A Fiber-Optic-Based Protocol for
Manufacturing System Networks:
Part 11— Statistical Analysis’

Conceptual development, architecture, statistical and simulation models, and the
results of test and verification of a fiber-optic-based protocol have been reported
in a sequence of two papers. The protocol uses the unidirectional bus topology and
is specifically designed for computer integrated manufacturing (CIM) networks.
The architecture of the protocol is formulated in Part I [1). In this second part, a
statistical model of the proposed protocol is formulated for analyzing the network-
induced delays and pertinent results of analysis and simulation are presented Jor
different scenarios of network traffic. The major assumptions in Jormulating the
statistical model are: (1) message arrival processes for real-time (RT) and non-
real-time (NRT) modes are independent and Markov; and (2) message lengths
Jollow independent general distributions with known statistical properties. The La-
place-Stieltjes transforms of probability distribution functions of queueing delays
Jor RT and NRT messages have been derived. The analytical results for the first
two moments of both RT and NRT queueing delays have been compuared with those
obtained from discrete event simulation.
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1 Introduction

Development of a medium access control (MAC) protocol
for integrated factory and office communications using a com-
mon f{iber optic network medium is reported in Part | [1] of
this sequence of papers. The protocol was designed on the
postulation that the traffic in such networks can be classified
into two broad categories of real-time (RT) and non-real-time
(NRT) messages on the basis of data latency and data integrity
requirements [2, 3].

Discrete-event simulation is a standard tool for evaluation
of the protocol performance (c.g., statistical characteristics of
network-induced delays) under different operating scenarios
but it does not provide a closed form relationship between
network traffic parameters and the performance variables.
This can be accomplished by statistical modeling using an
analytical approach which offers more compactness and better
computational efficiency. However, the complexity of the pro-
posed protocol renders an analytical model to be mathemat-
ically intractable unless certain simplifying assumptions are
made toward operations of the protocol. In general, analytical
and simulation models are mutually complementary and to-
gether serve as a verification procedure for the protocol per-
formance.

This second part presents an analytical model of the pro-
posed protocol which is derived on the basis of fundamental
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principles of statistics. The major assumptions in formulating
the analytical model are: (1) both RT and NRT message arrival
processes are independent and Markov; and (2) both RT and
NRT message lengths follow general distributions with known
statistics. The Laplace-Stieltjes transforms of the probability
distribution functions of RT and NRT queueing delays have
been derived. The analytical model serves to verify the sim-
ulation model and establish bounds on the (analytically de-
rived) queueing delays for RT and NRT messages.

This paper is organized in five sections including the intro-
duction. Section 2 presents a step by step derivation of the
statistical model. Then the analytical results are verified in
Section 3 by comparison with simulation results under identical
traffic conditions and settings of protocol parameters. In Sec-
tion 4, the simulation model is used for evaluating the protocol
performance under operating conditions which are not re-
stricted by the assumptions made in the analytical model. This
sequence of two papers is concluded in Section § along with
recommendations for future research.

2 Analytical Model of the Proposed Protocol

The MAC protocol, described in Part I [1], establishes con-
flict free data communications, i.e., access of stations to the
network medium is coordinated and controlled in order to

_prevent more than one station from transmitting their messages. . .

at any particular instant. This imposes a queueing delay on
both RT and NRT messages. The major performance measure
of interest for this protocol is the queueing delays of RT and
NRT messages at individual stations. Although other variables
such as throughput and bandwidth utilization have been ana-
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lyzed, this section concentrates on the gueueing delays which
are most difficult to model. The analytical approach is shown
for two levels of priority, RT and NRT, but it can be extended
to any finite number of priority levels. For example, four levels
of prioritization may be necessary if voice and video data share
a common channel with RT and NRT data.

It is important to note that the performance metric of mean
delay (or even variance of delay) is insufficient for evaluation
of medium access protocols as strict deadlines are usually
needed in real-time systems [4]. That is, if the data arrives
after the scheduled time, it might not have any usage. On the
other hand, if the data is available before the scheduled time,
it does not matter when this data arrives. This applies to many
real-time problems in manufacturing such as muiti-robot con-
trol systems and scheduling of machining operations. As dis-
cussed in [5, 6}, if a sensor signal is received after the scheduled
sampling instant, the control signal will suffer due to the net-
work-induced delays. Since statistics of delays beyond the mean
and variance are deemed necessary for performance evaluation
of the protocol from the perspectives of real-time data, we aim
at deriving the probability distribution functions of the
queueing delays.

The following assumptions and approximations are in-
troduced to formulate a tractable model.

1. All processes incurred in protocol operations are ergodic
with probability one.

2. Finitely many active stations exist on the network, i.e.,
there is an upper bound on the number of active stations in
the network,

3. Propagation delay and station response time are negli-
gible, i.e., a carrier injected on the bus is detected by all stations
on the medium at the same instant of time.

4. The preemption timer parameter «, described in Section
4 of Part I [1], is set to zero.

5. Each station has two buffers; one for RT messages and
the other for NRT messages, and the capacity of each buffer
is infinite.

6. The arrival process (for each of RT and NRT messages)
at every stration is stationary Poisson and independent of each
other and of processes at all other stations.

7. The bulk arrival process for each of RT and NRT mes-
sages is modeled by lumping the independent Poisson process
at all stations as a single Poisson process with an equivalent
arrival rate A\gr and Aygr, respectively.

8. Message service times (i.e., message length divided by
data transmission rate) at the individual stations are inde-
pendent and identically distributed (i.i.d.) with known prob-
ability distribution functions, and these distributions are
mutually independent for RT and NRT messages.

The protocol is designed such that RT messages are always
transmitted in preference to NRT messages even if the NRT
message arrives before the RT message. Within each class, the
first-in- first-out (FIFO) policy determines the order of service.
Under the head of the line discipline if an RT message arrives
while an NRT message is being transmitted, then the ongoing
transmission is allowed to be completed and any waiting RT
message(s) must be served ahead of all NRT message(s) [7].

