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Abstract 

In this paper we address the problem of determining source traffic descriptors for virtual path 
connections formed by a number of delay-sensitive virtual channel connections. In order to 
obtain a virtual path connection which allows an efficient use of the network resources, traffic 
shaping should be performed at the origin of the connection to reduce its burstiness. However, 
a conventional shaping process in conjunction with FIFO multiplexing introduces delays that 
may be too long, especially for delay-sensitive connections offering a low cell rate, such as phone 
calls or video telephony. 

To solve this trade-off, we propose a shaping algorithm called dual cell spacing, which allows 
to obtain small shaping delays and an efficient use of the network resources at the same time. 
Furthermore, we give simple dimensioning rules for the source traffic descriptors of the shaped 
virtual path. Such a dimensioning is not straightforward if traffic shaping is omitted. Numerical 
examples are presented to illustrate the feasibility of the proposed approach. 
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l Introduction 

In ATM environments, network resources such as link ca)!lacity and buffer space are allocated on 
the basis of a traffic contract, which is negotiated between the user and the network at connection 
setup. Parameters which form this contract are e.g. Quality of Service (QoS) requirements, traffic 
descriptors, conformance definitions, as well as the service category. 
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Several network control and management functions operate on behalf of the parameters 
agreed on in the traffic contract. The Connection Admission Control (CAC) function, for exam
ple, uses the description of the source behavior to allocate network resources and to determine 
parameter values for the Usage Parameter Control (UPC). The UPC function monitors the cells 
of a connection to detect violations of the negotiated traffic descriptors in order to maintain the 
network performance. 

In the current state of the standardization process of ATM networks (1, 7], real-time connec
tions are described by a number of source traffic descriptors. These are, in detail, the Peak Cell 
Rate (PCR), the Sustainable Cell Rate (SCR) and the Burst Tolerance (BT). The specification 
of the PCR is mandatory, whereas SCR and BT are optional parameters used for VBR connec
tions. An additional specification of a SCR and a BT may allow the network provider to allocate 
less resources to a connection while still maintaining the requested QoS. Together with the Cell 
Delay Variation Tolerance (CDVT), which is a network parameter that takes into account the 
amount of CDV accumulated in the upstream nodes, these parameters are called the connection 
traffic descriptors. They can be specified for different Cell Loss Priority (CLP) classes. Cur
rently, the priority classes CLP = 0 and CLP = 0 + 1 are fixed in the standards together with 
corresponding conformance definitions. In this paper we only focus on the composite cell stream 
of a connection, i.e. the CLP = 0 + 1 class. 

During the life-time of a compliant connection, the network provider agrees to guarantee the 
requested QoS to all conforming cells, where a connection is defined as compliant if the number 
of non-conforming cells is below a certain threshold set in the traffic contract. To monitor the 
conformance of cells according to the negotiated connection traffic descriptors, the Generic Cell 
Rate Algorithm (GCRA) has been proposed (1, 7]. The GCRA(I, L) is a counter scheme based 
on two parameters, namely the increment value I and the limit value L. For each arriving cell 
the counter is incremented by I and decreased by one each slot of cell duration. The counter 
limit is given by I + L and a cell that would cause the counter to overflow is said to be non
conforming. Therefore, the increment parameter I affects the cell rate of a connection and the 
limit parameter L the burst size. For system modeling, the counter value of the GCRA can be 
interpreted as the virtual waiting time of a FIFO queue with a deterministic service time I and 
a virtual waiting time limited by L (cf. (10]). 

To monitor a PCR of 1/T together with a CDVT of r, a GCRA with parameters I= T and 
L =Tis used. If a SCR of 1/T8 is declared additionally in conjunction with a BT of r., a second 
GCRA with parameters I = T8 and L = T8 + T is employed to detect violations according to 
this cell rate ( cf. [1, 11]). 

