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Abstract 
The classical M / G / l  system with vacations has 

been used to  estimate the mean waiting t ime of in- 
dividual priority classes of homogeneous FDDI net- 
works. To faithfully model the FDDI network using 
M / G / l  system, the vacation interval of the server (to- 
ken) as seen by individual priority classes must be 
evaluated. The  expressions for the mean waiting time 
of individual priority classes are functions of first and 
second moments of the vacation intervals of tha t  class. 
I t  can be shown tha t  the expression derived for the 
first and second moments of the vacation intervals of 
the respective classes are functions of mean and vari- 
ance of number of messages transmitted by each pri- 
ority class per token rotation. These expressions are 
evaluated using a n  iterative procedure tha t  utilizes the 
prior knowledge of the throughput characteristics of 
the FDDI network. Simulation results show tha t  the 
model provides accurate estimates for the mean wait- 
ing time of individual priority classes of a homoge- 
neous FDDI network. 
Key words: FDDI, M/G/1 Model with vacations, 
mean waiting time 

1 Introduction 

Analysis of timed-token protocols such as FDDI is 
very difficult due to the cycle dependancy of the mes- 
sage transmissions. As a result the analytical mod- 
els available to  evaluate the charcteristics of timed- 
token protocols with multiple classes of priorities are 
limited in scope. Models are available to evalu- 
ate the throughput characteristics of FDDI networks 
with multiple classes of priorities [DyBu88, Tang91, 
KaLe92, JaWe90, WeJa941. 

The early analytical results on the delay per- 
formance of FDDI networks are given in [KaLe88, 
Takago]. In [TaSaSl], an  expression for the mean mes- 
sage delay of a single asynchronous class in an  FDDI 
network is given. A gated limited M/G/1 vacation 
model has been developed in [GeVa89] for the IEEE 
802.4 token bus standard. The  results of [GeVa89] has 
been extended in [GeVaSO], to evaluate the mean wait- 
ing time of synchronous traffic of an FDDI network. 
An M/G/1 vacation model has been successfully uti- 
lized in [Lama911 to  obtain mean waiting time for mes- 
sages in an  FDDI network with single asynchronous 
class. This model is an  extension of the exhaustive 
limited M/G/1 vacation model analyzed in [Lee89]. 
The  models described in [GeVa89] and [Lee891 con- 
sidered a service discipline in which the limit on the 
number of frames tha t  can be served in a token visit 
is fixed. However, in [Lamagl], an M/G/1 vacation 
model has been proposed tha t  uses a limit tha t  varies 
from visit to visit. Numerical techniques have been 
used to  solve the expression for the mean waiting time 
[Lamagl]. The M/G/1  vacation model in this paper 
IS used without any service restrictions applied as de- 
scribed in [Lee89, GeVa89, LamaSl]. The  service re- 
strictions are used in the above models t o  analytically 
evaluate the first two moments of the vacation interval. 
The model described in this paper and the nonpreemp- 
tive priority delay model described in [WeJB95] utilize 
the prior knowledge of the throughput characteristics 
to estimate the vacation interval. 

Section 2 briefly outlines the medium access pro- 
tocol of FDDI networks. A brief description of the 
M/G/1 vacation model is given in Section 3 and the 
relationship between vacation time, token cycle-time 
and service time, and expressions for the first two mo- 
ments of the vacation time are derived in Section 4. 
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The procedure for evaluating the mean waiting time 
is given in Section 5. The results of the M/G/ l  vaca- 
tion model for delay performance of FDDI networks 
is presented in Section 6 and a summary is given in 
Section 7. 

2 FDDI Ring Operating Procedure 

Each station maintains two timers, TRT and THT. 
TRT at  node j is used to  time the interval taken by 
the token to  circulate around the ring starting from 
node j. If a station captures the token before its 
TRT reaches the value of TTRT, it  is an “early” to- 
ken. If it  captures the token after TRT has exceeded 
thie value of TTRT, then it is a “late” token. When 
node j captures an “early” token, TRT is reset and 
restarted immediately. Before resetting TRT, its cur- 
rent value is assigned to  THT. TRT becomes active 
during message transmission and THT becomes ac- 
ti ve only during asynchronous message transmission 
at  node j. THT is reset when the token is passed to  
thLe next station, and it becomes inactive while TRT 
continues to  run until the token arrives at node j again. 
When node j recaptures a “late” token, TRT is not 
reset, but is allowed continue in order to  accumulate 
thLe “lateness” of the network. 

