chat := Cmaz; Buf fer_congestion := 0; Data_que_len := 0

01. RM _send := 0; ! RM cell sending rate control

02. while (VC_on_line) {

03. if (Current_time > Next_cell_time) ! Sending data cell event
04. if (Cvar > 0 and Data_que_len > 0)

05. send data cell with FFCI :=0; Data_que_len := Data_que_len — 1;

06. Uit :=Ucnt +1;  Chat := Cpar — 1; ! Book-keeping

07. if (RM _send Mod Ny, = 0)

08. send RM(DIR := forward,CI :=0,CCR:= ACR,MCR, ER := PCR,BN :=0) cell;

09. RM _send := RM _send + 1;

10. Nezt_cell time := Next_cell time + 1/ACR;

11. if (receive RM(DIR = backward, CI,CCR, ER,CU = D¢pns, BN) cell) ! Receiving backward RM cell event
12. Cbal = Cmam - (Ucnt - CU);

13. if (Buf fer_congestion = 0 or CI = 0)

14. if (BN =1)

15. ACR := max{-Z& (2 ER — ACR), MCRY}; ! Setting ACR = R, where ER =

16. AIR :=0.5AIR; ! AIR (Additive Increase Rate)

17. MDF := ¢ AIR/ER, ! M DF (Multiplicative Decrease Factor)
18. Buf fer_congestion := 1;

19. else if (CI =1)

20. ACR := ACR+ MDF,

21. if (Cyar = 0) ACR:= MCR;

22. else

23. ACR := ACR + AIR;

24. Buf fer_congestion := 0;

25. Nezt_cell time := Current_time + 1/ACR;

2.}

Table 1: A pseudocode for Source End System (SES).

e exponentially reduce the rate-increase parameter which is the second-order rate control and will be
discussed later (see Eq. (6.1)).

These enhanced features in structures and algorithms enable the proposed scheme to cope with the
following practical problems that the other two schemes cannot deal with. For given buffer capacity
(always finite and usually specified by the vendor), our scheme adaptively adjusts rate-control parameters
such that the system can quickly converge to an optimal rate-control mode, which maximizes average
throughput, guarantees lossless transmission, and lowers end-to-end delay. On the other hand, when an
established ABR connection specifies its MCR,, PCR, ICR, and the corresponding rate control parameters,
the proposed scheme can provide information on the optimal buffer allocation for each connection to meet
its performance specifications.

3.2 The Control Algorithms

The control algorithms are involved with the source node, the destination node, and all switch nodes
between the source and destination nodes.

3.2.1 The Source Node Algorithm

The source control algorithm is described by the pseudocode in Table 1. This algorithm deals mainly
with two events: sending data cells (lines: 03-10 of the pseudocode) and receiving backward RM cells
(lines: 11-25 of the pseudocode). When the rate-control timer expires, it must first check if credit balance
Chqa 18 positive. If Cpyp > 0, it sends a data cell to the downstream node and then increases the count
and decreases the credit balance by one (book-keeping). The source sends a forward RM cell once every
N,m data cells. Finally, the rate-control timer is reset to the next cell time according to the current



00. Local Variables: Ucnt, Coar, Data_que, Data_que_len, Local VC_CCR; Local VC_ER

01. Local VC_CI := 0; ! Local VC congestion indicator

02. if (receive Data cell) ! Receiving data event
03. if (Output link is ready and Cpa > 0)

04. forward Data cell;

05. Uent ;= Ucnt +1;  Crat := Cpar — 1; ! Book-keeping

06. else

07. add Data cell to Data_que;

08. if (Cpar = 0) send RM(DIR := backward, CU := Ucpny,CI :==1, ER := p, BN :=1)
09. if (Data_que_len > Qn) Local VC_CI :=1,

10.  if (receive output link ready signal and Data_que_len >0 ) ! Receiving link_ready signal event
11. schedule all active VCs {

12. if (Crar > 0)

13. remove Data cell from head of Data_que;

14. if (Data_que_len < Q) Local VC_CI :=0;

15. forward Data(EFCI := EFCI @ Local VC_CI) cell;

16. Uent .= Ucnt +1;  Chat := Cpar — 1; ! Book-keeping

17. else

18. send RM(DIR := backward, CU := Ugpy,CI :=1, ER := p, BN :=1) cell }

19. if ( receive RM(DIR,CI,CCR, ER,CU,BN) cell ) ! Receiving an RM cell event
20. if (DIR = forward)

21. Local VC_CCR :=CCR; Local VC_ER := FER;

22. send RM(DIR = forward) cell;

23. else

24. Chrat := Crnaz — (Uent — CU); ' CU = Depe

25. send RM(DIR = backward, CU := Ucpy, CI := CI @ Local VC_CI) cell;

Table 2: The pseudocode for Intermediate Switch System (ISS).

value of ACR. Upon receiving a backward RM cell from a VC, first the source updates its local credit
balance using the CU value of the RM cell and then proceeds to rate control. In rate control, the source
must first check if this VC is already in buffer congestion state. If the VC was not in buffer congestion
state, then (1) if BN = 0 then the source additively increases its ACR or multiplicatively decreases its
ACR depending on the CI bit (set ACR equal to MCR if Cj;=0); (2) If BN = 1 then the source enters
buffer congestion state, and exercises the buffer congetion control by setting ACR to the cut-down rate
R, (see Eq. (5.11), exponentially reducing rate-increase parameter AIR (see Eq. (4.1), and Eq. (6.1) with

A = log 2), and accordingly adjusting rate decrease parameter M DF (see Eq. (4.1), and « (lf—ﬁ) =

in Section 5.2). If this VC is already in the buffer congestion state, then the source ACR stays with the
cut-down rate R, until the first backward RM cell with CI=0 (non-congestion) is received. Finally, the
rate-control timer is adjusted according to the updated ACR (Our scheme allows either per-N,,, data
cells or periodic rate-update control. For simplicity only the per-N,,, data cells scheme is presented in
the pseudocode.)

3.2.2 The Switch Node Algorithm

The pseudocode of the switch algorithm is given in Table 2. There are three main events in the switch
algorithm.

Receiving data: (lines: 02-09 of the pseudocode) forward the data cell if the output link is ready and if
Char > 0; enqueue the data otherwise. Mark the EFCI bit in the data cell header if the queue length
exceeds (Jp. Generate and send an RM cell directly back to the source with BN =1, C'I =1, and
E R = link bandwidth if C,; = 0 after credit book-keeping.

Receiving link-ready signal: (lines: 10-18 of the pseudocode) schedule the active VCs using WRR
algorithm. Dequeue a data cell for the scheduled VC. If queue length drops below @;, the local



00. Local Variables: Local VC_CI, Ucpy;

01. if (receive Data cell) ! Receiving data cell event
02. Local VC_CI := FFCI field of Data cell;

03. Ucnt = Ucnt + 1,

04. forward Data cell to user;

05. if ( receive RM(DIR = forward,CI,CCR, ER,CU, BN) cell ) ! Receiving RM cell event
06. send RM(DIR = backward, CU := Ucnt, C1 :=CI @ Local VC_CI, BN :=0 ) cell;

Table 3: The pseudocode for Destination End System (DES).

congestion indication bit (Local V C'_CT)is unmarked. Generate and send an RM cell directly back
to the source with BN=1, C'I = 1, and FR = bandwidth if Cy, = 0 after credit bookkeeping.

Receiving an RM cell: (lines: 19-25 of the pseudocode) if it is a forward RM cell, record contents
of the forward RM cell and forward it to the downstream node; if it is a backward RM cell then
update the local credit-balance using the RM cell’s CU field, fill in the local count and congetion
status in the RM cell, and then send the RM cell to the upstream node with the updated credit
and congestion information.

3.2.3 The Destination Node Algorithm

There are two events to consider in the destination algorithm: receving data cells (lines: 01-04 of the
pseudocode) and receiving RM cells (lines: 05-06 of the pseudocode). When a data cell is received, its
EFCI bit is saved and the local count is updated. When an RM cell is received, the RM cell’s CI bit is set
using the EFCI bit saved from the data cell last received. Finally, return the RM cell with the updated
credit and congestion information to the upstream node. Its pseudocode is given in Table 3.