In ATM networks, the CAC and UPC functions play an important role for traffic manage
ment, especially for congestion avoidance. Therefore, the connection traffic descriptors should 
be dimensioned carefully, both from the resource allocation and from the conformance testing 
point of view. In the existing literature, this dimensioning process is well treated for Virtual 
Channel Connections (VCCs), see e.g. [5, 6, 8, 10, 14]. However, for Virtual Path Connections 
(VPCs), which are a group of VCCs sharing common paths within a network, only little is pub
lished. VPCs are an important component for traffic control and resource management in ATM 
networks. VPCs can be used, for example, to simplify connection establishment procedures such 
as routing, to separate traffic types having different QoS demands, or to aggregate user-to-user 
services such that the UPC can be applied to the aggregate traffic stream. 

In this paper we address the problem of the determination of VPC source traffic descriptors 
which enable an efficient allocation of network resources. Particularly, we focus on VPCs formed 
by a number of delay-sensitive CBR VCCs having low cell rates. Depending on the way a VPC 
is formed, the resulting source traffic descriptors enable a resource allocation which is less or 
more efficient. In section 2, we give general comments on how to form a VPC and on how to find 
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adequate source traffic descriptors for it. The dual spacer algorithm, which was developed in [12] 
for the shaping of VCCs, is described in section 4 and its application to VPCs is outlined. Simple 
dimensioning procedures for the source traffic descriptors and numerical examples showing the 
feasibility of our approach are given in section 5. The paper concludes with a brief summary in 
section 6. An appendix containing the formulae used for the dimensioning procedure is attached. 

2 Forming of virtual path connections 

The forming of a VPC out of a number of VCCs and the finding of adequate source traffic 
descriptors is straightforward if the considered traffic is delay-insensitive or if we have to deal 
with connections having high cell rates. In case of delay-insensitive traffic, the VPC can be 
shaped to a cell rate close to the aggregate rate of the VCCs, and the delay introduced by 
shaping high cell rate connections is rather marginal. However, if the VPC carries traffic from 
delay-sensitive connections with low cell rates, the determination of traffic descriptors for the 
aggregate cell stream is more difficult if an efficient allocation of the network resources, which 
implies a low fare of the VPC, is desired. 

The problem of finding suitable traffic descriptors for a VPC is closely related to the way 
the VPC is formed. In principal, we have the following two possibilities: 

{i) Form the VPC by simply multiplexing the traffic from the different VCCs without any 
additional shaping function. The delay introduced on cells of the individual VCCs is 
rather marginal in this case, no matter which multiplexing policy is used (FIFO, Round 
Robin, Weighted Fair Queueing {WFQ), etc.). However, during the busy periods of this 
multiplexing operation we submit cells into the network at link rate. Thus, either the PCR 
of this VPC should be equal to the link rate or a large CDVT has to be allocated. Since 
the network operator has no knowledge about the composition of a VPC, he is not able 
to estimate a multiplexing gain which might be obtained due to the statistical properties 
of the VCCs carried in the VPC. The operator has therefore to allocate network resources 
on the basis of a worst-case behavior of the VPC, which is a major drawback. 

{ii) Shape the VPC after multiplexing by enforcing a minimum distance between cells equal 
to the inverse of the aggregate PCRs of the VCCs. This solution is optimal in the sense 
that the traffic of the VPC is almost CBR, i.e. the consumption of network resources by 
this VPC is minimal. However, using this solution, an additional delay due to the shaping 
process is introduced. 

For connections having high cell rates, this delay is quite small due to a cell inter-emission 
interval which is relatively short. In case of VCCs that are able to tolerate long delays, 
the additional shaping delay is uncritical anyway. For these two cases, this is the most 
suitable solution. 

