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Quality of Service (QOS) of a congested network can be evaluated by some key factors
such as packets discarding rate, queueing delay and the throughput of a bottleneck
buffer. A network designer needs to predict these parameters in order to dimension
a network properly.

This thesis developed a solver for predicting the stability of a TCP network when
servers implement Active Queue Management{AQM) schemes. The solver analyzes
two AQM schemes. One is Random Early Detection (RED) and the other is Dynamic
Random Early Detection (DRED). We verify the analysis of the solver through the
simulation of a small network with multiple bottlenecks carrying a large number of

TCP connections.
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Introduction

The fast expansion of networks such as the internet is a consequence of user demand
for higher speed communication services. Higher data transfer rates cause congestion
or packet queueing in the buffers of the network. Congestion, therefore, may cause
excessive delay in the network and loss of packets, and will degrade the quality of ser-
vice provided to the user. Congestion is a function of several network characteristics
including the number of nodes, the flow control policy, the retransmission policy, the
discard strategy, router selection, propagation delay, processing delay and so on. The
purpose of this thesis is to predict the congestion of TCP/IP networks using RED
(Random Early Detection) or DRED (Dynamic Random Early Detection).

TCP, one of the most popular transmission protocols, controls the sources’ packets
sending rates by its congestion control algorithms. The four intertwined algorithms
are slow start, congestion avoidance, fast retransmit and fast recovery[1]. However,
when many TCP connections share network resources, these algorithms lead to syn-
chronization, which means that the sources increase and decrease their window sizes
simultaneously. Thus, the queue size and transmission delay of the bottleneck buffer
introduce oscillation. Furthermore the sources can not steadily send data and the
network becomes unstable. Choosing a good active queueing management (AQM)
scheme snd suitable amount of buffer size in a router is useful in stabilizing the
network, improving the performance of the sources.

To solve the problem of instability in TCP network, a mathematical model has

[y



CHAPTER 1. INTRCDUCTION 2

been developed in reference [2] for AQM schemes such as RED and DRED. This model
is used to represent a number of TCP connections going through a bottleneck buffer.
Under certain conditions, the sources approach a steady state. When the sources
are stable, the amount of data in the network and the mean transmission rate are
constant. Even in the buffer, the queue size and packet drop rate become stabilized.
Thus, the buffer space can be limited at a lower size with better performance.

This thesis discusses the steady state of a network by extending the mean field
model for TCP networks [2]. The TCP connections may go through two or more
routers with different paths. To reach this goal, a solver is designed to estimate the
long run packet drop probability, queue size in the buffer and queueing delay.

To start, a review of TCP and its related technical knowledge is presented.

1.1 A Brief Review of TCP

Before introducing TCP’s data transfer behaviour, there are some important features

that need to be introduced

e Round Trip Time (RTT)

The total time elapsed between sending each packet and receiving an acknowl-
edgement for the data in that packet is called sample round trip time [3]. Gen-
erally, RT'T can be computed as the sum of the total transmission delay (or
propagation delay) in network and the total queueing delay in the buffers. In a
given network, the total transmission delay is usually fixed. This is the time it
takes for a packet to travel between two nodes. It is determined by the network’s
physical media such as the links’ type and distance between the sender and re-
ceiver. Queueing delays are more complex. When a network suffers congestion,
queueing delay refers to the amount of time a packet waits in the buffer for
services. It is variable and is affected by many factors such as packets dropping
algorithm in the buffer, the TCP type, the AQM scheme in the router and even
the congestion threshold.

e Packet Loss Rate
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Packet loss rate is one of the Quality of Service (QoS) parameters used to
measure the performance of the network for a given connection. Packet loss
occurs because of the overrun of buffering resources due to simultaneous arrivals
of bursts from different connections. The packet loss rate is defined as

LostFPackets
TotalTransmitted Packets

PacketLossFRate —

e Window Size

Window size is the number of packets that can be unacknowledged at any given
time. For example, a window size of eight means that the sender is permitted

to transmit eight packets before it receive an ACK.

e Throughput

Throughput is defined as the rate at which data is transmitted from the sender
to the receiver. The value of the throughput depends on the size of the conges-
tion window. It can also be called the transmission rate. Thus, if the connection
has W (t) windows at time t, and the Round trip time for the packets at time t
is RTT(t), the throughput or transmission rate would be

40)
RTT(t)

TransmissionRate(t) =

Throughput is one of the most important measures of TCP connection perfor-

marce.

TCP, standing for Transmission Control Protocol, is a transport layer protocol
that provides reliable transport service. It supports transfer of over 90 percent of
overall traffic on the internet today [4].

TCP is also a connection-oriented protocol that requires a connection to be set
up before any host can send data. When two hosts wish to communicate with each
other, they exchange connection setup packets, called “SYN”. For example, Host A
requests a connection with host B by sending the “SYN”. Host B acknowledges the
request by returning an ACK and sending out a “SYN” to request connection with
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A. When host A receives the “SYN” from B, it also returns an ACK to confirm the
connection, then the conversation begins. See Figure 1. To terminate the connection,

the two end points exchange finish packets called “FIN”.

Host A Host B

SYN, Seg_No.=x
SYN, Seq_No.=y
Ack, ack_No.=x+1
Seqg _No.=x+1
Ack,ack_No.=y+1

Figure 1: TCP connection establishment.

After connection setup, data transmission may begin. With the stream-oriented
nature of TCP the data are divided into 8-bit octets called “bytes” for transmission.
TCP uses an ACK scheme to report how many data packets have been accumulated -
by a remote receiver. A TCP acknowledgement specifies the sequence number of
the next octet that the receiver expects to receive [3]. For example, host A sends a
packet 1 to host B. Upon receiving this packet, B returns an acknowledgement (ACK)
telling A that it has received packet 1 and expects packet 2. A then sends out packet
2 after receiving ACK 1. In order to enhance the utilization of the network, TCP
uses a sliding window protocol. This window mechanism provides the sender credit
to transmit data without receiving an acknowledgement. To continue the example
just discussed, assume now a window size of five. In this case, ideally, the sender is

allowed to send five packets in a row before receiving ACK 1, while in the meantime,



(924

CHAPTER 1. INTRODUCTION

five ACKs are returned on the fly. However if packet 2 is lost during the transmission,
packet 3, 4, and 5 are sent without packet 2 being acknowledged. Due to the loss of
packet 2, upon receiving packet 3, 4, and 5, host B always returns the same ACK as
ACK 1 saying that it has received packet 1 and is waiting for packet 2. Such ACK is
called duplicate ACK. Every time sender sends a packet, TCP starts a timer and waits
for an acknowledgement. If the timer expires before data in the segment has been
acknowledged, TCP assumes that the packet was lost or corrupted and retransmits
it.

On the other hand, TCP also uses a sliding window scheme to solve the end-to-end
flow control problem. Because a well tuned sliding window protocol keeps the network
completely saturated with packets, it obtains substantially higher throughput than
a simple positive acknowledgement protocol [3]. However, if too many packets are
sent, the network will experience congestion and even packet loss. The modern im-
plementation of congestion control in TCP contains the four intertwined algorithms
previously mentioned: Slow Start, Congestion Avoidance, Fast Retransmit, Fast Re-

covery. They are described below:

e Slow Start

Slow start is designed to dynamically maximize throughput and prevent con-
gestion collapse. It requires two variables to maintain for each connection: a
congestion window size and a congestion threshold size. Initialization for a given
connection sets window size to one segment and threshold to 65535 bytes. When
a connection is established, it sends one packet known as the initial window size
and waits for an acknowledgement. Upon receiving the acknowledgement, the
sender then increases the congestion window size to two, sends two packets and
again waits for the ACKs. Upon receiving the ACKs, the window size doubles
again to four. Now the sender sends four packets. After every round trip time
the sender doubles the size of the congestion window by the number of ACKs
received until the congestion window reaches its congestion threshold, at which

point congestion avoidance takes place.

e Congestion Avoidance



CHAPTER 1. INTRODUCTION 6

Tf the congestion window reaches its threshold, it indicates that the bottleneck
resource is running close to utilization. The sender slows down the transmit
rate, then increases the congestion window size linearly: one packet for each
round trip time(RTT). Although the congestion window size is increased one
packet per RTT, the network is still reaching its threshold. When the sender
does not receive an ACK within the time-out, or the sender receives duplicated
ACKs within one RTT suggesting the packet is lost, the congestion threshold is
decreased to one-half of the current window size. Additionally, the congestion

window size is set to one segment. Slow start takes over again.

e Fast Retransmit

After the TCP receiver sends ACKs for each of the remaining packets in the
window, the sender starts retransmitting. In past versions, TCP would wait
at least one second before retransmitting a lost packet. When the packet is
lost, the receiver repeats the lost packet’s sequence number to indicate that the
packet was not received. In practice, fast retransmit, a new algorithm, has been
introduced. If the sender receives three duplicate ACKs in a row, it considers
the packet is lost and retransmits the lost packet immediately. At the same
time the congestion window size is cut to half of the congestion threshold, and

enters slow-start. See Figure 2.
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Retransmit

Acy,/’/
—-/’

b

Figure 2: Fast retransmit and fast recovery.

When the TCP congestion window is less than four packets, TCP is no longer
able to recover from a single packet because fast retransmit (fast recovery as
well) needs at least three duplicate ACKs to be trigged. Thus, when the window
size is below four, a single packet loss causes the TCP connection to timeout.
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e Fast Recovery

After retransmitting the lost packet, TCP does not enter slow start, but im-
plements congestion avoidance. This is fast recovery. T his improvement to the
congestion control algorithm allows high throughput under moderate conges-

tion, especially for large windows.

In older versions, TCP would only use slow start and congestion avoidance to
control network congestion. With the development of networks, TCP added fast re-
transmission and fast recovery. These two algorithms allow TCP to retransmit the lost
packet immediately after three duplicate ACKs without waiting for a retransmission
timer to expire. This leads to higher utilization of the network. The algorithm that
includes slow-start, congestion avoidance, and fast retransmit is called TCP Tahoe.
TCP Reno includes slow start, congestion avoidance, but modifies the fast retransmit
to the fast recovery algorithm. TCP Reno is better than Tahoe when the source has
a large window size because it prevents increasing the window size too quickly after
loss of a single packet. In this thesis, all sources in the models are TCP Reno.

