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Abstract 

In this paper we propose an end to end congestion control algorithm for ABR traffic in high-speed ATM 
networks. The algorithm is designed using a control theoretic approach and the Smith principle is proposed as a 
tool to design the feedback control law. The algorithm is executed at the entry node of ATM networks and 
switches do not execute either any computation or stamp any explicit feedback on RM cells. In particular, we 
propose that the traffic source at the entry node computes the input rate by estimating the bottleneck queue level. 
This estimate is done by stamping time into RM cells to measure round trip times, and by measuring available 
bandwidth. The available bandwidth is measured by sending probe RM cells and by measuring the rate of 
returning RM cells. 

1 Introduction 

Asynchronous Transfer Mode (ATM) technology is 
conceived to merge both the advantages of circuit 
switching and packet switching technology by 
means of the concept of virtual circuit [l], [2]. A 
key issue is the "efficient coexistence" of Constant 
Bit Rate (CBR) services, Variable Bit Rate (VBR) 
services and "best effort" services, also termed 
Available Bit Rate (ABR). ABR traffic is typically 
characterized by unspecified requirements for 
throughput and delay and it  is conceived to rapidly 
"fill in" the bandwidth left unused by CBR and 
VBR traffic. The ABR service is hence ideal for 
data transmission like files, ftp, images. In this 
service, an option exists to provide an explicit rate 
control feedback to the sources. This feedback 
allows sources to control their traffic rate. 
To briefly summarize the algorithms proposed for 
ABR traffic control, we start by recalling the binary 
feedback schemes. This class was the first to be 
introduced due to their easy implementation [22], 
[23], [24], [25]. In these schemes, if the queue 
length in a switch is greater than a threshold, then a 
binary digit is set in the control management cell. 
However, they suffer serious problems of stability, 
exhibit oscillatory dynamics, and require large 
amount of buffer in order to avoid cell loss. As a 
consequence, explicit rate algorithms have been 
largely considered and investigated (see Jain [ZJ for 
an excellent survey). Most of the existing explicit 
rate schemes lack of two fundamental parts in the 
feedback control design: 1) the analysis of the 

closed loop network dynamics; 2) the interaction 
with VBR traffic. In [26] and in [27] an explicit rate 
algorithm is proposed, which basically computes 
input rates dividing the measured available 
bandwidth by the number of active connections. In 
[ 5 ] ,  the control design problem is formulated as a 
standard disturbance rejection problem where the 
available bandwidth acts as a disturbance for the 
system. The ABR source rate is adapted to the low- 
frequency variation of the available bandwidth and 
Hz optimal control is applied to design a controller 
that minimizes the difference between the source 
input rate and the available bandwidth. A drawback 
is that the design of the controller depends on the 
characteristic of the interacting VBR traffic and on 
the measurements of the available bandwidth, 
which is difficult to be obtained in practice. 
In [3] and [4] an analytic method for the design of a 
congestion controller, which ensures good dynamic 
performance along with fairness in bandwidth 
allocation, has been proposed. However this 
algorithm requires a complex on-line tuning of 
control parameters in order to ensure stability and 
damping of oscillations under different network 
conditions. Moreover, it is difficult to prove the 
global stability, due to the complexity of the control 
strategy. In [6]  an algorithm using a Smith's 
predictor has been illustrated which uses per VC 
FIFO queuing. The switches feed the sources with 
queue level as feedback information. The algorithm 
assures no cells loss and full utilization of network 
links in presence of many connections, with 
different round trip delays, sharing the network. 