Remark I: The effects of the propagation delay and station

Nomenclature

FDDI = Fiber-Distributed-Data-Interface
FIFO = First-In-First-Out
MAC = Medium Access Control
Mbps = Megabits per second

NRT = Non-Real-Time

RT = Real-time

« = preemption timer parameter

Nkt = the arrival rate of real-time messages at sta-

4 tion i

Mvrt = the arrival rate of non-real-time messages at

station {
Fspr = probability distribution for real-time message
service time

plt = first moment of Fy, .

pxt = second moment of Fy .
prr = third moment of Fy, o

Foar = probability distribution for non-real-time
message service time
pikr = first moment of Fy, .

o
pNkr = second moment of Fy oo
unkt = third moment of Fg .o

Mgt = average arrival rate of a bulk arrival process
of real-time messages as a single Poisson
process

Mgt = average arrival rate of a bulk arrival process
of non-real-time messages as a single Poisson
process

S(n,m) = state of the queueing process where n is the
number of real-time message and m is the
number of non-real-time messages
py = probability that i real-time and j non-real-

w e .....-..time messages arrive during a real-time mes-- -

~sage service period
g; = probability that / real-time and j non-real-
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time messages arrive during a non-real-time
message service period

P(s), s2) = probability generating function of p,
Q(s), 52) = probability generating function of g,
Skt = Laplace-Sticltjes transform of Fy .
Swkr = Laplace-Stieltjes transform of Fy, .
prr = probability of a real-time message arrival
Pnrt = probability of a non-rcal-time message ar-
rival
m.m = stationary probability of occupying the state
Stn, m)
[1(s,/) = probability generating function of =,

Fy = distribution function of the busy period due
to the service of real-time messages
B = Laplace-Stieltjes transform of Fy
F = qucucing delay distribution for real-time
messages
Wyr = Laplace-Sticltjes transform of Fy-pt
= expected value of total transmission time of
all real-time messages )
pnrt = expected value of total transmission time of
all real-time messages
ooy = total sum of the offered due to both real-
time and non-real-time messages
Wnrt = queucing delay of non-real-time messages
Wygr = total time to service all real-time and non-
real-time messages that are already in the
. queueing system
Wyrr = total time to service al] real-time messages
that arrived during Wygr
Wyrr = Laplace-Stieltjes transform of the queueing
delay distribution for non-real-time messages
—-—-— Dpgr =- data latency of a real-time message -~ -~

* Dygr =" data latency of a non-real-time message™ ™"

L = message service time
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response time can be compensated by incrementing each mes-
sage transmission time by the average propagation delay and
station response time.
.- Remark 2: An RT or NRT cycle may often consist of a single
message under a very low traffic load. This is equivalent to
having the contention period appended to every message, which
is analogous to a fixed increase in message overhead. As the
network traffic increases, a cycle is likely to be composed of
more than one message, and the effects of contention period
relative to any one RT (or NRT) message is monotonically
decreased with increase in RT (or NRT) traffic. Therefore, a
lower bound of the first moment of the queueing delay is
obtained by neglecting the contention period and the corre-
sponding upper bound by considering the complete contention
period for every message transmission. ®

The queueing process characterized by a Poisson arrival and
general service distribution does not have a Markov property.
The Markov property is restored by reducing the continuous-
time parameter process to discrete time. The discrete-time Mar-
kov process is generated by observing the queueing process
only at the epochs where an RT or NRT message transmission
is terminated. Under above assumptions the protocol is mod-
cled as two interacting M/G/1 queucing processes with the
head of the line priority scheme following the concept of prior-
itized queueing delay introduced by Miller {8) and Takdcs [9].
The analysis focuses on evaluation of the Laplace-Sticltjes
transform of the probability distributions of the numbers of
waiting RT and NRT messages. These Laplace-Stieltjes trans-
forms are derived under steady-state conditions using imbed-
ded Markov chains with general service distribution.

Remark 3:  In the above analysis, the FIFO service disci-
pline policy is more accurate under low network traffic than
under high traffic. As the network traffic increases, trans-
mission of messages always starts with the leftmost backlogged
station in the network rather than in a FIFO order. Studies
on the single priority queucing models have shown that the
first moment of the queueing delay is independent of the service
order discipline [10}. However, higher order moments of the
queueing delay vary with service order disciplines: FIFO has
the smallest second moment, followed by random service or-
der, and LIFO service order has the largest. This deviation in
the higher order moments becomes particularly significant in
the analysis of two interacting priority queues such as RT and
NRT. Under high network traffic the service order discipline
of the messages is expected to lie between FIFO and LIFO. =

2.1 An Analytical Approach for Evaluation of Queueing
Delaying Statistics. The state of the queucing process is de-
fined as S(n, m) where n is the number of R7 messages and
m is the number of NRT messages. The transition matrices,
{p,} and [g,], which are the probabilities that i (=0) RT and
j(= 0)NRT messages arrive during an RT and an NRT message
service period, are obtained as:

(Arr0)' wer')

pi= So e~ ART*ANRT dFs g (1,120, /=0

i! J!
o ert) Owgrr'Y ) .
gi;= SO e~ (MRT+ANRTH —',——- ——-—J—'——— dFSNRr(’)v iz0,,;=0

(h
where Fs . (#) and Fy. (1) are the service time distribution
functions for RT and NRT messages, respectively.

