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For some time now, timed-token protocols have bec t ed Medium (MAC) protocol for
supporting modern real-time systems. However, tQg§ex med-token cols have¥been studied, and
inefficiencies discovered with the way asynchrono timed-token mechanisms in
the Timely-Token protocol along with that of Bud@et Shaging"1oken (Bu
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1. Introduction %

Nowadays, there is a rapid advenflgfid advancements of many new and exciting applications: image
processing and transmission, multimedia communications, office and factory automation, embedded
real-time distributed systems, space vehicle systems, and the integration of expert systems into
avionics and industrial process controls. The situation has placed an increasing demand for effective
and efficient integrated services local area networks. Such networks’ MAC protocols must deal with
different traffic patterns and must provide not only bounded message transmission time, as required
by the hard real-time tasks, but also high throughput, as demanded by soft real-time and other non-
real-time tasks [1]. An attractive approach for integrating such traffic is the timed-token protocol.
Consequently, the timed-token protocol has been incorporated into several high-bandwidth network
standards [2], including IEEE802.4 Token Bus [3], FDDI [4][5][6][7]1[8], SAFENET [9],
Manufacturing Automation Protocol (MAP) [10], High-Speed Ring Bus [11] and in PROFIBUS
which is a Fieldbus network standard [12].
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Electricity is obtained from the PV array most efficiently during sunny daytime hours [1-4]. At night
or during cloudy periods, independent power systems use storage batteries to supply electricity. With
grid interactive systems the grid acts as the battery, supplying electricity when the PV array cannot
[5]. Energy storage devices (e.g. batteries) have been avoided in this work, to reduce capital,
operation, and maintenance costs. The grid connected PV system is well known in various parts of
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world, and several technologies are available [6]. This research work focuses on the development of a
grid connected pv system. Additionally, there have been efforts to develop the power electronics
circuitry involved [7-9] and several types of inverters have been designed [10-15]. Overall, the goal is
to measure the potential of a grid connected PV system in the Birbhum district of West Bengal using a
solar-meter and to establish a demonstration of this type of system using existing methodologies and
available equipment.

FDDI timed-token is one of the earliest timed-token passing protocols. In FDDI, the token rotation
time may reach 2(TTRT) [6]. Due to this token lateness, an FDDI network can use at most half of its
bandwidth to transmit synchronous traffic [5][13][14]. To alleviate this deficiency, Shin et al.
proposed the FDDI-M token protocol [5]. In FDDI-M, the token is never late. This allows FDDI-M to
double FDDI’s ability to support synchronous traffic. However, FDDI-M has one major weakness;
starvation of asynchronous traffic. This means that in some cases, FDDI- M may not be able to
transmit asynchronous traffic. Budget Sharing Token (BUST) protocol [14][15] and Timely-Token
[13] protocols are timed-token protocols recently introd 0 improve the communication services

provided by FDDI and FDDI-M networks. The 3 1mely—Toke olved the problems of
token-lateness in FDDI and the starvation of as raffic in FRDI-

1.1 Contributions and Summary

tocol, which improves the

This paper describes Guaranteed oken
, including the Timely-Token
of the Timely-Token protocol and

communication services provided b ing timed-

and BuST protocols. GuST ¢ ed-token

BuST protocols. GuST differ% ex1st1ng ti en ocols in how each node exploits the
available bandwidth to d hrofgus) traffic. We showed that in GuST
protocol, the token uST protocol against the Timely-Token and

BuST protocols.
asynchronous tra rmance achieved by GuST is better in most cases

than Timely-Token, T and oth d-tQken protocols.
1.2  Arrangement of the P,

The paper is organized as follow§. Fhe network and message models are introduced in Section 2.
Timely-Token and BuST protoco¥§, along with their weaknesses, are described in Section 3. The
GuST (Guaranteed Services Token) protocol is described in Section 4. Also, the performance bounds
of the GuST protocol is presented in section 4. Section 5 compares the GuST against Timely-Token
and BuST protocols. Also, in Section 5, sample numerical example and discussion of results are
presented. Finally, conclusion and recommendations for further studies are given in Section 6.