The advantage of using an available window size is to provide a reliable transfer
for computers to exchange data and acknowledgements. It avoids receiving more data
than it can store, and even shrinks the window size to zero to stop the transmission.
Also, when the buffer space becomes available, the receiver can trigger the flow of
data again. The four algorithms described above are suggested by the TCP standard

to avoid and control congestion, which are correlated and can be implemented easily.
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1.2 A Brief Review of Random Early Detection

Algorithm

As mentioned earlier, TCP uses a sliding window protocol to provide flow control.
When a single TCP connection goes through a router, the router places each incoming
packet in the queue of a buffer until it can be processed. If the data arrive slower
than they can be forwarded, the queue shrinks until the queue reaches zero. When
data arrive faster than they can be forwarded, the quete grows until it reaches the
limit of the buffer. Usually the router software uses a tail-drop policy to manage
queue overflow. “ If the input queue is filled when a datagram arrives discard the
datagram.” [3]. After the packet is dropped, the TCP source detects the loss from
the reception of duplicate ACKs. The connection cuts the window size into a half,
and enter slow-start or congestion avoidance, so that the throughput is reduced.

If multiple TCP connections share one output link, a server problem occurs. It is
known that the flow per connection decreases as the number of connections increases
because studies have shown TCPs is able to share a bottleneck fairly and efficiently.
For example, the data arriving in the router are from different TCP connections.
When the queue is filled, the router discards the packets regardless of where they are
coming from. Tail-drop causes the losses at the same time, and the sources cut the
window size and increase the congestion windows simultaneously. This phenomenon
is called global synchronization.

The queue size in the router oscillates. To solve this problem, Active Queue
Management (AQM) and in particular Random Early Detection (RED) schemes are
suggested. With RED, an arriving packet is killed with a probability which increases
with the queue size of the buffer [2]. The main idea of RED is to drop the packets
before the buffer overflows, and to set the packet random dropping probability linearly
with respect to the queue size of the buffer. The larger the queue size, the more the
packets are dropped. Thus, before the buffer fills up, some packets are dropped, and
some sources have already cut the window size.

RED is a good method to control the overload of the buffer and avoid synchre-

nization. In order to implement RED, there are four parameters that should be
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mentioned: Qumin and Qmes for two acceptable thresholds, the maximum dropping
probability Ppae and the minimum dropping probability Pr... When a packet arrives
at a router which is implementing RED, it reads the current average queue size gsize.
If Goize < Qumin, the router queues the packet. If Quin < Guize < Umag, the router

drops the packet with a probability proportional to the average queue length:

size — &Wmin) X Pmam - P’n’wn
Pdropmte = (q QQ ) *“({Q . ) + Prin ( :

If Gize > @mas, the router drops the packet.
The basic RED scheme maintains an average of the queue length, provides a more

equitable distribution of packet loss, avoids the synchronization of flows, and improves

fa—

fmnt
~—

the utilization of the network.



uffers Implementing

Solver for
RED

This chapter describes a solver which can predict the long run steady state of a small
network under certain given conditions. The solver allows the users themselves to
define the parameters of the network , and the system generates equations for this
network by using the mean field approximation model for the RED algorithm [2] .
Finally, the solver computes out a numerical solution for the window size, the average
queue size in a buffer and the average loss rate per connection in the small network.
Another algorithm called constant drop rate is demonstrated in the next chapter.

Before introducing the algorithm, here are some assumptions:

e All the connections in the network are TCP Renos that execute congestion

avoidance.
e The buffers in the network all implement RED mechanism.

e FEach buffer has a limited size that can be defined by the user. Once the space

is exhausted the arriving packets are dropped.
e The buffer follows a First In First Out (FIFO) scheme.

e There are no transmission losses or timeouts. The only losses are generated by
AQM tail-drop.

11
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2.1 A Mean-Field Model for TCP

In this section, a review is given of the mean-field model for a buffer multiplexing a

large number of TCP flows found in [2].

In this model there are a large number IV of TCP/IP sources executing congestion
avoidance. They are all routed through a bottleneck queue. Assume that ¢(t) is the
relative queue size per active connection, and that the packets from all connections
join the queune Q(t) in the buffer. Hence, the flows can be treated as a fluid.

Q) = N x Q.(t) (2.2)
Furthermore, define the following:

o W,(t) is the window size of connections n in congestion avoidance at the time

t.

e R,(t) is the round trip time of source n at time .

@n(t — Ra(1))

— e L 2.3
- (23)

where (' is the link rate per source in packets per second per active source.

Thus, by Little’s formula Q—g@ is the queueing delay of the packet’s arrival in

the buffer at time t, and T is the common transmission delay in the network.

Ra(t) =T+

e k() is the packets drop rate at time ¢.

o F(Qn(t)) is a distribution function to the drop probability of RED. F(Qx(¢))
is zero below Qumin = @min/N, but linearly rises t0 Pmes 8t Qnmaz = Pmasz /N
and further to one when @, (t) reaches the buffer size Qnmaz-

Equation (2.3) defines the round-trip time based on the past queue size, so that
there is an implicit delay built into the model. Assume that a TCP source receives
an acknowledgement from the destination at time ¢. Let R,(t) be the round trip time
of the packet from source n, which experiences packet generation, delay and acknowl-

edgement. The packet, however, reaches the router in advance by approximately
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one R,(t), making its queueing delay Qﬁf:gﬁﬁ—)) Thus, R,(t) can be viewed as the
round-trip time experienced by packets arriving to source n at time i, instead of the
round-trip time that is experienced by packets leaving the source at time ¢. It may
be imagined that the source writes this value into the new packet being transmitted
at time 7.

According to Equation (3.1) of [2], the evolution of the window size of connection

n is described by the following stochastic differential equation.

Wa(t”)

L AN (A (1)) (2.4)

AW (t) = (1 = Xsn(e))dt =

1
R,.(%)

This equation shows the window size’s change at time ¢. At time ¢, the window
size is either increasing linearly with the rate 1/R,(t) or being decreased to W,(17)/2,
half of the current window size, by ﬁnding a packet loss. The value of xg,( i3 1, when
source n simply finds the loss, and changes to fast recovery. In that case, the window
size does not follow a linear increase, and no losses can be detected. Since the fast
recovery periods are relatively short, this term can be ignored without significantly

changing the dynamics. As in [2], N, (¢) is a Poisson process with intensity 1, and

An(t) = /0 Z“((j - g:((;")))) F(Quls — Ra(s)))ds (2.5)

is the stochastic intensity for the Poisson point process of the losses of connection
n. Hence, the losses of connection n occur according to the time changed Poison
process N,(A,(1)).

According to (3.2) of [2], the rate of change of the fluid buffer is given by the

following differential equation.
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‘

dQn(?)
dt

F(@n(t) —

|
‘MZ

\ -

(%,— )3 Z:(‘; (1= F@Qa () - 6) Ha® =) (26)

This equation shows that the rate of change in the relative queue size is the

difference between the rate per source at which fluid arrives minus the link rate per
source (. The mean arrival rate per source is the mean window size SN Wa(®)
divided by the round trip time R,(t) times the proportion (1 — k(¢)), which is not
discarded. The second term simply keeps the queue from becoming negative.

When N becomes large, W, (t) — w, R,(t) — r(t), @a(t) — ¢(t), the expressions
n [2] lead Equation (2.4) and Equation (2.6) to the mean-field limit equations:

+ (4wp(t, 2w) — wp(t, w))

Op(t,w) 1 opt,w)
o Jw

k(t —r(t)
Bt ) ) @7)

r(t — r(t)

and

_c%%@ ~ /%prt w)dw(l — k(t)) - C

/ splt whdu(l — k() O xlg =0} 28)

Tn these equations, p(t, w) is the histogram of the window size of the connections
in congestion avoidance at time ¢. N is the number of sources executing congestion
avoidance, k(¢) and C have been previously defined.

The equations can be interpreted by integrating both sides of Equation (2.7). The
term p(t, w) is the density of the window size for all time t, and @’%fﬂdw is equal to the
rate at which mass flows into and out of a infinitesimal slice of windows (w, w + dw}.
Due to the additive increase of TCP, every RT'T the window increases by one, sc on
the right side, the first term times dw is equal to — de This shows that the
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rate at which the mass in the slice (w, w -+ dw] grows by an additive increase. Because
the quantity of fluid that pours into the slice in time dt is p(¢, w)dt/r(¢) to first order,
the quantity that pours out is p(t, w + dw)dt/r(t) to first order. Thus the difference
is —%-ﬁ—’é—%@dw. The second term of Equation (2.7) is due to the multiplicative
decrease. When the window size is 2w, the transmission rate at time ¢ is ﬁﬁ%ﬁ)—)’ and
at that time the kill rate is k(¢ —r(¢)). When the loss occurs at time ¢, the mass that
flows out from the window is p(f, 2w)2dw. Thus the rate at which the mass exits the
window is p(Z, Zw);@—%ﬁ’—@—)ﬂdw. Also, when the window size is w at time ¢, when the
loss is detected, the rate at which the mass needs to be subtracted from this slice is
p(t, w) sy dw. Equation (2.7), therefore describes the net effect of the flows.

Equation (2.8) is very clear. Since N is a very large number, and all sources have
the same RT'T, the mean window size can be calculated as [ wp(t, w)dw for each
connection. The transmission rate is the mean window size divided by the round trip
time (¢). As described before, Equation (2.8 gives the relative queue size’s change
rate, which is the difference between the packets arrival rate times (1 —k(f)) and the
link rate C.

When the RTT is sufficiently small and the loss rate k() is well chosen, the system
defined by Equation (2.7) and Equation (2.8) may stabilize. The term ¢(t) tends to a
constant value g and the loss rate k(¢) tends to k. The window distribution stabilizes
to a fixed distribution f and RTT r(t) tends to a constant 7. The solutions for the

stable systems (2.7) and (2.8) are:

V) .k (ofoufow) - wsiw) 29

c - (1-&)% / wfe(w)duw. (2.10)

Equation (2.10) is simply Little’s formula since the right hand side represents the
throughput as the average window size divided by the RTT and multiplied by the
proportion of packets that are not killed.