The probability generating functions [11] of p; and g, are
defined as
P(s), 5= Z Z PySt sh QGsy, s2) = Z Z g;isish Q)
im0 y=0 i=0 j=0

where (s, 52) € [ 18,11, lg] s1: (6, ¢2) €CXC)
Using (1) in (2) yields
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[T ren (O\er 1) (Awrr 1)’
P(s), )= Z Z S e” (ORTTINRTY i !
jw0 j=0 “0 : .
st 5% dFspr (D)

i J
S o (\RT* MRT) (A7 0 (A\nrt 0)
/!
0

i J!
st st dFsgr (1) (3)

Q(Slv Sl)= i

i=0 ;=0

Simplifying (3) yields (as derived in Appendix B of [12])
P(sy, s) =38kt (Mgt (1 =5+ Angt (1 = 52))
~ 4)
Q(s1, 52 = Snrt (Art(l = 51) + Anrr (1 =52))
where Syt and Sugxr are the Laplace-Stieltjes transforms of
Four and Fg .1 respectively.
Let P[S(n, m)—~ S(n’, m’)) be the transition probability
that the network queucing system moves from S(n, m)to S(n”,
m’) in one transition, i.c., during the period of an RT or an

NRT message transmission. The relationships defining the
complete probability transition matrix are derived below.,

P[S(0,0)=SU, N = prt P+ Purt Gy £, /20 (3)

Arr . -
is the probability of an RT message
ART + AT

. XNRT

arrival and pygr =
NK ARt + ANRT
message arrival during one transition.

The transition probabilities from S(n, m) with i RT and J
NRT new message arrivals during the service time of an RT
and an NRT message are given below by (6) and (7), respec-
tively:

PIS(n,m)—~S(n—1+im+)=py i, j=0, n= I, vim  (6)

PIS(O,m)—~S(iym=1+)=q, i, /=0, m>0, 7

Next the impossible events are delincated. The transition from
S(n,myto S(n’,m'), forn’ <n=1,and n>1, is impossible
because this transition represents exactly one RT transmission.
Similarly, such a transition from m’ < m, and n = | 1s
impossible because an NRT message cannot be serviced while
the RT message buffer is not empty. The transition from S(0,
m)to S(n’, m’) for m’ < m-1 is also impossible because
this transition represents exactly one NRT transmission. There-
fore,

P[S(n, m}y—=S(n’, m")]=0,n"<n-1,n> L,ymm'  (8)

where pgr =

is the probability of an NRT

PIS(n, m)=S(n’, m")]=0, m" <m, n> I,wn' 9)
PIS(0, my—S(n', m")]=0, m'<m-1, vn’ (10)

Remark 4: S(0, 0) represents the condition when both RT
and NRT message buffers are empty. The transition probability
of moving to a new state S(i, /) from S (0, 0), given by (5),
depends on whether the RT or the NRT message has arrived
first. m

Remark 5: The equilibrium condition guarantees the ex-
istence of a stationary distribution for the imbedded Markov

chain. =
The stationary probability of occupying the state S(n’, m’),
denoted as 7, ', is given by:

-] oo
o
Xn m “'S S
n=0¥m=0

Thé probability generating function of x, " is then defined
as

Tum PIS(n, m)=S(n’, m"]  (11)

o

n(s,r)=g S Tt & (12)
m'=0

n'a0
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where (s, 1) €{ 161 <1, lol s1: 6, ¢) eCxC, vn’, m'}.
Substituting (11) into (12) yields

II(s, o)
=j g S Tam PIS(n, m)—S(n’, m'))s" 1™’
n'=0vm’'=0 n=l0v¥m=0
(13)

Following Miller [8] and Appendix B in [12], the Eq. (13) is
simplified by using (1), (4) through (10)

I(s, )= [mo0 (PRTP(S, )+ px rT Q(S, )= 17'Q(5,0))
+r Tomt™ (17 Q(s,) =5 P(s,0)] [1 =5 'P(s,0)~" (14)

m=0

Remark 6: mo is the stationary probability that both the
RT and NRT buffers are empty. The time epochs when all
buffers are empty can be thought of as renewal points in the
imbedded Markov chain [8]. =, is the stationary probability
that the RT buffer is empty. This represents the condition at
the beginning of an NRT service period. Tom is evaluated by
imbedding a second Markov chain by considering only those
service termination points from the original Markov chain.
The epochs for the second Markov chain are service termi=
nation points that leave RT queues empty. On the contrary,
the end of every service termination point defines the epoch
for the first Markov chain. Hence the second Markov chain
is imbedded within the first Markov chain. Therefore, P[S(0,
m)—=S8(0, m")] is the transition probability of moving from
one epoch to the next on the second Markov chain.,

Cuse I S(0, m)— S0, m"), n=0, m>0.

The two events of arrival and nonarrival of any RT messages
are considered during the interval between WO consecutive
epochs to obtain the following transition probability.

PIS(my—=S(m-1 +/)] =
PIS(m)~S(m~1+/), no RT messages arrived in between)
+P[S(m)y—S(m-1 +/), RT messages arrived in between]

(15)
where
PIS(m)=S(m~1+/), no RT messages arrived in between]
=gy (16)

and P[S(m)—S(m -1
+/). RT messages arrived in between] =

/

i = Art )" (Mg 1)
Z E [L C-MRT.ANRTW(_RT..__)_(__"'_';!T__)_dFSNRT (,,)J

!
(=0 nel n

= -1
[ j e~ MNERT r————-——‘x‘(“;‘: l")’: dFL"’(u)J an
o !

and Fp is the distribution of the busy period due to the service
of only RT messages.

The distribution for the n-fold convolution Fi™ has been
derived by Takacs [13]. The probability generating function
P(t) of (15) is defined below

P(0)= 2] PIStm)=S(m~ 1+, m>0 (18
/=0
where 1€ [Irl<1: 7eC)
Substituting (16) and (17) into (18) yields the following re-
lationship
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o o J L
SURITIEDIDIDY
=0 J=0 i=0 A=}

= v -t 1)" O\wrr 1)
[ty

=
Following Miller [8] and Appendix B in [12], Eq. (19) is sim-
plified as
P(t) =Surt Orr (1= By (1 - M+t (1=-0)  (20)

where B is the Laplace-Stieltjes transform of the distribution
function Fy.

