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I. INTRODUCTION

A. DESCRIPTION OF THE PROBLEM

It is very common for users to access the same channel
using the Time Division Multiple Access (TDMA) or Frequency
Division Multiple Access (FDMA) techniques. These two
methods provide multiple accessing, however there are disad-
vantages. For example reassigning of channel is diff. cult
in FDMA. In TDMA guard times and headers reduce throughput.
TPMA also requires central timing and synchronization
control. In addition, these two methods are not suitable for
handling interactive traffic such as that carried by
computer networks. For this type of traffic, the ratio of
peak load to average load is rather high. Users generating
such traffic are often called bursty users.

An approach suitable for bursty users is to access the
channel randomly. This is known RANDOM MULTIPLE ACCESSING
(RMA or RA). In a random multiple access system each user
has equal opportunity to access the channel when he has a
message to send. Naturally, there is no coordination between
users and collision is possible. Two or more messages trying
to access the channel at the same time will lead to overlap-
ping of messages which is called a collision. Overlapping
of messages results in partial or complete destruction of
each message and is not desirable. Collided messages need
to be retransmitted until they are successfully received by
their receivers. In the next section, we shall provide a

brief historical review of random access techniques.
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B. THE HISTORY OF THE RANDOM ACCESS TECHNIQUES

R0 1. Pure ALOHA

' In September 1968, the University of Hawaii
; [Ref. 1], began a research program to investigate alterna-
% tives to the use of conventional wire communications for
MQ computer-computer and console-computer links. The work was

conducted by Norman Abramson and resulted in a system which

e is now known as the ALOHA system.
ﬁi ALOHA was a system for remote stations on various
" islands of Hawaii to contact a central computer via a common
. radio broadcast channel. Stations use a very simple protocol
Eﬁ for accessing the channel. This protocol is known as pure
b@ ALOHA.
kL The fundamental idea of pure ALOHA is very simple.
@ Whenevér a station or a user has a message it is transmitted
is immediately. No coordination 1is required for the user.
il Messages are first sent to the central station and then
% - repeated back to all users 1in broadcast mode. In other
words, the central station Jjust acts as a repeater. Two
NS possible outcomes may result from the transmission, success

or collision. A success means the message does not overlap
with other messages in time and will be successfully
received by the receiver. Collision leads to destruction of

all the messages involved in the collision. Therefore, after

.' 3 4 S
“3 Y S .
fe n o e h)

<
2, 3
..

n transmission of the messages the sender should monitor the
:; feedback channel. If collision is detected, which can be
;j done through parity checking, retransmission of the collided
:ﬁ messages 1s required. In order to prevent unending colli-
Eﬁ sion, retransmission should be done in the following manner.
-, Once a retransmission is necessary, a randomized delay is
‘QE usually introduced before the retransmission actually takes
}a: place. Figure 1.1 shows of the execution of this protocol.
,%: In Figure 1.1 packets C and D collide during the first
[ attempt.
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Figure 1.1 Pure Aloha

ALOHA protocol is its simplicity. A disadvantage is that it
can only provide very low stable throughput. In this case,
throughput is defined to be the average number of packets
that can be successfully transmitted during one packet
transmission time. A notation that has been generally
accepted for throughput is S. Clearly 0O <= s £ 1. In
evaluating S, we usually assume an infinite number of users
so that the channel 1input c¢an be modeled as a Poisscn
process with mean arrival rate G packets/ 7 sec. Here 7 1is
the packet transmission time in seconds. Channel input
in~ludes newly generated and retransmitted packets. It can
be proved that,

S =G * exp(-20)

The maximum of S occurs at G=0.5 which results in a
throughput 0.18. A system which can only achieve a maximum
throughput if 0.18 is not efficient at all. One reason for
this low efficiency is due to a 27 second wvulnerability
period of a transmitted packet. This situation is depicted
in Figure 1.2.
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2. Slotted ALOHA

One way to improve the performance of the pure ALOEA
system is to reduce the vulnerability period of the packet.
In 1972, Roberts [Ref. 2]}, introduced the slotted ALCH
protocol for this purpose. The idea 1is demonstrated 1in
Figure 1.3, in which the channel time axis is sliced 1into
T7-second intervals called slots. Retransmission of data
packets can take pilace only at the beginning of time slots
as shown in Figure 1.3. Clearly, the wvulnerability period
of a packet is now T seconds, which is one half of that of
the pure ALOHA protocol. However the price we pay here 1is
the requirement for strict synchronization among all the
participating users. Cnce again, assuming an infinite number

of users it can be shown that,
S =G ¢ exp(-G)

The maximum throughput becomes 0.36 which 1s twice
that of the pure ALOHA protocol. Figure 1.4 shows the
throughput characteristics of pure and slotted ALOHA.

Although <the system capacity, 1.e., the maximum

achieveable throughput 1is doubled by slotted ALOHA, the

11
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system is still not stable. If the mean arrival at G is
pushed over 1.0 then there will be a drastic increase in the
collision rate. This will eventually lead to a deadlock

situation when the system throughput is reduced to zero.

0.4

LEGEND
ol i PURE ALOHA
o .: "-

e . . . 6.0 8.0 10.0

Figure 1.4 Aloha Systems
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3. Collision Resolution Algorithms
Since the introduction of the ALOHA protocol by

Abramson, tremendous efforts have been invested by

researchers trying to enchance the performance of a random

access system. Numerous papers have appeared as a result of

these efforts. These recently have been centered around the
collision resolution algorithm (CRA). A collision resolu-
tion algorithm is a protocol which is designed to reschedule

the retransmission of those users involved in a collision so

that each user eventually gets through. Usually before a

.a}i collision is completely resolved transmission of new packet

g§; should not be attempted. The efficiency of a CRA is usually i
fﬁii measured by the average number of time slots required to ;
“' resolve a collision. This average number of time slots is |
[ kf usually called a collision resolution interval (CRI). Based [
i};} on measurement one can usually derive the maximum achieve- 1
45? able throughput provided by the protocol. Almost all CRAs

e use a slotted system, i.e., the channel time is slotted.

ﬂ?& Historically, the first CRA was proposed by

gst Capetanakis [Ref. 3]. A similar approach was proposed by

ﬁéﬁ Hayes‘[Ref. 2]. Capetanakis' collision resolution algorithm

53 (CCRA) was later improved by Massey [Ref. 4], by Gallager

O (Ref. 2] and by Humblet [Ref. 2]. An energy detector was

;Sﬁ also employed to improve the performance of the

fﬁ} Capetanakis's protocol in [Ref. 3]. A thorough review of

-:ri CRAs is provided in reference 2.