We also can find a theorem in [2].
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Theorem 2.1 Let ¥ = 3 (U = 0.4194). The unigue density fi(w)

TL
solving (2.9) is given by

= 2@' exp(—k4"—) (2.11)
=0 2

21 4 g )
Gg = \/-7;:1;\//7{; , Gy = ai_ll 7 = GOH;:l(l _ 43'). QQ.EQ)

The mean window size is
1
/ wfr(w)dw = a\/% (2.13)

where o =~ 1.310. Combining Equation (2.13) with Equation (2.10) yields

u —kk)z = (fag)Q (2.14)

In this equation, the function (1 — k)?/k is monotonically decreasing. It follows

that there is a unique point k satisfying (2.14).
As mentioned in Chapterl, the packet drop ratek is a function of queue size g.
The Equation (2.14) can be reformed to

- ()

Since (1 — £(g))?/F(q) is decreasing in ¢, the stable queue size is determined by

the unique solution to

1-F@f _ (@+g0C

20 ) (2.15)
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If the solution to Equation (2.15) is less than gna, then & = F{g) gives the stable
point and 7 = 7'+ ¢/C. On the other hand if the solution to Equation (2.15) is equal

or greater than s then ¢ = gme, and & is equal to one.
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in a Network

2.2 Model for Buffers Using RED

As we can see in last section, the stable solution to Equation (2.7) and Equation
(2.8) is under the condition that a number of sources go through a same bottleneck
buffer, and that they all have the same RTT. However in practice, this kind of extreme
situations are very rare. Usually, some sources go through two or more buffers instead
of only one buffer. Hence, packet loss may happen in all bottleneck buffers they
passed. Moreover, the sources may go to different destinations, and so they might
have different RTTs. In order to develop a more practical solver, this model needs
to be extended because the above mean field arguments are also applicable even if
the RTT of different sources varies. If the loss rates k,(t) of different sources are well

chosen, then the queue size may still stabilize at g,.

2.2.1 Mathematical Equations for the Model

In order to further clarify the model, assume that there is a small network with
several routers. The sources in the network are grouped. Each group has different

destinations, so that they have different RT'Ts, and also their data path are different.

The configuration is shown as Figure 3.
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Figure 3: An ezample of a small network.

The total number of routers in the network is three, and there are three groups
of sources, each with N, users. All the users send a large volume of data. Group 1
goes through router 1, router 2 and router 3 to destination 1. Group 2 goes through
router 1 and router 2 to destination 2, and group 3 goes through router 3, and router
2 to destination 3.

In this network we can see that not all buffers suffer from congestion. For group
1 and group 2, at the beginning the data share buffer 12 from router 1 to router 2. It
can be considered that N; + N, sources share a buffer to switch the packets. If the
traffic is very busy and the bandwidth of link between router 1 and router 2 is not
large enough, then congestion may happen in this buffer. When data pass through
router 2, the packets from group 2 are switched to the destination, while the packets
from group 1 must continue to router 3. Consequently, if the link between router 2
and router 3 has the same transmission rate as the link 1 to 2, the queue may not
exist in buffer 23 because the traffic is lower than that of buffer 12. However, if the
bandwidth of the link is narrow, packets can still be lost in buffer 23. For group 3,
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the packets may be killed in buffer 32. It should be noted that ACKs may also be lost
in addition to the loss of packets. For example, when destination 1 receives packets
from group 1, it sends out ACKs to acknowledge them, and the ACKs return along
the same path that the packets are sent. As a result, the ACKs from destination 1
shares the buffer with the packets of group 3. In this way the ACKs may be lost.
However, the lost ACKs do not affect the flow control. For example, if the source
receives ACK 4 after ACK 2, the TCP source considers that the receiver has received
packet 3 and sends the ACK 3. Due to the network congestion, the ACK is lost,
not the packet. Hence, the source does not retransmit the packet; however the time
ACKs wait in the queue extends the round trip time.

From above it can be seen that the round trip time of each group is different.
Asgsume that the transmission delay and bandwidth from Touter 1 to router 2 are Tha,
By, and that the transmission delay and bandwidth from router 2 to 3 are To3, Boa.
Thus, 751, Bai, T3, and Bsy also illustrate the corresponding transmission delay and
bandwidth. Queue sizes of buffer 12, buffer 21, buffer 23 and buffer 32, respectively,

are qgia, Ga1, 23, and gaz.
Consequently the round trip time of group 1:

q12 23 ds2 g21
RITy =Tio+Tos -+ Ty + 19 + =+ = + == + = 2.16
1 12 23 32 21 B By  Ba  Ba ( )
for group 2:
d12 go1
RIy =Ty + Ty + ==+ = (2.17)
Bis By
for group 3:
da2 23
RTTy =Ty +Toa + =— + = (2.18)
Bs;  Bas

Moreover, the proportion of packets lost by connections of group 1 is £12 + (1 —
k12)ko3 = k12 + kq3; while the proportions lost by group 2 and group 3 connections

are k12 and k32 respectively.
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Equation (2.13)shows the mean window size of each source. The average window
size divided by RI'T is the transmission rate of each relative gueue in packets per
second. In this small network, some sources with different RTT and window size
share one buffer. Thus the total rate flowing into the buffer should be the sum of
the transmission rate of each relative queue. The total transmission rate in bytes per
second times (1 — k) is the portion that has not been dropped by the buffer. This
remaining portion should be less or equal to the egress link. A group of equations

can thus be established for this small network.

{(Af Y k12+k23 NQ ) X PacketSz‘zei] X (1 *—klg) < Blg (219)

RTTy RT'Ty

RTT, RTT,

Oy Q)=
[(Nl k”“”a ko) (1 — kos)(1 — kag) + Ny “%1~Mg)xAdﬁm%

X(1 = kg1) < By

(2.20)
Ng________\’ku”lr]m(l—k ) | x PacketSize + Na kiz(l“k ) | x AckSi
"TRTT, . CRTT o
X (1 — ka3) < Bas
(2.21)
Na\/%—: PacketSize 1 N?_____.___Wikzs(l—k (1 — koa) AckSt
BT x PocketSize TR 12 23) | X AlCROIZE

X(1 — ksg) < Bag
(2.22)
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Here, kio, koi, kos, and kay respectively represent the packet drop rate in buffer 12,
buffer 21, buffer 23 and buffer 32. Since the buffers are running RED, the packets’
kill rates in the buffer are functions of the queue size. In the sclver, RED is defined

as
0, 'Lf Gsize S Qmm;
k - F(q.size) = (Gatze ‘?Qﬁznzig:j:)—kmm) + kminp Zf Qmin < Usize < Qmasc; (223)
17 Zf Qsize Z Qma:.:-

In this group of equations kig, ka1, kos, and ksp can be substituted into F(gi2),

F(ga1), F(gos), and F(gs2). So the equations then become:

Oﬁ\/__;——'l__:_: QU f 'F“"L—
(Nl PlantFlas) | ) ) o PacketSize| x (1— Flqw)) < B

RTTY RTT,

(2.24)

o/ T ) T
(0n LTI (1 plg)(1~ Fla)(1 — Flas) + Ne—fgrr (1 = Flaa)

RI'Ty RTT,
x AckSize] x (1 — F(ga1)) < By

(2.25)

RTT RTT;
XAC/%SZ'ZG] bes (1 - F(Q23)) < 823
(2.26)

Qg f -—-""——1—'—0—" o /..1.5__1__.
[(]\G Flasa) H(gae) (1- F(qm)}) x PacketSize + (Ng"—"-—(i:?—)“(l — F(qaa)
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(M2 RIT: RTT,

Y O e
Flgea) ) « PacketSize + (Nl Fg10)+F(ga3) (1 . F(qlg)(l . F(ng)

x AckSize] x (1 — Flgs)) < Bg

Now it is visible that there are only four unknown variables and four equations.
Matlab can be used to solve these equations. The results of g9, go1, go3, and ¢az are
the fixed points of the mean-field equations for this small network.

2.2.2 Introduction of the Solver

Based on the algorithm in the previous section, a solver has been developed in Matlab
to calculate the mean-field long run steady state of the buffers running RED for a

small network. The programming flow diagrams is shown as follows.
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Figure 4: Programming flow chart.
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In Figure 4, the solver can be divided into two portions that are described below:

e Network definition
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In this part, the solver allows the user to define some parameters of the network.

The first step s to define how many routers are in the network.

i

.

dols Wedow  Hely

Pleass enter the numbey
uf toiders in vour nelwork

i

i

Figure 5: Setting the number of nodes.

Next, the solver asks the user to define the transmission rate and propagation
delay between the routers. In order to simplify the calculation, It is suggested
that all the links between the sources and the routers are T3 lines (44.74Mbps),
and that there is no transmission delay between the sources and routers. The
only delay exists between routers. The interface for the user to set the band-

width and delay between the routers is shown in the following figure.

; Edt Tools Wiodow el ///////////////////
© Edl Took Winooa  Hel

From touler From e 2 | P“mmmum 3 .

e R L
Towde 2 {44736 [ 0075 Tows 1 [ 7’38 DB:S Tomus 1 :
Torouts 3 544?05 7005 Tomue 3 {4478 [ 005 Torter 2

- Dopsianllnss e

Figure 6: Link configuration.

After the user chooses the RED algorithm, which is used in the buffer, the

next step is to define the parameters of RED for all buffers, i.e. the maximum
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buffer size and the maximum packet dropping rate. Here, the minimum gueue
& & H

thresholds are automatically set to zero and the minimum packet dropping

probabilities are also zero. See Figure 7.

S

Aoger | P 2 E%wiet 3
Hra Ffm‘

Tarpous 2 T, Dﬂ Timuta: 1 wi}ﬂ Tomite 1
3 005

Tomuy 3 | 1 U B 005 Torous 1 i 1000 Ta:auta 2

Figure 7: Buffer configuration.