Case II: - n=0, m=0, S(0, 0) - S(0, Vi)
The first arrival in completely empty gueues js considered to
bean RT oran NRT message to obtain the following transition
probability,
PIS(0)~S()] = P[S(0)~ S, first arrival is a RT message]
+ PIS(0)= S (), first arrival is a NRT message] (21)
where P[S(0)~S()), first arrival is a RT message] =

Aner 1) |
(—”-j.,T-'i’— dFy(u)] (22)

® j-1
“' e-meuQﬁi&’i).__dpy) (I (19)
0

PR ( enRT U
Y0
and P[S(0)—-S()), first arrival is a NRT message] =

7 @
/)NR'IZ E

I=0 ne(
o n !
. (Ax1 1)" (Agy 1)
j e ORTY Ay 20T ) LANRT M) dF g0 (1)
0 n! I kT

" A )\ ERYAL)
[ [ 0'*~k1"(—z-/7'L/";- dr (U)] (23)
Y -

The probability generating function Q) of (21) is defined
in the following

Q1) =37 PISO)=S(j))* (24)

=0

wherere [lrl < l:reC).
Substituting (22) and (23) into (24) yiclds the following re-
lationship

ao o0 x , j
Q) '—‘IJRTZ S e~ MNKTY ‘(—”\fg—ﬁldF,,(ll)Jﬂ
e :

oo ] o oo
w2y 33 531 [ e owr v
0

J=0 10 ne(

vt )" g )
x_‘. —————————
n! /!

dFSNRT (I()J

o J=1
[ j e-mv——————“(”;f‘j ;’)’, dFy" (v):’t’ (25)
o !

Following Miller [8] and Appendix B in {12] Eq. (25) is sim-
plifed as
Q1) =prr B(Mrr (1-1))

+ Pt Snrr gy (1 =B\t (1-0))+ Anrr (1=1))

The stationary probability of x,,’ having m’ N RT messages
in the queueing system of the second Markov chain is given
as - ) e

Tom' = 3 %om PIS(m)=S(m")], vm*  (7)

m=Q
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The probability generating function of mom is denoted by II(0,

1.

T, f= Z Tom'!™" T (28)

m’ =0

where ¢t € {7l =1:7¢C}.
Using (27) in (28) yields

o= 3, 3, mom PIS(m)=S(m ™ (29)

m’' =0 m=Q
Following Miller (8] and Appendix in [12] further simplifi-
cation of (29) is obtained as
10, =10 [Q(1) =t~  P(O)[1=17" P(]™" (30)

where P(¢) and Q(t) are given by (20) and (26), respectively.
The first Markov chain and the second Markov chain are
initialized with a given value of my.
Using (28) and (30) in (14) the probability generating func-
tion I1(s, ¢) is obtained as
(s, 1) =mp [1—-5"" P(s,017" [prr P(s,D) + pupr Qs 1)
—17'Qs, + (T Qs =57 (s, 0)

x(I—t"" Py Q) —t7'P1))] (3D

where P(s, 1), O(s, 1), P(r), and Q(t) are given by (4), (20)
and (26), respectively. Taking the initial conditions as Il(s, ()
= lats = land = 1, in (31), my is evaluated as

m
Too= 1= At BT = Awrr = Anr mike (32)

Queucing Delay Distribution

The queucing delay of a message is the time interval between
the arrival instant of a message at a queue and the instant of
transmission of the first bit. Probability of having n RT mes-

sages in the queucing system is given by :no T
o o n
CART ()\RII) .
Z Tam = PR1 g ¢ R]I"_—'-,——d(FIVRT [TSRT({))
Jy n

mo=(

o n

-\ ()\RTI)
+I)NRTX e RT! n! dF\NRT({) (33)
0 .

where Fy, 1 is the queucing delay distribution for RT messages.
Fygp* Fagy defines the convolution between the queueing delay
and service time distribution for RT messages. The probability
generating function of (33) defining the probability of having
n RT messages in the queueing system follows.

@ -]
DPILAN

n=m=0

® s ) (Aert)” )
=pRTZ e XRT’—;TI__-d(FWRT‘ITSRT(I))S "
n=Q"0 °

Art!)”
+pNRTS e_)‘RTIL—RnT,—)-dFSNRT(,)S’" (34)

0

The Laplace-Stieltjes transform Wgr of the queueing delay
distribution Fyp, for RT messages is evaluated by setting
s' = (Ag—S5)/AgT, and upon simplification yields the follow-

ing relationship
ART—S -
H (L‘R'L"—)', 1) — PNRTONRT(S)
ArT

Wrr(s) = (35)

Prr Sr1(5)

where s€ (161 < 1: 6¢C), and TI((Arr—5) /AT, 1) is evaluated
from (31) and (32). Substituting this result into (35) yields
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— 1 = prr = pnr1)S = Awrtl] = SnrT(5))

T (
W, = —
r(s) ART =5 = Ar7 SpT(S)

(36)

where prr: = Aer uft and pnrr: = Angr £kt
(Note: p¥’ and u'Ngrr are the kth moments of RT message
service time and NRT message service time, respectively, which
are known following assumption #8 at the beginning of Section
2.)