' At the time of the paper, S. Mascolo was Visiting Researcher at Conip. Science Dept. of University of California, LOS 
Angeles, under CNR grant n. 203.07.26. 
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This paper describes an enhancement of the 
algorithm proposed in [6]. The main modification is 
that switches do not need to supply queue level 
measurement to the sources, but sources estimate 
the bottleneck queue level. This estimate is done 
via round trip time measurement and by estimating 
the available bandwidth by sending probe packets. 
This scheme could be useful in high-speed ATM 
core switches where it can be assumed that there is 
no time for computation and stamping. 
Unlike the algorithms proposed in [7] and [81, 
where links with constant available bandwidth have 
been assumed, the interaction of ABR traffic with 
other traffic is considered here by means of a 
timevarying available link bandwidth. Moreover, 
since from a practical point of view it  is not 
meaningful to measure available bandwidth, this 
variable has been modeled as a disturbance input. 
In [SI it was assumed that all the connections 
sharing the bottleneck link were characterized by 
the same round trip delay. This restrictive 
assumption is here relaxed. 
The paper is structured as follows. Section 2 
describes the network model, the traffic model, the 
control architecture and the queue model. Section 3 
describes the proposed control law and its 
properties are demonstrated. Section 4 provides a 
detailed description of the mechanism to estimate 
the bottleneck queue level and the available 
bandwidth at the source end node. In Section 5 
simulation results are reported which validate the 
proposed approach and, finally, last section draws 
the conclusions. 

2. The Model 

2.1. The network model 

The network employs a storeand-forward service, 
i.e. cells enter the network from the source edge 
nodes, are then stored and forwarded along a 
sequence of intermediate nodes and communication 
links, finally reaching their destination nodes. 
Mainly following the notation reported in [3], we 
model the network as a graph consisting of a set 
N={ l,..n} of nodes (properly switches) connected 
by a set L={ 1, ... 1 )  of communication links. For 
each node i EN, let O(i)cL denote the set of its 
outgoing links. Each node maintains a queue for 
each outgoing link where cells to be transmitted are 
temporarily stored. Each link i is characterized by 
its transmission capacity ci=llti (cellshec), where ti 
is the transmission time of a packet, and by its 
propagation delay of tdi sec. Each node has a 
processing capacity of 1 h p ~  cell/sec, where tpri is the 
time the switch i needs to take a packet from the 
input and place it on the output queue. It is assumed 
that the processing capacity of each node is larger 

than the total transmission capacity of its incoming 
links so that congestion is caused by transmission 
capacity only. Finally it is worth noting that, in high 
speed wide area networks, the bandwidth delay 
product cix tdi (in pipe cells) represents a large 
number of cells “in flight” on the transmission link. 

2.2 The traffic model 

The network traffic is contributed by 
source/destination pairs (S,D)E NxN. A Virtual 
Circuit (VC) is associated to each (S,D) connection, 
mapped on the path p(S,D) [l] ,  131, [6]. The path 
contains one node for every network node and one 
directed link e=(a,b) for every communication link 
from node a to node b. Therefore a generic VC, let 
say VC, is specified by the sequence of links 

e: ,  e; ,...,e: it traverses as it proceeds through the 

network. A deterministic fluid model 
approximation of the cell flow is assumed, i.e. 
sources transmission rates are described by a 
function of time r(t) measured in cells/sec. An ABR 
source is expected to declare only its peak cell rate, 
that is, its maximum transmission speed cs=l/rs. 
Moreover, it is assumed that ABR sources always 
have cells to send, i.e. they are persistent sources 
V I .  

2.3 The control architecture 

The feedback scheme recommended by ATM 
Forum is assumed [13]. This scheme requires that 
each ABR traffic source sends one control RM 
(Resource Management) cell every NRM data cells. 
RM cells are sent back by the destination to the 
source. RM cells are used to deliver feedback 
information to the source, which utilizes this 
information to set the input rate of ABR traffic. 

2.4 The queue model 

Each output link has a common queue for all virtual 
circuits sharing it. Let qij(t) be the queue level 
associated with the VC i-th and with the j-th link. 
By writing flow conservation equations, the queue 
level qi,(t), starting at t=O with qi,(O)=O, is 

Where Tij is the propagation delay from the ith 
source to the j t h  queue, d&) is the rate of packets 
of the i-th VC leaving the j lh  queue, that is, the 
ABR available bandwidth for the i-th VC, and ri is 
the input traffic rate. 
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Figure 1: Block diagram of a closed-loop controlled VC connection 