The last step in this part is to configure the topology of the network, i.e. the
number of sources in each group, and the path of each group. The path of the
each group is fixed during the whole transmission procedure. The routers are
working as layer 2 switches without routing capability. See Figure 8. Due to

the limitation of the computer, the maximum number of groups is 20.
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Figure 8: Topology configuration.

e Calculation

Following the method shown in Chapter 2.2.1, the solver combines and extends
Equation(2.13) with Equation(2.10) for each queue. After it generates a group
of equations for the user-defined model, the solver calculates the steady state
for the system. The solution is the stable queue size for the mean-field model in
the buffers that implement RED. Since the RED mechanism drops the incoming
packets with a probability which increases as the queue size increases, it is

possible to calculate the packet drop probabilities of the buffers by Equation
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(2.23) and queueing delay of each buffer from the stable queue size by Little’s
Law. Furthermore, it is possible to estimate RTTs for each group of sources by

Equation(2.3) when the system is stabilized.
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2.3 Analysis of the Model

RED is a good active gueue management scheme that balances a buffer fill by dropping
packets to adapt to the aggregation of ingress to the link rate of egress. Based on the
mean field model described before for buffer implementing RED, the solver built in
Matlab generates the equations, and finally calculates the solutions for the equations.
They are the long run balanced queue sizes and packets dropping probabilities for

the buffers.
After building the solver, it needs to be verified. Thus, the same model is in Matlab

and OPNET, and then the mathematical results from the Matlab are compared with
with the simulation results from OPNET. As described before, a very simple and

small network has been designed with the following components:

1. There are three routers in the network.

2. The links between the routers are all T'3 line. The propagation delay between
router 1 and router 2 is 0.025 seconds, and 0.05 seconds between router 2 and
router 3 . The buffers run RED. All the buffers have the same buffer size and

maximum packet dropping rate.

3. Allthe buffers are same: the maximum number of packets that can be buffered is
1000; the maximum packet dropping rate is 0.05; the minimum packet dropping
rate is 0, the minimum threshold is zero; and the maximum threshold is 1000.

4. There are three groups going through the network with their paths fixed. Group
1 goes through router 1, router 2, and router 3 to destination 1. Group 2 passes
router 1 and router 2 to destination 2. There are 100 sources in group 1 and
group 2 and 200 sources in group 3. Group 3 goes from router 2 to router 1 to

destination 3.

2.3.1 Numerical Results From Matlab

After entering all the data into the solver, the solver calculates the results shown in

the following figure.
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Figure 9: Steady state for the buffers.

From the figure, it can be seen that the packets are queued in buffer 12 and buffer
21. Although the packets go through the buffer 23 and the ACKs go through the
buffer 32, there no queues exist. This means that buffer 23 and buffer 32 are not

bottlenecks.

2.3.2 Simulation Results From OPNET

To validate the solver, The same TCP network has been built in OPNET. The topol-

ogy of the network implemented is shown in Figure 10.
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Figure 10: A small network.

In this network, each sub-net has 100 TCP sources. They run TCP Reno and the
routers use RED as their packet dropping mechanism. In this network, only sub-net
1, sub-net 2, sub-net 3 and sub-net 4 send data, the others are set to idle. All the
parameters such as link bandwidth, propagation delay, maximum buffer size are set
to the same as in Matlab simulation. The simulation runs for 360 seconds. The
primary performance metrics in the simulation experiments are the queue size and
drop probability. The queue size is sampled and plotted every 10ms, and the drop
probability is plotted every At = 0.1s. The reports of the queue size and packets
dropping rate for buffer 12 and buffer 21 are shown in Figure 11 and Figure 12
respectively. Figure 13 shows that the queues size in buffer 32 and buffer 23 are zero.
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Figure 11: Queue size and packet loss rate in buffer 12.
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LR L

(b) Packet loss rate

Figure 12: Queue size and packet loss rate in buffer 21.
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Figure 13: Queue size and packet loss rate in buffer 23 and buffer 32.
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By exporting the data sheets from the OPNET, there are 3600 sample points.
After the queues become stable { approximately after 6 second), the average queue

size and average drop rate were calculated. See the table below:

After 6 sec., Mean Standard Deviation

queues are stable

Queue size in buffer 12 596.4284 packets 38.2234 packets

Queue size in buffer 21 647.1743 packets 42.2935 packets
Packet drop rate in buffer 12 0.0299 0.00575
Packet drop rate in buffer 21 0.0333 0.00569
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2.4 Summary

The basic idea behind active queue management schemes such as RED is to detect
incipient congestion early, and to convey congestion notification to the end systems,
having them reduce their transmission rates before the queue in the network overflows
and excessive packet loss occurs. Well tuned RED parameters can lead to a stable
network.

From Figure 11 and Figure 12, it can be seen after six seconds that the queue size
in buffer 12 tends to stable around 597, and the queue in buffer 21 tends to around
648. According to the RED schemes, the incoming packets are dropped in a random
probabilistic manner where the probability is a function of the recent buffer fill history.
Thus, the corresponding packet loss rate is around 0.0299 and 0.033 respectively. In
Figure 13, there are no queues in buffer 23 and buffer 32, which matches the solution
of the solver, because those buffers are not bottleneck buffers. There is no packet loss
in these buffers either.

To analysis simulation data more precisely, statistics method is being used. From
Figure 11, the relationship between the time and the packet drop rate can be estimated
as a simple linear regression model. Summary statistics for the data given in the figure
are(n = 3540):

t=182.95 SOt =647643 3 t? = 155454503.9

S loss = 105.85078 loss = 0.0299 3 loss® = 3.28224
The Least-squares estimates for the slope b; and intercept b are:

nY tiloss; — (5 t:) (3 loss;)

b -
' ny t? —(Oot)?
= (3.000007
bo = loss— bt
= (.028507

The slope b; close to zero shows that the packet drop rate is close to a constant.
This also verified the queue in the buffer running RED is almost constant too. For

these data
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2
Stt = [nZtQ——(Zt> }/ﬂ
— [3540(155454503.9) — (647643)%]/3540
— 36068217.05
Sy = [nZZossQ - (Zioss) ’] /n
J
_ [3540(3.282243704) — (105.8507876)%]/3540
— 0.117161999

Using these data, we obtain

SSE = Sy—biSu
= 0.117161999

Hence

S? = SSE/(n-2)
— 0.117161999/3538
— 0.0000331153

A 95 percent confidence intervals on the slope of this regression line is given by,
S
V5
/0.0000331153
0.000007 == 1.96 0.0000331153
36968217.05

= 0.000007 + 0.000002

by % to.025

1

A 95 percent confidence intervals on the intercept of this regression line is given
by,
S>3 12

Y nStt
\/0.0000331 153\/1 55454503.9

+/3540(36968217.05)

bo % 10,025

= 0.0299 +1.96

= 0.0299 4 0.0004
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Now we can be 95 per cent confident that the true regression line crosses the y
axis between the points y = 0.0295 and y = 0.0303. Comparing the statistical result
with the matlab solutions, the results match well. We can use the same method to
analysis the queue sizes and packet loss rates in each buffer. Matlab solutions are
close to the OPNET results. But OPNET has a lower loss rate combined with a lower
mean queue size. In the mean-field algorithm, the timeouts have not been accounted

for. If timeouts are counted(see [2]), the solver can predict the loss rate and stable

queue size much better.



Solver for Buffers Implementing

CDR

This chapter explains the other function of the solver. The solver can solve the
stabilized queue size and loss rate of the buffers that drop packets at a constant rate.

First, a review is presented of the Dynamic RED scheme, which is a new AQM
developed by Nortel networks. As can be found in the following section, the essence
of DRED is to drop packets at a constant rate while a queue i3 under a dynamic
threshold. The solver can, therefore, be used to predict the long run state for the

buffers that implement DRED algorithm.

3.1 DRED Strategy

DRED is an improved algorithm for active queue management, and is capable of
stabilizing a router queue at a pre-specified level independent of the number of ac-
tive connections. DRED enhances the effectiveness of RED schemes by dynamically
changing the threshold setting as the number of connection changes. A block diagram

of the this control techniques is shown in Figure 14.(see [5]).

39
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Figure 14: Technique for online adjustment of gueue thresholds.

The drop rate of the process is estimated based on observations of packet drop
rates and queue size. The high level controller, or controller design, computes the
queue threshold adjustments from the estimated drop rate and the target loss rate.

For example, the actual packet loss rate is approximated by p;, and the target
loss rate 18 Opmae. If [Pt — Omas| > € for § seconds, then the threshold T is changed to
[T+ ATsgn|[p; — Hmm]]%:j:. ¢ is a tolerance value to eliminate unnecessary updates
of T, 6 is an elapse time used to check the loss rate mismatch; AT is the control step
size and is equal to B/K (the buffer size B divided into K bands); sgn[.] denotes
the sign of [.], which means 7" that is either minus or plus AT based on whether p;
is greater or less than #,,..; Tmes 18 an upper bound on 7', since 7" cannot be allowed
to be close to B resulting in drop-tail behavior; T is a lower bound on 7" in order
to maintain high link utilization since 7" should not be allowed to be close to zero.

Before the queue thresholds adjustment enters the low-level controller, it is fed

through a low-pass filter or a ramping module. In this way, the step function can be
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made smoother.

There is also a low-level controller called packet drop controller. It computes
the packet drop rate based on the queue threshold, the smoothed queue threshold
adjustments which is from the high-level controller, and the actual queue size.

Continuing the previous example, the DRED computations can be swmmarized
as follows [5]:

t time n, sample queue size is g(n}, and together with the slow varying threshold
T(n), the current drop probability can be computed by
é(n)

Pa(n) = [Pa(n — 1) + am]gmg (3.28)

where é(n) = (1 — B)é(n — 1) + Blg(n) —Tn)). « is the control gain, and f is
the filter gain. The 27'(n) term in the above computation is simply a normalization
parameter, so that the chosen control gain « can be preserved throughout the control
process.

The buffer uses P;(n) as its drop probability until time n + 1, when a new Py is
to be computed again, and é(n), P;(n) are stored and used at time n + 1.