3.3 Implementation Issues

While possessing the merits of both rate and credit schemes, the extra implementation cost of the
integrated scheme is minimum, especially if using switches which already support per-VC queuings, e.g.,
the FORE ASX-200E and DEC AN2 switches. The complexity of the proposed scheme is basically the
combination of complexity for the EFCI-based rate scheme and the credit scheme. Although R, needs to
be computed based on the estimated bandwidth sent back from the bottleneck switch (see Eq. (5.11)), the
cost of the rate-control part still remains at the same cost level of EFCI-based rate scheme, because (1) R,
needs to be computed only when buffer congestion occurs, (2) there is no need to compute and keep track
of the explicit rate at each switch all the time, and (3) no explicit rate control is invoked at the source.
This is also the reason why we will, in Section 7, compare the proposed scheme with the EFCI-based rate
scheme, instead of ER-based rate scheme. Moreover, the buffer congestion indication needs only one bit,
which is taken care of by BN bit of the standardized ATM Forum RM-cell specification and thus does not
incur any extra cost. On the other hand, since buffer capacity has been treated as a control parameter
in the integrated scheme, the maximum buffer memory requirement is significantly reduced compared to
the rate scheme which needs a large buffer space to reduce loss rate. The computation of credit balance
involves only add/subtract operations which can be easily implemented by simple hardware. When buffer
congestion occurs, R. and a new a can be computed by quantization and look-up tables, instead of more
complicated multiply/divide operations. For sending credit-update information to the upstream nodes,
only two extra bytes are added into the RM-cell format such that the extra bandwidth required for
transmitting the signaling information is minimized.



Figure 4: The system model for a virtual circuit.

4 System Model

An ATM network with ABR connections subject to the proposed flow-control scheme is a dynamic
system. We model this system by using the first-order fluid approximation method, which characterizes
the system with coupled time-delayed differential equations [17,18]. In this model, we use the real-valued
deterministic functions R(¢) and Q(¢) to approximate a discrete-valued stochastic rate process R(¢) at
the source and a queue length process Q(t) at the bottleneck node, respectively. Due to its simplicity,
effectiveness, and approximation accuracy (particularly for heavy traffic), the fluid modeling method
has been effectively applied to the analysis and evaluation of several common rate-based flow-control
schemes [5,12-15,18-20].

In all previous analyses using the fluid model, the maximum queue length @),,,. is treated as a free
parameter under the unrealistic assumption that buffer capacity is infinite [5,12-15,18-20]. In a real
network, however, this assumption does not hold, and thus, the results based on this assumption are not
applicable to the case of finite buffer capacity. By contrast, our model hinges on a finite buffer capacity
Crnaz, and the inequality Q0 < Chiee is used as a constraint in finding the optimal rate-control function.
We show that by properly adjusting the flow-control parameters, the proposed scheme can guarantee
lossless transmissions while achieving high average throughput for a given finite buffer capacity. We also
assume the existence of only a single bottleneck with queue length Q(#) and a “persistent” source, which
always has data cells to send, with ACR = R(?), for each VC. Such a data source model does represent
such applications as file transfer and image retrieval. Moreover, this source model allows us to examine
the proposed scheme under the most stressful condition. Figure 4 depicts the system model for each VC
flow-controlled by the proposed scheme.

4.1 System Description

The system with the proposed flow-control scheme is characterized by the following parameters (see
Figure 4):

Jor Multiplicative decrease factor for the rate reduction
a: Additive rate increase slope
A: Time interval of rate update

ICR:  Initial cell rate per ABR connection
MCR: Minimum cell rate per ABR connection
Qn: High threshold of the ABR queue

Qr: Low threshold of the ABR queue

Ty: Backward delay

Ty: Forward delay

& Bottleneck maximum buffer allocation (Cl,4z)
% Bottleneck link bandwidth (BW)
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The backward delay, T}y, is defined as the duration from the time when a congestion signal is generated
and sent back from the bottleneck node to the time when it is received by the source, including propagation
and processing delays. As mentioned earlier, there are two types of congestion in our model: [link
bandwidth and buffer capacity congestions. The bandwidth congestion occurs when Q(¢) > @, for which
our algorithm sends data cells with the EFCI bit marked. The buffer congestion occurs when Cp,; = 0,
which represents a much more severe congestion condition. So, upon occurrence of a buffer congestion,
our algorithm generates and sends a backward RM cell with BN = 1 (Figure 3) requesting the source
to reduce its transmission rate. This RM cell experiences a delay of T} to reach the source node. Note
that T3 also represents the delay from the instant the rate-control information is sent by the source to
the time when the rate control starts acting on the bottleneck.

The forward delay, 7, is measured from the detection of bandwidth congestion at the bottleneck
to the time when the congestion-indication feedback reaches the source via the destination node. Thus,
7 = Ty + T represents the VC’s round-trip delay. We use the synchronous model for rate control in which
the fixed (periodic) rate-update interval A is usually a fraction of 7. During the establishment of an ABR
connection, the client specifies to the network both its PCR and MCR for the requested connection. We
explicitly take MCR into modeling since it is closely related to the minimum bandwidth guarantee for
an ABR connection. p and £ are the bottleneck’s bandwidth and buffer capacity, respectively, which
represent two types of network resource constraints. ), and (J); are used, respectively, for traffic overload
and underload detections. Based on the proposed control algorithms in Section 3.2, the additive increase
and the multiplicative decrease of rate during the n-th rate-update interval are expressed as:

(4.1)

- R, 1+ a; Additive increase
"o bR,_1; Multiplicative decrease

where a (AIR in the source node algorithm) is the rate increment and b (M DF in the source node
algorithm) is the rate decrease factor. Thus, the rate adjustment at SES can be modeled by “linear-
increase” and “exponential-decrease” in a continuous domain with the following expressions [5]:

R(to) + a(t —1o); Linear increase
R(t) = _(_pl=w) , (4.2)
R(to)e N Exponential decrease
where ¢ is the current time; to the time of the last rate-update; @ = ¢/A and 3 = 1+ log b for a

rate-adjustment interval A.

4.2 System State Equations

The system state is specified by two state variables: R(t) (source rate function) and Q(¢) (bottleneck’s
queue-length function). According to the proposed control algorithms, the system state equations for
a VO containing a single bottleneck are given by the following three sets of equations, depending on
whether rate or credit control is in operation.

Phase 1: rate-control increase if Q(t — 13) < Qp,

R(t) = R(to) + a(t — to) and Qt) = /t[R(‘v = Ty) — pldv + Qo) (4.3)

Phase 2: rate-control decrease if Q(t —T3) > Qn,

(t—tp)

R(t) = R(to)e" =773 and  Q(t) = / [R(o = Ty) — uldo + Q(to) (4.4)




BW
MCR
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0 ‘TBTq;Tf"TIL Td“ T T
Figure 5: Dynamic behavior of R(t) and Q(t) for control pattern I.

Phase 3: credit-control if the source receives a feedback of Cy,; = 0 (buffer congestion),
R(t)=R., (R.> MCR) and Q) =&—(u— R:)(t =Ty —1o). (4.5)

Here R(t) represents the fluid approximation to the throughput of cell transmissions. The average
throughput is then given by lim;_ ., %fg R(v)dv. Q(t) is an approximation to the queue-length pro-
cess at the bottleneck node. R, is the cut-down rate set by the source when it receives a (BN=1) RM
cell (notifying Cpq = 0) from the bottleneck node. The non-linear dynamics of the rate functions reflect

the fact that Q(¢) € [0,£].

This first-order fluid model has been shown in [17] to be a good approximation when the system is
heavily-loaded. The persistent source model accommodates an accurate approximation since it represents
a heavy traffic condition.

5 Analysis of a Single ABR Connection

In this section, we focus on the output buffer of a bottleneck link over which a single ABR connection
runs (the cases for multiple ABR connections will be treated in Section 7). The system dynamics could
be in either equilibrium or transient state. We derive the analytical expressions — which determine
the performance measures such as maximum queue length, average throughput, and rate/queue length
function oscillation periods — for both equilibrium and transient states. We also derive the expressions
which can be used to compute the evolutions of rate/queue length functions.