3. The control law 

The aim of this section is to design a feedback 
control law for the input rate of each ABR 
connection such that each network queue level q(r) 
satisfies the following stability condition q(t)< q,,, 
where qYlx is the per-VC queue capacity. Moreover, 
the control has to guarantee high utilization of 
network links. Formally, this can be expressed by 
the following full link utilization condition: 
q(t)>O for t>T 
where T is greater or equal to the round trip time. 
This condition guarantees that any link has always 
data to send. 
Figure 1 shows the block diagram of the system 
model consisting o f :  

the bottleneck Round Robin(RR) or FIFO 
queue modeled in the Laplace domain by the 
integrator I/s; 
the available ABR bandwidth d(r) modeled as a 
disturbance; it  is an unknown and bounded 
function that we assume it is not measurable; 
the forward delay T,; 
the feedback delay Tb ; 
the controller transfer function G(s); 
the set point Xg(t) that sets a threshold for the 
queue. 

Due to the large delays inside the feedback loop, 
queue level dynamics might exhibit oscillations, 
and even become unstable. Since the model of the 
communication system is known without parameter 
uncertainty, a controller can be designed following 
Smith's principle [14], [15]. 

Figure 2: Block diagram of the desired 
inputoutput dynamics. 

Following this principle, the idea is to look for a 
controller G(s) so that the inputoutput dynamic of 

the system reported in Fig. 1 becomes equivalent to 
the input-output dynamics of the system reported in 
Fig. 2, where R77'=Tfi + Tfi. A major feature of this 
system is that it  is a first order system with a delay 
in cascade. Thus, by letting the set point %(t) be 
the step function XO.l(f) ,  the queue level is bound 

by xo* 
Proposition 1: The transfer function G(s) that 
transforms the input-output dynamics of the system 
reported in Fig. 1 into the input-output dynamics of 
the system reported in Fig. 2 is: 

k 
k 

G(s) = 
1 + - (1 - e-RTTs) 

S 

Proof: By equating the transfer functions of the 
systems reported in Figs. 1 and 2, the controller 
G(s) is easily obtained. 

The corresponding rate control equation in  the time 
domain is 

t 

j r ( w ) d w  
t-RTT 

This equation can be intuitively interpreted as 
follows: the computed input rate is proportional, 
through the coefficient k, to the buffer available 
space X, -q(t -T fb )  decreased by the number of 
cells released by the source during the last 
corresponding round trip time R77'. 

Proposition 2: The system reported in figure 1 
where the reference signal is the step function 
Xo(t)= Xo.l(t), and the disturbance is the step 
function d(t)= DO.l(t-T,), satisfies the stability 
condition q(t) l  Xg. 
Proot The Laplace transform of the output q( f )  in 
response to the set point XO (t)= %.l(t) is 
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The Laplace transform of the output q(t) in 
response to d(t)= Dg.l(r- TI), with Tl>RTTis 

By antifransforming QDO(s) and Qxo(s) and setting 
Q(s)= Q ~ o ( s ) + Q ~ o ( s ) ,  it follows: 

q(f ) = X o (  1 - e-(f-Rn}k ). I(r - R77')- 
Do(t -7i).l(r -q)+ D ~ ( I  -q - RTT). l(t -q - R77')- 

This completes the proof. 

Remark 1: For 
value of the queue level is: 

nRTT+4/k+Tl, the steady state 

(3) q(r) = qs = Xo -Do  .Ri7'- Do l k  

Proposition 3: Control law (2) guarantees q(r)>0 
for tXlT+4/k+TI if the following condition is 
satisfied: 

X o  > D,(RTT+l/k) 

The proof of Proposition 3 is easily obtained by 
setting q(t)>O in eq. (3). 

4. The algorithm 

We assume that the ATM source marks time in RM 
cells and measures RTT time when RM cells come 
back to the source. Network nodes do not need to 
perform either any computation of explicit rates or 
stamp any value. This feature could be useful in 
high-speed ATM core switches. Notice that the 
feedback information is relayed in RM cells and 
thus not available in continuous time, but rather in 
sampled form. To discretize the continuous control 
eq. 1, we simply invoke the Shannon theorem and 
the rule of thumb reported in 1211, which requires 
that, in order to have a continuous-like performance 
of the system under digital control, the ratio of the 
system time constant z = l l k  over the sampling 
time T, must belong to the interval [2,4], that is 
T, = [ ~ / 4 + ~ / 2 ] .  