For an “early” token, the station is allowed to  
transmit asynchronous traffic provided the current 
value of THT is less than the value of TTRT. The 
difference between the current value of THT and 
TTRT determines the asynchronous bandwidth avail- 
able to this station. However, a station cannot hold 
thLe token longer than TTRT to initiate any mes- 
sage transmission. It has been stated that  the pro- 
tocol guarantees an average response time for syn- 
chronous traffic not greater than TTRT, and a maxi- 
mum response t ime not greater than twice the TTRT 
[MAC87, SMT89, SeJo86, John871. 

FDDI standard also supports a priority scheme for 
asynchronous traffic. Each priority class a t  a station 
has a threshold value T-Pri(i) ( i  = 1, ..,n). Class 
1 is assumed to  have the highest priority, and class 
n the lowest priority among asynchronous classes of 
traffic. Transmission of messages of an asynchronous 
class begins with class 1 and continues with the lower 
priority classes sequentially. The asynchronous traffic 
of class i may only be transmitted if the current value 
of THT is less than the class threshold value T-Pri(i). 
Since the difference between the current value of THT 
and TTRT reflects the asynchronous bandwidth, the 
maximum value that  can be assigned to  T-Pri( i )  of 
class i is restricted to  TTRT. If there are no messages 

in class i, or if the THT has exceeded the T..Pri(i), 
then the next lower class is served. A new token is 
issued when there are no more messages, or the lowest 
priority class has been served according to  the above 
scheme. 

3 M / G / l  Queueing System with Va- 
cations 

The notation used in this paper is summarized in 
Tables 1 and 2. Using the M/G/1  queueing system 
with vacations, the mean waiting time of priority class 
j of FDDI network can be written as: 

where X j  is the normalized arrival rate, 2?f is the sec- 
ond moment of the service time, pj is the normalized 
utilization, is the first moment of the vacation time 
and is the second moment of the vacation time 
of class j. A proof for Equation 1 can be found in 
[BeGa87, Klei751. Tables 1 and 2 provide a summary 
of notation used in this paper. 

4 Vacation Time and Service Time of 
Priority Classes 

Figure 1 shows the relationship of service time Zj 
of class j at node 1 and token-cycle time Cj (measured 
from class j) to the vacation time 5 during the r th  
and T +  l t h  visit of the token. The vacation time I$ is 
defined as the time elapsed from the instant a priority 
class at a station releases the token till the next instant 
the same priority class at the same station receives the 
token. Hence, 5, C,! and Zj are given by: 

4.1 Effect of the Priorities on Service 
Time 

The service time Zj received by each priority class 
is affected by the priority mechanism of FDDI net- 
works as described in [WeJB95]. This analysis can be 
extended for M / G / l  queueing system with vacations. 

Figure 2 shows the messages transmitted by class 
0 during r t h  and T + l t h  visit of the token. Let the 
current value of the TRT be Cl, and the previous value 
of TRT at  this station be Cb. Note that ,  message 
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Table 1: Notation-I Table 2: Notation-I1 

Token-cycle time 
Mean token-cycle time. 
No-load token circulation time. 
Number of stations 
Priority threshold value of 
asynchronous class j 
Length of overhead bits added to  
each message 
Number of messages transmitted 
by class j 
Arrival rate of messages of j t h  
class/node 
Modified arrival rate of messages of 
j t h  class/node 
= 
messages transmitted by the network 
during a token rotation 
Message arrival rate associated with N 
Length of the message i transmitted 
by class j .  
Length of message i when each class j 
has identical distributions. 
random variable having same 
distribution as L: 
random variable having same 
distribution as L,, 
Time period during which synchronous 
message transmissions can be initiated 
after the token is received 

N,, the total number of 

transmission in the synchronous class is restricted by 
T,. Hence, the service t ime of class 0 for any given 
network load can be written as: 

zo = Min[T,  , Yd] , (3) 

where Yd is the time to  transmit all the messages of 
class 0 a t  node 1 during r th  and ( r+ l ) th  visit of the 
token. 

Figure 3 illustrates the messages transmitted by 
asynchronous class 1 during the r t h  and r + 1th visit 
of the token. In this case however, the length of mes- 
sage transmission in class 1 is restricted by priority 
threshold T-P?i ( l ) .  The current value of the TWT is 
equal to  ca. In Figure 3, C,! is the token-cycle time 
measured from class 1 a t  node 1. Hence, the service 
time of class 1 for any given network load is given by: 