5.1 Equilibrium State Analysis

The equilibrium state is defined as the state in which the source-rate function R(t) and the bottle-
neck queue-length function Q(¢) have already converged to a certain regime and oscillate with constant
amplitude and frequency. In this state, R(¢) fluctuates around the link bandwidth. The fluctuation
amplitude and period are determined by the rate-control parameters a, 3, buffer capacity £, congestion
detection thresholds @, @i, and delays T}, Ty. The use of credit control yields three different patterns for
flow-controlled rate and queue-length functions, depending on the ranges of the flow-control parameters.

Pattern I: £ > (,4- Under this condition, the allocated buffer is large enough for the connection never

to run out of credit, so no buffer congestion occurs, and hence, only the rate-control mechanism governs
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the system dynamics. Figure 5 (assuming ICR=0) illustrates the rate fluctuation and related queue
length at the bottleneck link for this pattern. At time g, the rate reaches the link bandwidth p, and
the queue starts to build up after a delay of 7. At time tq + T} + T, the queue length reaches 5, and
bandwidth congestion is detected. After a forward delay of T, the source receives Cl=1 feedback and
its rate begins to decrease exponentially. The queue length reaches the peak as the rate drops back to
the link bandwidth u. When the rate falls below the link bandwidth, the queue length starts to decrease.
After a time period of T}, the queue length reaches @), then the non-congestion condition is detected and
sent back to the source. After a forward delay of 7%, the source rate starts to increase linearly. When
the rate reaches the link bandwidth again, the system starts a new cycle of fluctuation. R(¢) fluctuates,
with a linear-increase and an exponential-decrease alternating, around the bottleneck bandwidth.

Let R, and R,,;, be the maximum rate and minimum rate, respectively, and () ,,4,» be the maximum
queue length, then we have

Ryuw = p+ o(Ty + Tp + Ty) (5.1)

where T, = 4/ 297’1 is the time for the queue length to grow to @) from zero. For the convenience of

presentation, we define

2Qn

Tmaz é Tb + Tq + Tf = Tb + T + Tf (52)

which is the time for the source rate to increase from g to its maximum R, .. by exercising linear
rate-increase control. Then, the maximum queue length is expressed as

Tma.r Td t
Qmax = / at dt 4 / (Rmare_(l_ﬁ)z — ,u)dt (53)
0 0

where Ty is the time for the rate to drop from R, back to yu, and is obtained, by letting R(7T;) = u, as:

A /0
T;=— l . 5.4
! (1 - ﬁ) 9 Rmaz ( )
Then, we have
o A A I
Qmax = 5 Tmaz 2 +a——7-r Tma;L‘ + lOg 5.5
g Tmae) "+ gy (T F 15 109 3 (55)

Note that the queue becomes empty during the fluctuations in equilibrium state as the utilization is
< 100 %. T; is the duration for the queue length to decrease from @4, to @, and thus, is defined by
the following equation:

Ty
Qmaz - Ql = / N(l - 6_(1_ﬁ)£)d‘t (56)
0
So, Ty is the non-negative real root of the nonlinear equation:
_(1_ﬁ)ﬁ 1_ﬂ)T_|:<Qmax_Ql> (1_ﬁ> 1:|:
2 A+ <—A ! . A + 0. (5.7)
The minimum rate is then given as
(Ty+Ty+T)
Ryin = pe™ (-3 (55)
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Figure 6: Dynamic behavior of R(t) and Q(t) for control pattern II.

By definition, the rate-fluctuation cycle is 7' =T, + Ty + 17} + 27 + T}, where T, = (pt — Rynin)/ is the
time for R(t) to grow from R,,;, to u. Note that T" contains two round-trip delays, which correspond to
the two transitions of R(¢) (from linear to exponential and then back to linear).

The average throughput in equilibrium state can be calculated by averaging R(?) over one cycle T" as
1 ftotT 1

— t)dt = —
T )i, Rt)dt =

e

Tma.’r Te t TT
7 / (,u—l—at)dt—l—/ (Rmaze_(l_ﬁ)Z)dt—k/ (Rmm+at)dt] (5.9)
0 0 0

where T, = T; 4+ T} + 7 is the time for exponential-decrease rate control within a cycle. Reducing the
above equation, we obtain

- 1 (87 2 A —(l—ﬁ)& ' o 2]
R = TI:NTmaa:‘I' 2Tmaz+Rma$ <1_ﬁ> (1_6 A) + 1T Roin + QTT (510)

Pattern II: %(Tmaz — 2Tb)2 < € < Qmaz- This is the case where the queue length would potentially

grow beyond the allocated buffer size in the absence of credit control, but the allocated buffer size is
still large enough for the rate to reach the maximum under the rate-increase control (i.e., the source still
needs to partially exercise exponential-decrease rate control). The dynamic behaviors of R(¢) and Q(t) for
Pattern II are plotted in Figure 6. Since R(t) can reach R, the rate-increase control dynamic remains
the same as in Pattern I. However, when Q(t) reaches the allocated buffer capacity £ (buffer congestion),
the bottleneck node immediately generates and sends a backward RM (with BN=1) cell directly to the
source. After a backward delay of T3, the source receives this buffer congestion information and cuts
down R(t) to an appropriate smaller R. to achieve a quick dissipation of the buffer congestion. Two
factors affect the selection of R.. If R. is too large, then the queueing delay increases because the speed
of draining a congested buffer is inversely proportional to R.. On the other hand, if R. is too small, then
the average throughput decreases (see Eqgs. (5.15), (5.22)). To make a tradeoff between queueing delay
and average throughput, we set:

R. = maX{ (2p — Rinaz), jVIC'R} . (5.11)

max

If Rpaw > 2p then R. = MCR; and if R0, = p then R, = p. With a delay of T3 after R(t) = R., the
buffered cells start draining out at the rate of (x — R.). Over a time period of 77, Q(¢) drops from £ to
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@1 When the non-congestion indication (Q(¢) = @;) is detected at the bottleneck node and received by
the source after a forward delay of Tf, R(t) restarts a linear-increase from R.. After a time interval of
T,, R(t) reaches 1 and a new cycle of rate fluctuation begins.

The rate control in Pattern II is further divided into three cases because they need different analytical
treatments. For convenience of presentation, we introduce a new parameter 1., the time for Q(¢) to
increase from 0 to the maximum buffer size allocated, £. The system dynamics belong to one of these
three cases, depending on the range 7. falls in. In all of these three cases, R, is the same as that
derived for Pattern I and @), = €. So, we focus on the rate-decrease control.

Case 1: T4 — 2T < T. < Tpuas- Since R(t) always takes T3 units of time to affect Q(¢) at the bottleneck
node and buffer congestion (Cye = 0) feedback also experiences a delay of Ty to change R(t) at the
source, we consider the T.’s range from T}q0 — 275 t0 Thrgp. Since T, < Thqe (ice., Q(t) = € is due only to

2
(Tyaz)?, the duration of exponential-decrease rate-control grows from 0 to 27;. The next key parameter

the linear-increase rate control), we get T, = 4/ % As £ varies within the range from (7,4 — 2Tb)2 to
2
for determining performance measures is 7}, the duration from the time when Q(t) reaches £ to the time
when @(t) drops to @;. Based on the proposed control algorithms, we obtain

- 0+ (&— Q)
T = 2L + 7;1 "R, (5.12)
where A
- 2 b [
0= 2 (Tes) + R (1_6) (1— e 0-P%) —u1, — ¢ (5.13)

is the number of “overshoot” cells the bottleneck node cannot accept due to Q(t) = £ and have been
temporarily saved by the previous nodes (see the credit scheme in Section 2). In Eq. (5.13), T. =
(T: 4 2T4) — Thax is the duration of exponential-decrease rate control for Case 1 and 7, varies from 0 to
2Ty. Then, the fluctuation cycle of Case 1 is:

T = T.+Th+Ti+T¢+T, (5.14)

where T, = (¢ — R.)/a is the time for R(¢) to increase from R, to p.