:?5 We use the example sketched in Figure 1.5 to illus-

::E trate Capetanakis's idea. Here the time axis is organized

:§§ into 2 7-slot frames. At the termination of the previous

L2 collision resolution interval all of the users are waiting

}ﬂﬁ for transmission of their packets. Each one randomly picks a

143: slot in the next frame and transmits his packet. In Figure

‘E}i 1.5 we have a total of five users trying to access the

~v: channel. They are represented by A, B, C, G and H. Users A,

ot
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" Figure 1.5 Binary Tree Algorithm

B and C select the left slot, while G and H use the right
“ slot. Of course collision occurs in both slots. Slot status

[ ] information available to users 1is ternary, i.e.,empty,
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success or collision. Since a collision is detected in slot
1, we then proceed to resolve the collision. We let users

involved in the collision of slot 1, independently and

;:é randomly select slot 3 or 4 and retransmit. By this we
jé;i randomly divide A, B and C into two groups. On our example
ifw A and B select slot 3, and C uses slot 4. Since C is now a
;?, success, i.e., then proceed to resolve the collision between
Q*ﬂ A and B. Collision between G and H can be resolved only when
At

253

A, B, and C have been successfully transmitted. A tree

representation of Capetanakis protocol is given in Figure

- 1.5(a).
}?ﬁ Tree Algorithm : Each leaf on the tree represents a source
g?% and each source has three bits binary address in this
’;\' example. It might be 8 sources in the tree. There are five
;;} ‘ active sources in the Figure 5(a). The root of the tree
;jﬁ defines all collision resolution interval, First upper
)jﬁ branch leaves go to the left slot of the first group (A, B,
1N ) C in the slot 1). Lower branch leaves go to the right slot
) of the first pair (G, H in the slot 2).The system shows the
j%i retransmission of the A, B, C in the second slot pair, C is
;3: alone and means success. After retransmission packet A and
N B pick up slots 5 and 6. Up here CCRA finished the upper
;25 branch collisions. Next step is to retransmit G and H by
,Gﬁ using the same way.
::;t Capetanakis provides two versions of his protocol,
z;ﬁ Static and Dynamic. The maximum achieveable throughputs are
B 0.346 and 0.430, for static and dynamic CCRA respectively.
)53 . Later, Massey improved Capetanakis's algorithm by
&i: observing that if a collision is followed by an empty slot,
‘ﬁé one slot can be saved by repeating the random retransmis-
g?; ) sion. This modification allowed a throughput of 0.46.
:tﬂ: Gallager introduced a different conflict resolution
:I: algorithm with guaranteed stability and had first come first
: 2 ‘ served characteristics. He selects an initial arrival
ggg interval I. It performs subsequent subdivisions of 1
15
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whenever collision occurs, and it reinitializes whenever a
collision occurs within the first 1 subdivisions. Gallager
obtained a maximum throughput of 0.4872. Humblet improved
Gallager's algorithm and increased the throughput to
0.48775.

In 1982, Georgiadis and Papantoni-Kazakos [Ref. 5]
proposed a collision resolution algorithm called (CRAI).
CRAI employs a device called an energy detector to tell the
number of the users involved in a collision. Based on this
information, they suggest an optimal way of dividing users
into two groups once a collision involving these users is
detected. Their protocol offers a maximum channel throughput
of 0.53. The difficulty with this protocol is that it

assumes the availability of an infinite energy detector.

C. THE SCOPE OF THIS THESIS

In this thesis we examine two new protocols which are
not only easy to implement but also offer satisfactory
performance. In Chapter II, we study the MSCRA protocol
where each, time we open a number of time slots and let
users involved in the collision randomly choose one slot and
retransmit. The number of slots opened equals the number of
users involved in the collision. Therefore, we have to
assume the availability of an infinite energy detector.

Chapter IIIl gives an adaptive version of <this protocol.

Finally, the conclusion is presented in Chapter 1IV.
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II. MULTISLOT COLLISION RESOLUTION ALGORITHM

A. INTRODUCTION

Suppose we have an energy detector of infinite capacity
so that when a collision occurs, we Kknow exactly how many
users are involved in the collision. After the detection of
a collision involving n users, we immediately open the next
m slots for collision resolution. We let each of the
collided users pick one of these m slots randomly for

" should be selected to increase the

retransmission, and " m
average number of successful transmissions in the selected m
slots and to maximize throughput. Towards <this goal, we
shall now prove that the optimum m happens to be n (n is the
number of the collided users).

Suppose we wish to distribute n packets into m slots.

X = The random variable representing the number of the
slots which contain exactly one packet when
distributing n packets into m slots. Physically X

represents the number of successes.

Next let E[X] denote the expectation of X. Then we have the

following special cases.

Case 1 : =1 m>1 ; E[(X] =1
Case 2 : n=2 m=2 ; It is impossible to have only one
success in this case. Distributing two packets into two

slots, which is egquivalent to <throwing two balls randomly
into two boxes, always results in either two successes or no

success at all. In other words,

E[X] = 2¢(1/2) + 0°(1/2)

1}
=
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f’n).
)
;-‘,E
;%2 Case 3 : n=2 m=3
tn,
- m m-1 3 2
i E[x] = 2 / mé =2 /9 = 1.33
s 1/\ 1 1/ \1
A
s
L; Case 4 : n=2 m22
‘ 'V.J -
Nk m\ /m-1
ahaus - 2 - 2
032. E[X] = 2 / m“ = 2m(m-1)/m
R rh”
e 1 1
WE 5
;‘ﬁz The denominator m“ represents the number of ways to throw 2
Qa; balls into m boxes. The numerator tells the number of ways
o > of select two distinct boxes from m boxes so that each box
#ﬁ; containing exactly one ball. Obviously E[X] is a function
“.‘\
;K: of m. To find the m which maximizes E[X] we perform
NS
!\“:
"'3 d [E[x] d [2(m-1) 2m-2m(2(m-1))
‘_,_’.Z — = = =0
14
'?Hg dm m dm m2 m3
o5
P\._‘
1-“: '

. O >
.

which leads to m=2

{

L

f.Q Case 5

I::-‘

:zﬁ n=3 m=3 In this case we never can have exactly two
6. successes when distributing 3 packets into 3 slots. If the
e number of successes is two, the third packet must also be a
jgf success. Therefore we can have either one or three
','1

- successes. Thus,

W

o

; 3

o 3 3 2 2 3 2 1

.,3:2 E[X] =1 + 3 / 27 = 1.33

R 1/\1/\1/\2 1/\1/ \u
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n=3 m>3

m\ /o\ -1\ m-1 m\ /m-1\ /m-2 3m(m-1)2
E(X] =|1 +3 / Pt = —
1/\a/\ 1 2 1/\ 1 1 m3

In order to find optimal m, again we carry out

1 d [ElX] d [(m-1)27 m32(m-1)-(m-1)3m2  (m-1)(3-m)
3 dm m dm m3 m6 m4
(2.1)
which yields m=3

In general, it can be easily seen that

nm(m-1)n"1 n(m-1)0-1
E[X] = =

mi mn-l

s

If we let m approach infinity, the l'Hopital's Rule shows

n(m-1)n"1 n(n-1)(m-1)0"2
lim E[(X] = lim = lim
mre nE mi-1 me (n-1)mP-2
n(m~1)n'2
= lim = n
v mP-2

which is intuitively reasonable, for the optimal selection

of n we have.

19
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1 d [E[X] (n-1)(m-1)2"2pRenm? "1 (p-1)n-1

n dm| m m2h

m? 1 (m-1)R 2 (-m+n)

2n
m

Which results in m=n.
B. DESCRIPTION OF THE MSCRA

First, we outline the fundamental assumptions to be used

in this chapter.

1. Traffic generated by network users collectively

form a Poisson process.
2. Channel time is slotted.

3. An energy detector of infinite capacity assumed in

reference 3 is available.

4. There are no new packet transmissions until the

collision has been resolved.
5. There is no propagation delay,

6. There is no channel errors.

Based on our discussion in Section II.A the MSCRA can be
stated as follows. After a collision involving n users the
next n slots are opened for retransmission. Each user
randomly selects one of the n slots and retransmits. At the
end of the n slots if i of the users have successfully
transmitted their packets, i.e., n-i of them are still

involved in collisions, the process 1is repeated with n-i

20
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Figure 2.1 Multislot Collision Resolution Algorithm

In this example, the energy detector shows 5 collided

packets, at the very beginning and the system opens the next
five slots for collicsion resolution. During this five-slot

period there 1is only one success and four packets still
collided. The system then opens four more slots. Now A and

B are in collision while D and E succeed.