2 1  = Min[(T-Pri(l) - C,) , Y;] , (4) 

where Y{ is the time to  transmit all the messages of 

Vacation interval of class j 
First moment of the 
vacation interval of class j 
Second moment of the 
Vacation interval of class j 
Mean waiting time of priority class j 
First moment of service t ime of class j 
Second moment of service time of class j 
normalized utilization of class j /node 
Service time of class j 
time to  transmit all messages of class j 
at node 1 during r t h  and ( r  + 1)th visit 
of the token 
Expected value of a random variable 
Variance of a random variable 

class 1 a t  node 1 during rth and ( r+ l ) th  visit of the 
token. When asynchronous class 2 receives the token, 
the current value of THT is cb + 2 1 .  Therefore, the 
service time of this class can be written as: 

2 2  Min[(T_Pri(2)  - Cb - 2,) , Y.]  , (5) 

where Y$ is the time to  transmit all the messages of 
class 2 a t  node 1 during r th  and ( r+ l ) th  visit of the to- 
ken. Similarly, the service t ime of asynchronous class 
3 can be written as: 

z, = Min[(T_Pr i (3)  - cb - 2 1  - z,), Yi] , (6) 

where Yg is the time to  transmit all the messages of 
class 3 a t  node 1 during r th  and ( r+ l ) th  visit of the 
token. 

In the unsaturated region, the service time of each 
priority class can be approximated as (see [WeJB95]): 

2.  3 = 3’ , f o r j  = 0 , 1 , 2 , 3  . (7) 

The  corresponding vacation intervals for each priority 
class can be written as: 

V. .I = C,! - K’ , fo r  j = 0 , 1 , 2 , 3  . (8) 

4.2 First and Second Moments of the Va- 
cation Time 

The Token-cycle t ime for a typical FDDI network 
with single synchronous class and three asynchronous 
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classes can be written as follows [WeJB93]; 

No NI 

c:, = CO + C(b + Lio) + C(b + Lil) 
i=l i=l 

N? N? 

+ C(b + Liz) + C(b + Li3) . (9) 
i=l  i=1 

Assuming symmetrical load distribution among all 
stations, the service time received by class 0 at  a sta- 
tion can be approximated as: 

. No 

Note that ,  the random variables Li0 and NO are the 
satme for both Equations 9 and 10. 
-~ Case 1:Message length distribution identical o v e r  
classes 

By combining Equations 8, 9 and 10, an expression 
for the vacation time of class 0 can be written as: 

.? N .  

U:sing an analysis similar to that given in for token- 
cycle time in [WeJB93], the first moment and the vari- 
ance of the vacation time seen by class 0 can be written 
as : 

E[Vol = 

+ 

Var[Vo] = 

+ 
+ 
+ 
+ 

+ 

+ 

3 

+ 2 b l / a r [ C ~ i ] ~ [ ~ ’ ]  . (13) 
i=l  

The derivation of Equations 12 and 13 are given in 
[Wera94]. The mean and the variance of the vacation 
time of class j (0 5 j 5 k )  under these conditions are 
given by: 

M - 1  
V a r [ y ]  = b2 (( T) Var[Nj] 

k 

E 

+ { E [  Ni]vur[L’] 
i = O , i # j  

k 

+ 2bVar[ E N;]E[L’] . (15) 
i = O  ,i # j  

Case 2:Message length distribution not identical over 
classes 

The first moment and the variance of the vacation 
time of class 0 can be evaluated using the Equation 11 

i=l 

- - 

+ 
+ 

M - 1  
b”( (& Var[No] + Var[N1] 

Var[Nz] + Var[N3]) 

(F$) { E [No] Var  [Lo] 
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3 

i= l  

'The derivation of Equations 16 and 17 are given in 
[Wera94]. The  mean and the variance of the vacation 
time of class j (0 5 j 5 I C )  under these conditions are 
given by: 

k M - 3  f N 1  = CO + b { T E [ N j ]  + f [ N i ] }  
i = O  , i#j 

5 Evaluation of Mean Waiting Time 

The following steps are required in order to ob- 
tain the mean waiting time of the individual priority 
classes. 

Step 1-Throughput characteristics: The throu- 
ghput characteristics for the above FDDI net- 
work is obtained using the throughput model of 
[JaWeSO]. Also use the same model to  obtain the 
approximate values for the first moment of the 
token-cycle time. 

Step 2- ,!?[N],,!?[Nj],V&N] and V>r[Nj]:  The esti- 

mates 8 [ N ] ,  8 [ N j ] ,  V>r[iV], and Vur[N,] for 
j = 0 , 1 , 2 , 3  are evaluated using the iterative pro- 
cedure given in [WeJB93, WeJB951 for the useful 
range of network offered load. 

Step 3-C[Nj] and V a r [ N . ] :  Depending on the mean J 
message length distribution, use the appropriate 
equations out of Equations 14, 15, 18 and 19 to  
estimate the mean and variance of the vacation 
intervals. 