If we deal with delay-sensitive connections of low cell rates, the delay introduced by the 
shaping process can be too long, especially if we look at CBR connections of the same 
type. As a simple example, let us consider a VPC formed by a small number of CBR 
connections having a bandwidth demand of a few hundreds of kbps or even less. Examples 
for connections of this type are phone calls or video telephony. If we space the VPC traffic 
according to the aggregate PCRs, we will enforce a cell inter-emission interval in the order 
of milli-seconds. This leads to a maximum delay introduced by the shaping function which 
is in the same order of magnitude. 

The solution we propose for delay-sensitive CBR connections with low cell rates is located in 
between the possibilities {i) and {ii). By using the so called dual spacer algorithm proposed in 
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[12], we can shape the VPC according to traffic descriptors which enable an efficient use of the 
network resources while introducing short delays. Furthermore, the source traffic descriptors 
PCR, SCR and BT can be dimensioned straightforward for the resulting VPC. Due to the 
simplicity of this shaping function and the short delays, the algorithm can be implemented at 
the network access or within network nodes where traffic from different VPCs is merged or 
split ted. 

In [9] and [16] the shaping of VPCs is also addressed. A priority-based solution is proposed 
when there is a mix of delay-sensitive and loss-sensitive VCCs in the VPC. The trade-off between 
the shaping delay and the efficiency in use of network resources is studied in [2], however, no 
solutions to the problem are proposed in this work. 

3 A first solution 

As mentioned above, a trade-off in forming a VPC occurs, if it carries a number of delay-sensitive 
CBR connections having low cell rates. On the one hand, delays should be kept small to meet 
the delay constraints of the VCCs, i.e. traffic shaping with a cell rate close to the aggregate 
cell rate should be avoided. On the other hand, the determination of suitable source traffic 
descriptors, which allow an efficient utilization of the network resources, is impossible if traffic 
shaping is not performed. This trade-off occurs for all multiplexing policies discussed in the 
literature so far {FIFO, Round Robin, WFQ, etc.), since they only affect the CDV behavior 
and the fairness among the multiplexed connections but not the major delay behavior itself. 
Therefore, a way of traffic shaping should be applied to increase the efficiency of the resource 
allocation by introducing a more deterministic traffic pattern and reducing the burstiness of the 
cell stream. 

A first solution to this problem is simply to enforce a minimum distance between cells of 
the VPC equal to a value T which is smaller than the inverse of the aggregate cell rate 1/Tvp 
of the VCCs gathered in the VPC. In order to minimize the resource consumption of the VPC, 
which also leads to a minimization of the communication costs, we are interested in finding the 
maximum value ofT that fulfills the delay constraints of the connections carried by the VPC. 

The distribution of the delay introduced by the shaping process can be calculated from the 
distribution of the waiting time of a queue whose input process is the VPC traffic before shaping 
and whose service time is deterministic with value T. If the VPC is formed by N identical CBR 
connections with a period of N· Tv p and phases of random order, we obtain this distribution by 
equation {15) in the appendix (cf. [3]). For VCCs with different periods, we do not have an exact 
formula but we easily derive bounds for the distribution (see equation {16) in the appendix). A 
worst case dimensioning for uncorrelated CBR connections can be derived by using a Poisson 
input process {see appendix, equation {17)). Thus, the spacing interval T can be dimensioned 
easily to meet the delay constraints. 

Having declared a value for the PCR larger than 1/Tvp, we are also interested in declaring 
a SCR and a BT for the VPC. Although tariff structures are unknown until now, users that 
can specify their traffic in greater detail may incur a lower cost for the connection. Looking at 
the following scenario, we derive a simple and accurate way to dimension these source traffic 
descriptors. 

Consider a cell stream, e.g. a VPC, with a mean cell inter-arrival time of Tvp, which is 
monitored by a GCRA(I, LI). Right after the monitoring, the cells pass a shaping device which 
enforces a minimum cell distance of T. After that, the resulting cell stream is controlled by a 
second GCRA(I,L2) (cf. figure 1). We assume that Tvp >I> T. 