From here, it can be seen, in DRED, that the packet drop rate remains constant
until the arrival of the next time slot,regardless of the queue size. Furthermore, the
packet drop rate converges asymptotically to the actual loss rate. Thus the packet

drop rate Py(n) approximates the actual loss rate very well.
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Model for Buffers Using Constant Drop Rate

3.2

When the buffer drops packets with a constant random probability, the queue size
under a certain set threshold no longer effect on the kill rate any more. However in
the steady state, the loss rate is still directly related to the mean window size of the

source in the network by the mean field limit Equation (2.13)

/ whwde = a -;15

where o = 1.310. The RTTs are still equal to the propagation delay in the wire
plus the queueing delay in the buffer. The network specified in Chapter 2, Figure 3
is used here. The RTTs for each group are the same as Equation (2.16), Equation
(2.17), BEquation (2.18). The stable point of the queue Is also satisfied with Equation
(2.19), Equation (2.21), Equation (2.22). In traditional RED, ki, k3, and kay are
functions of the queue size of each buffer, while in the constant drop rate algorithm,
they are known numbers, and are set by the router administration. Choice of the kill

rates for the buffer are explained in next section. The equations are thus:

u ) —t o/
(N1 Fietkn N, ku) X PacketSz’zeJ x (1 —kiz) < B

RTTy RIT,

RT'Ty RI'T,

o 1 o 1
(Nl———————v’“”“"”(l — ogs)(1 = kag) (1 — kigg) + Ny (1 — !m)) x AckSize}

X{1—ky) < By

RTT RTT

e o/
K Ny Rethe g ;ﬁz)) x PacketSize + (Ng 21— kgg)) X Acissfaze]i
4

X(1—ke) < Bas
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RTTy RTT, |
x{1—kyp) < By

X4/ 'A—I“ K —'—1'—
(Ng L”) x PacketSize + (Nl———w(l — k2) (1 — ko) | X AckSize

~where the RTTs
for group 1:

g2 23 432 go1
RTT, =T, T T T A M A - LS
1 12 + 493 -+ A3y -+ 21+B12+323+332+Bgl

for group 2:
g12 ga1
R, =T, T Bt -
2 12 + 21+Blg+821

for group 3:

ds2 23
RTTy =1T: T — e
3 32 + dog + Bas + B

There are four equations and four unknown variables g3, ¢o1, ga3, and gs9. Matlab
can be used to solve these mean-field mathematical equations. The solution of the
equations are the steady states of the queue size in the buffers of this small network.
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lodel

3.3 Analysis of the N

According to the mathematical equations described in the previous section, the solver
is designed to have one more function. Not only can it predict the steady state for
the buffers using RED algorithm as their active queueing management scheme, it can
also predict the steady state for the buffers using the constant drop rate algorithm.
The solver generates the mean-fleld equations after the user chooses the constant
drop rate as the AQM scheme in the router, and finally calculates the solution for
the equations. The result shows the long-run steady state of the queue size in each
buffer.

After the solver is built , it needs to be verified. A small network is assumed
in both Matlab and in OPNET, the mathematical results from the Matlab and the
simulation results from OPNET are compared. In order to have a clear comparison
with the RED AQM scheme in Chapter 2, the topology and some parameters of these

two small network are made the same.

1. There are three routers in the network

2. The links between the routers are all 7'3 line. The propagation delay between
router 1 and router 2 is 0.025 second, and 0.05 seconds between router 2 and
router 3. The buffers run RED, All the buffers have the same buffer size and

maximum packet dropping rate.

3. All the buffers are same: they can all buffer 4000 packets in their memory; the
packets dropping rates are fixed at 0.02, and the minimum thresholds are zero,

and the maximum threshold is 4000.

4. There are three groups going through the network with their paths fixed. Group
1 goes through router 1, router 2, and router 3 to destination 1. Group 2 passes
router 1 and router 2 to destination 2. There are 100 sources in group 1 and
group 2, 200 sources in group 3. Group 3 goes from router 2 to router 1 to

destination 3.
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3.3.1 Numerical Results From Matlab

In Figure 6, there are two algorithms that can be chosen: RED and Constant Drop
Rate. After choosing the Constant Drop Rate, the user assigns the constant drop
scheme to all the buffers in the network. The next step for the user is to define
the parameters of this algorithm for all the buffers: the maximum buffer size and the
constant packet dropping rate. Here the minimum queue thresholds are automatically

set to zero. See Figure 15.
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Figure 15: Buffer configuration for constant drop rate.

The next step is the same as for RED. The user must configure the topology of
the network. See Figure 8.

After filling all the tables in the solver, the system generates a set of equations
according to the constant drop rate scheme and the parameters that are set in the

beginning of this section. The result is shown in Figure 16.

Figure 16: Steady state for the buffer using constant drop rate.
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Thus, when the network reaches the stable steady state, queue size in buffer 12

is 747.904, and queue size in buffer 21 is 1353.87, no queues exist in buffer 23 and

buffer 32.

3.3.2 Simulation Results by OPNET

Here, OPNET is introduced to verify the solver in this chapter. The same network for
RED is used here. The network configuration is shown in Figure 10. Most parameters
are set to the same as for RED. In this network, each sub-net has 100 TCP sources,
and each source is running TCP Reno. Only sub-net 1, sub-net 2, sub-net 3 and sub-
net 4 send data; the others are set to idle. The link bandwidth, propagation delay,
maximum buffer size{maximum threshold), etc. are kept the same. The routers still
use RED as their packets dropping mechanism. The maximum dropping probability,
however is set to equal to the minimum dropping probability. Thus, according to the
Equation (1.1), the router drops the packets at a fixed rate between the maximum
threshold and the minimum threshold. The dropping probability is no longer related
to the queue size; it is now equal to minimum dropping probability.

Another important setting is the minimum threshold. As introduced in the be-
ginning of this chapter, DRED drops packets at a constant rate if the queue does not
exceed a specified threshold 7', until the next time slot arrives. In the next time slot,
if the actual loss rate p; and the target loss rate €., are satisfied with the equation
|p1 ~ Omaz| < €, then the threshold 7' is unchanged. T is changeable between T4,
and Thin. Tmas 15 an upper bound of T, and it cannot be allowed to be close to B (the
bandwidth of the link); Timin is a lower bound of T. In crder to maintain high link
utilization Tinin should not be allowed to be close to zero. Therefore, the minimum
threshold in all buffers is set to 100 packets. The buffer does not drop packets until
it reaches the minimum threshold.

The simulation runs for 360 seconds. The primary performance metrics in the
constant dropping rate algorithm simulation experiments is the queue size. The
queue size is sampled and plotted every 10ms. The respective queue sizes for buffer
12 and buffer 21 are shown in Figure 17 and Figure 18. Figure 19 shows that the
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queues size in buffer 32 and buffer 23 are zero.
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Figure 18: Queue size in buffer 21 (constant drop rate).



CHAPTER 3. SOLVER FOR BUFFERS IMPLEMENTING CDR 48

A

L e el et
...
e - o .

| DumeSechpackelt

B0 i

QOO

Figure 19: Queue size in buffer 23 and buffer 32 (constant Drop Rate).

By exporting the data sheets from OPNET, the average queue size and average

drop rate after the queue becomes stable can be shown as in the following table:

After 12 seconds, Mean Standard Deviation
queues are stable
Queue size in buffer 12 752.5957 packets | 45.45612 packets
Queue size in buffer 21 1430.65 packets 77.40345 packets
Packet drop rate in buffer 12 0.01848 0.00598
Packet drop rate in buffer 21 0.02005 0.00437
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3.4 Summary

Reference [2] asserts that the steady state distribution of a window size has a unique
density. Also reference [6] argues that steady state IT and the ¢-marginals of IT - I
are unique and concludes that in a TCP network with a large constant number of
connections and any constant round trip time and bandwidth, there exists a constant
loss rate k, such that a router that randomly drops each in coming packet with
probability & causes the network to reach a stable steady state.

In a small TCP network, if each connection has a constant round trip time and
bandwidth, the constant drop rates in the routers cause the routers to reach a steady
state. Based on Equation (2.3), all RTT equations are simple multivariate equations
with unique solutions.

Figure 17, Figure 18 and Figure 19 shows that the network can be stabilized with
the constant drop rates of k = 0.02 in all the buffers. Exporting all data between 12
seconds to 360 seconds from OPNET to do precisely statistical analysis which is the
same method as in the previous chapter, the calculation verified that the network is
stabled. The queue 12 is stabilized around 750 packets and the queue 21 is stabilized
around 1430 packets, The results match the solution of the mean-field equation built

in Matlab.



Technical Details about

simulation

4.1 Introduction of Opnet

OPNET is a powerful network simulation tool that can be used to model commu-
nication systems and predict network performance. Opnet defines a model using a
hierarchical structure. At the top there is the network model level, which is con-
structed from the node model level, which in turn is made from the process model
level.

In this section, in order to explore the operation of each modelling level, a top-
down approach is being presented. Furthermore, a briefly description for other facili-
ties (such as Simulation Tool, Data Collection Tool and Data Analysis Tool) provided

by OPNET is also introduced.

50
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4.2 Network Design Details

4.2.1 Network Model Level

The network model contains a top level network. This top level network may consist
of none or some sub-nets. A network model can be constructed with project editor
by using network objets in OPNET’s built-in object palette. The network palette
contains network objects(e.g. subnetworks, network devices, links, etc.) for building
a network model. By dragging and dropping objects from an object palette, a small
network mode] is created, see Figure 10. In the scenario , there are seven source
sub-nets, seven destination sub-nets, three routers. There are a hundred terminals
link with a mux in each sub-net, see Figure 20. All links between routers and muxs

are T3s. Each source and destination sub-net is the same.
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Figure 20: subnet

After the network model setup, each network object is characterized by setting the
object attributes. Attributes specify the node model of a network object and a number
of parameters associated with the network object. Those parameters determine the

behavior of the nodes.
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Figure 24: TCP parameters.