REPROLUCED AT ORI PRt

It is thus neces-
sary to open another two slots (slot 11 and 12).

example A and B are now successes.

In our

It can be seen from this example that after each retran-

smission, the number of successes and still colliding

The number of yet to be opened
slots is always equal to the number of the packets remaining

packets can be assertained.

to be resolved. In this example, the 1length of the CRI
(Collision Resolution Interval) happens to be 12 slots.

C. ANALYSIS OF THE MSCRA

In this section we begin by finding the probability of

having 1 successes in distributing n balls into m boxes.
i.e., P(X=1i).
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i€ n=1 and m=1 then obvioucly P(X=1) =1
!
2h( 2 2
if n=2 and m=2 then B (¥=0) = <l )(.,) / 27 = ¢.5
P(¥=1) =0

L 1\/ 2 = .5 f
P(X=2) "j(“>(1>( 1)/2 ‘
1 1 1/\v1

if n=3 and m=3 then

REPRODUCED A1 GOVERNMENT bt st

3 3
P(¥=C) = ( >( > / 33 = é
1 3
Iy 7 30 2 2
p(x=1)=< )( )( )( )/ 33=%
1 1 1 2
P{x=2) =0

»
[ R R

In resolving a collision involving n users, we define

L4
& .
x'a

the system state to be the number of collided packets

o

remaining to be resolved. Figure 2.2 shows the state tran-

sition diagram in resolving n collided packets. The tran- )

4

sition from state n to state i1 is labeled by a transition

A

3

probability P, n-i- Thus P n-i represents the probability

®

of having n-i success in an n slot period.
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An important performance measure of the protocol is Ln

the expected number of slots required to resolve a collision

involving n users. From Figure 2.2.
Lh = Pn,OLn i Pn,an-l ..ot Pn,n—lLl * Pn,nLO 2.2)
Where Ly = il =0

Since it is not possible to have exactly n-1 successes, we
have

Phn-1 =0
Rewriting Egn (2.2)
n n
Lp =n +§ : Pn,iln-i = 0 * Py olp +§ :Pn,i n-i
i =20 i =1

We obtain,

23




(2.3)
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Finally, the expected number of slots required in transmit-
ting a total of n packets is,

(3 -d  _ =

45 L, =Ly v 1

y

SR

SERRIITIE Y F YR RSt

Where the 1 is due to the slot of the initial collision.

’

AN

P can be obtained recursively as follows,
- ah n
Ph,i ™A i /n

Where

Ann i = The number of possible arrangements in distrib-

@ PRI

uting n packets into n slots, which result in 1

successes.

VAL n-i n-i i n-i
. . -1 -1 n-i -
. Pn-l) - A -1 =LA . ]

AN
~

o o 4
a t 3

n-i,1 n-1i,2 ' n-i,n-;

REPRODWCED AT GO

;d
jolie ]
-
n

P

=

~——
-

Egn (2.4) is valid for O

iA

i £ n-1, otherwise

n n

n
o - n/ \n

A n  _ -
N = 1 = !
- An| n n

g. D. NUMERICAL CALCULATIONS AND DISCUSSIONS

For the MSCRA protocol two major computed programs were
oy written. The first one provides numerical values for tn of

o Egn (2.3). The other program gives simulation results to
8 verify tn'
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1. Numerical Calculations of tg

The first program was written in WATFEIV using double

precision and real value variable declarations. This program

recursively generates the Ann,i of Egn (2.4) 1in the
following order;

Ao, 0

A1,1 A1,0

A2, 2 Az 1 22,0

A3, 3 A3, 2 B3 1 A3, 0

RECPRODUVCEL AT GOVERNPAEHTE YpErist

2 —
1
i
0 1 2 3 4
o
}f; Figure 2.3 The Relationship Between n and 1
b
-;j‘ As demonstrated in Figure 2.3, 1 cannot be greater than n
-7 (the number of successes cannot be greater than the number
b . z
P of users). After calculation of the Ann i, Wwe can obtain L.
pr ’
if easily. A function subprogram was written to calculate the
F:”' FACTORIAL. The Watfiv program is given in Appendix A.
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4oy
,Q'E 2. Simulation
%:} The second program gives simulation results by using
-i‘( GGUD (a random number generator) from the IMSL routine
f;; library. GGUD is used to control the random retransmission
‘Q;E of the packets. The flow diagram of the simulation is
yﬁéé illustrated in Figure 2.4 . A program listing is provided
“i>' in Appendix B.
&QS 3. Examples and Discussions
f? Table I gives a comparison between the Ln obtained
.Zﬁ; by analytical formula Egqn (2.3) and that obtain by simula-
e tion. We observe that the agreement between analysis and
fﬁ‘ simulation is extremely good. Since the error is always less

than 1%, thus verifies the correctness of the analysis done

Caiaia!
R Al

PRS- N

for the MSCRA. This comparison is also represented graphi-

o

L 1%
p

cally in Figure 2.5.

R

¥

]
Atrly]

o 26

'''' Tt A, T e ;'."' AN e S L '\-.-';\ AR e ]
TR ECTRPRIRR lL‘hhl.&‘_\JP_AIM}.L[A}_AA.Lw‘. RN L J&L&hﬁ‘m N,



1, f.; = 0

i&n n

i Read n
}

open n slot

-
S\ D
23
Das Call random number
R .
heling generator n times

Find number of packets
appearing in each slot

Determine success

&
REPRODUCED AT COVERNMENI

AN ves

T

L2 Figure 2.4 Simulation Path

a2
i}

T

s O
o

Y
PO
v e

TR 4]

‘.’

o
. .

27

- e e
PR ER
N
eyt

-

he

A
(]

34
-

et

b
o
5

‘. “. - - h'- ‘. AL .'h
AR A AT T e
O N N A A N A K An o

v




TABLE I
SIMULATION AND ANALYSIS FOR MSCRA

ERROR
(-]

SIMULATION

ANALYSIS
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IITI. ADAPTIVE MULTISLOT CRA

L A. INTRODUCTION

o The efficiency of the MSCRA can be improved by modifying
l ? the algorithm such that counting for the number of
f; successful transmissions can be made in an adaptive manner.
ﬁ;i As described in the previous chapter, the MSCRA opens n
:‘ slots when a collision involving n users is detected. It
e then waits until the end of the n slot period, counts the
;;T number of successful transmissions and restarts with the
iél remaining packets yet to be resolved.

fL In our new algorithm, upon the detection of a collision
':Q involving n users we still open n slots but make observation

on only the the first b ( b £ n ) slots. At the end of the

bth slot, we count the number of successes which have

'ﬁ.‘o
'

’:‘

occured in the first b slots and repeat the process. This

new algorithm will be called Adaptive Multislot Collision

Resolution Algorithm (AMSCRA). -
In this chapter, we shall consider the following two

types of AMSCRA:

(1) If 1 successes have occured in the first b slots,

i
d
Sy

:gs repeat the collision resolution procedure with n-i users. In
;1 other words, without waiting until the end of the nth slot,
'jﬁ we immediately open n-i slots and proceed similarly. We
+¥- shall call this policy AMSCRA with collective resolution.

I{: (2) If j users have tried their retransmissions in the
:¥- first b slots and among them i have succeeded, then repeat
;?; the process immediately with j-i users. After each of these
,'N j-1i users have successfully transmitted, restart the process
‘Ef again with n-j users. This policy will be called AMSCRA
Ct; with separate resolution.