Following Miller [8] and Appendix B in [12], the first two
moments of the RT queueing delay distribution evaluated from
(36) are given in the following

@ )
ART BHT + ANRT BNRT

E[Wgl= 37
R T g 47
3 1)
E[Wii] = ART #&;)(rl*'—)\:ks:; uRRT
At w8 Dher kY + At #8ke

2(1 - pgr)’ 35
The queueing delay Wyrr of NRT messages is defined as the
sum of two independent queueing delays Wit and W¥kr,
respectively. Wi gy is the total time required to service all RT
and NRT messages that are already in the queucing system.
Wegyr is the total time required to service all RT messages
that arrived during the queueing delay period W3 yr. The prob-
ability that the queucing delay for NRT messages is less than
or equal to a given value x is given as

Pl Wyrr=x]

=I)l ”/;””'+ u/;"’('[s.\',
=P Wikr=sx = Wier)

=P Whkrsx—yI Wirr=y]

w [ poo \ "
= Z{ e"*kfyi-—%l)—mansx-y)}dm Warr<y)

n=0 0

(39)

It is derived in Appendix B of [12] that the Laplace-Sticltjes
transform of (39) is

Wyrt () = Wirr (s+ Aex(1 = B(s))) (40)

where se| 101 < 1: 0eC}.

B(s) is the Laplace-Stieltjes transform of the distribution
function £y of the busy period due to service of RT messages.
The Laplace-Stieltjes transform of the steady state queucing
delay distribution for a single priority queueing model is de-
fincd by Takdcs [13] as follows.

7 1 — AE[ongT]
Wi(s) = - 41
(=) Ll"aNkT(S)J @b
1-A ——-——;—""“

where A = Agt + AnrT, and ongt is the service time of an NRT
message. The Laplace-Stieltjes transform of the distribution
function of ongr is denoted as Inrt(S) = PrTSRT(S) + PNRT
Surr(s), and prr and pngy are defined in (4). Using (40) and
by change of arguments in (41) it follows that

W (5) = 1 — AE[ongT]
AT I_Atl—amunmu~B“(sm}

S+ Art(l —E(S))

1 —prT — PNRT
Zi-RT. nrr il =Si(s+ (1 =B (s)))]
s+ er(1=B(s))

(42)
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Following Miller [8] and Appendix B in [12], the first two
moments of the NRT queueing delay distribution are evalu-
ating from (42) as:

Art i+ ANRT HRRT
2(1 = pr1 X1 = prT — ONRT)

E{Wyrtl= 43)
At #RE + Mnrr ufRkT
3(1 = pgp) (1 = prT ~ PrRT)
et it + Arr ufikr)’
2(1 = pr1)*(1 = prr — pr)
ART 51 AR #(Rz‘)r* ANRT #mz‘r]
2(1 = pr1)’(1 = prT = PrgT)

E[Wietl =

(44)

The Laplace-Stieltjes transform of RT and NRT queucing de-
lay distributions are given by (36) and (42), respectively. Since
these functions are analytic in the region Isl =<1, it is also
possible to evaluate all higher order moments beyond those
given in this section provided that sufficient statistics of RT
and NRT message service distributions are available. Fur-
thermore, the distribution functions of RT and NRT queueing
delays can be evaluating by taking the inverse of the respective
Laplace-Stieltjes transforms (36) and (42), respectively.

Remark 7: For evaluation of the &th moments of RT and
NRT queueing delays, the first (k+ 1)th moments of RT and
NRT message service times are needed.

3  Comparison of the Statistical Analysis and Simula-
tion Results

The results derived from the statistical model are presented
in this section for comparison with those of the discrete-cvent
simulation model of the protocol. The simulation model is
coded in Fortran in the environment of SIMAN [14], and is
structurally similar to the timed Petri net model of the protocol
reported in [12]. The objectives are to determine the range of
validity of the statistical model and establish credibility of the
simulation modecl.

The simulation model is designed such that, during cach
run, it generates the following information:

e Number of real-time and non-real-lime message transmis-
sions;

* Expected value, standard deviation, and other cumulative
relative and absolute frequency statistics of data latency for
both RT and NRT messages;

The performance of the proposed protocol is expressed in
terms of both RT and NRT traffic in the network. To this
effect, the following definitions are introduced.

Definition 1:  Offered traffic pry (or pnrt) is defined as the
expected value of total transmission time of all RT (or NRT)
messages that arrive at the network per unit time. m

Remark 8:
[4)] (1)
PRT = ART MRT 30d ANRT = ANRTHNRT
where Agt (Or Ang7) is the total average arrival rate of RT (or

NRT) messages in the network, pfRy (or uliky) is the average
transmission time for RT (or NRT) messages. =

prt and pngt can be expressed as

Definition 2: Total offered traffic p,o in the network is
defined as the sum of the offered traffic due to both RT and
NRT messages, i.€., pioq = PrT + PNRT- B 1

Remark 9: The assumption of no RT and NRT message
rejection at any station implies that:
e Throughput Sis identically equal to offered traffic G, i.e.,
Sgr = prr and Syrt = PaRT
* The network is stable, i.e., the total offered traffic pio is
less than the critical offered traffic [15]. =
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Definition 3: Queueing delay Wygr (or Wagr) is the time
interval between the instant of arrival of an RT (or NRT)
message at the transmitter queue of the source terminal and
the instant of transmission of its first bit. m

Definition4: Datalatency Dgy (or Dngr) is the time interval
between the instant of arrival of an RT (or NRT) message at
the transmitter queue of the source terminal and the instant
of reception of its last bit at the destination terminal. ®

Remark 10: Neglecting the effects of propagation delay,
queueing delay and data latency are related as D= W+ L where
L is the message service time. Therefore, if L is a constant,
then all higher order central moments of Wand D are identical.

The performance analysis of the protocol is focused on the
statistical characteristics of both Dgt and Dygy. Simulation
results are generated under the conditions that conform to the
assumptions introduced in Section 2 for development of the
statistical model. Five different cases with prt equal to 0.01,
0.05, 0.10, and 0.20 are considered. In each case pgrr was held
constant and pngr Was increased until p,, reaches 0.6. The
protocol and traffic parameters used for the performance anal-
ysis are given as follows.

» Transmission medium bandwidth capacity = 100 M bps.
e Preemption timer parameter: « = 0. [See Section 4 of Part

11,

* Propagation dclay and station response time = (.

¢ Number of stations: #RT = #NRT = 5.