2.0 Timed-Token Network and Traffic Models
e Network Model

The timed-token protocols in this paper operate on a token ring network consisting of N nodes. Each
node has a unique number in the range 0, 1, 2...N-1. For each node i, the next node is node (i+1) or
more appropriately node (i+1) mod N. The token frame circulates around the ring from node i to
nodesi+ 1, i+2, ... until node i+ (N-1), then to nodes i, i+ 1, i+2,..., etc. Let w, denote the latency

or walk-time between a node i and its upstream neighbor node (i + 1). The sum of all such latencies in
the ring is known as the ring latency or the token walk-time, W, where W = w,

*  Message Model



Messages generated in the system at run time may be classified as either synchronous messages or
asynchronous messages. Agrawal et al. [16] showed how a token-ring network having multiple
synchronous streams per station could be transformed into a logically-equivalent network with one
synchronous stream per station. Therefore, without loss of generality, we assume a single synchronous
stream per station. The synchronous stream of station i is characterized by the triple (C, , P, D).

Message length, C,, is the amount of time needed to transmit a maximum size message. Period length,
P, is the minimum inter-arrival period for the synchronous message stream at node i. Message
deadline; D, is the maximum amount of time that can elapse between a message arrival and the

completion of its transmission. Thus, if a message stream arrives at time t, then it must be transmitted
by time t + D.. Similar to the Timely-Token in [13], we will assume D, < P.

Furthermore, in the following discussion we assumed that the network is free from hardware or
software failures.

3.  Operation of the Existing Timed-Token Pgg

Generally, in the timed-token protocpls, the initializatio1l, ¢ node i declares a
Target Token Rotation Time, TTRT. The rni&0 a elected as the ring's TTRT.
T

Each node i is then assigned a portion /i of transm ous traffic. When a node
receives the token, it can transmit its realgtimeftraffic for 4 ot greater than /4, time units.
However, to initialize the timers, no p € transmitt i rst token rotation.

The main difference Ql rious time@tokem psdtocols concerns the non real-time
message service. Let H be def%‘. hereis the of'the tiific reserved for the synchronous traffic
in all the nodes in every e T the total time allocated per cycle to the
synchronous traffic g inje. is denoted as . In the timed-token protocols,
there are two catg @ iof bandwidths th

Category I: ( -T) which is the tota wigth
latency.

at is not allocated to the synchronous traffic and ring

-T bandwidth (time units) is @vailable t@ffie asynchronous traffic in every cycle. Let A* = -T

Category II: (U) which is the bafididth that is allocated to the synchronous traffic but not used by
the synchronous traffic in the previous cycle.

The different timed-token protocols differ in the way they allocate the two categories of available
bandwidth to the asynchronous traffic. We now consider the asynchronous bandwidth allocation
mechanisms employed in some selected timed-token protocols. Due to lack of space, we will not
review the FDDI and FDDI-M protocols. It has been shown in [13] and [15] that the Timely-Token
and the BuST protocols respectively perform better than the FDDI and FDDI-M. More details can be
found in [13][14][15] [17]. For lack of space, we will present only those aspects of the protocols that
are vital to our discussion.

3.1 Asynchronous Traffic Transmission Mechanism in the Timely-Token Protocol

In FDDI and FDDI-M protocols, problems occurred because a station cannot distinguish between
unused synchronous bandwidth and unused asynchronous bandwidth. To overcome this, an integer U
is added to the token, where U represents the sum of unused synchronous bandwidth of all stations
during the previous cycle [13]. When the token arrives in station i, U should also include the unused
synchronous bandwidth of station i in the previous cycle. In the Timely-Token, when the token
arrives at a node, the node can transmit asynchronous traffic for a time not greater than the Token



Holding Time, THT, where THT, is derived from the Timely-Token algorithm [13] as;

THT, = TTRT - U - TRT, for TRT,< TTRT-U otherwise , THT, = 0, where TRT, is the Token
Rotation Time .

TRT, measures the time between token arrivals at node i.

Drawbacks of Timely-Token Protocol

In the Timely-Token, asynchronous traffic makes use of only Category I available bandwidth. The
Timely-Token does not permit the asynchronous traffic to use the spare bandwidth (i.e. U) left over by
the synchronous traffic. As such, the throughput of the Timely-Token decreases when U > 0.