Now, let t~ and t~ denote the time instants just after the arrival of cell number n at the 
first and second GCRA, respectively. Furthermore, the states of the two GCRAs at time t, 
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GCRA(J,LI) SPACER(T,O) GCRA(I, L.!) 

non-conforming cells non-conforming cells 

Figure 1: Scenario for the derivation of the dimensioning procedure for the SCR and BT 

i.e. the virtual waiting time in the corresponding FIFO queues, are described by Sl(t) and S2(t), 
respectively. Then, the following property, which is proofed in the first part of the appendix, 
holds: 

(1) 

Let L1 = L2 . From equation (1) we conclude that the probability of observing a non-conforming 
cell at the first GCRA (Pr{ 81 ( tn > Li}) upper bounds the probability that this cell is declared 
as non-conforming by the second GCRA (Pr{S2(t~) > L2}). This bound is tighter for large 
values of I /T, since it is more likely in this case that t~ = t~. Table 1 provides simulation 
results for the dimensioning of L1 and L2, where cells are observed as non-conforming with a 
probability of less than p = w-3 . The input traffic consists of the superposition of 6 identical 
CBR connections with a period of 600 time-slots and random phases. The value of I has been 
set to 95. 

T I/T 

5 19.0 330 308 
10 9.5 330 298 

30 3.2 330 285 
50 1.9 330 225 

Table 1: Simulation results showing the tightness of the limit values L1 and L2 

The source traffic descriptors Ts and Ts of a VPC can thus safely be obtained from the 
distribution of the virtual waiting time in a FIFO queue. The service time has to be deterministic 
with period T8 and the input process has to be equal to the input traffic of the VPC, before the 
cell stream passes the shaping device. If Ts is close to T , these values will be too pessimistic, 
e.g. if Ts = T a BT equal to zero would be sufficient, but it is difficult to compute them exactly 
for general cases. 

To sum up, the procedure for the dimensioning of the source traffic descriptors for this 
solution is the following: 

(1} Chose T as the maximum value so that the delay constraints are fulfilled. 

(2} Chose Ts = € • Tvp withe close to 1, e.g. e = 0.95. Using T8 , the BT Ts can be computed 
as mentioned above. 

Consequently, the way of forming a VPC presented above introduces delays which can be 
tolerated by the VCCs and allows to determine the source traffic descriptors easily. However, 
if the VPC is the superposition of independent traffic sources with low cell rates and random 
phases, we can obtain large values for the BT, i.e. a considerable amount of buffer space must 
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be allocated to this connection. This observation is illustrated by numerical examples in section 
5 and leads to a low efficiency in resource allocation. 

We can avoid this drawback by the use of the dual spacer algorithm proposed in [12], which 
allows to declare lower values for the BT while using the same values for PCR and SCR and 
fulfilling the same delay constraints. 

4 The dual spacer algorithm 

Conceptually, the dual spacer algorithm is equivalent to two shaping devices operating in series 
{cf. figure 2). The first one forces the cell stream to be conforming to the SCR 1/T, in conjunction 
with the BT r., while the second device enforces a minimum inter-cell distance of T which 
corresponds to the PCR. 

DUAL SPACER(T,T., r. ) 

I SPACER(T,, r. ) SPACER(T,O) 

I 1--1 • 
I J I J 

I • 
Figure 2: Conceptual architecture of the dual spacer 

However, from implementation point of view we will have just one shaping device which delays 
cells in order to obtain a cell stream which is conforming to the three source traffic descriptors 
T , T8 and r,. The complexity of implementation compared to the conventional shaper remains 
therefore almost the same. 