¢ Constant lengths of: 1000 bits foreach RT message and 75000
bits for each NRT message, i.c., ply = 1077 s, phkr =

5% 107 s, and u§) = pliky = wkt = ulikr = 0.

Figures | to § exhibit a comparison of the analytical and
simulation results for the cases 1 to 5, with five different values
of pyy, respectively. The expected values and standard devia-
tions of Dyt and Dngy are given for cach case as the total
offered traffic p,o 18 increased. In Figs. 1 to S the analytical
results are represented by solid lines for RT messages and by
dotted lines for NRT messages. The simulation model resulty
are signified at discrete points by plus (+) and triangle (4)
symbols for RT and NRT messages, respectively.

Figures 1 to S show that the expected values generated from
the analytical and simulation models are in close agreement
for both RT and NRT messages in the entire range of py.
Whereas the standard deviations of Dyy generated from the
two models are in agreement, those of Daygy tend 1o deviate
for NRT messages as py, increases. The reason for inaccuracy
of the analytical model at higher traffic is explained below.

At low traffic the RT and NRT queues remain empty most
of the time. Therefore, RT and NRT cycles consist of a single
or very few message transmissions. As the traffic increases,
the number of transmissions increase during a cycle and the
service discipline in the lumped RT and NRT qucucs may not
be FIFO. In the analytical model the service discipline is always
assumed to be FIFO whereas the simulation model correctly
represents the service discipline in a particular cycle which
always begins with the leftmost backlogged station in the nct-
work. The standard deviation of queueing delay (and, there-
fore, of data latency) in the analytical model is expected to be
lower than its actual value because the FIFO service discipline
has the smallest second moment in a M/G/1 queue whereas
the expected value of queueing delay is independent of the
service discipline [10]. Therefore, the analytical model under-
estimates the second and higher order moments of data latency
and the error increases with the offered traffic.

Figures | to 5 also indicate that both expected value and
standard deviation of Dygr increase as pgy is increased. This
happens because a larger part of the network bandwidth is
utilized for RT message transmissions. The reduction in the
available bandwidth results in increased Dygr. A relatively
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small increase in Dy occurs as py,, is increased. This increase
accrues from a larger probability that an arriving RT message
would have to wait for completion of an ongoing NRT message
transmission.

The following conclusions are derived from the comparison
of analytical and siraulation results.

¢ Although the analytical model is formulated on the basis
of certain approximations, it is in close agreement with
the simulation model at low traffic; the standard deviation
(and possible all higher moments) of the NRT message
data latency tends to become inaccurate as p,q, is increased.
The agreement of the analytical and simulation models
establishes credibility of the simulation model in the sense
that representations of protocol operations in the simu-
lation are essentially independent of offered traffic whereas
the analytical model is formulated on the basis of certain
assumptions that are valid at low traffic. Nevertheless, the
analytical model can be used for evaluating the data latency
bounds if the propagation and station response delays are
not neglected. This is implemented in the model by in-
creasing the transmission time of every message by a con-
stant to account for propagation delay, response time, and
contention period.

4 Simulation Results Under a Specific Scenario

The proposed protocol is simulated for its performance eval-
uation under a specific scenario within an integrated office
and factory communication environment. The allowable
bounds for data latency of RT messages are determined by the
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functional characteristics of the controlled processes. A few
examples where network-induced delays could be detrimental
follow.

Within an integrated manufacturing environment, network-
ing provides flexibility for coordinated control of inter-cell
equipment. For example, in an intelligent welding system [16,
17]) where a positioning table and a robot may not be hardwired
to the same computer, the table position coordinates could be
relayed to the robot controller via the network. The robot
controller, in turn, may transmit back signals for a more con-
venient table position. This requires timely arrivals of the data
at both machines. Another example is the coordinated control
of two robots in a master-slave configuration while handling
a bulky workpiece together. If these two robots do not belong
to the same supervisory computer, they will communicate via
the network so that the slave robot follows a prescribed tra-
jectory. The timeliness of the transmitted data is essential be-
cause a delay could damage the workpiece or the robot’s wrists
and arms. Another example is a machine tool transfer line
where several machines are assisted by robots for loading,
unloading and handling of materials and parts. The timeliness
of interrupt signals arriving at individual machines is critical
for successful operations.

Accurate delivery of NRT messages, such as CAD drawings,
material inventory and payroll files, is essential although they
do not have stringent data latency requirements. The integrity
of the message delivery is achieved by acknowledgement
schemes that are usually implemented at higher layers in the
protocol suite.
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The network traffic, resulting from typical office and factory
operations, is not likely to conform to the assumptions of
independent Poisson processes used in the analytical model,
Therefore, performance of the protocol is cvaluated by sim-
ulation where two different cases of settings o = 0.0 and «
= 0.5 of the preemption timer (defined in Section 4 of Part
I [1]) have been considered in the following traffic scenario.

The manufacturing scenario is made up of five virtual cells
where cach cell is composed of a number of RT and NRT
processes. The RT messages from machine tools and devices
are classified into two categories: (1) periodically generated
sensor and control signals; and (2) interrupt signals which may
arrive in bursts and their inter-arrival time is assumed to have
an exponential distribution. On the average, each cell consists
of 20 machines. Each of these machines periodically generate
10 different sensor and control signals every 100 ms and ran-
domly generate interrupt signals with a mean inter-arrival time
of 10 ms. The sampling instants of the periodic signals are
uniformly distributed with the period of 100 ms. On the av-
erage, one periodic and one random RT messages are generated
by each machine at every 10 ms. The RT message lengths are
usually very short and individual messages may vary in length
in an actual manufacturing environment. However, for sim-
plicity, the RT message length and data latency bound are
taken to be 1000 bits and 10 ms, respectively, and pgy is main-
tained at 0.20 in this simulation example.

