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Abstract 
For A TM multiplexers controlled by LB (Leaky Bucket) type UPC (Usage Parameter Con
trol), the relation between Cell Loss Ratio (CLR) and,the periodic pattern of cell arrival is in
vestigated. First, simulations investigate in detail how the CLR depends on the periodic pat
tern and it is shown that the conventional "worst" pattern of periodic cell arrival is not always 
the worst. Thus a bandwidth allocation method based on the "worst" pattern may not guaran
tee the QOS (Quality of Service). Second, it is examined how the CLR-periodic pattern rela
tion is modified by the LB algorithm parameters. To this end, we approximate the survivor 
function value of the queue length. The approximation is based on Benes's GIGII result and a 
"shifted normal approximation". It is shown that the sets ofLBA parameters for which the 
conventional "worst" pattern is not the worst are rather limited. 
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1 INTRODUCTION 

When operating an A TM network, the network operator should guarantee to every connection 
the desired Quality of Service (QOS), which may be defined by the Cell Loss Ratio (CLR), 
Cell Transfer Delay and so on. At the same time, the network operator should not waste net
work resources but use them as efficiently as possible. The set of actions taken by the network 
to achieve the above objectives can be aggregated to form the traffic control function (ITU-T, 
1993). 

The two most important functions in the traffic control are Connection Admission Control 
(CAC) and Usage Parameter Control (UPC). CAC judges whether a requested connection 
may be established given its requested QOS while maintaining the QOS guaranteed to all ex
isting connections. CAC needs a Bandwidth Allocation (BW A) method, i.e., an algorithm to 
calculate the bandwidth needed to set up any connection. UPC monitors and controls users 
cell streams at User Network Interfaces (UNI). If the cell stream of a user's connection vio
lates its contract, UPC should detect this and discard or tag cells of the connection. Thus the 
UPC method determines the characteristics of cell streams entering a network; accordingly, 
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the BW A method depends upon the UPC method specified. 
Monitoring of cell streams by users themselves is called conformance testing. The algo

rithm of conformance testing is likely to be standardized internationally on the Leaky Bucket 
Algorithm (ATM forum, 1993) (lTU-T, 1993). When user's conformance testing is performed 
by the Leaky Bucket Algorithm (LBA), an accurate UPC is created by also adopting the LBA. 

A BWA method that can strictly guarantee any QOS and maximize the utilization of trans
mission links has not been established yet for LBA-based UPC. In the present paper, we in
vestigate multiplexing characteristics of cell streams conforming to LBA in order to attack the 
ideal BW A method. 

First, we perform computer simulations on the multiplexing of periodic cell streams per
mitted by the LBA. We investigate in detail by simulation how the CLR changes when the pe
riodic pattern changes. Second, we examine how the relation between the CLR and the peri
odic pattern depends upon source LBA parameters. 

Section 2 describes the system model. Section 3 shows the simulation results. Section 4 
proposes an approximation for the survivor function (s.f.) values of the queue length. Using 
this approximation, we calculate the CLRs of many kinds of periodic patterns for many sets of 
LBA parameters. Section 5 argues the impact of our results on BW A. The paper is concluded 
in section 6. 

2 MODEL FOR MULTIPLEXING ATM CONNECTIONS 

We model the multiplexing of ATM connections as follows. Figure 1 shows the typical net
work configuration. Each connection (Virtual Path (Sato, K., 1990) or Virtual Circuit) is mul
tiplexed at a network node (switch, XC and etc.) after passing through a LBA type UPC. If 
the cell slot of the transmission link is not available when a cell arrives at a node, the cell 
waits in a buffer for an empty slot. If the buffer is occupied, the next arriving cell is discarded. 
The First-In-First-Out (FIFO) discipline is applied. 

UPC is performed by two LBAs with different parameters (Niestegge (1990), dual leaky 
bucket). One LBA is for the peak rate of cell arrival and the other is for the average rate (sus
tainable cell rate in ATM forum (1992». We define LBA as the one described by Niestegge 
(1990). The UPC uses a counter which is incremented by 1 when a cell arrives. While no cell 
arrives, the value of the counter is decremented at the average arrival rate. When the counter 
reaches its agreed maximum value, all in-
coming cells are rejected. We call the 
maximum value of the counter "the depth 
of the LB" hereafter. The above LBA 
definition is equivalent with the one given 
in annex 1 oflTU-T (1993), though there 
are some differences with respect to the 
definitions of parameters. For simplicity, 
we fix the depth of the peak rate LB to 1 
throughout this paper, which means no 
CDV is considered. 
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Figure 1 Multiplexing of Virtual Paths. 