4.1 Initial Estimate of the available 
bandwidth 

The source estimates the best effort available 
bandwidth by sending probing cells. In particular 
the source sets Nrm=l and it transmits at its 
maximum rate a number of RM cells equal to NI  
(RMi, i=l,..,Nl). When cells come back from 
destination, the source computes the minimum R n ,  
estimates the available bandwidth and computes the 
input rate as follows: 

0 on arrival of the first of the NI RM cells (RM,) 
compute RTTni=(actual-time - rime-stamp); 
set TZ=nctual-time 
for( i=2, i<=N1-l ), on RMicell arrival 
compute RTT=(acrual-time-time-sramp); 
if RiT<RTTni then RTTm=RTT. 

compute RTT=(actual_tinze-rime_stamp); 
if RTT<RTTni then RTTni=RTT; 
set T3=actuaI_time; 
set the estimate of the available bandwidth 
d(t)=N1/(T3-T2), set k=a/RTTm, set Nrm=32; 
select a value for the stationary queue level qs; 
set Xg according to eq. (3); 
start transmission of cells at rate computed 
according to control law (1). 

on arrival of R M N ~  

The parameter CI allows to fix the time constant I lk 
as a fraction of RiTni. 

4.2 Setting the queue threshold Xo 

The queue threshold Xo can be fixed according to 
eq. (3) in order to get a desired stationary queue 
level qr. A low value for qs can be chosen to ensure 
full link utilization in stationary condition and low 
queuing delay. A greater stationary queue level can 
be chosen to ensure full link during transient when 
the traffic class is delay insensitive. For instance, 
the condition X, > Do(RTT + I  / k),  where Do is 
the maximum available bandwidth, ensures full link 
utilization in any condition. In our simulations we 
have chosen qs=20 so that at steady state we have 
full link utilization even if the estimate of available 
bandwidth contains error. Notice that lower qs do 
not ensure the last property, whereas higher values 
for qs may cause buffer overflow. 

4.3 Estimate of available bandwidth 

For every set of N2 RM cells the source estimates 
the best effort available bandwidth d(t)  as follows: 

on arrival of the first of the Nz RM cells (RM,) 
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set T2=actual-tinie 

set T3=actuai_time, set d(t)=Nz.Nrml(T3-T2) 
0 on arrival of RMNZ 

4.4 Queue level estimate via RTT 
measurement and band width estimation 

On RM cell arrival the source computes the 
queuing delay (RV-RTTm) and estimates the 
queue length, by using the estimate of available 
bandwidth, as follows: 

on Mi cell arrival 
compute R’IT=(actual-time-time-stamp); 
if RTT<RTTm then RTTm=RTT: 
q(t- qh) = (RTT-R’IT~?z)~( t ) .  

4.5 Steady-state queue level verification 

Each source carries out a verification of the steady 
state value of the queue level with a time period 
RTT+4/k. The verification is done when an Rh4 cell 
is received. In particular, if the steady state queue 
level 9; is greater than the expected value qs because 
the available bandwidth is decreased, then X, is 
recomputed using eq. (3) .  If the steady state queue 
level qs is smaller than the expected one because the 
available bandwidth is increased, then the available 
bandwidth is measured using probe packets and X, 
is recomputed using eq. (3). The outline of the 
algorithm is: 

if q x q ,  then compute Xg according to eq. (3); 
wait for a new steady state after R77’+4/k and 
repeat. 
if q<clqs, make a new estimate for d(t)  by 
sending NI RM cells at max-rate as described 
in 4.1; 
compute X, according to eq.(3); 
wait for a new steady state after RTT+4/k and 
repeat. 

Constants 01 and O<cl<l define an interval [qq,, 
cq,] centered on qs to perform the test. 