... _The performance of the proposed protocol is evaluated by

varying pygrt While pgpt is held constant. NRT messages are
usually much longer than RT messages, and widely vary in
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lengths. In this example, NRT message lengths are assumed
1o be uniformly distributed between 25000 and 75000 bits. The
arrival process of NRT messages is normally bursty and, there-
fore, it is assumed to be Poisson in the simulation example.
The average arrival rate of NRT messages are adjusted as pyy
is increased.

The network parameters used in the simulation of the pro-
tocol under the above scenario are summarized below.

* pgr = 0.20 and p is increased up to 0.6 by increasing

PNRT.

* Number of stations in the network: #RT = S and §N RT
= 5.
e Data transmission rate in the fiber optic medium = 100

M bps, RT transmission time (constant) = 0.0]1 ms, and
NRT transmission time distribution is uniform in (0.25,
0.75) ms.

* Real-time message data latency bound = 10.0 ms.

* Length of the network bus = 2 km, one way propagation
delay = 0.0! ms.

* Station response time = 0.001 ms.

* Propagation delay between adjacent stations = 0.002 ms.

* End of cycle unjamming pattern = 5 bits, i.e, 0.00005
ms.

Figures 6 and 7 illustrate how the expected values of Dgr

and Dygr change as pq is increased for Case | (@ = 0.0) and _
_Case ll (o = 0.5), respectively... .
Table 1 shows the cumulative relative frequency of the num-

ber of transmissions whose data latency does not exceed the

Transactions of the ASME

S




1.5
4 = RT (analytical)
= 4 +: RT (simulation)
E. 4 === NRT (analytical) el e
§ 1 & NRT (simulation) .7
2 .01 DV
-l J U
S . .
8 1 7
5 ]
&
g 0.5-1
H 4
<
= N
g -
3 OOO 1 7 1 1 1 20N R S | }j T 17 1l L 'I
0.2 0.3 0.4 0.5 0.6
Offered Traffic (prot)
0.8 .

— : RT (analytical)

+: RT (simulation) K
— — —: NRT (analytical) &~
£ : NRT (simulation)

Standard Deviation of Data Latency (ms)
o
Fy
|
i

0.0 ;x1111111=111|{1111|
0.2 0.3 0.4 0.5 0.6

Offered Traffic (pror)
Fig. 5 Analytical and simulation results (opy = 0.20)

100 —1—
e + : RT (simulation)
- 2 ¢ NRT (sunulation)
75 —1—
- |
£ ] .
5 50 -
5
B -
F 25—
< . .
£ B .4
§ O—:— 1; N a N .4 - Y-
O
0.2 0.4 0.6

Offered Traffic (pio1)

Fig. 8 Specific Scenario simulation results (Case I: a=0.0)

specified bounds for RT and NRT messages under different

.values of p, in Cases I and 11, respectively.. .
RT message arrival is a mixed periodic and exponenually

distributed process whereas NRT message arrival is a Poisson
process. The knowledge of the frequency of RT messages for
which the data latency does not exceed the specified bound is
necessary to ascertain dynamic performance and stability of
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Table I Confidence level of message data latency

Case I: (a=0.0)
Real-time data latency bound = 0.69 ms.

Non-real-time data latency bound = 154.00 ms.
Pror Real-time Non-real-time
0.25 0.9954 1.0
0.30 0.9898 1.0
0.35 0.9796 1.0
0.40 0.9762 1.0
0.45 0.9691 1.0
0.50 0.9633 1.0
0.55 0.9544 1.0
0.60 0.9503 0.9511

Case II: (a=0.5)

Real-time data latency bound = 3.50 ms.

Non-real-time data latency bound = 7.05 ms.
Do Real-time Non-real-time
0.25 1.0 1.0
0.30 1.0 1.0
0.35 1.0 1.0
0.40 1.0 1.0
0.45 0.9991 0.9990
0.50 0.9891 0.9940
0.55 0.9891 0.9876
0.60 0.9521 0.9517

real-time processes. This implies the level of confidence with
which the proposed protocol can maintain the data latency of
messages below a certain limit at network traffic loads up to
a certain level (e.g., pw = 0.60). This knowledge, although
not essential for non-real-time operations, is useful for esti-
mating the optimal buffer size to store the waiting NRT mes-
sages.

Case I: Preemption Parameter o« = 0.0 Figure 6 shows
that the expected value of Dy is practically independent of
pioe Whereas that of Dygr gradually increases with p,, and this
increase becomes very sharp beyond p,,, = 0.55. Since @ =
0.0, an arriving RT message immediately preempts the bus if
the protocol is executing in the NRT mode and transmits the
backlogged RT message (after allowing for completion of any
ongoing NRT message transmission). This results in significant.
reduction of Dgt. The periodic preemption and the additional
overhead due to contention of RT cycles restrict the protocol
operation in the NRT mode, resuiting in delayed transmission
of NRT messages. Therefore, the expected value of Dygr fol-
lows an approximately exponential profile as p,o is increased.
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Similar results are expected from token passing bus and FDDI
protocols under high traffic load conditions [18]. If there exists
processes with very fast dynamics i.e, short data latency bound
on RT messages, NRT messages would be significantly delayed
and the NRT throughput be severely limited because the target
token rotation timer (TTRT) must be set to a small enough
value to satisfy the requirement for Dgr.