Cell loss ratio of ATM multiplexer 

(al Basic pattern (Conventional worst pattern, greedy on-off pattern (Worster, 1994)) 
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Figure 2 The conventional"worst" pattern of periodic cell arrival and two other patterns 
that pass through the same LBA. 

3 SIMULATION OF MULTIPLEXING OF CELL STREAMS 

3. 1 The worst pattern 
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A network has to make the CLR of each connection less than the permissible maximum value 
negotiated beforehand. Since the only constraint on the user cell stream is that it should con
form to the LBA, the network must prepare for the worst case traffic permitted by the UPC 
(ITU-T,1993). 

It is commonly believed that there is a periodic arrival pattern called "the worst pattern" 
that causes the largest CLR among all periodic patterns. Phases of arrival patterns of multi
plexed connections are assumed to be random, i.e., subject to uniform distribution indepen
dently. The worst pattern was generally believed to be a simple on-off pattern like Figure 2 (a) 
(Kositpaiboon, 1990), which we call the basic pattern, following Yamanaka et al.( 1992). In 
the basic pattern, cell arrival at the peak rate continues as long as allowed (which we call the 
maximum burst), and thereafter no cell arrives. 

It has not been proved, however, that the basic pattern is the worst pattern. Thus we simu
late the multiplexing of periodic cell streams in order to compare the CLRs of the basic pat
tern to those of other patterns. 

3. 2 Review ofthe results of Yamanaka et. al and Worster 

Yamanaka et al. (1992) found several patterns that caused larger "survivor function (s.f.) val
ues" of the queue length than the basic pattern. One of them is shown in Figure 2 (b). Figure 2 
(a) is the basic pattern for the same LBA parameters. In pattern (b), 10 cells arrive at the aver
age rate after the maximum burst. The LBA parameters are as follows: the depth of the LB, 
the peak arrival rate, and the average arrival rate are 9.1,0.1, and 0.01, respectively. (Arrival 
rates are normalized by the transmission rate of the link.) Thus the number of cells in the 
maximum burst is 10. The number of multiplexed cell streams is 99. 
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Table 1 CLRs and Survivor Function Values for the 150 cell buffer 

Fig.2 (a) 

Cell Loss Ratio 2.0220 x 10-4 

± 1.47x 10-6 

Survivor func. value 1.4527 xl 0-3 
± 1.02x 10-5 

# Survivor function value: Pr[queue>150j 
# 95% confidence interval 

Fig.2 (b) 

2.1130x 10-4 

± 1.00 x 10-6 

2.5269xl()"3 
± 1.25 x 10-5 

Table 2 CLRs for the 150 cell buffer from Worster (1994) 

Cell Loss Ratio 

# 95% confidence interval 

Fig.2 (a) 

2.97x 10-4 

±0.34xlO-4 

Fig.2 (b) 

2.79xlO-4 

±0.25 X 10-4 

Fig.2 (c) 

5.2293x 10-4 

±2.27xlO-6 

4.7341 X 10-3 
±2.08xlO-5 

From this result, Yamanaka et al. concluded that the basic pattern is not always the worst 
pattern. Examples of s.f. values are shown in Table 1. We obtained these through simulations. 

Worster (1994) pointed out that Yamanaka's conclusion implicitly uses this assumption: 

Assumption 1 (assumption B in Worster (1994» 
"an arrival process that produces longer queues in an infinite queue will produce higher loss 
in a finite queue. " 

Worster considered that this assumption is a result of the stochastic queuing theory and 
found that it can not always be applied to the deterministic queuing case that we are now dis
cussing. He performed a simulation that showed pattern (b) (called as "YSS pattern" in 
Worster (1994» does not yield larger "CLR" than the basic pattern (a) (called the "greedy on
off pattern in Worster (1994», though pattern (b) yields larger "s.f. values" than the basic pat
tern. He concluded that assumption 1 is not always true and Yamanaka's result is not enough 
to deny the statement that "the basic pattern is the worst pattern". 