3.2 Asynchronous Traffic Transmission Mechanism in The BuST Protocol

In the BuST, a node can deliver asynchronous traffic each fime it gets the token, early or not, using the

spare bandwidth (i.e. U) left by the synchronous traffic. the time units consumed by node i to
deliver synchronous traffic, then it can send asynchr ¢ for a timgMgt greater than / -s, time
units even if the token is not early.

Drawbacks of BuST Protocol \

chronous

In BuST protocol, the asynchronous tr c@ use of onl . II available bandwidth. As

such, when the load level of the synchfon, affic is he , no bandwidth will be left for

the asynchronous traffic. In that<gase,

bandwidth is not allocated in §@ch ay that theginu idth in a node can be used by the

asynchronous traffic in a . So, whi€ s@me es with light load of synchronous and

asynchronous traffi ay@spare bandwmdth 18§t over, the other nodes with heavy load of
u

stil e their @s s traffic as they cannot use the spare bandwidth

b
d

synchronous traf]
from other nodes.

4.0 Outline of the GuST Protocol
*  During the ring initializaion phase, node i declares a TTRT. The minimum declared value is

selected as the ring's TTRT. Hachgaode i is then assigned a portion £, of the TTRT to transmit its

synchronous traffic in every c§€le. During each token rotation, station i can transmit synchronous
packets for at most /, time units.

*  Each station i has a token-rotation timer, TRT, for measuring the time between token arrivals.

* Each station i has an asynchronous-limit variable, A.. In this variable, station i stores the amount
of time it may transmit asynchronous messages. In addition, station i maintains a variable ¢,
where it stores the portion of 4, the reserved synchronous bandwidth it used in transmitting
synchronous traffic in the previous token-rotation. We also define another variable b, where
station i stores the portion of 4, the reserved synchronous bandwidth it used in transmitting
asynchronous traffic in the previous token-rotation. Also, station i maintains a variable s,, where it
stores the total time units used out of /,, in the previous token-rotation, where s, = @, + b,

* To initialize the token-rotation timers, no packets are transmitted during the first token rotation. In
addition, s, is set to zero for all i, and U = = H. The integer U is added to the token, where U
represents the sum of unused synchronous bandwidth of all stations during the previous token-
rotation. When the token arrives at station i, U should also include the unused synchronous
bandwidth of station i in the previous token-rotation.



When station i receives the token, it performs the following steps:
1. A :=(TTRT - U -TRT))+
2.TRT, =0
33.2U=U-(h;-5)
4. If node i has synchronous packets, it transmits them until TRT, counts up to /, or until all the
synchronous traffic is sent, whichever comes first.

5. @, is assigned the number of time units of synchronous transmission used in step 4.

6. If TRT,< h, then if node i has asynchronous packets, it transmits them until TRT, counts up to
h,, or until all the asynchronous traffic is sent, whighever comes first.

. s, is assigned the total number of time unit i onous and a ronous transmissions
used in step 4 and step 6. \

9.U=U+(h,-s) Q

10. If station i has asynchronous p nsmits t

or until all its asynchrono{@e transmjtt

11. Station i passes the tokemyto

tion (i + 1) pdod
4.1 Performance Bound@
In this section weg8 at uST progod ke is never late. In principle, GuST operates like
V. R d

[1m rence lies in how GuST and the Timely-Token
handle U, the drop 1i§load of syngfirompous§traftic. In GuST protocol, Category I (i.e A*) available
8 traffic just like in the Timely-Token protocol. At the
s left over by the synchronous traffic are allocated to the
protocol. Consequently, maximum throughput is maintained
ariation in the load level of the synchronous traffic.