4.6 Worst case estimate of queue level 

Now we consider the case when the sampling time 
used by the source to update the control law is 
elapsed without receiving RM cell. In this case the 
source performs a worst case estimation of the 
“missing” feedback by assuming that the available 
bandwidth is zero. The outline of the algorithm is: 

If the time 1/4k is elapsed without receiving an 

RM cell, compute the worst case estimate of the 
queue length assuming d=O as: 

t-RTT 
Qnew - level = Qprevious - level + J r(w)dw 

I-RTT-l f 4k 

5. Simulation results 

Simulations have been carried out using the NIST 
ATM simulator [28]. The network topology that has 
been simulated is shown in Figure 3. 

Switch 1 

E Y  

I 

Figure 3: Network topology 

5.1 Simulations results using Round- 
Robin service discipline at the queues 

Results reported here show the behavior of 
transmission rates and queue levels when the 
proposed control algorithm is used and a round- 
robin service discipline of queues is assumed. We 
assume that links Lnl,  Ln2, ... Ln9 and Lnl-I, 
Ln2-2,. . .Ln9-9 have a transmission capacity of 
44.736Mbit/s, while the capacity of link In-bt is 
155Mbit/s and the length is 100Km. Table I shows 
the source activity and the length of other links in 
kilometers. 

Table I 
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Simulation results have been obtained using the 
following parameter set: NI=15, Nz=5, k=alRTT,,,, 
tlS=2O, c=1.5, cl=l/q,, a=l.  
Results presented here only refer to sources S2 and 
S3. They show that available bandwidth is fairly 
used, and bottleneck link is fully utilized without 
incurring in  queue overflows. The queue levels, at 
steady state, are very close to q,=20. 
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E 20 
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0 

s 

a) 
_-- ____ -_ ___ __ 

0 1 2 3 4 

s 

b) 
Figure 4: Results for S2. a) rate; b) cells of the 

source s2 in the bottleneck queue 

150 

2 30 

9 20 

10 

50 

0 

0 1 2 3 4 

S 

b) 
Figure 5: Results for S3. a) rate; b) cells of the 

source s3 in the bottleneck queue 

5.1 Simulations results using FIFO 
queuing 

Results reported here refer to the application of the 
proposed control algorithm when a FIFO queue is 
maintained at switches. It should be noted that 
FIFO queuing introduces a systematic error in 
queue length estimation since now queuing delay is 
not located only at the bottleneck. A comparison 
with the ERICA algorithm is presented. In ERICA, 
each switch computes the available bandwidth for 
each VC and then stamps it on RM cells (see [27] 
for a detailed description of ERICA). The code for 
ERICA simulation is available at [28]. Traffic and 
network topology are the same as in the previous 
case. Presented results refer to queue levels and 
transmission rates for sources S2 and S3 
respectively. 

I p 
0 1  I 

0 1 2 3 4 

s 

b)  
Figure 6: Results for S2 (proposed algorithm). a) 

rate; b) cells of source S2 in the 
bottleneck queue. 

Simulation results show that the proposed algorithm 
with FIFO queuing management, although it does 
not ensures complete fairness, still allows to keep 
the level of the queue very close to qs. On the other 
hand ERICA assures fairness but with greater 
queue level. 
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Results for S3(proposed algorithm). a) 
rate; b) cells of source S3 in the 
bottleneck queue. 
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Figure 8: rate for S2(a) and for S3(b) (ERICA) 

6. Conclusions 

In this paper we have proposed an end to end 
congestion control algorithm for ABR traffic in 
high-speed ATM core switches. The algorithm is 
executed at the entry node of ATM networks. It 
computes the input rate by using an estimate of the 

bottleneck queue length along the VC path. This 
estimate is obtained by measuring queuing delays 
via round trip time measurements and by estimating 
the available bandwidth by sending probe RM cells. 

I 1200 1 
1000 

800 

8 600 

::: -1 
0 

0 1 2 3 4 

S 

Figure 9: Total length of FIFO queue (ERICA) 

The control algorithm has been designed using a 
rigorous control theoretic approach, and exploiting 
the Smith principle. The main features of the 
algorithm are: it ensures stability of network queues 
and full link utilization; it  is executed at the source; 
switches do not need to perform any computation, 
like explicit rate indication, or stamp any explicit 
feedback on the RM cells. This feature could be 
suitable for high speed ATM core switches. 
Simulation results confirm the validity of the 
proposed approach. 
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