Worster, however, investigated only one pattern, pattern (b), for the LBA parameters 
Yamanaka used, though there are an infinite number of periodic patterns that pass through the 
LBA with identical parameters. (Worster performed another simulation for another set of 
LBA parameters, and he obtain the same conclusion.) Thus the conjecture that "the basic pat
tern is the worst pattern" still lack of a firm proof, as Worster also mentioned. 
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3.3 Re-simulation of the Yamanaka-Worster case 

We investigated patterns other than (a) and (b) in Figure 2 for the same LBA parameters used 
by Yamanaka and Worster. We found that some patterns yield larger "CLR" than the basic 
pattern. 

Table 1 shows the CLR and the s.f. 
values obtained by our simulation for 
patterns (a), (b) arid (c) in Figure 2. 

o 
Table 2 is the result quoted from ~ 
Worster's paper. We reconfirm that the Ul 

CLR of pattern (b) is almost the same as .9 
that of pattern (a), though the actual val- Q) 

ues are slightly different in Table 1 and 0 

Table 2. (Some differences of simulation 
models or pseudo-random number gen
erators used may cause this discrepancy, 
but the origin is not clear. See Appendix 

1~~~ 
10-31---+--+---+--1---+_-I 

1O-4~_ ........ _--'c __ .l..--_""""_--I.--' 
o 2 4 6 8 10 

b+ . 
aSlc pattern 

number of cell arrival after the maximum burst 

A and B.) So assumption I does not 
seem always true (we'll revisit this prob
lem in section 3.4). The CLR of pattern 
(c), however, is more than double that of 
the basic pattern. 

Figure 3 Changes of the CLR and the s.f. values 
due to the number of cell arrivals after maximum 
burst. 

In pattern (b) 10 cells arrive at the average rate after the maximum burst, but in pattern (c) 
4 cells arrive after the maximum burst. Figure 3 shows the changes of the CLR and the s.f. 
value with changes in the number of cells arriving after the maximum burst. 

We can conclude that the basic pattern (= the conventional "worst pattern") is not always 
the worst pattern, and that the QOS can not be guaranteed by the BW A method using the ba
sic pattern. 

Doshi (1993) has also showed by fluid approximation that the basic pattern is not the worst 
for a very special case. In his example, the number of multiplexed connections is only two, 
and the peak arrival rate is the same as the link speed. Our result, however, is for a far more 
realistic situation and is not based on any approximation. 

3. 4 More simulations 

We investigated the relation between pattern and the CLR in detail. In order to reduce the 
time required for simulation, we changed the LBA parameter and other parameters. The pa
rameters we used this time are as follows: the depth of LB 9.1, the peak arrival rate 0.2, and 
the average arrival rate 0.02. The number of multiplexed cell streams is 48. 

Patterns worse than the basic pattern 
First we compared the CLR of the basic pattern to those of patterns in which some cells arrive 
at the average rate after the maximum burst (see Figure 4). Again we find the basic pattern is 
not always the worst. Figure 5 (a) and (b) show that the CLR changes with increases in the 
number of average rate arrival cells. Figure (a) and figure (b) are for buffer sizes of 75, 100, 
respectively. For example, the pattern with N = 4 in Figure 4 (b) yields 2 times larger CLR 
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than the basic pattern (a) in Figure 4. Thus we confirm that the conjecture that "the basic pat
tern is the worst" does not hold. 

We can intuitively understand why patterns like Figure 4 (b) are worse than the basic pat
tern as follows: 

interpretation 
The arrivals of additional cells after maximum burst, see Figure 4 (b), effectively decrease the 
rate at which the queue length is decreased in the short term after burst collision (i.e., simulta
neous arrival of bursts). If burst collisions occur during this short term, cells may be lost. 

Sample paths of queue length support this interpretation. Figure 6 (a) shows an example of 
sample path of queue length and number of lost cells for the basic pattern (a) in Figure 4, and 
Figure 6 (b) shows that for the pattern with N=3 in Figure 4 (b). In each cell stream, cell ar
rival begins with the maximum burst at random time, but those starting times are identical for 
both patterns. 