)2
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N
;ﬁ B. AMSCRA WITH COLLECTIVE RESOLUTION
%. 1. Description of the Protocol

After a collision involving n users is detected, the
.% system opens n slots. Each of colliding users randomly picks
s; a slot and retransmits. Users participating in the collision
- resolution observe the status of the channel for the first b

! slots. Let i represent the number of successful packets in

g‘ the first b slots. This process is repeated at the end of
ﬁ the bth slot with n-i users. If the number of the packets
f; to be resolved n, becomes smaller than b, then open n slots
- and make observations over this n-slot period. This case
ﬁ reduces to the MSCRA of Chapter II.
% In the example of figure 3.1 the energy detector
_Jj indicates that the number of packets in the first slot is 5.
, The resolution algorithm opens five slots and observes the
f} first two slots (slots 2 and 3) because b=2. Unfortunately,
;5 no successes are observed in slots 2 and 3 so system opens
f; another five slots following slot 3 and checks 2 slots again
(slotts 4 and 5). Now we see a success for message A in slot
2: 4. However there are still four collided packets which need
_: to be resolved. The systems opens four slots, checks slots
\: 6 and 7 and finds two more successes for messages B and D in
‘ this third interval. The total number of successful packets
i is now 3. The fourth interval is now opened and messages C
f{ and E are also observed to be successful. Thus the entire
% collision resolution interval(CRI) is completed. In this
'E' particular example, the CRI requires a total of 9 slots.
{:E 2. Analysis
E% Before proceeding to derive in a few definitions are
U in order.
,
> Vbj,i = The probability that out of n users j of them

retransmit in the b slots and result in i succees.
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" Figure 3.1 An Example for AMSCRA with

o Collective Resolution b=2

j, i~ Prob[i successes/j users retransmit in the 1lst. b
.- slots]. Prob[Among n users j of them retransmit
3 in the lst.b slots]

j, i - The number of the arrangements in distributing j

’ packets into b slots, which result in 1 successes.

b

ol §

In general we can write,
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S2oy b _(by (3., _iy3-i__ b-i _ab-i _,b-i (3.2)
1958 Aj,i‘(i)(i)l’[(b 1) Byi,n "Ryei,20TRyoi, g
(3% V2
_," Egqn (3.2) 1is expressed in recursive form and is
?i‘_“' valid for O £ i £ min(b,j)-1 The factor (1) represents the
i‘, number of arrangments in selecting i packets from b slots
"-) _ and (J) represents the number of arrangments possible in
- 1
_-(_' selecting i packets out of j packets. The factor i! repre-
3;‘.{,’ sents the number of arrangments possible in distributing i
.-: packets into 1 slots such that each slot is a success. In
R - Egn (3.2), (b-1i) represents the number of arrangments in
“D-E distributing the remaining j-i packets into b-i slots which
\’g result in no successes. If i=min(b,j), then,
G E
W
2
\, p k=min(b, j)
% a
5 by /3
2 Aj'bk = k! -U(b-j+1) (3.3)
nx k k
d aQ
2
NN
“:31 1 x>0
\‘*E
o where U(x) =
OV 0 otherwise
S0
SN
:
'Y
:::.:: The U(x) in Egn (3.2) is used to prevent b 2 i, i=min(b, j)
L from occurring. Based on the definitions of Vbj i and
0 b ‘
-4_.::. A j,i' we have
D
'.:_*.' 3 i
o Ajk.)l n b 7’ b g 77J
L v.b. = —_ 1 - — (3.4)
o J 1 .
'ii"' bl j n n
s
v,
N
Dk With this probability the system state proceeds from n to
) n-i, i.e., the situation illustrated in Figure 3.2.
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ifn=2b
Thus if n 2 b.

n min(b,j) N
E:b«)z A AT A (3.5)
n J,2 _]"l n-=Jj

j=0 i=0

A \1 n=1

where L = - -

n ) Ln otherwise

- ~
The relationship between L, and L, 1is necessary

because if n-i = 1, then we need one more slot to complete
the CRI. However L, has been previously defined to be 0.
Finally, the actual number of time slots needed 1in

successful transmitting n packets is
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If n < b as we pointed out earlier in this chapter,

the result reduces to that in Chapter II, thus

( 1 ~
n + P . L -3 n<b
1-p n,i n
n,O l=1
£ = < (3.6)
n
min (b, Jj)
1 PN
\ n b+ Vs i Ln-1 n b
1- z Y5 v
’ i=
520 1=0
Where 1 n=1
~ |
L =
n )
[ Ln otherwise
3. Numerical Calculations and Discussions

a. Numerical Calculation of Lg

A computer program to calculate Ln was written
in WATFIV. Double precision and real value variable declara-
tions were used. This program creates AbJ i of Egn (3.2) and
Egn (3.3) recursively. This program differs from the
program of Chapter 2 in that we must ensure that i is never
greater than b or j (the number of successes is limited by
the number of slots and the number of users). The Watfiv

program of AMSCRA with collective resolution is given in
Appendix A.
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i%ﬁ ' b. Simulation

A simulation program was written in FORTRAN.
e GGUD was used as a random number generator. The Fortran
.\{ program is provided in Appendix B. A flow diagram of the

ReX simulation is illustrated in Figure 3.3.

e Read n, b

Open n slots, call

random number generator

n times

GOVEFRTITAE

oy
AT

Find the number of packets appearing

a a B 1
S MR}

s 2 RF
HREPRODILIC

in each slot, observe the first b slots, ’

count the number of successes i,

L =L +b .

x5

a 7
AP rLr

i'-
<
T

Figure 3.3 Simulation Flow Diagram for AMSCRA

with Collective Resolution
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c. Examples and Discussion

Table II on p. 47 gives a comparison between the

L. obtained by analytical formula and

n
simulation.

and simulation 1is extremely close.
is also done graphically in Figures 3.4,
From Figure 3.4 we observe that b =
performance.

made at the end of this chapter.

those

1 offers
Comparison between MSCRA and AMSCRA will be

3.5,

obtained by

We observe that the agreement between analysis
This

correctness of analysis done for this protocol.

verifies the
Comparison
3.6 and 3.7.

the best

o
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Figure 3.4 AMSCRA with Collective Resolution b=1
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Figure 3.5

AMSCRA with Collective Resolution b=10
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Figure 3.6

AMSCRY with Collective Resclution b=20

38

T . . . T T . "
e e T N
Ll PRGN IS R RP IR DS ')}JJJ‘ " 2 D N




L

x

-
.

REPRODUCED AT GOVERNSIENT EYPENLE

]
Q ¢
® |
o- LEGEND ;
ANALYSIS '
81 o SIMULHTION
S~
O—1
Z <
-
O—1
&
o |
Iy
9_
o T T T T T T T T T T T T ] T
0 2 4 & 8 10 12 14 16 18 20 22 24 26 28 130
N

Figure 3.7 AMSCRA with Collective Resolution b=30

C. AMSCRA WITH SEPARATE RESOLUTION

l. Description

After a collision involving n users is detected the
systems opens n slots. Again each user randomly picks one
slot and retransmits. All the participating users observe
the channel until the end of the first b slots j out of n
users have tried in the first b slots resulting in 1
successes. Then we repeat the process twice with j-i users
and the other with n-j users. In other words, at the end of
the bth slot we immediately open j-i slots to resolve the
collision among the remaining j-1i users. After each of these
j-1 users has successfully transmitted. We open n-j slots to
resolve the collision among the remaining n-j users. In any
case, 1f n < b then we only open n slots and make observa-
tion for these n slots.