The dimensioning of the traffic descriptors for the dual spacer can be done in the following 
way. The delay introduced by the dual spacer is equal to the delay introduced by the first shaping 
device plus the delay introduced by the second device. These delays are not independent of each 
other and thus, the delay distribution is difficult to obtain for general input traffic. Nevertheless, 
we can make use of the following approximation. The time D that a cell is delayed by the dual 
spacer is given by 

(2) 

where D1 is the delay required due to the first spacing device and D2 is the delay required due 
the second spacing device if the first one is omitted. Assuming independence of the two random 
variables D1 and D2, we arrive at the following equation: 

Pr{D ~ x} ~ Pr{D1 ~ x} · Pr{D2 ~ x} . (3) 

This approximation is motivated by the fact that we observe periods where either the PCR 
shaping is decisive {i.e. during bursts), or where the SCR shaping dominates (i.e. between bursts 
emitted at PCR). A frequent change between these periods is only rarely observed. The distri
bution of D1 is given by 

Pr{D1 ~ x} = Pr{D~ ~ x + r,} , (4) 

where D~ is the virtual waiting time in a queue with deterministic service time T,. The dis
tributions of Dj and D2 can be derived easily for different traffic scenarios using the formulae 
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presented in the appendix. Numerical results given in the next section will show that the results 
obtained employing this approximation are in good agreement with the simulation values. 

The procedure for the dimensioning of the source traffic descriptors for the dual spacer 
solution can be summed up as follows: 

{1} Chose the same values forT and T, as in the first solution (cf. section 3). 

{2} Dimension T 8 using equation (3) to fulfill the required delay constraints. 

As outlined in the next section, the use of the dual spacer algorithm allows to reduce the BT 
considerably compared to the solution in section 3, while meeting the same delay constraints. 
Therefore, this algorithm should be preferred for the forming of VPCs, since it provides the 
more efficient solution from the resource allocation point of view, which may imply a lower cost 
for the user. 

5 Numerical examples 

In this section, we present numerical examples to illustrate the dimensioning procedures derived 
in the sections 3 and 4. With Solution I we refer to the procedure developed in section 3 and 
with Solution II we refer to the dual spacer model. We define D as the delay introduced by the 
shaping device and denote the maximum delay that can be tolerated by A. In other words, we 
want to ensure that Pr{ D > A} < w-x for a given value of x. 

With the first dimensioning example we consider an access to a public ATM network at 622 
Mbps and we want to declare source traffic descriptors for a VPC formed by N CBR connections 
with a period of Tvc = 6000 slots of cell duration. That could, for instance, correspond to N 
64 kbps phone connections. The 1 - w-6 quantile of the shaping delay should be limited to 1 
msec, which corresponds to 1415 cell times in our case. Table 2 shows the corresponding values 
ofT, T, and the BT T8 for the Solutions I and II. In case of Solution I, we assumed that the 
UPC function, which monitors the VPC, declares a cell as non-conforming with a probability of 
less than w-6 • 

IN II T I TvpfT I T, II BT1 I BTn I 
2 1415 2.12 2850 2850 1415 
3 710 2.81 1900 3795 2382 

4 491 3.05 1425 4216 2833 

5 401 2.99 1140 4370 3079 

6 328 ·2.79 950 4372 2963 

8 304 2.47 713 4155 3112 

10 268 2.24 570 3872 2823 

Table 2: Comparison of source traffic descriptors for Solution I & II 

From the results for BT1 and BTn it is apparent, that the use of the dual spacer reduces the 
required value for the BT T8 considerably. It should be pointed out that for Solution I lower 
values for the BT could be declared while fulfilling the same restrictions for observing non
conforming cells. This holds especially when T, is close toT. However, these values are difficult 
to obtain, even approximately, using analytical tools. Note that if we do not perform any 
shaping, we should declare a PCR equal to the aggregate PCRs of the VCCs (possibly with 
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some safety tolerance) and a eDVT equal to BT1. For instance, for N = 5 sources and a safety 
tolerance of 0.95 we would declare PCR = 1/1140 and CDVT = 4370. Thus, 4 back-to-hack 
cells can pass the GeRA transparently, which could result in a waste of network resources if a 
worst case allocation eAe is used [4]. 