For basic pattern (a), the first burst 
collision occurs at time t = 200 or so, 
and the second one comes at around t 
= 400. The first burst collision makes 
the queue length increase rapidly but 
no cells are lost. The second one ar-
rives after the queue length shrinks 
enough that no cell loss occurs. For 

(a) Basic pattern 

maximum burst 
10 cells 
'lIjJ!.L!II' 

5 
I 500 

1111111111 

(b) Maximum Burst + N cells arriving at the average rate 

N cell arrivals at the average rate 
1111111111 I I 11#1 1111111111 

500+50N 

case (b), the first burst collision makes 
the queue length long enough to cause 
cell losses. The queue length does not 
shorten sufficiently before the second 
burst collision comes, and this causes 
large cell loss. It is obvious that the Figure 4 Compared patterns in more simulation. 

(a) 75 cell buffer 

10-1,---,--,--,---,--" 
,..., ' : I ! I 

, s.l~ value (queue>75) , 

v1~1~1~~--o'U 

1rr3~~~~~~~~~ 
basic _____ 0 2 4 6 8 10 

pattern N in Fig. 4 
(number of cell arrivals at the 
average rate) 

(b) 100 cell buffer 
10 -2...,---~~--....,...--..,.----" 

CLR (106 cell buffer) 

10~~~~~~~~~~ 
basic/O 2 4 6 8 10 
pattern N in Fig. 4 

Figure 5 Comparison of CLR and Survivor function value for the pattern in Figure 4. 
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(b) The pattern with N=3 in Fig. 4 (b) 

Figure 6 Examples of sample paths of the queue length and the number of lost cells. 
differences between (a) and (b) result from the average rate cell arrivals after the maximum 
burst in pattern in Figure 4 (b). 

The CLR and the survivor function value 
Figure 5 also shows the relation between the CLR and 

-- - ----,-""1 

s.f. value 
(shifted) 

1t4-~~~~~~--~ 
024 8 

N in Fig. 4 
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the survivor function value. Figure 7 shows the rela
tive change of CLR and s.f. values from Figure 5 (b) 
so that the s.f. value for N=O is plotted at the same 
point as the CLR for N=O. For example, in Figure 7, 
the pattern with N = 9 does not yield larger "CLR" 
than the basic pattern, though the pattern yields larger 
"s.f. value" than the basic pattern. Thus we can con
clude that assumption 1 is not always true, as Worster 
pointed out. 

In the patterns like (c) in Figure 2, the queue length 
decreases more slowly than the basic pattern after the 

Figure 7 Comparison of CLR and s.f. 
value in Figure 5 (b). 

steep increase caused by the burst collision because the average rate cell arrival after the 
maximum burst (see Figure 6 again). Thus, as Worster mentioned, the survivor function val
ues of the pattern like (c) in Figure2 can be larger than that of the basic pattern although its 
CLR remains smaller than the basic pattern. 

From Figure 7, however, we can see that the s.f. value is a still good indicator of the rela
tive change in CLR though some differences remain. 

The traffic load and the CLR 
As suggested by Yamanaka et al. (1992), we found that some patterns that are worse than the 
basic pattern at some traffic loads are not worse at lower loads. Figure 8 compares the CLR of 
the basic pattern and the pattern with 3 average rate cell arrivals (N = 3 in Figure 4). At 96% 
link usage, the pattern with N=3 shows higher CLR, but the converse is true at smaller loads. 

This result implies that as the load lightens, the effect of the additional cell arrivals after 
maximum burst on the behavior of the queue length becomes small. In the light load case, the 
probability that the second burst collision occurs close to the first burst collision is small, so 
the additional cell arrivals after maximum burst does not effect the CLR so much. 
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(a) buffer size: 75 cells 
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Figure 8 Change of CLR due to traffic load reduction. 

Other various patterns and the CLR 
Next we investigated other various patterns. For explanation, we define "Child Pattern" (Fig
ure 9) following Yamanaka et al. (1992). A Child Pattern is defined by the number of cells in 
it, and we call this number the "Child Pattern Cell Number (CPCN)". The length of a Child 
Pattern is the average cell arrival interval multiplied by CPCN. In the Child Pattern defined 
here, as shown in Figure 9, all cells arrive at the peak rate in the end of the pattern. 

We performed a simulation for patterns like in Figure 10. This pattern is generated by in· 
serting into the basic pattern several identical Child Patterns after the maximum burst. We call 
the number of times the Child Pattern is repeated the "Child Pattern Iteration Number 
(CPIN)". For pattern (b) in Figure 2, CPCN -1 and CPIN = 10. Changing CPCN and CPIN 
produces various periodic cell patterns. Notice that these variations yield identical LBA pa
rameters, i.e., the average arrival rate, the peak arrival rate, and the depth of the LB, so they 
are passed by the LBA that passes the basic pattern. 