In Figure 3.9, the collision in slot 1 involves five
users. The system therefore opens five slots for collision

resolution. Each of these five collided users selects one
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slot for retransmission randomly. In this example A and B

select slot 2, D and E select slot 6 and user C selects slot

4. We divide the collision resolution into two parts. the
first part covers the first b slots (slot 2 and 3), the
second part covers the remaining slots. The system stores

the users which appear in the second part (user C in slot
4). In the first b slots we observe no successes and four
collided packets (j=4); therefore the system opens 4 more

slots, (4, 5, 6 and 7). There are now two users, A and B,

eI

involved in a collision the first two slots of the 4 newly
opened slots. The algorithm then opens two more slots (slots
6 and 7) to resolve the collision between A and B. Users A
and B now successfully transmit their packets in slots 6 and
7. After this step, the system opens two slots (8 and 9) for
the previous stored packets D and E. Both D and E now

succeed. Finally the system opens one more slot for packet
C.

2. Analvysis

After the obserwvation of +the first b slots, the

REPRODUCED AT GOVERNMIFNT E ™

group of n collided users will be subdivided into two sepa-
rate groups with sizes j-i and n-j, j represents the number

of users which retransmited in the first b slots. This situ-

ation is now demonstrated in Figure 3.10 . Vbj i has been
defined in Section III.B.2.
From figure 3.10, if b 2 n we have,
min (b, j) |
b N
v l(LJ -1t Ln-i) (3.7)
1 if n=1
AN
where Ln= {
Ln otherwise
and Lg =L =0
L, = Ly + 1

In general

41
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Figure 3.10 State Transition Diagram for

AMSCRA with Separated Resolution

n
1
1-p n +§ : Pn,:i. Ln-l n<b
n,O i=
T =<
n
(3.8)
1 mln(b,])b ~ n-1 in(b,?:))
b + v . L .+ ‘Z: V..(’a.. +1 . )
\ n,i n-i ~ J.1 -1 n=j
n n ; : 1=
-1 - i=1 j=1
! Jn,O VO,O
3. DNumerical Calculations and Discussions
a. Numerical Calculation of tn
The program for calculating L, is a quite

similar to that used for AMSCRA with collective resolution.
A Watfiv program of the AMSCRA with separate collision reso-
lution is given in Appendix C.
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b. Simulation

The simulation program was written 1in Fortran

and is provided in Appendix D. A simulation flow diagram is
shown in Figure 3.11 .

Read n, b

L

Open n slots, call random

number generator n times

Determine i successes

k collided | packets in b slots

Save n-j packets

Yes

n = n-j

n = savcd

Figure 3.11 Simulation Flow Diagram for AMSCRA

with Separate Resolution.
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c. Examples and Discussions
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The comparison between simulation and analysis
of AMSCRA with separated resolution is given in Table II.

Agreement between analysis and simulation is good. This
verifies the analysis of the AMSCRA with separated resolu-

tion. Some graphical results are given in Figure 3.12.
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§f D. COMPARISON BETWEEEN SEPARATE AND COLLECTIVE RESOLUTION
& If n < b, there is no difference between two methods.

o If n 2 b AMSCRA with separated resolution gives a better

h ' result than with collective resolution. Comparison between
b

; the two methods is given in Figures 3.13. 3.14, 3.15 and
i 3.16 for various values of b. From these figures it can be
. seen that AMSCRA with separated resolution gives better
'E result. These results are also provided in Table III. From
}

}? Table III it can be seen that as n increases, the advantage
ﬁ, of separate resolution over collective resolution also
- increases.
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TABLE III
COMPARISON BETWEEN TWO VERSIONS OF THE AMSCRA.
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Tt IV. CONCLUSION AND RECOMMENDATIONS

;”: The principal conclusions of this study on random access
%kj to the slotted channel are: -
?iY 1. The multislot collision resolution algorithm (MSCRA)
?g' is the fundamental case of this study. If we open n slots
;Q\ after a collision involving n users, some slots are wasted
k$£ and therefore the collision resolution interval becomes
ﬁé slightly longer.

o 2. In general, the adaptive version of MSCRA, called
oy AMSCRA and discussed in two different cases, this adaptive
f?i case gives better results than the MSCRA because we used
"Eﬁ smaller observation interwvals in the AMSCRA. (In MSCRA, the
f?: observation interval always equals the number of collided
=1 messages, n)

~;;3 3. The first case of the AMSCRA is with collective reso-

fﬁi‘ lution. at the end of each collision resolution subperiod,
V=S we accumulated all collided users collectively and applied

55 the algorithm to this group. Results were better than for

iS?? the MSCRA, as collisions were resolved in a shorter period.

‘.l 4., The second case is AMSCRA with separate resolution.
- In this case the n users involved in collision and divided

into two subgroups. The first subgroup is resolved while

';EE holding the the second subgroup. Finally the second subgroup
%ﬁk is resolved. Using this algorithm the best performance was
3ﬁ@ obtained. As the performance of AMSCRA depends on the value
f}k of b, selecting the b=1l provided the optimum performance.

,xi 5. The agreement between simulation and analysis is good
i& for our two protocols. These results could therefore be

used to calculate throughput.
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s APPENDIX A
;f? : ANALYSIS PROGRAM FOR AMSCRA WITH COLLECTIVE RESOLUTION
GO $JOB
D) C*** THIS PROGRAM SOLVES THE AMSCRA WITH COLLECTIVE
i c RESOLUTION PROBLEM.STORAGE SHOULD BE AT LEAST 1M.
g?% INTEGER XX,SS,GG,QQ,KK,JJ,RR,B,1,J,BB,1I,2,G,FF,C
sl REAL*8 KL(030,30),PP(030,030),LHAT(030),N
- REAL*8PROB(31,31,31),SUM, MULT, SUB
ihn REAL*8 A(31,31,31),LHATT,L,M,P,VVV,ATZ,CR, ZS
gﬁﬁ REAL*8 JJJ,PPP,LLL, LDENOM, LN, KKK, AAA, 22, TT, VV
R PRINT 10
° PRINT 15,'N','B','L(N)"
:kﬁg KL(1,1)=0.0
1§J. KL(2,1)=0.0
,.? PRINT 99,0,0,KL(1,1)
s PRINT 99,1,0,KL(2,1)
L o
o C **%*** CALCULATION OF P(N,I) **%*

s
K-> C
Y LHAT(1)=1.0
'fi§ Ckskkkk*** A(B,J,1) COEFFICIENT #%*
i ¢
kg& DO 25 BB=1,31

DO 26 JJ=1,31

'E, 11=JJ
N WHILE (II.GE.1l) DO
1 IF (II.GT.JJ.OR.II.GT.BB) THEN
P A(BB,JJ,11)=0.0
o ELSE IF (II.EQ.JJ.AND.II.EQ.BB) THEN
"32 FACTI=FACTN(II-1)
A998 A(BB,JJ, 11)=FACTI
o ELSE IF (II.EQ.JJ) THEN
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FACTB=FACTN(BB-1)
FACTBI=FACTN(BB-II)
A(BB,JJ, 11)=FACTB/FACTBI
ELSE
N=1
ZZ=BB
TT=JJ
yv=11
AAA=((2Z-VV)**(TT-VV))
WHILE (N.LE.(JJ-II)) DO
=AAA-A((BB-II+1), (JJ-II+1),N+1)
N=N+1
END WHILE
FACTB=FACTN(BB-1)
FACTJ=FACTN(JJ-1)
FACTI=FACTN(II-1)
FACTBI=FACTN(BB-11I)
FACTJI=FACTN(JJ-II)
A(BB,JJ,I1)=(1./FACTI)*FACTB*(1./FACTJI)