In the following, we focus on the dual spacer solution. We compare the approximate values 
computed using equation {3) with simulation results for different traffic conditions. The SeR is 
set toT,= 0.95 · Tvp. Figures 3 to 5 show the 1- 10-3 quantiles of the delay distribution as a 
function of the PeR 1/T for different values of T8• To obtain figure 3, we used a scenario with 
6 homogeneous eBR connections. The inter-cell distance of each vee is set to Tvc = 6000. 

...... 

~ ~----------------------------------------~ 

§ 

0 

T8 = 00 

T8 = 3T8 

T8 = 2T, 
------- Ts = Ts 

....,..._ ___________________ ........,. _______ ~-

____ .. _________ --+--- --------11: 

200 400 600 

/' 

800 1000 

T 

Figure 3: 1 - 10-3 quantiles of the delay distribution for homogeneous CBR traffic 

The approximate results are matching well with those obtained by simulation. We observe a 
slight over-estimation of the simulation results only at the knee of the curves. For small values 
ofT, the quantile of the shaping delay decreases nearly linearly with the increase ofT,, since the 
PeR shaping has almost no influence in this case. If T increases, the quantile of the shaping 
delay remains constant until we approach the curve for Ts = oo. At this point, the influence of 
the SeR shaping is getting lost and thus the curve approaches to that of T8 = oo. 

Figure 4 shows a similar behavior for the delay introduced by the dual spacer if a heteroge
neous traffic scenario consisting of 3 eBR connections with Tvc = 600 and 30 eBR connections 
with Tvc = 6000 is considered. The analytical results, which are upper bounds, correspond 
to the cases Ts = 285 and T8 = oo. The curve for the infinite BT is already approached for 
T8 = 2850, which equals 30 T,. 

A worst case scenario can be investigated by using Poisson traffic. Figure 5 shows results 
for a Poisson arrival process with a rate of>. = 1/1000. The analytical results are computed 
using equation {17) in the appendix. Again, we observe a similar behavior and a good agreement 
between analytical and simulation results. 
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Figure 4: 1 - 10-3 quantiles of the delay distribution for heterogeneous CBR traffic 
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Figure 5: 1 - 10-3 quantiles of the delay distribution for Poisson traffic 
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If we look more closely at the numerical results for the dual spacer solution ( cf. figures 3 
to 5), we can think of a rough approximation for the BT if the SCR and the maximum delay 
/). regarding the quantiles are given. The smallest value for the BTn which allows to meet the 
given delay constraints can be approximated by 

(5) 

where !).' is the delay experienced for BTn = 0. Of course, the delay cannot be shorter than 
that introduced by PCR shaping. 

This approximation is justified by equation (4), since!).' corresponds to BTI. i.e. 

(6) 

It is an indication of the reduction of the BT we should expect when using Solution II. From table 
3 we observe a good agreement between the results obtained with the formulae in the appendix 
( BT1I) and those computed with the simple equation above ( BT;f1""0"'). The parameter set used 
to generate the results in table 3 is the same as that described for table 2. 

I N II BT1 I BTn I BT;prox I 
2 2850 1415 1435 
3 3795 2382 2380 
4 4216 2833 2801 
5 4370 3079 2955 
6 4372 2963 2957 
8 4155 3112 2740 
10 3872 2823 2457 

Table 3: Accuracy of the rough approximation 

6 Conclusions 

We discussed the problem of forming a virtual path connection out of a number of delay-sensitive 
virtual channel connections, if a high utilization of the network resources is desired. We also 
focused on the dimensioning of source traffic descriptors, which are required for connection 
admission control and usage parameter control. 

Two possible solutions are identified: The first one, which uses a conventional shaping device 
to enforce a minimum distance between consecutive cells of the VPC and the second one, which 
makes use of the so-called dual cell spacer. For both solutions, rules for the dimensioning of the 
source traffic descriptors are derived. 