Figure 11 shows the CLRs for patterns with various CPCN and CPIN values. Each curve in 
Figure 11 shows CLRs for patterns with constant CPCN but different CPINs. The increase in 
CPIN increases the period of the pattern as a whole, so we let the horizontal axis of Figure 11 
depict the pattern period. We can see the following things: when CPCN is small, the CLR first 
increases and then decreases as CPIN increases. When CPCN exceeds 3, the CLR monotoni· 

Examples of Child Patterns counter value of LB 

CPCN=1 ~ 
?--' 

average arrival interval 

++ 
~~~:i::~~t~-.. 

CPCN=2 

4++ CPCN=3;::::, ==;:::!::!:" 

Figure 9 Chile Patterns. 

Maximum burst CNIN=2 
~ itt------i4t .. 

I • I 

1 period 
Child Pattern: CPCN=3 

Figure 10 A new pattern generated by iterated Child Pattern. 
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cally decreases. 
Many iterations of the Child Pattern 

greatly increase the whole pattern period, 
which makes the probability of burst col
lision small. Thus, if CPIN is large 
enough, the CLR is less than that of the 
basic pattern. Large CPCN increases the 
distance between the maximum burst and 
the Child Pattern, thus the Child Patterns 
have less effect on the queue length after 
burst collision, and thus make CLR less 
than the basic pattern. Only the patterns 
whose CPCN and CPIN are both small 
can cause larger CLRs than the basic pat
tern. 

10-3 ! ! ! 
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Depth of the LB 9.1 
Peak Arrival Rate 0.2 
Number of multiplexed cell streams 48 
Buffer size 100 

Figure 11 CLR for various CPCN and CPIN. 
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4 HOW THE RELATION BETWEEN CLR AND PERIODIC PATTERN OF 
CELL ARRIVAL DEPENDS UPON LBA PARAMETERS 

In the previous section, we investigated in detail the relation between CLR and periodic cell 
patterns for a specified set of LBA parameters. In this section, using an approximation method 
for the survivor function we examine how the relation between CLR and periodic cell patterns 
depends upon LBA parameters, i.e., the average arrival rate, the peak arrival rate and the 
depth of the LB. 

Since we confirm that the basic pattern is not always the worst, we should estimate the im
pact of that fact on Connection Admission Control. Thus we focus on the maximum permis
sible link load at a specified CLR. For many LBA parameters, we compare the maximum per
missible link load for the basic pattern with that of other patterns, calculating them with an ap
proximation method for s.f. values, which is proposed in this section. 

4. 1 approximation method for survivor function value 

We use the following model: assume that time is discrete and define the transmission time of 
a cell as the unit of time. Departures of cells take place at the beginning of slots, and arrival 
during slots. The buffer size is infinite. 

Let Q be the queue length. Define at as the number of arriving cells at time t (slots) and 
Q(t) as the queue length at the end of the slot. The following lemma is valid for the case of 
periodic cell streams (Bhargava, 1989). This is a special application of Benes results for a G/ 
Gil stochastic process (Benes, 1963) to the deterministic process. 
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Lemma 1 
Assume Q(to) = 0 at time. When periodic cell streams with period T are multiplexed and t 
is greater than to + T, the survivor function is given as: 

T T 

Pr[Q(t) > ql = LPr[Aw n Bwl = LPr[Aw1 Pr[B)Aw1 
w=1 w=1 

where 

{
W-I } 

Aw = Lat-j -w=q , 
1=0 

(proof) Refer to Bhargava et al. (1989). 

For VBR (Variable Bit Rate) cell streams, Pr[B)Aw 1 is difficult to calculate, but we can 
obtain upperbound as follows (Norros, 1991) (Sato, Y., 1992) : 

Proposition 1 
The upperbound of the survivor function is given as: 

T T 

Pr[Q(t»ql$;LPr[Awl= LPr[Xw =W+q] (1) 
w=l w=1 

where X w is the number of cells during w slots. 

Assume that n periodic cell streams are multiplexed and that their phases are mutually in

dependent. The calculation of the term I~=IPr[Xw = W + ql of equation (1) is time consum
ing because it requires a number of n-fold convolution of probability distributions. 

We apply the "shifted normal approximation" (Norros, 1991) to avoid convolution. For ho
mogeneous traffic, where all cell streams have the same periodic pattern, we can approximate 
each term of the summation in the right hand of equation (1) as follows: 

Proposition 2 
Assume that n cell streams with the same periodic pattern are multiplexed. Let X k w be the 
number of cells arriving during w slots for the k th cell stream. is identical for all (1 $; k $; n) 
so we define 

Then, 

where 