* *(1./FACTBI)*FACTJ*AAA
END IF y
IF (((JJ-1).NE.O).AND.(BB.GE.JJ)) THEN
CR=JJ

ATZ=(CR-1.)**(CR-1.)
PROB(BB,JJ,II)=(1l./ATZ)*A(BB,JJ,II)
END IF
II=II-1
END WHILE
26 CONTINUE
25 CONTINUE
c
C*****CALCULATION OF L(N) #**=*
Cc
DO 61 K=2,30
DO 60 B=1,30
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b
;?!; IF (K.LE.B) THEN
3 c
e C*#**** MESSAGE NUMBER LESS THAN OR EQUAL SLOT NUMBER®**
Eﬁ Ck**%% USE FIRST FORMULA *ok ok
i‘ <
pLor. ss=K
{?. SUM=0.0
[ RR=SS-1
ook DO 5 I=1,RR
ot MULT=PROB(SS+1,SS+1, I+1)*LHAT(SS-1I)
. SUM=SUM+MULT
5?,’3 5 CONTINUE
@h‘ 2S=SS
,ﬁi‘ KL(SS,B)=(1./(1l.-PROB(SS+1,SS+1,1)))* (ZS+SUM)
C LHAT (SS)=KL(SS, B)
K tn PRINT 99,SS,B,KL(SS,B)
.1& ELSE
e . c
| CH*##%%%* MESSAGE NUMBER GREATER THAN SLOT NUMBER ***
::._:: C******* USE SECOND FORMULA X EE LR X R X R R X R X
§ :C:;j: o]
:i;ﬁ M=K
) FACTK=FACTN (K)
g o-s
3{‘ L=0.0
§33 DO 31 J=1,K
‘ FACTJ=FACTN(J)
fié; FACTKJ=FACTN(K-J)
S VV=FACTK,/ (FACTJ*FACTKJ)
e Z=MINO(B, J)
== DO 30 I=1,Z
;5: IF ((K-I).EQ.1l) THEN
o LHATT=1.0
e ELSE
j{j LHATT=KL(K-1I,B)
75

............

e . S et et S Nt 1 . \ W RN . .
AP ATATAS AT S A ey 3-.’*3:"":'::'.’-,'<':'.’.' oot "l\" 2ol et e oY SSAhENAGIN
N n . ) 1=/ ¥ i A 1 A 4




s"

L END IF

3@. L=L+((A(B+1,J+1,1+1)/(P**J))*VV*((P/M)**J)
) * *((1.0-(P/M,)**(K-J))*LHATT)
. 30 CONTINUE

%2 31 CONTINUE

}2 SUB=B+L

. LLL=0.0

. G=K+1

Lﬁ DO 40 J=1,G

1% FACTK=FACTN (K)

‘ FACTJ1=FACTN(J-1)
‘ﬁ FACTJK=FACTN(K-(J-1))

o3 VVV=FACTK/ (FACTJ1*FACTJK)

(% PPP=P**(J-1)

° JIT=(P/M)**(JI-1)

i KKK=( (1.0-(B/M))**(K-(J-1)))

1 LLL=LLL+(A(B+1,J, 1) /PPP) *VVV*JJJ*KKK

é% c PRINT, LLL

‘ 40 CONTINUE

o LDENOM=1.0/(1.0-LLL)
_ LN=LDENOM* SUB

'32 KL (K, B)=LN

5) PRINT 99,K,B,LN

o END IF

e 60 CONTINUE

%2 61 CONTINUE

e 15 FORMAT(' ',b02X,Al,12X,Al,13X,A4)

bt 10 FORMAT ('l')

- 99  FORMAT(' ',13,10X,I3,10X,E8.4)

iz STOP

- END

l.: c (A S EEF R EEEEREEELEEIEEERREETEEEELEEE L LTRSS E S L 2L EE XRS5 XX

¥$ c %% FUNCTION SUBPROGRAM TO CALCULATE FACTORIAL N*

5‘::5 c IR R R RS EEERELTEEEEEEET R TR EEEEELE X EEEXEEE X EEEEE XL E XX
» FUNCTION FACTN(N)

o
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;2.; . FACTN=1.
L IF (N.GT.1) THEN
DO 2 I=2,N
,.?.‘s‘ FACTN=FACTN* I
o 2 CONTINUE
'.fg, | END IF
) RETURN
mf' END
Ry $ENTRY
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APPENDIX B
SIMULATION FOR AMSCRA WITH COLLECTIVE RESOLUTION

** THIS PROGRAM WAS WRITTEN TO MAKE THE SIMULATION OF THE
AMSCRA WITH COLLECTIVE RESOLUTION.

*%%* VARIABLE DEFINITION ***

K = INPUT PARAMETER OF DISCRETE UNIFORM DISTRIBUTION
THE INTEGERS 1,2,...,K OCCUR WITH EQUAL
PROBABILITY. K MUST BE POSITIVE IN GGUD.

*%*%* VARIABLE DECLARATION

Cc

Cc

Cc

c

o]

C

CB =OBSERVATION INTERVAL.

C NR =INPUT NUMBER OF RANDOM NUMBERS TO BEGENERATED.
C SUM =DUMMY VARIABLE

C SucCcC =SUCCESSFUL MESSAGE NUMBER

C COL =CURRENT COLLIDED PACKET NUMBER

CL =INTERMEDIATE COLLISION RESOLUTION INTERVAL
cCQ =DUMMY VARIABLE EQUALS B

C NKK =DUMMY VARIABLE SHOWS SUCCESS

C IR =QUTPUT VECTOR OF LENGTH NR CONTAINING THE
C UNIFORMLY DISTRIBUTED INTEGERS.

C S =COLLISION RESOLUTION INTERVAL IN EACH STEP
C ED =ENERGY DETECTOR

C ZK =DUMMY VARIABLE

cCT =DUMMY VARIABLE

C LN =COLLISION RESOLUTION INTERVAL

c

c

Cc

INTEGER K,NR,B, SUM, SUCC,COLL, L, 0, XX, NKK
INTEGER IR(1),S(20000),ED(30),LAST,2K,T

REAL*8 LN
DOUBLE PRECISION DSEED
DSEED=3.DO
2=15000
78
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DO 110 XX=1,1

DO 111 9=2,30

LN=0

L=0

DO 234 A=1,32

B=XX

succ=0

K=Q

COLL=K

SUM=K

ZK=1

K=SUM

IF (SUM.LE.XX) THEN
B=SUM

ENDIF

NR=1

DO 235 I=1,K

CALL GGUD(DSEED, K, NR, IR)

S(I)=IR(1)

CONT INUE

DO 301 AA=1,30
ED(AA)=0

CONTINUE

DO 99 T=1,K

ENERGY DETECTOR
GoTo(1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,
18,19,20,21,22,23,24,25,26,27,28,29,
30),S(T)

ED(1)=ED(1)+1

GOTO 99

ED(2)=ED(2)+1

GOTO 99

ED(3)=ED(3)+1

GOTO 99

ED(4)=ED(4)+1
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GOTO 99
ED(5)=ED(5)+1
GOTO 99
ED(6)=ED(6)+1
GOTO 99
ED(7)=ED(7)+1
GOTO 99
ED(8)=ED(8)+1
GOTO 99
ED(9)=ED(9)+1
GOTO 99
ED(10)=ED(10)+1
GOTO 99
ED(11)=ED(11)+1
GO TO 99
ED(12)=ED(12)+1
GOTO 99
ED(13)=ED(13)+1
GO TO 99
ED(14)=ED(14)+1
GOTO 99
ED(15)=ED(15)+1
GOTO 99
ED(16)=ED(16)+1
GOTO 99
ED(17)=ED(17)+1
GOTO 99
ED(18)=ED(18)+1
GOTO 99
ED(19)=ED(19)+1
GOTO 99
ED(20)=ED(20)+1
GOTO 99
ED(21)=ED(21)+1
GOTO 99