Using its definition in Eq. (5.9), the average throughput for this case is derived as:

5 1 a5 A _(1_5)& o, _ o
R_T HTmaz‘}' 2Tmax+Rmaz<1_ﬁ) (1_6 A)+(T1_Tb‘|’T)’)Rc+T7’Rc+ QTT (515)

Case 2: Tyur < Te < Tz + Ta — 2T (assume Ty > 7 and T, as defined in Eq. (5.4)). This case is an
immediate sequel to Case 1 and T, will now range from T,,,; t0 Thar + Tq — 2T3. Since T, > Thaz, i-€.,
the Q(t) = £ status is contributed by both the linear-increase and exponential-decrease rate control, T,

consists of two parts, one from the linear rate part and the other from the exponential part: T, = T},0.4+ 7%,
where 7 is the duration for the exponential part of R(¢) contributing toward Q(¢) = £ and is defined by

o 9 T _(1-g)%
€= STna) + [ (Bnare™ 0% — . (5.16)

Thus, T¢ is the non-negative real solution of a nonlinear equation:

s () (5 e () () - e
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Figure 7: Dynamic behavior of R(t) and Q(t) for control pattern Ill.

Notice that if £ = §(Tpaz)?, the non-negative real solution to Eq. (5.17) is T¢ = 0; this is expected since
¢ = 4(Tynae)? implies that the exponential part does not contribute to Q(¢) = &, and thus, by definition,
T¢ is supposed to be zero. Obviously, T¢ ranges between 0 and (7 — 273) for Case 2.

If 8 is close to 1, using the first-order series expansion (the higher-order series expansion should be

applied if § is not sufficiently close to 1 or higher accuracy is required), T¢ can be approximated by a
simple expression

A
Rmar(l - ﬁ)

1-p

T = (s~ 10~ = =2 (6572 ) ((50)]) . o)

Note that if £ = $(Tjas)?, Eq. (5.18) gives T; = 0, which is also consistent with the definition of 7.

The expressions of 17, 8, T, and R for Case 2 are then the same as Case 1 (given by Egs. (5.12), (5.13),
(5.14), and (5.15), respectively) except that in Case 2, T, = Ty05+ 1 and T, = T¢ + 213 (1. ranges from
2Ty to Td).

Case 3: Tur +Ta— 2Ty < Te < Thaw + Ty (Tq is given by Eq. (5.4)). This case completes Pattern II.

As with Case 2, the status Q(¢) = £ includes contributions from both the linear-increase and exponential-
decrease of the rate control, thus leading to T, = T}q0 + T¢.

Most of the analytical results derived in Case 2 still hold for Case 3, including Eqs. (5.16),(5.17),(5.18)
for the calculation of T¢. However, calculation of 7} is different, because 7. now ranges from 7),,, to
Traz + Tq; Te, by the definition of T, for Case 3, will then vary from T; — 27} to T;. To calculate 77,
we need to determine the “net” contribution of the “overshoot” cells generated in a delay interval of 27},
during which the R(t¢) curve intersects p. Let 6 () denote the positive (negative) contribution — the
area defined by the R(t) curve above (below) p. Then, the net contribution of overshoot cells is 8 + v,
which can be either positive or negative, depending on the time instant R(?) intersects u.

Similarly to derivation of Eq. (5.13), we get

0 = Z(Twmao)® + Romas (i) (1 - e—<1—ﬁ>%) —uly—¢ (5.19)
2 1-p3
A 2Ty —(Ty—Tp)
e (1 - ﬁl—m%) 2T — (Ty Tg)]]. (5.20)

Note that if T¢ = T; — 2T}, Eq. (5.20) gives v = 0 and if T = Ty, Eq. (5.19) gives # = 0, both of which
are consistent with the definitions of 8 and ~.
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Figure 8: Qnqx (maximum queue length) and R (average throughput) vs. « (rate of rate-increase).

The oscillation period can also be computed by Eq. (5.14), except that 77 in Eq. (5.14) is redefined for
Case 3 as

B+7)+(E-Q)

T, = 2T, 5.21
I b+ R (5.21)
Using the definition (5.9), the average throughput for Case 3 is derived as:
7 oo L Q2 A —(1—5)2)
R = T[MTmaz‘I'QTmaz‘l'RmaI(l_ﬁ) (1_6 A
A 2Ty —(Ty—T¢)
+p (m) (1 _ =)= ) + (T, =T, + Tf)Re + T, R + %Tf . (5.22)

Pattern III: 0 < £ < %(Tmaz — 2Tb)2. This pattern is similar to Pattern II in that buffer congestion

control is also exercised. However, in this pattern, for given a, the allocated buffer size is so small that
the source rate cannot reach R,,,, specified by the rate control algorithm and the exponential-decrease
rate control is never exercised. Figure 7 illustrates the dynamic behavior for this pattern. When the
source receives Q(t) = & (Cypa = 0) feedback, its current value of R(t) is reduced to an appropriate
smaller value, R.. T time units after the point R(¢) = R., the buffered cells begin to “dissipate” at rate
p— R.. After a time interval of 17, Q(¢) falls down to ; and the non-congestion indication (Q(t) = @;) is
detected. When the source receives the non-congestion feedback, 7’ after the point Q(t) = @, it restarts
increasing R(t) from R.. After the linear-increase of rate for 7, time units, R(¢) will reach y and the
system will then start the next cycle of fluctuation.

Using the same T, as defined in Pattern II’s Case 1, we get T, = \/%. Since R4, defined by Eq. (5.1)

cannot be reached, the new maximum rate, R/ , , for Pattern IIl is recalculated as R/, = p+a(T.4+213),
where R! . < Ryaz-

Also, using the same definitions of 8, T, and Eq. (5.12) as in Pattern II, we obtain

o = %(Tc+2Tb)2 —¢ (5.23)
LT, + 2T3)* -
T, o= omy 4 2 LZ—;; Q@ (5.24)
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Finally, by substituting these 7. and 7} into Eqs. (5.14) and (5.9), we obtain the average throughput
for Pattern III:

=

(5.25)

1 «a «a
7 | T+ 2T0) + S(Te 4 2T0)° + (Ti = Ty + Ty) Re + T Re £ 5 T7 .

5.2 Numerical Evaluation of Equilibrium-State Performance

Using the analytical results derived thus far, we now present numerical analyses of the equilibrium-
state performance. The bottleneck link bandwidth is set at y = 155 Mbps and we assume Ty = Ty =1
ms (i.e., the bottleneck is identified at the farthest node, the worst case in view of feedback delay), and
hence, 7 =Ty + Ty = 2 ms. Also, we use A = 0.57 = 1 ms, 5, = 50 cells, ); = 25 cells, and the initial
source rate Ry = p (since we are concerned with the equilibrium state).

To balance the increase and decrease speeds of R(t) and ensure that the average of the offered traffic

load does not grow beyond the bottleneck bandwidth, we set a (%) = p throughout the rest of the

paper. Since a represents R(?)’s increase rate and (%) determines R(t)’s decrease speed, setting
af (%) = p means that near the point (R(t) = p, Q(¢) = 0), the rate of R(t)’s increase is equal to the

rate at which it decreases [18]. In addition, setting o <ﬁ) = p confines us to a simpler scenario where

we only need to control one parameter «, instead of both a and j.

Performance Analysis for Pattern I (£ > (Q),,,4,): First, we consider how the rate-increase parameter
a affects the maximum queue length @, Figure 8(a) plots ()4, while varying o for different values
of round-trip delay 7. As expected, @),,4, increases monotonically with a and 7. @,,4, also increases
roughly linearly with a and @4, increases faster for a larger 7. Figure 8(b) plots the average throughput
R against a with different 7 values. R is found to decrease monotonically as a and 7 increase, and R
to decrease faster for a larger 7. In Figure 9(a), the oscillation frequency 1/7 is plotted while increasing
a for different 7’s. The oscillation frequency gets higher as a increases and 7 decreases. In general, a
large 7 has a negative effect on equilibrium-state performance, which is consistent with feedback system
analysis. A small a is desired for equilibrium-state performance in terms of the maximum queue length
and average throughput.