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gw(s) is the moment generating function. Sw is the value of s such that nil: (sw) = w + q. 

(proof) Refer to ChapterS, Appendix SA in Gallager (1968). 
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Using the Chernoff bound, Nakagawa (1993) has shown a looser upperbound of the right 
hand of equation. 

4. 2 Evaluation of the precision of the approximation method 

Figures 12 to 15 compare the approximated survivor function values with the true survivor 
function values and CLR, which we obtained by the simulation in section 3. Figure 12 shows 
an approximation of the simulation values given in Figure 8 (a). Figure 14 compares approxi
mation values for CPCN=1 and CPCN=S with the values given in Figure 11. Comparing Fig
ure 12 and Figure 14, the upperbound for survivor function value is at most 1 order larger 
than true s.f. value and 2 orders larger than the CLR. The relative changes, however, seem 
well approximated. 

Figure 13 compares the relative changes in the simulation values and approximation values 
given in Figure 12. We plot each curve so that they meet at the load of 0.8. We can see that if 
we consider only the neighborhood of the 0.8 load, the relative changes of s.f. value and CLR 
are well approximated by the upperbound approximation. Thus the s.f. approximation yields 
the relative difference in the permissible maximum load for a given CLR between the basic 
pattern and other patterns. 

Figure 15 compares the relative changes in simulation values and approximation values 
given in Figure 14. There still remains a slight discrepancy between the upperbound for the 
s.f. and the true s.f. value or the CLR. The approximation, however, well traces the pattern of 
changes. 

(a) basic pattern 

10° 

0.6 

# buffersize: 75 cells 

1.0 

# survivor function value: Pr[queue>75] 

(b) the pattern with CPCN= 1, CPIN=3 

Figure 12 Comparison of CLR, s.f. value, and upperbound approximation for s.f. value. 
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Figure 13 Comparison of change of CLR and approximated s.f. value with the load change. 
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Figure 14 Comparison of CLR, s.f. value and approximated s.f. value. 
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Figure 15 Comparison of change of CLR, s.f. value and approximated s.f. value with 
change in CPIN. 
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4. 3 Dependence of the relation between CLR and periodic pattern of cell 
arrival upon LBA parameters 
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In this section, using the above upper bound approximation, we examine how the relation be
tween CLR and periodic cell pattern depends upon various LBA parameters, i.e., the average 
arrival rate, the peak arrival rate, and the depth of the LB. 

Since there are infinitely many periodic patterns for each set of LBA parameters, it is im
possible to investigate all of them, so we examined only the periodic patterns described in 
section 3.4. Any periodic pattern consists of bursts of various scale, and the periodic patterns 
described in section 3.4 are combinations of large and small bursts. Thus we believe we can 
obtain an overview of the relation between CLR and periodic pattern. 

It is best to compare the CLR of the basic pattern with those of the other patterns for wide 
range of link loads and LBA parameters. In order to reduce the calculation time and to look at 
the data from the CAC point of view, however, we compare the maximum link load of each 
pattern given a specific CLR. We calculate the maximum link load at which the approximated 
s.f. value is just less than the given CLR. The value of the maximum link load itself is not so 
precise because approximated s.f. values are I order or more larger th~ the CLR, but we can 
well approximate the difference in loads at that load level. 

LBA parameters 
We examined the LBA parameters as comprehensively as possible. We investigated 44 com
binations of the following parameters: 
• Average arrival rate = {O.OI, 0.05, 0.002} 
• Peak arrival rate - {I, 0.2, 0.1, 0.oo2} 
• Number of cells in themaximum burst (== the Depth of the LB) = {10, 20, 50, loo} 
• CLR - 10-10 

• Buffer size = 256 
The average arrival rate of 0.01 means that, for example, the average rate of the connection 

is 1.5Mbps if the capacity of the transmission link is 150Mbps. 
As in section 3.4, we examined the following patterns: the CPCN ranges from I to one 

half the number of cells in maximum burst. The CPIN is increased until the approximated s.f. 
values begins to decrease. In order to reduce the computation time, we examined only values 