From numerical examples we conclude, that the solution using the dual spacer leads to a 
more efficient use of the network resources, especially when delay-sensitive connections with low 
cell rates are considered. The reason is a burst length reduction compared to the first solution, 
which results in a smaller value declared for the burst tolerance of the VPC. Another advantage 
of the dual spacer mechanism is the easy dimensioning of the traffic descriptors for given delay 
constraints with a simple dimensioning procedure developed in this paper. 
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Appendix 

1. Outline of the proof of the property in section 3 

We proceed by induction. For the first cell, t~ = tg and a busy period starts simultaneously at 
both GCRAs. Assume that for cell number n - 1 of the first busy period of the first GCRA 
S2(t~- 1 ) = S1(ti-1)- (t~-l- ti-1). The evolution of both GCRAs is given by the following 
equations: 

S1(ti) =I+ [Sl(ti-1)- (ti- ti-1W , 

S2(t~) =I+ [S2(t~- 1)- (t~- t~-1)]+ 

If T < I, then we obtain 

t~-1 <ti-l+ Sl(ti-1)- I 

(7) 

(8) 

{9) 

Note, that the right hand side of the inequation (9) is the departure time of cell n- 1 from the 
spacing device if T = I. Using this inequation, we can easily see that 

implies 

S1(ti-1)- (t~- ti-1) > 0 , 

and consequently 

S2(t~- 1)- (t~- t~- 1) > 0 

This, on the other hand, implies that 

(10) 

{11) 

(12) 

(13) 

i.e. if the first GCRA is in the first busy period then the second GCRA is also in the first busy 
period. 

Let N be the last cell of the first busy period of the first GCRA. The end of this first busy 
period occurs at the time tf + Sl(tf). At the time tf < tf + Sl(tf) the second GCRA is 
in the state S2(tf) = Sl(tf)- (tf- tf) and consequently, the first busy period is finished 
simultaneously at both GCRAs. The same argument applies for the second busy period, etc. 

Thus, we arrive at the conclusion that the busy periods at both GCRAs are coincident and 
therefore equation {1) is always true. 



14 Session One Traffic Modeling I 

2. Dimensioning formulae 

Let us consider a FIFO queue with deterministic service timeT. Let v; be the amount of work 
in the system at the end of time slot i and let A(t- T, t) denote the amount of work that arrives 
during [t- T, t]. In [3], the following expression is derived: 

00 

Pr{Vi > x} = L Pr{A(t- (nT- x -1), t) = nT, Vi-(nT-x) = 0} 
n=rl¥1 

(14) 

If the input process is a superposition of N CBR connections of period D, we derive the 
delay distribution W1 in the spacing device by 

Pr{Wt > x} = f (N-1) (nT-x)n(l- nT-x)N-1-n(l- (N-1-n)T) (15) 
1~. n D D D-(nT-x) 

n=rf1 

In the case of heterogeneous CBR connections, sources of different periods experience differ
ent delays. For sources of period D; we get 

00 lnT-xj Pr{Wt>x}< L Pr{A'(t-(nT-x-l),t)=nT- ~} , 
=r~1 ' 

(16) 

where A'(t- T, t) is the a~p.ount of work that arrives during [t- T, t] when we exclude one source 
of period D;. Using equation (11) of [13], we obtain an expression for Pr{A'(t- (nT-x-1), t) = 

nT- l(nT- x)/(D;)j}. 
If the input process is Poisson with parameter >., and defining p = >.T, we obtain for p < 1 

r¥1-1 n 
Pr{Wt > x} = 1- (1- p) L e-(np--\(x+1)) (np- >.(~ + 1)) 

n=O n. 
(17) 

This expression is susceptible to loss of numerical accuracy when the load is close to 1. In [15], a 
modified form of the continuous time model is presented, whiclt avoids this numerical problem. 
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