.
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22 ED(22)=ED(22)+1

GO TO 99

23 ED(23)=ED(23)+1
GOTO 99

24 ED(24)=ED(24)+1
GO TO 99

25 ED(25)=ED(25)+1
GO TO 99

26 ED(26)=ED(26)+1
GOTO 99

27 ED(27)=ED(27)+1
GO TO 99

28 ED(28)=ED(28)+1
GOTO 99

29 ED(29)=ED(29)+1
GO TO 99

30 ED(30)=ED(30)+1
GOTO 99

99 CONTINUE

DO 102 T=1,K
102 CONTINUE
SUM=0
NKK=0
DO 103 T=1,B
IF ( ED(T).EQ.1) THEN
SUCC=SUCC+1]
NKK=NKK+1
END IF
SUM=Q -SUCC
103 CONTINUE
L=L+B
2K=2ZK+1
IF (SUM.EQ.O) THEN
IF (SUCC.EQ.COLL) GO TO 234
SUM=COLL-SUCC
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234

111
110
217

IF (SUM.LE.XX) GOTO 105

B=XX
GOTO 105
ENDIF
GOTO 105
CONTINUE
LN=L/2

WRITE (6,217) Q,XX,LN

WRITE (8,217) Q,XX,LN

CONTINUE

CONTINUE

FORMAT (' ', I3,5X,13,5X,F12.4)
STOP

END
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APPENDIX C
ANALYSIS PROGRAM FOR AMSCRA WITH SEPARATE RESOLUTION
$JOB
C *** THIS PROGRAM WAS WRITTEN TO CALCULATE THE L(N)
c VALUES FOR THE AMSCRA WITH SEPARATE RESOLUTION.
c STORAGE SHOULD BE AT LEAST 1M.
c
INTEGER RR,B,I1,J,BB,II,2,G,FF,C,UL,21,K1
INTEGER XX, SS,GG,QQ,KK,JJ
REAL*8 KL(030,30),PP(030,030),LHAT(030),N
REAL*8 PROB(31,31,31),SUM, SUB, MULT, LHATT2
REAL*8 A(31,31,31),LHATT,L,M,P,VVV,ATZ,CR,2S
REAL*8 JJJ,PPP,LDENOM, LN, KKK, AAA, 22, TT,VV,L1L
REAL*8 L2L,L12L,VBNO,VBOO
PRINT 10
PRINT 15,'N','B','L(N)’
PRINT 16, ' -=-ccmccmcceceecme e ee e '
16 FORMAT(' ',b02X,A30)
15 FORMAT(' ',602X,Al,12X,Al,13X,6A4)
10 FORMAT ('1l')
KL(1,1)=0.0
KL(2,1)=0.0
PRINT 99,0,0,KL(1,1)
PRINT 99,1,0,KL(2,1)
o
C % d Jd d K CALCULATION OE‘ P(N,I) LE R T E R E X SRR S EE LR ]
C
C4 CONTINUE
C3 CONTINUE
LHAT(1)=1.0
c
C*** A(B,J,1) COEFFICIENT #*#*****x*
83




DO 25 BB=1,31
DO 26 JJ=1,31
11=JJ
WHILE (II.GE.1l) DO

IF (II.GT.JJ.OR.II.GT.BB) THEN
A(BB,JJ,II1)=0.0

ELSE IF (II.EQ.JJ.AND.II.EQ.BB) THEN
FACTI=FACTN(II-1)
A(BB,JJ, II)=FACTI

ELSE IF (II.EQ.JJ) THEN
FACTB=FACTN(BB-1)
FACTBI=FACTN(BB-II)
A(BB,JJ, 11)=FACTB/FACTBI

ELSE
N=1
Z2=BB
TT=JJ
VV=I1
AAA=( (22-VV)** (TT-VV))
WHILE (N.LE.(JJ-II)) DO

AAA=AAA-A((BB-II+1),(JJ-II+1),N+1)
N=N+1
END WHILE
FACTB=FACTN(BB-1)
FACTJ=FACTN(JJ-1)
FACTI=FACTN(II-1)
= FACTBI=FACTN(BB-II)

2 FACTJI=FACTN(JJ-II)
P A(BB,JJ,I1)=(1./FACTI)*FACTB*(1./FACTJI)
T * *(1./FACTBI)*FACT.J*AAA
o END IF
bl IF (((JJ-1).NE.O).AND.(BB.GE.JJ)) THEN
[ CR=JJ

% ATZ=(CR-1.)**(CR-1.)
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PROB(BB,JJ,II)=(1./AT2)*A(BB,JJ,II)

END IF
II=II-1
END WHILE
26 CONTINUE
25 CONTINUE
c
C ****CALCULATION OF L(N) ***
C
DO 61 K=2,30
DO 60 B=1, 30
IF (K.LE.B) THEN
c

C*%**** MESSAGE NUMBER LESS THAN OR EQUAL SLOT NUMBER
C**x#%** USE FIRST FORMULA
o
SS=K
SUM=0.0
RR=SS-1
DO 5 I=1,RR
MULT=PROB(SS+1,SS+1,I+1)*LHAT(SS-1I)
SUM=SUM+MULT -
5 CONTINUE
2S=S$S
KL(SS,B)=(1./(1.-PROB(SS+1,SS+1,1)))*(2S+SUM)
LHAT(SS)=KL(SS, B)
PRINT 9S,SS,B,KL(SS,B)
ELSE
o
CH****** MESSAGE NUMBER GREATER THAN SLOT NUMBER ***
C******* USE SECOND E‘ORMULA LR A E RS R R EEE SRS EEEE SR L LR
o
M=K
FACTK=FACTN(K)
P=B
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Sy S
A
2N
2 L1L=0.0
S UL=MINO (B, K)
N DO 31 I=1,UL
%*5 J=K
o IF ((K-I).EQ.1l) THEN
(b LHATT=1.0
;? ELSE
N LHATT=KL(K-1I,B)
K- ENDIF
;f§ L1L=L1L+(A(B+1,J+1,I+1)/(P**K))*LHATT* ((P/M)**K)
E 31 CONTINUE
iy L2L=0.0
{?i K1=K-1
Ay
o DO 32 J=1,K1
° FACTJ=FACTN(J)
ﬁ?i FACTKJ=FACTN(K-J)
G VV=FACTK/ (FACTJ*FACTKJ)
Yo 2=MINO(B, J)
] 21=2+1
- DO 33 I=1,21
v IF ((J-I+1).EQ.0) THEN
%ﬁ: LHATT=0.0
3 ELSE IF (J-I+1.EQ.1) THEN
o LHATT=1.0
.éﬁ ELSE
o LHATT=KL(J-I+1,B)
. END IF
{if IF ((K-J).EQ.1) THEN
T LHATT2=1.0
o ELSE
. LHATT2=KL(K-J,B)
e END IF
¢§§ L2L=L2L+ (A(B+1,J+1,1)/(P**J))*VV*((P/M)**J)
SN * *((1.0-(P/M))**(K-J))*(LHATT+LHATT2)
- 33  CONTINUE
%
T 86
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32  CONTINUE
L12L=B+L1L+L2L
VBNO=(A(B+1,K+1,1)/(P**M))*((P/M)**K)
VBOO=A(B+1,1,1)*((1.-(P/M))**K)
LDENOM=1. /(1. -VBNO-VBOO)
LN=LDENOM*L12L
KL(K,B)=LN
PRINT 99,K,B,LN
END IF