Performance Analysis for Pattern IT and IIT (0 < £ < @Qnq4z): First, we consider how the rate-
control parameter a influences 6, the number of cells queued due to buffer congestion. In Figure 9(b),
6 is plotted against a with different values of buffer capacity £ (< Quaz). As expected, # increases
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Figure 10: Average Throughput vs. Buffer Capacity and Oscillation Fgeriod vs. Rate of Rate-Increase.

monotonically as a increases, but for given a, # decreases as £ increases. Figure 10(a) plots the average
throughput R while increasing buffer capacity ¢ for different values of a. R is found to monotonically
increase as ¢ increases, but for given ¢, R to decrease as a increases. The relationship between the
oscillation period 7" and the rate-increase parameter a is illustrated in Figure 10(b). As in Pattern I, T’
decreases as « increases and £ decreases. T is also found to decrease abruptly for smaller a’s and slow
down the decrease when a gets larger.

Performance Comparison among Three Control Patterns: To make a direct performance com-

parison among Patterns I, II, and III, in Figure 11 R/u’s are plotted against a with different values of ¢,
which correspond to different control patterns. We observe:

1. For any given a, the equilibrium state governed by Pattern I represents the optimal equilibrium
state in terms of average throughput, queueing delay, and delay variation. Thus, we define control
Pattern I as the optimal control pattern/mode, and the equilibrium state under control of Pattern
I as the optimal equilibrium state.

2. For given £, R monotonically decreases as a increases for all three patterns.

R of Pattern II and III with a smaller ¢ decays faster as a increases.

4. For any given a, increasing ¢ can improve R, but when £ > Q,.4., R cannot be improved any
further by increasing £. So, the average throughput R is upper bounded by curve £ > Q,.44, thus
providing information on optimal buffer allocation to a VC for different a’s.

w

We can summarize our observations on equilibrium-state performance analysis as follows.

e « and £ have major impacts on equilibrium-state performance

— A larger a results in a lower average throughput R.

— For given «, the average throughput R increases with &.

— Bandwidth utilization is bounded by the curve £ > @),,4s, which provides information on
optimal buffer allocation for given a.

— The larger a, the more sensitive to ¢ the average throughput R is.

A smaller a leads to better equilibrium-state performance.

Pattern I is optimal in terms of average throughput, bandwidth utilization, and delay.
For given &, a is critical for the system to operate under the optimal pattern.

@ mae is proportional to a.

Since @Qqr is proportional to a, we can adjust a to an appropriate smaller value such that Q(t)’s
fluctuation is bounded by £ and then the system operates in the optimal equilibrium state. But a should
not be too small since a small a degrades transient-state performance.
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6 Second-Order Rate Control and Transient Performance Analysis

Now, let’s turn our attention to the system dynamics and performance in transient state. We begin
with the transient state rate-control algorithm.

6.1 The Second-Order Rate Control Algorithm and its Properties and Performance

As shown above, flow control Pattern I is optimal in equilibrium state in terms of average throughput,
bandwidth utilization, and delay. We therefore define flow control Pattern I (£ > Qnax) as the optimal
equilibrium state, where the rate function converges to a small neighborhood of the target bandwidth,
and the queue-length function fluctuates under the buffer capacity (zero overshoot cell). The goal of our
transient-state rate-control is to drive the system from any initial state into the optimal equilibrium state
as quickly as possible. Thus, the transient state is defined as a state between any initial state and an
optimal equilibrium state.

As discussed in Section 5, exercising increase or decrease control over E(t) alone is not effective enough
to have the system converge to the optimal equilibrium state for given buffer capacity £. This is because
rate increase or decrease can only make R(t) fluctuate around the designated bandwidth, but cannot
adjust the rate-fluctuation amplitude that determines @,,4,. According to the analytical results obtained
in Section 5.1, Qmaz = Qmaz(a, ) is a function of a and #, and thus we can adjust the rate parameter

a (f is also adjusted by setting o (%) = p accordingly) to control @q,. Since the control is over

a = dlzgt), we call it the second-order control over R(t) which provides one more dimension to control the

dynamics of the proposed flow-control system. In addition, there are other reasons why a needs to be
adjusted dynamically. In a real network, backward delay 7}, forward delay 7, and hence, the round-trip
delay 7 vary with time; for instance, Ty and T’y are functions of the bottleneck location. Thus, according
to the analytical results in the last section, keeping ¢),... at a given level requires a to vary with time.
Moreover, 7 is usually not known a priori at the source, and thus, the source needs to adjust o to match

T upon receiving a feedback that experiences the “true” round-trip delay 7. Likewise, keeping R at a
certain level requires « to vary with time.

Theorem 1 that follows formally states why the second-order rate control can drive the system from
any initial transient state to an optimal equilibrium state.
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Figure 12: Rate-increase parameter vs. RM-cell round trip delay and buffer-occupancy threshold.

Theorem 1. Consider an ABR connection flow-controlled by the proposed scheme with buffer occupancy
threshold equal to @y, rate-increase parameter equal to o, buffer capacity equal to £, and RM-cell round-

trip delay equal to 7 > 0. If \Ja < @, then (1) the ABR connection is guaranteed to be in an
optimal equilibrium state, and (2) the mazimum buffer occupancy is upper bounded as Qpmax < (T\/a +
O

V2GR,

Basically, the theorem reveals the following facts. For given flow-control system parameters £, 7, and
@1, a system optimal equilibrium state can always be achieved by controlling rate parameter a. This
property of the second-order rate control is explicitly described by a sufficient condition which guarantees
the existence of the optimal value of a and gives a simple analytical expression to estimate the optimal
a for given £, 7, and (). In addition, the upper bound of @, is found to be a function of flow-control
parameters under the optimal equilibrium state, and the upper bound of @,,,, is more sensitive to 7
than to . To quantitatively study the relationship (under the optimal equilibrium state) among the flow-

control parameters described by Theorem 1, in Figure 12(a) we plot « against 7 by letting \/a = @
with £ varying and @), = 50 cells. As expected, a decreases as T increases since slow feedback requires
a gentle rate increase to keep buffer occupancy under a given level. We also observe that for given 7, a
large £ can sustain an aggressive a, because a larger £ allows for a larger buffer occupancy.

Theorem 1 also indicates that the buffer occupancy threshold ¢); has a direct impact on @,,4s, which
is analytically described in the theorem condition and the upper-bound of @,,,.. This fact enables the
network designers to compute (), more formally, as compared to using heuristics as in previous rate-based
schemes. Based on the theorem condition, « is plotted against @3 in Figure 12(b) with different 7 in
the optimal equilibrium state. « is found to be a monotonically decreasing function of @), which is
expected since a large (), delays the congestion signal to be sent back to the source, and thus requires a
less-aggressive rate increase to ensure @4, < . We also observe that for given «, a larger 7 corresponds
to a smaller ()5 in the optimal state. Therefore, @,,4> can also be controlled by dynamically adjusting
@1. However, dynamical control over ()} poses implementation difficulties since (J;’s are distributed over
all switches. Nevertheless, Theorem 1 provides an analytical expression, by which @, can be calculated
accurately for the given £, 7, and the desired range of a.

If the RM-cell round-trip delay 7 is not a constant or unknown a priori, then we can rearrange the
sufficient condition to be 7/a < /€ — /2Q}, and Theorem 1 still holds. Thus, this new version of
the theorem shows that @4, is subjected to 7y/a, and can be controlled by decreasing/increasing «
in response to the variation of 7. However, here we only concentrate on how to reduce a to ensure the
maximum queue length does not grow beyond a given buffer capacity while achieving a good transient
response. A more general algorithm for the second-order rate control is detailed in [21], where we proposed
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an optimal a-control law for both decreasing and increasing the rate parameter a.

The control rule for reducing « is described by a discrete function, as it is exercised only at time instants
when the buffer congestion occurs. Let ag be the initial source rate-increase parameter. Application of
this control rule n times will yield a sequence {ag, a1, ..., a,}. For a good transient response, we propose
to use an exponential control rule which is defined by

ap, =eMag (0 < A). (6.1)

where A specifies the speed of reducing a.