Step 4-Mean waiting time: For a given network 
offered load, find X j  and p j .  Then substitute these 
values and first two moments of the vacation in- 
terval in Equation 1 to  obtain the mean waiting 
time for the particular network offered load. Note 
tha t ,  X j  and pj in Equation 1 are the normalized 
values for a single station on the network. 

6 Results 

In this section, the analytical results obtained for 
the mean waiting time of individual priority classes 
using M/G/1  vacation model and corresponding sim- 
ulation results are presented. 

An FDDI network with 20 stations with each 
station having a synchronous class and three asyn- 
chronous classes is considered. The  length of the fiber 
optic cable is 20 km. Message arrivals to  each prior- 
ity class are assumed to  be Poisson and independent. 
The message length of each class is exponentially dis- 
tributed with a mean of 2048 for asynchronous classes 
and a mean of 4096 for the synchronous class. Fur- 
ther, the priority threshold values of the individual 
priority classes TTRT and T, are selected such tha t ,  
the condition CO > T-Pr i (1)  > T-Pri(2) > T-Pri(3)  
is satisfied. Also, it is assumed that  the traffic load in 
classes 0,  1, 2 and 3 is distributed to  a ratio of 4:3:2:1. 
A summary of the network parameters are given in 
Table 3. 

Figure 4 illustrates the throughput characteris- 
tics for the above FDDI network obtained using the 
throughput model of [JaWeSO]. Figures 5, 6 ,  7 and 8 
illustrate the mean waiting time of classes 3, 2 ,  1 and 
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Table 3:  Network Parameters 

M 
L 
L’ 
T, 
TTRT 
T-Pri( 1) 
T_Pri(  2) 
T-Pri(3)  

85904 bits 
2500000 bits 
1700000 bits 
1400000 bits 
1000000 bits 

0 respectively obtained using M/G/1 vacation model. 
The simulation results are also given in the respec- 
tive figures except for Figure 5. Simulation results 
for priority class 3 are not shown in Figure 5 due to  
the large simulation time required to  get a statisti- 
cally valid sample for this class at low load values. 
When the network offered load is very small (5  lo%), 
thle mean waiting time is approximately equal to 9. 
When the offered load is increased, asynchronous class 
3 reaches saturation a t  95% as shown in Figure 4. The 
sirnulations confirm this behavior. However, the ana- 
lylical values are 10-15% higher than the simulations 
in the approximate neighborhood of 95% offered load. 
Asynchronous classes 2 and 1 shows similar behavior 
and these reach the saturation a t  105% and 140% net- 
work offered loads respectively. Again, note that  the 
analytical results are 10-15% higher than the simu- 
lations in the neighborhood of the saturation loads. 
However, the mean waiting time for synchronous class 
0 in Figure 8 shows that  the analytical results and the 
simulations are almost identical for the entire rainge of 
network offered load leading up saturation. 

7 Summary 

The analytical and simulation results show that  
the classical M / G / l  system with vacations provides 
a good estimates for the mean waiting time of indi- 
vidual priority classes of a homogeneous FDD[ net- 
work. Above analysis is true if the condition 6 0  > 
T _ P r i ( l )  > T-Pri(2) > T-Pri(3)  is satisfied by the 
selected network parameters. However, it is possible 
to  derive analytical expressions for the mean waiting 
time for cases such as T - P r i ( l )  > CO > T-Pr i (2)  > 
~ ~ r i ( 3 )  or ~ - ~ r i ( 3 )  > ~ ~ r i ( 2 )  > ~ - ~ r i ( l )  > eo. 
The simulation results show that  the mean waiting 
time estimates obtained from this model agree fairly 
closely for the entire region of network offered load 
coinsidered. On contrary to the conclusions given in 

[LaSpSO], this work has illustrated tha t  M/G/1 vaca- 
tion model can be used to  evaluate the mean waiting 
time of all priority classes of homogeneous FDDI net- 
works for the entire range of practical offered loads. 
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Figure 1: Relationship of token-cycle t ime, service 
time and vacation time 
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Figure 2: Service t ime received by class 0 at node 1 
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Figure 3: Service t ime received by class 1 at node 1 
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Figure 4: Throughput characteristics for the FDDl 
network 
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Figure 5: Mean waiting time of class 3 traffic vs net- 
work offered load 
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Figure 7: Mean waiting time of class 1 traffic vs net- 
work offered load 
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Figure 8: Mean waiting time of class 0 traffic vs net- 
work offered load 

Figure 6: Mean waiting time of class 2 traffic vs net,- 
work offered load 
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