60 CONTINUE

61  CONTINUE

99  FORMAT(' ',I3,10X,I3,10X,F8.4)

STOP
END
(o khhkhkhkkhhkdkrhkkhhhdhhhkihhhhhhhhkhkhhhhhrdhdhhkhhdhhhhdhdhrhthdhdti
c *#%%* FUNCTION SUBPROGRAM TO CALCULATE FACTORIAL N *%%
(4 AhhkhkkkddhhkkhhhhdkhkhhkrAdhhdhkkhhkdhhhhdkhhhrkhkrkrhhxrkhdhkddtrixkx
FUNCTION FACTN(N)
FACTN=1.
IF (N.GT.1) THEN
DO 2 I=2,N
FACTN=FACTN* I
2 CONTINUE
END IF
RETURN
END
$ENTRY
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- APPENDIX D

:;\ SIMULATION FOR AMSCRA WITH SEPARATE RESOLUTION
éﬁ C ***THIS PROGRAM WAS WRITTEN TO MAKE THE SIMULATION OF THE
s c AMSCRA WITH SEPARATE RESOLUTION.

K4 C ***VARIABLE DEFINITION **%*

;ﬁ C K = INPUT PAREMETER OF DISCRETE UNIFORM DISTRIBUTION
o o THE INTEGERS 1,2,...,K OCCUR WITH EQUAL
:. o PROBABILITY. K MUST BE POSITIVE IN GGUD.
iﬁ CB =OBSERVATION INTERVAL.

;ﬁa C NR =INPUT NUMBER OF RANDOM NUMBERS TO BEGENERATED.
e C SUM  =DUMMY VARIABLE

O C SUCC  =SUCCESSFUL MESSAGE NUMBER

1% C COL =CURRENT COLLIDED PACKET NUMBER

@ CL =INTERMEDIATE COLLISION RESOLUTION INTERVAL
R C9 =DUMMY VARIABLE EQUALS B

7 C NKK =DUMMY VARIABLE SHOWS SUCCESS

K Cc IR =OUTPUT VECTOR OF LENGTH NR CONTAINING THE
§¢~ c UNIFORMLY DISTRIBUTED INTEGERS.

%ﬁ Cs =COLLISION RESOLUTION INTERVAL IN EACH STEP
) C ED =ENERGY DETECTOR

< C zK =DUMMY VARIABLE

1% CT =DUMMY VARIABLE

1o C LN =COLLISION RESOLUTION INTERVAL

C C ALAST =SECOND PART OF THE COLLIDED PACKETS N-J

E CSAKAT = SAVED COLLIDED PACKETS GROUP

;$| c

ai’ C *** VARIABLE DECLARATION

< c

¥§ INTEGER K,NR, B, SUM, SUCC,COLL, L, Q, XX, NKK, FL
ﬁf INTEGER IR(1),S(20000),ED(30),LAST,2K,T

3 INTEGER ALAST(100), SAKAT(100)

{ REAL*8 LN
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LN

LAY

105

235

301

O

'y W00
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DOUBLE PRECISION DSEED

DSEED=3.D0

Z=15000

DO 110 XX=1,1

DO 111 9=2,30

X¥=2

Q=4

LN=0

L=0

DO 234 A=1,2

FL=1

B=XX

SUCC=0

K=Q

COLL=K

SUM=K

ZK=1

K=SUM

IF (SUM.LE.XX) THEN
B=SUM

ENDIF

NR=1

DO 235 I=1,K

CALL GGUD(DSEED, K, NR, IR)

S(I)=IR(1)

CONTINUE

DO 301 AA=1,30
ED(AA)=0

CONTINUE

DO 99 T=1,K
GoTo(1,2,3,4,5,6,7,8,9,10,11,12,13,14,15, 16,

* 17,18,19,20,21,22,23,24,25,26,27,28, 29,
* 30),5(T)
ED(1)=ED(1)+1
GOTO 99
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2o
o
Eﬁz : 2 ED(2)=ED(2)+1
L GOTO 99
- 3 ED(3)=ED(3)+1
{2 GOTO 99
Iyt 4 ED(4)=ED(4)+1
19N GOTO 99
Y 5 ED(S5)=ED(5)+1
oo GOTO 99
iiﬁﬁ 6 ED(6)=ED(6)+1
b GOTO 99
s 7 ED(7)=ED(7)+1
o GOTO 99
g?ﬁ% 8 ED(8)=ED(8)+1
Aﬁm GOTO 99
ﬁ;\ 9 ED(9)=ED(9)+1
T GOTO 99
‘;fﬁ 10 ED(10)=ED(10)+1
Ry GOTO 99
: 11 ED(11)=ED(11)+1
o GO TO 99
5% 12 ED(12)=ED(12)+1
ALe GOTO 99
%)' 13 ED(13)=ED(13)+1
e GO TO 99
,;ﬁ 14 ED(14)=ED(14)+1
R GOTO 99
LaXy 15 ED(15)=ED(15)+1
o GOTO 99
28 16 ED(16)=ED(16)+1
o GOTO 99
;Eﬁ 17 ED(17)=ED(17)+1
e GOTO 99
SN 18 ED(18)=ED(18)+1
&$} GOTO 99 '
:i“ 19 ED(19)=ED(19)+1
kk. 90
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20

21

22
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29
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99

102

STSTRR AL )

s AU RS X

GOTO 99
ED(20)=ED(20)+1
GOTO 99
ED(21)=ED(21)+1
GOTO 99
ED(22)=ED(22)+1
GO TO 99
ED(23)=ED(23)+1
GOTO 99
ED(24)=ED(24)+1
GO TO 99
ED(25)=ED(25)+1
GO TO 99
ED(26)=ED(26)+1
GOTO 99 ‘
ED(27)=ED(27)+1
GO TO 99
ED(28)=ED(28)+1
GOTO 99
ED(29)=ED(29)+1
GO TO 99
ED(30)=ED(30)+1
GOTO 99
CONT INUE
DO 102 T=1,K
CONTINUE
SUM=0
NKK=0
DO 103 T=1,B
IF ( ED(T).EQ.1) THEN
SUCC=SUCC+1
NKK=NKK+1
ELSE
SUM=SUM + ED(T)
END IF
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; "’
9
KA
K
ey
R
ﬁg 103 CONTINUE
L1 LAST=K -NKK - SUM
" 106 CONT INUE |
oo SAKAT (FL)=K-LAST
V3s IF (LAST.NE.O) THEN
ny
3 ALAST(FL)=LAST
3? FL=FL+1
P
e END IF
L)
:¢§ L=L+B
3
nth ZK=2K+1
” IF (SUM.EQ.O) THEN
e IF (SUCC.EQ.COLL) GO TO 234
e SUM=ALAST(FL-1)
ﬁ?bv FL=FL-1
. IF (SUM.LE.XX) GOTO 105
'%H B=XX
N
o] GOTO 105
» .4
1 ENDIF
] GOTO 105
oy 234 CONTINUE
g LN=L/Z
< WRITE (6,217) Q,XX,LN
;)' 111  CONTINUE
b 110  CONTINUE
f 217 FORMAT (' ', 13,5X,13,5X,F12.4)
]
o STOP
. END
',f::j_:‘
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