Case II: Preemption Parameter a = 0.5 Figure 7 shows
how the expected values of Dyt and Dygr increase with increase
in po. Unlike Case I in Fig. 6, Dgr does not remain constant
and Dygr does not rise sharply. At low p,,, the setting ofa =
0.5 does not significantly influence the RT message transmis-
sions because the bus activity timer dominates over the preemp-
tion timer. As p,, increases, the preemption timer parameter
becomes more effective and Dyt tends to increase. With an
increase in p, the setting of o = 0.5 reduces the effect of
periodic preemption by RT messages and RT contention period
overheads. Compared to Case I, a larger amount of bandwidth
is available for NRT message transmission, which results in
decreased Dngr-

Cases | and II, discussed above, indicate the effectiveness
of the proposed protocol for timely delivery of RT messages
and also of NRT messages if the medium bandwidth is used
for RT transmissions. Case | with @ = 0.0 is an extremely
conservative design for network traffic allocation. Therefore
Case 11 with « = 0.5 was considered to iliustrate the effec-
tiveness of the preemption timer in the proposed protocol for
a tradeoff between a small increase in Dgy and a large decrease
in DngrT. An optimal value of o depends on both the perform-
ance index and the statistical characteristics of RT and NRT
traffic.

The role of the preemption timer is, to some extent, anal-
ogous to that of the target token rotation timer (TTRT) in the
FDDI protocol. However, unlike TTRT which always affects
the network performance, o influences the network perform-
ance only when it is necessary, e.g., when the network system
is backlogged with RT message(s) under medium or high traffic
conditions. This aspect is particularly important if the network
is required to handle RT messages with extremely short data
latency bounds as it is the case with multi-robot control systems
in inter-cell operations.

5 Summary, Conclusions, and Recommendations for
Future Rescarch

In this two-part paper we have developed and investigated
the performance of a fiber-optic-based medium access control
(MAC) protocol for computer integrated manufacturing (CIM)
networks. An architecture of the protocol that is suited for
heterogencous traffic in factory and office environments has
been proposed. A finite-state-machine model of the protocol
has been constructed to describe its operations in detail. A
discrete-cvent simulation model of the protocol has also been
developed to investigate the performance, i.c., delay and
throughput of both real-time and non-real-time messages under
different traffic scenarios.

The performance of the protocol has been statistically ana-
lyzed under the following operating conditions: (1) Poisson
distribution of message arrival; (2) general distribution of mes-
sage length with known statistical properties; (3) infinite queue
capacity and stable operations; and (4) the preemption timer
parameter « set to zero. The principal assumptions used in
developing the analytical model are negligible propagation and
station response delays, FIFO service order discipline, and
ergodicity of all processes with probability one. The analytical
model results were compared with those of the simulation
model under identical operating conditions from (1) to (4).
The conclusions are as follows. . .

- & Accuracy of the analytical model is Conﬁsiis.tcﬂt‘l‘y éodd for. -

expected values of both real-time and non-real-time mes-
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sage data latency over a wide range of offered traffic;
 Accuracy of the analytical model degrades for second and
higher moments of non-real-time message data latency
with increase in the offered traffic beyond a certain level.
This inaccuracy is attributed to the assumption of FIFO
service order discipline in the analytical model. However,
the simulation model which represents the actual opera-
tions of the protocol does not suffer from this inaccuracy.
The simulation model is further used to evaluate the per-
formance of the protocol under a specific scenario that serves
as a simplified example for data communication requirements
in an integrated manufacturing system. The performance anal-
ysis of the protocol under the specific scenario shows that real-
time messages are allowed to use the transmission medium
bandwidth, and the unused bandwidth is available to the non-
real-time traffic. The results from the two cases (having the
preemption timer setting «=0.0 and 0.5) reveal that, in order
to take advantage of the efficacy of the proposed protoco! at
high total offered traffic, an optimal value of o should be
selected.

5.1 Areas of Future Research. The future areas of re-
search that will enhance performance analysis of the proposed
protocol are delineated in the following.

« Development of an analytical model with a non-zero prop-
agation delay and the actual service order discipline. A
closed form analytical solution for the above model may
not be achievable. However, the system state may be ex-
preuced by a set of recursive relationships in terms of its
previous states. In that case, this analytical model shall
not vield a closed form solution but the effects of the
protocol and network parameters on the performance can
be quantitatively evaluated. Furthermore this analytical
model under normal circumstances could be used in licu
of extensive discrete-cvent simulation,

Extension of the above developed analytical model for
non-zero values of a.

Development of a methodology for evaluating an optimal
value of « for a given network operating condition, The
first step in evaluating an optimal value of « is to identily
a performance index. In case of real-timc messages a
weighted sum of expected value and standard deviation
of the data latency may be considered as a performance
index. The minimization of the first moment of the data
latency is an obvious criterion for real-time messages, and
that of standard deviation cnsures that the time-varying
nature of the nctwork-induced delays is reduced as much
as possible, The maximization of the throughput may also
be included within the performance index for non-real-
time messages. Having defined a performance index, the
analytical model discussed above or regenerative simula-
tion techniques [19) could be used to evaluate the optimal
value of a.

« [, :velopment of network management tools for tuning the
ne.work parameters (c.g., o and frame lengths for RT and
NRT messages) for efficient performance of the overall
network. Techniques such as perturbation analysis [20,
21] along with a performance index defined above may be
used for online tuning of the protocol and network pa-
rameters under actual network operating conditions.
Extending the protocol model to more than one level of
priority in NRT mode. This is done in the asynchronous
mode of the FDDI. In the proposed protocol only one
level of priority has been considered in the NRT mode and
this can be extended to any finite number. The statistical
model of priority queue in Section 2.1 allows for this
_ modification..

processes like aircraft control. In this case the performance
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of the proposed protocol needs to be evaluated against
those of the protocols used in networking for process con-

__trol (e.g., combined mode protocol (CP) of ARINC 629 .

used in commercial aircraft [22]).

* Development of fault detection, isolation and reconfigur-
ation (FDIR) strategies for on-line operations of the pro-
tocol. This possible failures in a unidirectional dual bus
network architecture can be classified into four types given
below.

¢ Cable breakdown;

e Timer failure at a station;

¢ Transmitter failure at a station (e.g., passive and bab-

bling mode failure).

¢ Receiver failure at a station.
The FDIR strategies should be adapted into the discrete-event
simulation model to evaluate their performance and the re-
sulting recovery delays.
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