Note that a should not be reduced further as long as Qax(@,) < £, where @4z is a function of a as
illustrated in Eq. (5.5), since too small a value of a will slow down the transient system response, or even
disable the capability of grabbing the spare/unused bandwidth created by other idle VCs. So, the source
should stop execution of the reducing rule as soon as a, reaches its optimal value a* which is defined
below.

Definition 1. The optimal value of the rate parameter a which corresponds to an optimal equilibrium
state under the second-order rate control for a given initial rate parameter aqg is defined by

. O
a = ZE{III}%%( }{CY | Qmaz — 5} (62)

where Q%)M = Qumaz(i) for a; = e_Aai_l, and oy > ag which is the rate parameter corresponding to
Qmaz(0g) = &, the buffer capacity of the bottleneck node.

The performance of the second-order rate control is characterized by the speed of convergence to an
optimal equilibrium state and closeness of @ q:(*) to the bottleneck-node target buffer occupancy at
the equilibrium-state. The former is measured by the number of the transient-state cycles, denoted by N,
that a flow-control system experiences from any initial state to an optimal equilibrium state. The latter
is evaluated by the difference between a* and a¢. For fast convergence, a smaller N is desirable, while
a larger o* (closer to a¢) is favorable in terms of buffer utilization and responsiveness in grabbing the
unused bandwidth. The values of N and a* both depend upon the second-order rate control parameter
A and other flow-control parameters. Theorem 2 given below characterizes both N and a* by providing
their worst-case bounds as the functions of flow-control parameters.

Theorem 2. Consider an ABR connection flow-controlled by the proposed scheme with buffer occupancy
threshold equal to @y, rate increase parameter equal to o, buffer capacity equal to £, and RM-cell round-
trip delay equal to 7 > 0. If the second-order rate control law given in Fq. (6.1) is applied to this ABR
connection with the initial rate-control parameter oy > a¢ for a given X\ > 0, then (1) the number of
transient-state cycles is upper bounded as

N < [— log (\fT\/\/_mﬂ (6.3)

(2) the rate parameter for the resultant optimal equilibrium state is lower bounded as
V2
Jnf {a™(ag)} > " (\f @ ) (6.4)
ao>ag

a

The proof is detailed in the appendix. Claim (1) of Theorem 2 reveals that the upper bound of N
is inversely proportional to A, the second-order rate control parameter, for the given values of other
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parameters. This makes sense since A represents the speed of reducing a. Moreover, for a given A, N
tends to increase with 7, which is also expected, since a large 7 requires a small o* in an optimal state.
In general, a large A accelerates convergence to the optimal state. On the other hand, the claim (2)
of Theorem 2 identifies a lower bound for infva0>a€{a*(a0)} which indirectly specifies the maximum

(worst-case) distance between o and oy since

(\f V20 ) (6.5)

sup {ag —a™(ag)} = ag — inf {a"(ag)} < ag —
Va0>a€ Va0>a§

So, a larger lower-bound for infy,,>a.{a*(@0)} is desired. Note that, unlike in claim (1), the worst-case

bound of Eq. (6.4) is somewhat “conservative” in the sense that a* may potentially take any value over
—\ 2
the interval (e_A <@) ,ag] depending on the distribution of ag for the given A. But a larger

lower-bound for infyaysa,{@*(ag)} will result in a larger a* on the average. The claim (2) of Theorem 2
indicates that the lower-bound of infva0>aé{a*(a0)} increases as A decays for the given values of other
parameters. Thus, a small A is desired to increase buffer utilization and responsiveness in grabbing unused
bandwidth on the average. However, this introduces a trade-off on selection of A since a large A favors
a small N, whereas a small A favors a large a* on the average. The analytical relationships derived in
Theorem 2 not only explicitly describe A’s impact on N and a*, but also provide a clear insight on how
all the other rate parameters affect the performance of the second-order rate control. In Figure 13, the
worst-case bounds of N and infvao>a€{a*(a0)} are plotted against A for different 7 values with £ = 300

cells, ag = 50 cells/ms?, and @, = 40 cells, which all confirm our analysis discussed above.

In order to quantitatively evaluate the tightness of the derived worst-case bounds, the exact values of
N and infvao>a€{a*(ao)} are also plotted against A with different 7 for u = 367 cells/ms and £ = 300 cells
in Figure 13. These bounds are found to be very tight when 7 is large, because a large 7 requires a small
a for an optimal equilibrium state according to Theorem 1, which leads to pt < Rpar < 20 (the tighter
bound condition) for a given £. Thus, the derived bounds can very well approximate the performance of
the second-order rate control since p < R0 << 2 (due to small a) is the typical operating regime of
the proposed scheme for a given £. Therefore, Theorem 2 provides the network designer with a means to
accurately estimate the performance of the second-order rate control without seeking the exact closed-
form expressions for ag = Q1,.(€), N, and infyyysa,{a*(ao)}, which are impossible to obtain. Another
interesting fact revealed by the above two theorems is that @), 4, is virtually independent of the bottleneck
bandwidth g when Ry < u since neither the optimal state condition nor the worst-case bounds contain p.
This should not surprise us since it is the relative difference between R(t) and pu, instead of the absolute
value of p, that mainly determines @ ,q2-
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6.2 Analytical Solutions and Analysis for Transient-State Performance

For the transient-state analysis, we assume ag > a*, and focus on the first-cycle dynamic behavior with
initial rate Rg > p, because the analytical expressions for the subsequent cycles or the case of Ry < p
during the first cycle are the same as those for equilibrium state. Like the equilibrium-state analysis, tran-
sient state flow-control also divides control into Patterns I, II, and III, which are defined similarly to those
for equilibrium state. Since for Rg > p the system typically operates in transient state under Patterns II
and III (the buffer congestion control applied), our analysis will focus on these two patterns. Let R,..x
and ()pe.r be the transient-state maximum rate and queue length, respectively. Notice that for Patterns

II and III, when Qpeqr > &, R(t) restarts rate-increase from R, = maX{R = p (21 — Rpeak), jVIC’R} with
pea
A

a smaller increase rate of ae™", instead of a.

We will give only Pattern IT/TII’s analytical expressions for the performance measures of interest, and
omit the derivation of these expressions and all the other performance measures (including Pattern I’s)
due to space limit.

Pattern II: Buffer congestion control is exercised and R(t) reaches R,cq%.

(1) Average throughput for Cases 1 and 2:

— 1 a A (1 Ie 1 _
R = T ROTpeak+§T;eak+Rpeak <m> (1 — € (1 ﬁ)A ) —|—(Tl—Tb+Tf)RC—|-TTRC+§a€ /\TTQ (66)
where 1
Tpeak = 74 E [_(RO - M) + \/(RO — M)Z + QQQ}L] s Rpeak = RO + aneak7
(1 — R.)
T, = ~—, ‘
ae=A (6.7)
04 (£ — Q1)
T = 2T, _ - 6.8
! b+ R, (6.8)
o A T
0 = (RO - N)Tpeak + §(Tpeak)2 + Rpeak <m) [1 - e_(l_ﬁ) A :| - ,uTe - 57
T = %[_(RO —p)+ \/(RO —p)?+ 2a§] + 2T — Tpeak; for Case 1
Te + 2T%; for Case 2

and T¢ is the non-negative real root of the following non-linear equation

T (%) <%> Tt [ (5— %(Tpeak);;a(fo — u)Tpmk) (1 ;ﬂ) - 1] —0. (69)

(2) Transient cycle length for Cases 1 and 2:

T=r+T,+T7+1T, (6.10)

where T, is given by Eq. (6.7), 1} is given by Eq. (6.8), and

11 _ — 2 .
T, - = [ (Ro— p) + V(Ro — )% + 2a€|; for Case 1 (6.11)
Toeak + Tk; for Case 2
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Figure 14: R (average throughput) and 7 (transient period) vs. £ (buffer capacity).