of {I, 2, 5, 10,20,50, loo} for both CPCN and CPIN. 

Dependence on LBA parameters 
For 9 sets of the 44 sets examined, there exist some patterns that yielded approximated s.f. 
values larger than the basic pattern. We call these 9 sets of LBA parameters the dangerous 
sets hereafter. Among the dangerous sets, the reduction in the maximum load between the 
identified worst pattern and the basic pattern is 

maximum 0.03 
average 0.015 

(These are not relative reduction rate, but absolute reduced values of loads). 
Figure 16 shows the reduction in the maximum load permitted by the identified worst pat

tern against that of the basic pattern. We can see the following from Figure 16; 
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Peak arrival rate 

Reduction of the maximum permitted 
load compared with the basic pattern 

0.03 

0.02 

0.01 

- ) Average cell 
.-/ arrival rate 0.01 

Average cell arrival 
rate 0.002 

Number of cells in the 
Maximum burst 
("" the depth of the LB) 

Figure 16 Reduction of the permissible maximum load of the identified worst patterns 
from that of the basic patterns (calculated by using approximation for s. f. value). 

1. In all the dangerous sets, the number of cells in the maximum burst (== the depth of the 
LB) is small (10 or 20). 

2. As the average arrival rate decreases, the dangerous sets become fewer, and the reduction 
in maximum load becomes smaller. 

We also found the below facts: 

3. No pattern with CPCN or CPIN greater than or equal to 5 yielded smaller maximum loads 
(i.e., larger s.f. values) than the basic pattern. 

Using the approximation, we examined how the relation between s.f. values and periodic pat
tern depends upon the link load. 

4. The pattern that causes a larger s.f. value than the basic pattern at some load actually 
yields a smaller s.f. value than the basic pattern when the value of the load decreases. 

Fact 3 supports the observation made in section 3.4. Fact 1 and fact 2 are interesting results. 
We can explain fact 1 and 2 from fact 4 though we do not yet mathematically understand the 
causes of these phenomena. 

If we increase the number of cells in the maximum burst (the depth of the LB) and keep the 
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other parameters unchanged, the cell stream becomes more bursty. Thus we have to decrease 
the load in order to keep the CLR unchanged, so the basic pattern becomes the worst by the 
logic implied by fact 4. This may be the cause of fact 1. 

If we make the average arrival rate smaller and keep the other parameters unchanged, the 
cell stream becomes more bursty because the difference between the average arrival rate and 
the peak arrival rate becomes larger. Again, we have to decrease the load in order to keep the 
CLR unchanged. This may be the cause of fact 2. 

5 BANDWIDTH ALLOCATION METHOD 

As seen from the above results, the conventional bandwidth allocation method that uses the 
basic pattern should not be applied as it is. Though more precise analysis is needed, we can 
expect that a rather small safety margin, i.e., 5% or so for the parameters we examined, for the 
maximum load is enough to guarantee the negotiated CLR. 

Thus, in private networks (including LAN and MAN), the conventional BW A using the 
basic pattern is good enough to estimate the required bandwidth, because the required QoS 
and resource utilization efficiency are not so strict or severe in such an environment. 

In the public network, the operator who is to offer CBRlVBR ATM connections with 
strictly guaranteed QOS needs a more precise analysis to decide the necessary margin for the 
maximum load. For a CBR connection, to adopt a shaper is a good alternative in public net
works. The shaper provides the operator with a simple BW A method (MiDIl approximation 
(Uematsu, 1990)) and high link utilization of the link (ex. 95% for 256 cell buffer and CLR of 
10-'). 

There is another BW A method 
(Saito, 1992) that uses only aver
age arrival cell number and maxi
mum arrival number in a fixed 
size window and has been proven 
mathematically to guarantee the 
CLR. It's drawback is that the 
maximum permissible load is too 
small for some sets of the LBA 
parameters. Figure 17 compares 
the maximum load yielded by 
Saito's method with that esti
mated from the identified worst 
pattern. For VBR connections 
whose maximum burst length is 
large, Saito's method gives rather 
ideal loads, and the method may 
be satisfactory. 

1.0 r---.---.--r---r-r----, 
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(b) 

0.8 H-t----l--+----+-'---'-+------i 
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arrival rate 

Buffer Size 
Cell loss ratio 