~

. bi is assigned the number of time units of asynchro ansmission used in step 6.

o

e period of up to A, time units,

occurs first.

same time, Category II (U)
asynchronous traffic just like
by GuST even in the face of drop

Technically, the difference between GuST and Timely-Token is that in the Timely-Token s, =
¢, whereas in the GuST s, = @, + b,. As such, analysis of the GuST protocol is simply the analysis of
the heavily loaded Timely-Token system where s, is composed of ¢,, and b,, the bandwidths used by

the synchronous and asynchronous traffic respectively. Hence, in our analysis, we adopted the
approach employed in [13] for the heavily loaded Timely-Token. There is however one slight
difference in the assumption made here. In [13], the system is assumed to be heavily loaded with
synchronous and asynchronous traffic. In this paper, the system is loaded with light load of
synchronous traffic but with heavy load of asynchronous traffic. As such, in this paper, in every token
receipt, the synchronous traffic may not use all the time units reserved for it in the node. However, the
unused portions of the reserved synchronous time units are used by the asynchronous traffic in every
node. In this way, the system still behaves like a heavily loaded system since all the time units for data
transmission are used up in every node in every token receipt.

In order to reason about values that change over time, we enhance our notation to include
rounds, that is, token rotations.

Definitions



: round m of station i, i.e., time interval [t, ], where t is the time when station i receives the token for
the mth time, and , is the time when station i receives the token for the (m + 1)th time.

: value assigned to Aj during . In particular, is the value assigned to A, when the token is received at
the beginning of .

: duration of asynchronous transmission of station j during . Note that < [13].

h; :duration of time units reserved for synchronous transmission of station j in every round.

: the portion of the h, time units actually used for synchronous transmission in station j during .
Note that < &, [13].

: the portion of the 4 time units actually used for asynchronous transmission in station j during .

: the total of the portions of the 4, time units actuall for synchronous and asynchronous

transmissions in station j during .
Note that < hj [13]. Also, =+< h]. @
: value of TRT, when station j receives the t x .
In particular, is the value of TRT, whe Q receive

o

= + +WJI3]. &
Theorem 1 (The Token is ne%
For every station i, /7 afyival, TRT, TR

The proof for Theoremyl1 is given i . Nae same applies to GuST protocol. It was shown in [13]
that for the heavily loaded Ti kefil prot@col, the following expressions hold;
cus

m -
< A*; U=-and< h.From @urd n in this paper, we can see that for the Timely-Token
protocol [13], = whereas, for the protocol,
= +<.

Then,= + +W
= ++ W
<+ A* +W
<TTRT

So, the token is never late since the Token Rotation Time, TRT, does not exceed TTRT.

5.0 Comparison of GuST Against The Timely-Token and BuST Protocols

In this section, we compare the GuST protocol against the Timely-Token and BuST Protocols. Our
comparison focuses on the ability of these protocols to support synchronous and asynchronous traffic.
We base our comparison on the expression for the upper bound on the average cycle length (C) for
these protocols, because the expressions directly reflect the ability of the protocol to provide services
to the synchronous and asynchronous traffic.



5.1 Expression For The Upper Bound On The Average Cycle Length (C)
FDDI Protocol

In FDDI timed-token protocol [6][7][18][19], each node has two timers, the Token Holding Timer
(THT)) and the Token-Rotation-Timer (TRT)). The TRT, counter always increases, whereas the THT,

only increases when the node is delivering asynchronous traffic. When TRT, reaches TTRT, it is reset
to 0 and the token is considered as late by incrementing the node's late count ,Lc¢, by one. The actual
token cycle time, denoted in this paper as is given as = TTRT, + Lc, (TTRT). The token is
considered to arrive early at node i if Le, = 0 otherwise the token is late (in this case, Lc, > 1). When
the token arrives at a node, the node can transmit asynchronous traffic for a time no greater than THT,
where THT, is given as;

THT, = TTRT, - for < TTRT,

otherwise THT, = 0; (1)
where TRT/" is the time spent in the last rou -trl@ token. Then, fi DDI, A, = max(0,
TTRT-TRT/) .
Joseph and Fouad has shown in [18] that I protocol er bound on the average cycle

length (C) for a heavily load system IS
C<(-Ty+ T &a (L
Then, the upper bound on th: & ndwidth x tR€ asynchronous traffic (A) is given as
A = (-T)
Similarly, Ozuo wudebe s \Q% that for FDDI protocol, € and A for a system
with light load of S§mchronous tr%\ avy load of asynchronous traffic, are defined as

follows;
¢ <(-T)+U + (H -U) +W
A=(-T)+ U

where U is the unused synchronous transmission time in the last round-trip of the token. The
assumption made in [19] is that U is constant for at least the N+ 1 consecutive cycle where the average
is taken.