By right clicking on the object, the attributes of an object can be viewed and
modified. Figure 21 shows the attributes of terminal 16 in sub-net 1. The node
model of this terminal is T'CP-sre, the sub-net id is user id which is 1 and the node
address is 16 which represents the number of the terminal. Figure 22 shows the
attributes of router 2. The node model of router 2 is named as d-EWA-Router-2. In
this table , the parameters (such as maximum threshold, minimum threshold, max-p,
min-p etc.) are set to promoted. Those parameters are promoted to a high level
layer— simulation sequence.

Simulation Sequence is the name of the OPNET simulation tool. In this tool,
the user is allowed to set the simulation time, seeds, and global variables and object
attribute settings and so on.

In Figure 23, the node model of the link is “point-to-point-link-adv”. The prop-
agation speed is set to the speed of light. Data transmission rate is T3. The traffic
on the line is “TCP-segment”. The transmission delay is promoted to simulation

sequence.
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The object “TCP-parameter” in the network model is used to set the global at-
tributes. For example (Figure 24), the global segment size is 536, and the clock
granularity is 500.

Here, four objects attributes setting table are presented . For other objects in the

network, also, there is an attributes configuration for each of them.

4.2.2 Node Model Level

Node model is used to model the internal structure of a network node(e.g. router
and mux, etc.). A node model is composed of a number of modules which are the
fundamental “building blocks”. At the node model level, each module models some
aspects of the behaviours of a node. There are five different types of modules available
in Node editor. They are processor, generator, queue, transmitter and receiver.

Each type of module is used to model avparticular function of the operation of
a network node. A processor module represents a generic process. A generator
module is used to model packet generation. The queue module models a queueing
process. A queue module may consist of a number of subqueues. Transmitter modules
and receiver modules are used to model packet transmission and packet reception
respectively.

By double clicking the object in network, the node model is shown in a new
window. The node model of TCP source is shown in Figure 25 whose name is TCP-

src in network model Figure 21.
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Figure 25: Node model of TCP source.

In this model, there are three modules, a generator, a transmitter and a receiver.
The generator module can generate packets as per specified probability Density Func-
tion(PDF) and packet format. The transmitter sends the data out for the generator.
And the receiver is used to receive the ACK from the destination for the generator.

In this thesis, the most important nodes in the network are the routers. The
routers receive the packets from the sources and other routers, then switch them to

the egress queue. The packets wait in the queue until they are ready for delivery.
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Figure 26: Node model of router 2.

Figure 26 is the node model of router 2 whose name is d-EWA-Router-2 in Figure

22. The functions of this router are listed as below:

e Receive the packets including data and ACKs from router 1, router 3 and the
source and destination sub-nets. So the receivers named “pr-rt1” and “pr-rt3”
are respectively receiving the packets from those two routers. The receivers

from “pr-f0” to “pr-f6” are receiving the packets from different sub-net.

e All packets go through the processor, which is called “g-in-0" to be switched to

the outgoing queue.

e The queue “g-21”7 queues the packets to be transmitted to the router 1, and
“g-23" is the queue to router 3. “g-ack”is for the packets to be transmitted to

either destinations or scurces.
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e The flow control is executed in the egress queues. The survivors are transmitted

by the transmitter to different paths.

The structure of the router 1 and router 3's node models is the same as router 2.

To define the attributes of each module in the node level, right click on the module,

an attribute window is shown below:
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Figure 27: Attributes of ¢12 in node level

The process model and some other useful parameters are used as attributes of a

node model in OPNET’s modelling hierarchy.

4.2.3 Process Modelling

By double clicking the module in the node model level, the process model of this

module is opened. A process defines a specific operation of a system, e.g.

packet
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generation, queueing, etc. It represents functionality that can be implemented in
software. Process models are the lowest level of objects in OPNET. Each protocol or
algorithm is modelled as a process. OPNET depicts processes graphically in forms of
FSM (Finite State Machines). A process consists of a number of states, transitions,
and conditions. States are mutually exclusive, which means that a process can only
be in one state at any given time. Actions taken in a state are called ezecutives in
OPNET’s terminology. Executives of a state are split into two parts — enter ezecutives
and exit ezecutives. The enter executives of a state are executed when a process enters
the state, and the exit executives are executed when the process leaves the state.

The process model of our flow control algorithm — RED is shown in Figure 28:

i
|
MR TION

Figure 28: Queue’s process model.

The state init is an initial state to define some initial values for some parameters.
“ARRIVAL” is a condition that controls the transition between states “init” and
“arrival’. The state arrival is a forced state. The process retains control of the
simulation until it has completed all its tasks. RED algorithm is working in this
state. For each incoming packet, the router randomly drops it at a specified rate.
The survivors are successfully inserted into the queue for further process. Then the
process will transit to an unforced state “idle”. Or the process will transit to “sve-

start” if the server is not busy.
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In the state “svc-start”, the CPU looks up a route and changes header, decides
which interface packet should be sent through [8]. So the service time or processing
delay on the other hand is dependent upon the processor architecture and independent
of the traffic. For a specified router, the processing time to serve a packet is fixed
regardless of the size of the packets. Here we set the “pkt-sve-time” is set to “global-
packet-size” divided by “service-rate”.

The process continues serving the packets until it has completed the tasks and
moves into idle again. The unforced state can be interrupted by an interrupt “SVC-
COMPLETION" which is a Boolean condition, if TRUE, causes a transition to an-
other state sve-compl. In this state, the packet in the front of the queue is being sent
out bit by bit.

In the whole process, from the packet entering the router to being sent out, the
total delay consists of three components: process delay which is fixed in the router,
transmission delay which is the delay between the time that the first and last bits of
the packet are transmitted, and the queueing delay which is the delay that a packet
waits for transmission. The queueing delay varies by the packet length, number of
packets in the queue, ingress and egress rate. This is what the model is interested in,

and the algorithms work on.

4.2.4 Data Collection Tool

In OPNET, advanced data collection is supported by Probe Editor which is activated
by selecting Choose Statistics(Advanced). The probe editor is used to create probe
objects which specify where to collect statistics and what statistics to be collected.
Like other OPNET objects, a probe object also has a set of attributes which can be
configured to specify the name of the probe, statistic, and the detail location for data
collection, etc. The probe objects are saved in a probe file which is an attribute of a

simulation object.
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Figure 29: Probe model.

4.2.5 Simulation Tool

Simulation sequences is an advanced simulation tool which is used to control the
execution of the simulation. The simulation sequences may consist of one or more
simulation objects. Kach simulation object has a set of attributes.

The promoted object attributes are defined in this attributes set. This is a very
good feature for some parameters changing frequently. For example when simulat-
ing two or more similar networks, most parameters are the same except for a few
attributes. Those attributes can e set to promoted. The user can change them only
in this level simultaneously. It is not necessary to set them in network model, node
model or process model level.

The probe model, network model which needs to be simulated, and the simulation

result output vector file are also defined in attributes set.
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4.2.6 Data Analysis Tool

After the simulation, the results are saved in the output vector file. Analysis tool
extracts data from output vector file and displays it in analysis configuration. The
analysis tool is usually used to process statistics specified in probe objects which are

created in the probe model.

4.2.7 Summary

OPNET is a very complex but helpful network simulation tool. This is a simple
introduction. Usually, a big network can be modelled by this top-down approach.
This approach shows the network hierarchy clearly and understandably. OPNET can

simulate much more complex network than this project. However, more features need

to be explored.



Conclusions

The contribution of this thesis is to design of a solver in Matlab in order to predict the
stable steady state of a TCP network when the routers implement two AGM schemes:
RED and constant drop rate. To a system designer, the parameters’ selection for
RED and constant drop rate algorithm can lead to some valuable insight into the
appropriate choice for the packet drop rate and queue size. A network designer
usually expects to have a good guide before choosing parameters for the network.
The solver can suggest suitable parameters to achieve an expected packet drop rate
and queue size.

In chapter 2, it is already known that in the steady state, the window size is relate

to the loss rate in the buffers.

wak(w)dw = %

where o = 1.310. Thus, for each group of NN, sources, the number of packets in

the network is given by

Cﬁ/ 1
Vot k- F ko

where ki, ka,..., km are the loss rates of the buffers that the packets go through.

Thus by the definition of transmission rate, theoretically, each group can transmit

T
Nn
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in packets per second. When some flows share one egress link, the total trans-
mission rate times the portion that is not dropped should not exceed the bandwidth
of the outpus link, this is the main idea developed in this thesis. This principle can
handle much larger systems: a few groups with different round trip time and different
path.

It can be seen from Chapter 2 and Chapter 3, the OPNET simulation results
verifies the matlab results, thus the solver has been proven useful.

From OPNET simulation, it also can be seen that not all types of combinations
of the parameters can make the network stable. The solver can suggest a suitable
parameter set for the network designer.

On the other hand, the solver also can be used to predict whether or not a small
TCP network can be stabilized or not by randomly dropping packets with a chosen

constant probability or by RED parameters.



ture work

There exits other Active Queueing Management Schemes and networks that can be
more complex than the model studied here. The prediction to the steady state of a
network is helpful to the network designer in designing a network of high throughput
and high utilization. The solver can not find a steady state for some complicated
networks due to the limitation of time and calculation abilities of Matlab.

The other limitation of the solver is that the data path in the solver is fixed. The
router acts much more like a layer two switch than a router. In real TCP networks,
data may go different ways; the solver discussed here does not apply.

The above are interesting topics for further study.
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and Figure Generate

Progras
Platform

All program and figures were generated in the operation system windows 2000.
Figure 1, Figure 2, Figure 3, Figure 4, Figure 14 were generated by Microsoft
Visio 2000.
The solver was built in Matlab Version 5.3.0 Release 11.
The simulation was in OPNET Version 9.0
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Appendix

File: Startl.m

Initl; % Initial all parameter
Figurel; % get the number of the node

the number of Nodes for one

%Create a GUI to indicate the user to enter
Sspecified networks and give this positive integer number to an available N

$function test

h_fig = figure( 'position', [300 200 250 150],...

'resize', ‘on',...
‘name', 'Number of nodes',...
‘numbertitle', 'off');

h_frame = uicontrol (h_fig,...
'Position', [0 O 1 171,
"Style', "frame') ;

uicontrol {(h_fig....
‘Position', [50 95 150 4071, ...