(3) Average throughput for Case 3:

_ 1 a A —(1-pTa
R = T [ROTpeak + §Terak + Rpeak <m) <1 — € (1=-A) A )
A 2Ty —(Ty—T¢) 1
+ u <m> (1 _ e_(l—ﬁ)%) + (Tl - Ty + Tf)Rc +T,R.+ 50&6_)\T7,2:| (612)

where all variables have the same definitions as in Cases 1 and 2, except that

I

A
Ty = - log

6.13
(1 - ﬁ) Rpeak ( )
T, = 2T+ ! {(R — ) Toear + (Thoar)? + (i) [R 5 (1 - e_(l_ﬁ)%)
[ — Rc 0 pea 9 pea 1_ ﬁ pea
2Ty —(Ty—T¢ )
+p (1 _ e -p) = )] — (2T, + Tp) — Q;} (6.14)
(4) Transient cycle length for Case 3:
T=r+T.+T1+T, (6.15)
where T, is defined by Case 2 of Eq. (6.11) and 1} is defined by Eq. (6.14).
Pattern III: Buffer congestion control is exercised and R(t) does not reach R,cqp.
(1) Average throughput:
— 1
R = | Ro(T.+213) + %(Tc + 212 + (Tr — Ty + Ty)Re + Ty Re + %e—"TE] (6.16)
where T is given by Case 1 of Eq. (6.11), T} is given by Eq. (6.7), and
«
Ty = 2T+ | (Ro = p)(To+ 2T3) + ST, + 273 = Ql]. (6.17)
(2) Transient cycle length: (all variables are defined as in Pattern III’s average throughput)
T = 74+T.+T7+T,. (6.18)
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Using the analytical solutions derived above, we present numerical results on how system parameters
affect the transient-state performance. The network condition remains the same as in Section 5.2. But
we use Ry = 4u and A = log 2' here. We first consider how buffer capacity ¢ influences the average
throughput R and the first transient-cycle length T'. Figure 14 indicates that for given a a larger buffer
capacity £ leads to a higher throughput R, but also suffers from a longer transient-cycle period 7. This
poses a trade-off between throughput and transient-cycle length. Figure 15 shows how a affects average
throughput R and transient-cycle length T for different buffer capacity £. We observe that for given &, a
larger a not only results in a higher transient-state average throughput, but also a shorter transient-cycle
length. Notice that this observation is the opposite of what we observed in the equilibrium state where a
small a leads to a high throughput. These observations suggest that the source should start sending data
with a larger initial rate-control parameter ag, but make a smaller as system converges to the optimal
equilibrium state. This is consistent with our control algorithms.

7 Dynamics of Multiple ABR Connections

To analyze the performance of the proposed scheme for the multiple-connection case, let’s consider
a scenario where M flow-controlled VCs share a common bottleneck and J < M VCs are active. The
parameters describing V' C; in this multi-connection system are given below.

it 2 %u is bandwidth share for V C; where p is total bottleneck link bandwidth
& 2 %{ is buffer share for V(C; where £ is total buffer capacity at bottleneck node
ng)' 2 %Qh is high buffer-threshold share for VC; where @)}, is total high buffer-threshold
Q;i): 2 %Qz is low buffer-threshold share for V C; where ¢); is total low buffer-threshold
=

MCR;: MCR for VC; where we assume MCR; > 0,Vie {1,2,....,M}
Qi(t):  Queue length at the bottleneck node for V.C;
Ri(t):  Source rate for VC;

T b(i): Backward feedback delay for V C;

T }(,i): Forward delay for VC;
JAVE Time interval of rate-update for V C;.

!This implies o; = %ai_l, just a left-shift operation which is easy to implement. But A can take any other positive
number.
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Figure 16: Comparison of proposed schemes with existing schemes.

The bottleneck node allocates its total buffer capacity £ to M existing VCs, each with a buffer propor-
tional to its MCR at the time of connection setup. Using the (work-conserving) WRR scheduler at the
switch, J < M active VCs are served in a round-robin fashion, but the service rates are proportional to
their MCRs. So, the bottleneck bandwidth p is dynamically shared by J active VCs. As a result, all active
VCs interact with each other directly through the shared bandwidth u. To make the analysis tractable,
we ignore the scheduling time at the switch, and also consider the assigned bandwidth share as the target
bandwidth share (instead of the realized bandwidth), which slightly under-estimates the throughput, but
still reflects the system dynamic behavior. Then, all the expressions derived in Sections 5 and 6 can be
applied to the multiple-connection case with the target bandwidth and buffer capacity substituted by
their shares.

Now, we describe two examples to compare the proposed scheme with rate and credit schemes in terms
of buffer requirement, bandwidth guarantee, fairness, and average throughput.

7.1 Buffer Requirement and Average Throughput

In the first example, we consider a case where there are M = 4 identical ABR VCs with the parameters:
Rél) = 183.5 cells/ms, MCR; = 18.35 cells/ms, Tb(l) = T}Z) =1ms(sor; =2ms), A; = 1 ms, aél) =11.45
cells/ms? (i = 1,2,3,4), Qn = 50 cells, and @Q; = 25 cells. We assume that 4 VCs start sending cells at the
same time over the bottleneck link with a bandwidth of p = 367 cells/ms (155 Mbps). These connection
and network conditions are shared by both the rate and proposed schemes, which will be described below.

For the rate scheme, the 4 VCs share a common FIFO output queue Q(t) at the bottleneck link. Using
the equations derived for Pattern I, which describe the rate scheme, we obtained the evolution functions
of R(t) = 4R,(t) and Q(?), as shown in Figure 16(a). We observe that in transient state, there is a large
queue build-up, @ peqr = 2207.5 cells. But in equilibrium state, ¢ y,q5 is just 493 cells, about 1/5 of @ peqk-
If lossless transmission is required, the buffer size at the switch must be larger than 2207 cells to prevent
cell-loss during the short transient duration even though only 22% of buffer space will be utilized during
the long equilibrium duration. The resulting total average throughput in equilibrium state is 319.35
cells/ms (or R/u = 0.87).

With the proposed scheme, we assume that the bottleneck switch has a given buffer capacity of £ = 500
cells. Then, each VC has & = 125 cells, ng) = 12.5 cells, and Q;Z) = 6.25 cells since all VCs have the
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same M CR;. The 4 VCs each have their own output queue at the bottleneck switch, but evenly share the

link bandwidth u. Using the equations derived for Pattern I, II, and III which characterize the proposed

scheme, we computed the evolution functions of R;(t) and @);(¢) for both transient and equilibrium states.

Since the 4 VCs are identical, we have Q(t) = 4Q;(¢) and R(t) = 4R;(t). As shown in Figure 16(a), R(t)
(%)

just experiences one cycle of transient state with ay’ = 11.45 cells/ms? and then enters the equilibrium

state with agl) = 5.725 cells/ms? (assuming A = log 2). In the transient state, Q(¢) is bounded by buffer
size £ = 500 without any cell-loss due to buffer overflow, and @) ,,4, = 356 cells in equilibrium state. The
resulting average throughput in the equilibrium state is 336.7 cells/ms (i.e., R/p = 0.92), which is higher
than that of the rate-based scheme.

So, this example shows that the proposed scheme requires much smaller (nearly 5 times less) buffer size
to guarantee lossless transmission and achieves higher average throughput than the rate-based scheme.

7.2 Bandwidth Guarantees and Fairness

In the second example, we consider two ABR connections with different parameters. For connections:
MCRy = 12 cells/ms, a(()l) = 22.9 cells/ms?, Rél) = 0 cells/ms, MCRy = 24 cells/ms, aéz) = 45.8
cells/ms?, RéQ) = 0 cells/ms. For networks: p = 367 cells/ms, £ = 450 cells, @, = 75 cells, Q; = 22.5
cells, Tb(l) = Tb(z) = 1 ms, T = 7 — ms, A; = Ay = 1 ms. Then, u; = Ly = 122.3 cells/ms,

f f 3
Lo = %,u = 244.7 cells/ms, QS) = %Qh = 25 cells, ng) = %Qh = 50 cells, Q;l) = %Ql = 7.5 cells,

ng) = %Ql = 15 cells, & = %5 = 150 cells, & = %5 = 300 cells. We take A = log 2 in reducing rate
increase parameter .