Number of cells in the maximum burst 

(a) values by the method in section 4.1 
(b) values by the method of Saito (1992) 

0.005 
256 
10-10 

Figure 17 Comparison of the maximum load by the 
method of Saito (1992) and the load by the method of sec
tion 4.1. 
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6 CONCLUSION 

Considering the multiplexing of periodic cell streams allowed by the LB (Leaky Bucket) algo
rithm, the relation between Cell Loss Ratio (CLR) and periodic cell pattern was investigated. 

First, we showed by simulation that the conventional "worst" periodic pattern is not the 
worst, i.e., other periodic patterns can cause larger CLRs. Therefore the conventional BW A 
method that uses the basic pattern may not guarantee the negotiated CLR as it is. Second, we 
investigated in detail, by simulation, how the CLR depends on the periodic pattern. Third, we 
examined how the relation between CLR and periodic pattern is modified by the LBA param
eters. To this end, we used an approximation for the survivor function value of the queue 
length of periodic cell streams. The approximation applies Benes's GIGI I result and the 
"shifted normal approximation". We found that the sets of LBA parameters wherein the basic 
pattern does not yield the worst performance is limited to those sets with small numbers of 
cells in the maximum burst. We also found that small safety margins for the maximum per
missible load, i.e., 5% or so for the parameters we examined, are sufficient to guarantee the 
CLR, if we use the basic patterns to calculate the necessary bandwidth. 

In order to establish the ideal BWA method that can strictly guarantee the QOS and maxi
mize the utilization of transmission links, a more accurate analysis is needed for cell streams 
passing though the LBA-based UPC. 

APPENDIX A 

For the computer simulation of section 3, we obtained the CLR for each pattern as follows: 

procedure simjor_a_pattern (a specified pattern); 
begin 

for it-O until i _ N smax do 
begin 

Determine a new seed for the pseudo-random number generator; 
for j t- 0 until j - Ncmax do 
begin 

for all cell streams do 
begin 

Determine phases of each pattern randomly; (1) 
# For example, in the case of Figure 4 (a) with the 48 basic pattern 

multiplexed, 48 random integers from 0 to 499 are generated 
each time. 

end 
Let initial queue length be 0; 
Simulate multiplexing of cell streams; 
In the 1st period, don't count the cell loss or the queue length; 
In the 2nd period, count the cell loss number and queue length; 

end 
Loss t- Number of all the lost cells in Ncmax trials; 
CLRi t- Loss I Total number of arrival cells in Ncmax trials; 
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end 
CLR+- (CLR1+CLR2 + ... + CLRNsmax) / Nsmax; 
Calculate the confidential interval of CLR considering that each CLR; obeys an 
indepentent and identical distribution; 
return CLR and the confidential interval of CLR; 

end 
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In Figure 4 (a) case with the 48" basic pattern multiplexed Nsmax is 50, Ncmax is 100000 
and one period is 500 cell times. So the seed is changed 50 times and the total observed simu
lation time is 50 x 100000 x 500- 2. 5 x 109 cell times. 

The pseudo-random generator is required, for example in the case of Figure 4 (a), to be 
48-distributed (see Appendix B) at step (1) . 

. APPENDIXB 

Our simulation requires that the pseudorandom number generator should yield, for example, 
a 48 dimension vector uniformly distributed in the unit hyper-cube with precision up to 10-3, 
i.e., a pseudorandom vector consisting of 48 sequences (xn+l' x n+2 ' ••• , x n+48 ) from the gen
erator should be really randomly distributed in 48D cube (see Appendix A). Though a 
pseudo-random number generator should be a "real" random number generator, this condition 
is naturally achieved, we can use only a pseudo-random number generator, which generates 
numbers deterministically. This multidimensional equidistribution property is called the k
distribution property (Knuth, 1981). 

The popular Linear Congruential generator with, for example, a 248 period can guarantee at 
most only 8-distribution (8D equidistribution) with precision about 0.016 (- 2-6). Thus we 
used a Generalized Feedback Shift Register generator with the initializing method by Fushimi 
and Tezuka (Fushimi, 1983). We used the prime trinomial x P + x q = 1 with P = 512, q - 32 
and generate 32 bits binary fractions. The period of the sequence is 2512. For example, this 
generator achieves 10-distribution with precision of 2-32, and 49-distribution with precision of 
2-10 (Fushimi, 1989, chap 1 , sec 2. 2). 
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