'String', 'Please enter the number of routers in your network',...

‘Style', 'textt,...
"FontSize', 10}

h_edit = uicontrol (h_fig,...
'stylet, tedit!', ...
'position', [90 65 60 2071.,...
tcallback', 'get_number', ...
‘string', '3'}):

h_next= uicontrol (h_fig.,...
"Positiont', [ 90 25 50 251.,...
*Style’, 'pushbutton’, ...
‘String', 'OK',...
‘PontSize', 10,...
tcallback', 'verifyv');
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Handell={h_editl;
set(h_fig, ‘Visible','on',
"UserData',Handell) ;

get_number;

File: get_number.m

@
IS
vl

Handell=get (gct, 'UserD
¥=Handell (1) ;
N=str2num{get (x, ‘String’));

x=flooxr(N) ;
if N>=2
if N == x $verify if the number is legal
link_info;
else
h_error_fig = errordlg (' Not a valid input’, 'Input Error','on');
end
else
h_error_fig = errordlg (' Not a valid input', 'Input Error','on');
end

File: link info.m

¢ specify link information for the network

global linkrate delay

while b>4
b=b-4
®=X+1;
end;
h_link = figure( 'units', 'pixels’',..
‘position®, [10 35 785 x"2*70+289+12%x], ...
‘resize', ‘on',...
‘name', 'Specify link information for your network', ...
'numbertitle’, ‘'o0ff');

h_nextl= uicontrol (h_link,...
‘units’', 'pixels’, ...
‘*Position’, [220 5 125 2571,...
"Style', ‘pushbutton’,...
'String’, 'Constant loss rate',...
'FontSize', 10,...
'callback', 'cred_info');

h_next2= uicontrol (h_link,...
‘ynits!, ‘pixels’, ...
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"Position', [450 5 75 251,...
tStyle', 'pushbutton',
'String', TRED’,

‘FontSize', 10,

‘callback', 'red_info');

for b=l:x

for a=

0:3

=(b-1) *4+a+1;

if m<=N
uicontrol('Parent',h_link, '‘Units’', '‘pixels’, 'BackgroundColoxr',

[0.831372549019608 0.815686274509804 0.7843137254901961,
'ListboxTop', 0,

"Position',

[a*192 (x A2*70+29+12*x 15* (2*b-1) - {(4*x-1)*18*{b-1})) 65 15],
'String', 'From router',

'Style’, ’text

"Tag! 'StatwcTextJQ );

uicontrol(‘'Parent',h_link, 'Units', 'pixels', 'BackgroundColor’',

[0.831372549019608 0.815686274509804 0.784313725490196],
'ListboxTop', 0,

"Position',

[65+a*192 (xA2*7O+29+12*x 15*(2*b-1) - (4*x-1)*18*(b-1)) 15 15],...
'String', m,

'Style', 'text!',

‘Tag', 'StatlcTextl2');

uicontrol ('Parent',h link, 'Units', 'pixels’, 'BackgroundColor!',

[0.831372549019608 0.815686274509804 0.7843137254901961],
'ListboxTop', 0,

'Pogition’, .

[80+a*192 (x"2*70+29+12*x-30%b-(4*x-1)*18*%(b-1}) 50 15],
'String', 'lk_rate', .

"tooltipString', 'link ratein Mbps',

C'Seylel, 'text’,

"Tag', 'StaticTextl2');

uicontrol (' Parent'.h link, 'Units’, 'pixels’', 'BackgroundColor’,

Edit3(m,m

{0.831372549019608 (.815686274509804 0.7843137254%0196],
"ListboxTop', 0,

‘Pogition', .

[140+a%192 {x"2*70+29+12*x%-30*b- (4*x~-1)*18* (b-1}) 50 157,
'String', 'Delay(s}’,

'Style', ttext’

"Tag', 'StaticT QXle Vi

[1 1 1], ‘Callback’','get_link',
‘ListboxTop',0, ..

'D051L10n’,L800 750 50 18],
*String', "0, -

‘Styie', 'edit', 'Tag’, 'EditTextl '} ;

) = uicontrol('Parent',h_link,'Units', 'pixels’', '‘BackgroundColor’,
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Pile: get_link.m

linkrate=zeros (N"2,1});
delay=zeros(N"2,1);

Handled=get (gcf, 'UserData'j;

for nl=1:N
for n2=1:N
x= Handle4 ({nl-1)*N+n2);
linkrate ({ni-1)*N+n2)=max(0,eval {get (x, 'String’')));

x= Handled (N"2+(nl-1)*N+n2);
delay ((nl-1)*N+n2)= max (0, eval {(get (x, 'String’)});
end;

end;

% specify router information for the network

global Pmax Qmax

b=N;
x=1;

while b>4
b=b-4
x=x+1;
end;

h_table = figure{ 'units', 'pixels’',...
‘position', [10 35 785 X 2*70+29+12*%x], ...
‘resize’', ‘on',...
‘name', 'Specify router information for your network', ...
‘numbertitle’, ‘'off');

h_next= uicontrol (h_table,...
tynits’', '‘pixels', ...
'Pogition’, [335 5 75 2531....
‘Style', 'pushbutton',...
‘String', 'Next',...
"FontSize', 10,...
'callback', 'source_info'};

for b=l:x

for a=0:3
m={b-1)*4+a+l;
if m<=N

uicontrol('Parent',h_table,'Units',’pixels’,'BackgroundColor‘,
[0.831372549019608 0.815686274509804 0.78431372549018¢6],
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'ListboxTop', 0,

'Pogition’,

[a*192 (x"2% 70+29 12%x~15%(2*%b-1} - {4%x-1)*18*% (b-1}) 40 151,
'String', 'Router’,

'Style', 'text’,

‘"Tag', 'StaticTextl2');

uicontrol {'Parent',h_table, 'Units', 'pixels', 'BackgroundColoxr’
[0.831372545019608 0.815685274509804 0.7843137254901967,
"ListboxTop'., 0,
"Positicn’, .
[41+a*192 (x"2%70+29+12*x-15* (2*b-1}~(4*x-1)*18*(b-1)} 35 15],...
‘String', m,
‘Style!', 'text’,
"Tag', 'StaticTextl2');

uicontrol (' Parent',h_table, 'Units', 'pixels', 'BackgroundColor®, ...
[0.831372549019608 0.815686274509804 0.784313725490196],
'ListboxTop', 0,
"Position', .
[80+a*192 (x"2*70+29+12*x%-30*b~-(4*x-1)*18*(b~1)}) 50 15},
‘String', ‘Qmax’',
'Style’, 'text?,
'Tag'’ ’Stat1cText12 )

uicontrol ('Parent',h _table, 'Units', 'pixels', '‘BackgroundColor’,
[0.831372549019608 0.815686274509804 0.784313725450196],
'"ListboxTop', 0,
‘Position', .
[140+a*192 (x"2*70+29+12*x-30*b~-(4*x-1)*18*(b-1)) 50 15],
'String', 'Pmax',
'Style’, 'text',
‘Tag' 'StablcTeth2 ) ;

BEditl{m,m) = uicontrol('Parent',6 h_table, 'Units’, 'pixels"’
'BackgroundColor',[1 1 17,
‘Callback', 'get_xred’,
'ListboxTop',0, ..
'Pogsition’ ,[800 750 50,187,
'String','0', ...
'Style', 'edit’, 'Tag', 'EditTextl');

Edit2(m,m) = uicontrol{'Parent',h_table, 'Units’', 'pixels’,
'BackgroundColor',[1 1 17,
‘Callback', ‘get_red',
‘ListboxTop',0, ...
‘Position', [800,750,50,18],
‘String','0", ...
"Style', 'edit', 'Tag', 'EditText2');

for nl=1:m-1 uicontrol{ Parent',h_table, 'Units', ‘pixels’, 'BackgroundColor’,

[0.831372549019608 0.815686274509804 0.78431372549019617,
'ListboxTop', 0,

*Position'’ .
[1+a%182 (x72%70+28+12*x~-15*%{2%b+nl) - {4*x-1}*18*(b-1)} 50 15],
‘String', 'To router',

'Style', "text',
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"Tag', 'StaticTextl2'};

uicontrol('Parent',h_table, 'Units', ‘pixels’', BackgroundColor’,
[0.831372548019608 0.815686274509804 0.784313725490196],
‘ListboxTop', 0,
‘Position', .
[50+a*192 {(x"2*70+29+12*x-15*% (2*%b+nl)-(4*x-1)*18*(b-1}) 25 15],
‘String', nl,
‘Style', "text’, .
‘Tag', 'StaticTextl2');

Editl(m,nl) = uicontrol('Parent',h_table, 'Units', 'pixels’,
'BackgroundColoxr',[1 1 17,
'Callback', 'get_red’,
'ListboxTop', 0,
'Position', ..
[80+a*192 (x"2*70+29+12*x-15*% (2*b+nl)-(4*x-1)*18*{b~1}) 50 18],
‘String', "10007,
‘Style', 'edit', 'Tag', 'EditText3 ") ;

EJdit2(m,nl) = uicontrol{'Parent',h_table, 'Units', 'pixels’,
"‘BackgroundColor', {1 1 17,
‘Callback', 'get_xred!',
'ListboxTop', 0,
'Position’, .
[140+a*192 (x"2*70+29+12*x-15* (2*b+nl) - (4*x-1)*18*(b-1)) 50 18],
'String', '0.05",
'Style', 'edit’', ‘Tag', 'EditTextd ") ;

end;

for n2=m+1:N
uicontrol ('Parent',h_table, 'Units', 'pixels', 'BackgroundColor’,
[0.831372549019608 0.815686274509804 (0.78431372549019617,

'ListboxTop', 0,

'Position', .
[148%192 (x"2*70+29+12*%-15% (2*b+n2-1)-(4*x-1)*18*{b-1)) 50 15],
'String', 'To router',