Timely-Token Protocol

The difference between the FDDI and the Timely-Token is in the use of TTRT in the FDDI and
TTRT* in the Timely-Token protocol, where TTRT* = TTRT - U. For the Timely-Token, U= and s,

= ,then, we can replace with -U in the expressions for C in Eq 4 and A in Eq 5 to obtain CT and AT
for the Timely-Token, where

= and=

C,<(-D++W  (6)

A =(-T) (7)
BuST Protocol

In the BuST protocol, Category I available bandwidth (i.e. ( -T ) is not used by any traffic. The



asynchronous traffic makes use of only the Category I, which is the U spare bandwidth left over by
the synchronous traffic. So, THT, =0 foriand A, = U. Now U= and s, =, thus, C, and AB for the

BuST protocol are given as follows;
C, s U+ W
<SH-)HW (8
A,=U=H-
)]
GuST Protocol
For the GuST protocol, TTRT* = TTRT-U,

U= ands, =, + b, Since we are considering a system witifMaeavy load of asynchronous traffic, then,
We can replace with -U in the expressions 4 and A ig Eq 5 toNgbtain C and A as
follows; \

C. <(-D+++W Q
< (-T)y+(H-)+HW (1 m
A, =(-T)+
= (-TyH(H ) @
5.2 Worked Exa &

where =

des. We will assume that the network is heavily loaded

with asynchronous traffic butgwvitila va
load, ; can vary from 0 to 4. %he §al

¢ load of the synchronous traffic. The synchronous traffic
of C and A for the various load levels of the synchronous
traffic are computed for the Tim oken, BuST and GuST protocols. The results are presented in
Table 1 and Table 2 and also in the graphs of Fig 1 and Fig 2.

Table 1: Comparison of Average Bandwidth for Asynchronous Traffic Per Cycle, A for BuST,
Timely-Token and GuST.

BuST TT‘:)“lfe'Iyl GuST
D A A A
0/ o 80 128 | 928
2| 8 72 128 | 848
4] 16 64 128 768
6| 24 56 128 688
8| 32 48 128 608




10| 40 40 128 528
12| 48 32 128 | 448
14| 56 24 128 368
16| 64 16 128 | 288
18 72 8 128 208
20| 80 0 128 128
h,=20, =100, N=4, W =4

Table 2: Comparison of the computed values of Avera ycle length, C for BuST, Timely-
Token and GuST.

BuST r{;::::‘:z GuST @ \\

DY ¢ (¢

0 0 84 16.8

2 8 84

4| 16 84

6| 24 8

8| 32
10 | 40 84
12 | 48 84
14| 56 84 72.8 96.8
16 | 64 84 80.8 96.8
18| 72 84 88.8 96.8
20| 80 84 96.8 96.8
h,=20, =100,N=4, W =4

—+— BuST
—5— Timely-Token

—#— GuST

Fig 1: Comparison of the upper bound on the bandwidth allocated to the asynchronous traffic, A for
the timed-token protocols studied. (Table 1 plot)

—— BuST
—=— Timely-Token

—#— GuST



Fig 2: Comparison of the upper bound on the average cycle length, € for the timed-token protocols
studied. (Table 2 plot)

5.3 Discussion of results
A System With No Synchronous Traffic But With Heavy Load Of Asynchronous Traffic
When there is no synchronous traffic, that is = 0; H= 80, U = 80, Row 3 of Table 1;

e BuST will allocate all the (U) spare bandwidths to the asynchronous traffic , that is A =80
(Tablel , row 3, column 3) and C =84 (Table 2 , row 3, column 3)

* Timely-Token will allocate the same constant average bandwidth () to the asynchronous traffic,
where A*=16,N=4,s0 =12.8.S0 A =12.8 (Tablel , row 3, column 4) and C=168
(Table2 , row 3, column 3)

* GuST will allocate an average bandwidth ) to the asy us traffic, where A* =16, N=4, so,

=12.8. Then, A =92.8 (Tablel , row 3, colum =96.8 (Ta , row 3, column 5)
Thus, in the case of a system with no synchro ic put with hedWy load of @synchronous traffic,
the Timely-Token will allocate the least a t ndwidth to th%ronous traffic while the
GuST will allocate the highest. The Bus%locate all t g bandWidth (U = H -= 80) left
unused by the synchronous traffic to thgfSy ous traf 80) .