We assume that VC1 starts sending data at ¢ = 0 and VC2 starts sending data at ¢ = 195 ms when
VC1 has already reached the optimal equilibrium state. For the proposed scheme, using the expressions
derived for Pattern I, II, and III in Sections 5 and 6, we compute the evolutions for R;(¢) and Ry(t) for
both transient and equilibrium states as shown in Figure 16(b). We observe that after 2 transient cycles
(46.95 ms) R1(t) converges to u, instead of its share py. This is because there are no other VCs sharing p
with VC1, and thus, VC1 grabs all available bandwidth 4 (ABR). Note that VC1’s transient-cycle number
N = 2 here, which validates the claim (1) of Theorem 2 since N{()’s exact value is [1.6764] = 2 by
Eq. (A.4) with ag = 7.1647 and its upper-bound (attained in this case) is [1.7734] = 2 by Eq. (6.3). At
t = 195 ms, VC2 starts sending data cells, then the WRR scheduler at the switch assigns a bandwidth
share of p1 to VC1 and pg to VC2 as their target bandwidths. VC2 starts competing for bandwidth in
its transient cycles. At the same time, the equilibrium state of R;(t) is broken and starts to give up the
bandwidth beyond its share pp. Note that VC1’s a remains the same since it has reached its optimal
value 5.725 cells/ms?. After 2 transient cycles (47.52 ms), both Ry(t) and Ry(¢) converge to their shares
g1 and gy and the system enters another equilibrium state. The claim (1) of Theorem 2 is also verified
for VC2 since N = 2, and its exact value is [1.4916] = 2 by Eq. (A.4) with ag = 16.2873 and its

upper-bound (attained) is [1.7734] = 2. Note that by properly reducing a(!) and a(?), not only do Ry(t)
and R,(t) converge to their shares, but also )1(¢) and Q2(¢) are confined to the regimes bounded by &

and &, [0, Qg,%{)m] and [0, Qg,%zm] where Q&i&r =131 and Q&f&r = 263.
This example shows that the proposed scheme can provide a bandwidth guarantee to each VC and
achieve a fair bandwidth share among competing connections according to their MCRs. As previously

discussed, a bandwidth guarantee is hard to achieve by the credit-based scheme, as it does not explicitly
control transmission rate.
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These two examples also show that under the proposed scheme the source rate and queue length can
rapidly converge to the optimal operating regime (within two cycles of the transient state).

8 Conclusions

In this paper we proposed and evaluated an integrated credit- and rate-based flow-control scheme.
The proposed scheme combines the merits, and overcomes the weakness, of the two schemes by exercising
direct control over both bandwidth and buffer resources. Using the fluid approximation, we modeled the
proposed flow-control scheme and analyzed the system dynamic behavior for ABR services under the most
stringent traffic condition. We derived closed-form expressions for queue buildups, average throughput,
and other flow-control measures. These expressions were then used to evaluate the system performance,
design the optimal rate-control parameters, and compute the evolution of rate and queue-length functions.

Unlike other flow-control schemes and analyses, we included the buffer capacity as an important con-
straint in the design and analysis of the proposed scheme. Two important findings are: (1) the control
pattern with no buffer congestion is optimal in term of average throughput and network delay, and (2) the
rate-increase parameter a plays a critical role for the system to operate under the optimal pattern. Ac-
cordingly, we developed a 2-dimensional rate-control scheme which not only controls the increase/decrease
of the rate (R(t)), but also adjusts its rate (R'(t) = %}@). We derived a sufficient condition by which
the second-order rate control can drive the system from any transient state to an optimal equilibrium
state. Also, the worst-case performance bounds are derived as the closed-form functions of flow-control
parameters to evaluate the performance of the second-order rate control in terms of convergence speed
and buffer utilization. Our numerical results demonstrated that the worst-case performance bounds are
very tight for the designated operating regime, and thus can be used to accurately estimate the per-
formance of the second-order rate control. In addition, the worst-case bounds exhibited the tradeoff
between the convergence speed and buffer-utilization /transient-response, which facilitates the selection
of an appropriate second-order rate control parameter. The resulting evolutions of R(t) and @(¢) have
shown the proposed flow-control scheme to be stable and efficient in that R(¢) and Q(¢) rapidly converge
to the designated operating region.

Our numerical analyses indicate that, in equilibrium state, a smaller a results in a higher average
throughput, but for quick transient response and high throughput, a large a is desirable. This observation
is consistent with the conclusion in [5]: “a sharp reduction in the transient state and a smaller rate
reduction in the equilibrium state”. For a given «, our evaluation illustrated that in transient state a
larger £ leads to a higher throughput, but also results in a longer transient cycle, thus showing a tradeoff
between throughput and transient cycle.

To make a quantitative performance comparison with existing schemes, we considered two multiple-
connection examples. The identical VCs example showed that our scheme requires much smaller (nearly
1/5) buffer size to guarantee lossless transmission and achieves higher average throughput or bandwidth
utilization (92% vs. 87%) than the rate-based scheme. The non-identical VCs example showed that
our scheme can provide a bandwidth guarantee to each VC and achieve a fair bandwidth share among
competing VCs according to their MCRs. Also shown in the examples is that R(¢) and Q(t) can quickly
converge to the optimal operation region.

We have developed a simulator using NetSim package [22]. The simulation results verified the analytical
results for the single-connection case. We are currently extending the simulator to the multiple-connection
case. Also to be simulated is the dynamic behavior of multiple connections using the realized bandwidth
as the target bandwidth, which is more accurate, but analytically intractable. We are also planning to
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extend our model to the case where per-VC queue scheduling at a switch is implemented by more efficient
scheduling algorithms such as Generalized Processor Sharing (GPS) and Fair Queueing (FQ) [23,25].
Effective link-scheduling algorithms, coupled with integrated rate- and credit-based flow control, can
provide good end-to-end performance in emerging broadband networks.

Acknowledgment

The authors would like to thank Jennifer L. Rexford and Zhihui Huang for very helpful discussions
and comments on an earlier version of this paper.

A Appendix

A.1 Proof of Theorem 2.

Proof. For claim (1), let a; be the rate parameter corresponding to buffer capacity ¢ such that £ =
Qmaz(0¢). According to the definition of o* (see Definition 1 in Section 6), if ag > ¢, then the number

of transient-state cycles N > 1 and a* = e *Nag, which can be rewritten as
1 (%))
N=—-lo — . Al
S tog (22) (A1)
Since
AN
o= max {a; = max {a;| o =eMa a;) < A2
ie{1,2.3,.. }{ |Qmar = 5} i€1,2,3,.. }{ . | . ) Qmar( 2) = 5} ( )
and thus
eV -Dgy > ag > o = e Nayg, (A.3)
we obtain

N = % log <%> = ’V§ log (Z—Z)-‘ . (A4)

We now prove the following fact by contradiction

Ve 2 (\f V20 ) (A.5)

Suppose that | /ag < <\/_ : ) then 3 o', a positive real number, such that

\/a_§<\/a<(\/_ ”QQ) (A.6)

Applying claim (1) of Theorem 1 to the second part of Eq. (A.6), we get Qnaz(@’) < &, but the first
part of Eq. (A.6) implies Qnaz(@’) > € since @ pnax(a) is a strictly monotonic-increasing function of « for
7 > 0, which creates a contradiction. Hence, Eq. (A.5) holds true. Substituting Eq. (A.5) into Eq. (A.4),
Eq. (6.3) follows.

For claim (2), by definition of a*, which is a real function of ag, we have

ag > a* = a*(ag) > e Mag Vag > ag (A7)
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Since the value of real function a*(ag) can be arbitrarily close to e_)‘ag, but never attains it, due to the
arbitrariness of ag, we get

inf {a* = A8
o, 107 (a0)} = 7 (A.8)
Applying the fact described by Eq. (A.5) to Eq. (A.8), Eq. (6.4) follows. O
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