A System With Heavy Load O, Synd Asy onadus Traffic

When there is heavy load of s on@us traffic, is ,U= H-=0then
t dwidth to the as

84 le 2, ro,

allocate a co, t dyera@eandwidth () to the asynchronous traffic, where A*
8.S0A % blel , row 13, column 4) and C=96.8 (Table 2 , row

¢ GuST will allocate an averagefbaa@width) to the asynchronous traffic, where A* = 16, N =4, so
=12.8). So, A =12.8 (Tablel $fow 13, column 5) and € = 96.8 (Table 2 , row 13, column 5)

e BuST will not a nchrofous traffic , thatis A =0 (Tablel, row 13,

column3)a

¢ Timely-Token
=16,N=4,s0 =
13, column 4)

Thus, in the case of a system with heavy load of synchronous and asynchronous traffic, the Timely-
Token and the GuST have the same throughput which is higher than the BuST throughput. In
particular, BuST will not allocate any bandwidth to the asynchronous traffic, in this case (A = 0).

A System With Variable Load Level of Synchronous Traffic But With Heavy Load Of
Asynchronous Traffic

From the plot, Figl it can be seen that if there is heavy load of asynchronous traffic, then, as the load
of the synchronous traffic increases from zero (no synchronous traffic) to the heavy load state,

¢ Timely-Token allocates the same amount of average bandwidth () to the asynchronous traffic. The
graph is straight line with zero slope.

¢ BuST allocates all the spare bandwidths ( U = H -) left over by synchronous traffic to the
asynchronous traffic. From Fig 1, the decrease in bandwidth allocated to the asynchronous traffic
is proportional to increase in the synchronous traffic.



* GuST allocates plus the spare bandwidth (U = H

-) left over by synchronous traffic to the
asynchronous traffic. From Fig 1, it can be seen that GuST has the same rate of decrease but

higher throughput than BuST.

Similarly, from the plot, Fig 2, it can be seen that if there is heavy load of asynchronous traffic, then,
as the load of the synchronous traffic increases from zero (no synchronous traffic) to the heavy load
state,

* the average cycle length, CT of Timely-Token increases as the synchronous traffic increases.
Specifically, éT increases from its lowest value (of g + W = 16.8 when = 0) to its maximum
value (of ) + H + W =96.8) when = 80.

* the average cycle length, C of BuST remains c maximum e(of H+ W=84).
* the average cycle length, C of GuST \onstant a ximum value (of ) + H+ W =
96.8) .

Thus, in the case of a syste load of a ous traffic but with variable load of
synchronous traffic, the GuST maintains t than the Timely-Token and BuST
protocols as long as < H.

6.0 Conclusion an atlons

6.1 Conclusion \

This paper presefited the Gu@rant@ed Services Token protocol (GuST) which improved the
performance of existing time ols, including the Timely-Token and BuST protocols.
BuST and Timely-Token p imed-token protocols recently introduced to improve the
communication services provide DDI and FDDI-M networks. However, GuST maintained
higher throughput than BuST and ¥imely-Token protocols in the face of variations in the load level of
the synchronous traffic. At the same time, GuST delivered guaranteed services as required by the hard
and soft real-time applications. Consequently, GuST is more suitable for integrated services network
since it can efficiently support different traffic patterns and also provide not only bounded message

transmission time as required by the hard real-time tasks, but also high throughput, as demanded by
soft real-time and non-real-time tasks.

6.2 Recommendations

GuST can be incorporated into Ethernet and Profibus networks to improve on the performance of
those networks. The approach to be adopted and the implementation issues are areas of further
research.
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