'Stylie!, 'text', ...
"Tag', 'StaticTextl12');

uicontrol ('Parent',h_table, 'Units', 'pixels’, 'BackgroundColor’,
[0.831372548019608 0.815686274509804 0.784313725480196],
"LigstboxTop', 0,
tPosition', .
[50+a%192 (x"2*70+29+412*x-15*(2*b+n2-1)-(4*x~-1)*18%{b-1)) 25 15].,...
*String', n2,
'Style', 'text', ...
"Tag', 'StaticTextl12');

Editl{m,n2) = uicontrol{'Parent’',h_table, 'Units®, 'pixels’,
'BackgroundColoxr*',[1 1 11,
"Callback', 'get_red’,
‘ListboxTop', 0,
'Position', .
[80+a%192 (x"2*70+20+12%x-15*{2%b+n2-1)-(4*x~-1)*18*%(b-1}) 50 18],...
‘String', '1000°7,
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“Style', 'editt, 'Tag', 'EditText5');

Edit2{m,n2) = uicontrol('Parent',h_table, 'Units’, 'pixels’,
‘RackgroundColor’, [1 1 17,
'"Callback’, 'get_red’,
"ListboxTop ', 0,

"Pogition’, .
[140+a*192 (x"2*%70+29+12*x~15* (2%b+n2-1) - ({4*x-1)*18*{b-1)) 50 18],...
"String', '0.05",

‘Style', 'edit', "Tag', 'EditTextb ) ;

end;
end;
end;
end;

for nl=1:N
for n2=1:N
handle3 ({nl-1) *N+n2)=Editl (nl,n2);
handle3 (N"2+{nl-1)*N+n2)=Edit2 (nl,n2);
end;
end;

set (h_table, 'Visible',6 'on',
'UserData’',handle3) ;
get_red;

Pmax=zeros (N"2,1);
Qmax=zeros (N™2,1) ;

Handle3=get (gcf, 'UserData'};

for nl=1:N
for n2=1:N
x=Handle3 ((nl-1) *N+n2) ;
Omax( (nl-1) *N+n2)=max (0, eval (get (x, 'String'))});

x=Handle3 (N"2+{nl-1) *N+n2) ;
Pmax { (nl-1) *N+n2)=max (0, eval {get {x, 'String'})}:
end;

end;

Plile: source_info.m

% specify source information for the network
global number_sc path

h_source = figure{ ‘'units', ‘pixelis’',...
‘position', [10 35 785 5251,...
‘resize', ‘'on',...
‘name', 'Source infermation for vour network', ...
'numbertitle', 'off'):
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h_next= uicontrol (h_source,...

‘ynits’, ‘pixels’,

"Posgition', [335 5 75 251, ...
"Style', ‘pushbutton’, ...
‘String', 'Next',

'FontSize', 10,
‘callback', 'sim_info');

uicontrol (' Parent',h_source, 'Units’, 'pixels', 'BackgroundColor’,
[0.831372549019608 0.815686274509804 0.7843137254901967],
‘ListboxTop',0, ..
‘Posltlon‘,[l 492 65 307,
‘Str¢qg ,‘Wumber of Sources'
‘Styie', 'text!
"Tag' ,'StaplcTethz )

uicontrol ('Parent',h_source, 'Units', 'pixels', 'BackgroundColor',
[0.831372549019608 0.815686274509804 0.784313725450196],
'ListboxTop',0, ..
'P051tlon',[70 500 65 157,
'String’ ,‘From routexr',
'Style’ text', .
‘Tag', Stat1c1@xt12 )y

for b=2:N
uicontrol ( 'Parent',h_source, 'Units', 'pixels', 'BackgroundColor’',

[0.831372549019608 0.815686274509804 0.784313725490196],
‘ListboxTop'.0, .

‘POSlthD‘,[l40+(b 2)*40 500 35 151,

‘String', ‘to’',

'Style’ 'text‘

‘Tag! ,'Stat1cText14 )

end;

for a=1:25
Edit5(a) = uicontrol{'Parent’',h_source, 'Units', ‘pixels',
'BackgroundColor', {1 1 1],
"Callback', 'get_source',
‘ListboxTop', 0, ..
‘Position' ,[1 490~ a*18 50 18],
"String','0", ..
‘Style','edit', 'Tag', 'EditTextl ') ;

Edit6{a,1l)= uicontrol({‘'Parent',h_source, 'Units’', 'pixels’,
2BackgroundColo*",[l 117,
*Callback!', ‘get_source’,
"ListboxTop', 0, ...
'Position',{SS 490-a*18 35 187,
'‘String','0',
‘Style', 'edit’,
‘Tag', 'StaticTextl2');

for b=2:N

Edit6{a,b) = uicontrol{'Parent', h_source, 'Units’', 'pixels’
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'BackgroundColor®, [1 1 11,

"Callback', 'get_source’,

'ListkoxTop', 0,

‘Position' ,[léDr(b 2) %40 490-a*18 35 18],
"String','0", .

'Style', 'edit', 'Tag', 'EditText2');

for nl=1:25
handle5 (nl)=Edith{(nl)

for n2=1:N
handle5’ (25+ (nl1-1)*N+n2)=Edit6 (nl,n2);
end;
end;

set (h_source, ‘Visible',K6 'on',
'UserbData',handleb);
get__source;

number_sc=zeros(1l,N);
path=zeros{25,N) ;

HandleS5=get {(gcf, 'UserData');
for nl=1:25
x1=Handle5 (nl) ;
number_sc (nl)=max(0,eval (get(xl, 'String')))

for n2=1:N
x2=Handle5 (25+ (nl-1) *N+n2} ;
path(nl,nz)=max(0,eval(get(x2,‘String')));
end;
end;

Pile: sim_info.m

%#*#####*#####*##w%#] Main program for calculation [ HHEEH S HHARFHEEERS

%/\,\,\ AAAAAAANANANAALNANNAANAANNIAANANNANDNANDNANNNOAANDANNNNANNAN ANAANANANAAAANNANANANS

global B number_step buffer

Psi=sqgrt(pi/2)*

double {sym(maple{ 'sum{2" zozo/(prodet(W -4~3udo, judo=1. .z0z0} ), zozo=0.
Xi=double (sym{maple( 'sum{l/ (product (1-4~judo, judo=l. .z0z0) ) ,zozo=0..1
Alpha=Xi/Psi; %$Alpha

B= 11nkrape*1000*1000/8
packet=536;
ack=48;

for i=1:25

#4%
‘\ASL

10y ')
0)')))s
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if path(i,1)~=0
number_path=1;
end;
end;

puffer=zeros (N*2,number_path) ;

for i=1:25
1

]
n=.L;
if path(i,1)~=0
while path(i,j+1)~=0
while buffer((path(i,j)~-1)*N+path(i,j+1),n)~=0
n=n+l;
end;
buffer{{path(i,j)-1)*N+path(i, j+1).,n)=1i;
n=1;
j=j+1;
if j>=N
break;
end;
end;

number_step(i)=j-1;

end;
end;

syms k1 k2 k3 k4 k5 k6 k7 k8 k9 k10 k11 k12 k13 kld k15 k16 k17 k18 positive;

syms k19 k20 k21 k22 k23 k24 k25 positive;

ktemp=[kl,k2,k3,k4,k5,k6,k7,k8,k9,k10,k11,k12,k13,kl4,k15,kl6,kl?,le,kl9,k20,
k21,k22,%23,k24,k25];

k=ktemp (1:N"2);

redo=0;

sc=zeros{1,N"2);

for i=1l:N"2
if buffer(i,1)~=0
for j=1:number_path
if buffer(i,j)~=0
sc (i) =number_sc(buffer(i,j))+sc(i);
end;
end;
end;
end;

for i=1:N"2
bneck=0;
sign=0;
for j=1:number_path
if buffer(i,j)~=0
if ((path(buffer(i,j).1)-1)*N+path(buffer(i,j},2))==1
bneck=bneck+number_sc(buffer{i,j)); ‘
sign=3;
else
sign=1;



APPENDIX B. CODE LIST OF PROCESS MODEL OF Q2

jil=3;
end;
end;
if buffer{inv_index(i),j)~=0
if
((path(buffer(inv_index(i),j),(numberﬁstep(buffer(inv_index(i),j))+1))—1)
*N+path (buffer (inv_index (i), j),number_step{buffer (inv_index(i),j})))==1

bneck=bneck+number_sc {buffer{inv_index(i),j))*0.09;

else
sign=2;
ji=3;:
end;
end;
end;

if sign==1
brnieck=bneck*0.44736+1linkrate ( {path({buffer(i,jl),1)-1)*N+path(buffer(i,j1),2));

elseif sign==
bneck=bneck*0.44736+1inkrate( (path(buffer (inv_index(i),jl),
(number_step(buffer(inv_index(i),jl))+l))—l)*N+path(buffer(inv_index(i),jl),

number_step (buffer (inv_index(i),j1))))*0.09;

elseif sign ==
bneck=bneck*44.736

else
bneck=bneck*0.44736;
end;
if bneck <= linkrate(i)
k(i)=0;
end;
end;

while redo==0,

redo=1;

clear temp_k

for i=1: number_path

for j=1:number_ step({i)

x=(path(i,j)-1) *N+path{i, j+1});
y=inv_index (%) ;
trans_d{i})=delayv(x)+delay(y):

queue~d(i)=Inverqueue(k(x),Pmax(x),Qmax(x))*packet/B(x)+Inverqueue(k(y),
Pmax {y) ,Qmax {y}) *ack/Bly};
if j==
rtt{i)=trans_d{(i)+queue_d({i};
else
ret{i)=rtt{i)+trans_d{i)+queue_d(i);
end;
end;
end;

number_egu=1;
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inv_trans{l)= k2;
for i=1:N"2
if buffer(i,l)~=0
for j=1:number_path
if buffer(i,j)~=0
=buffer(i,j);
for

11 94

¥

yv=k(z})+y;
end;
end;

if j==1 & ( (path{x,1)~1)*N+path(x,2))==1
trans_rt(number_equ)=number*sc(x)*packet*Alpha*sqrt(l/y)*(l—k(i))/rtt(x);

elseif j==1 & ((path(x,1)-1)*N+path(x,2))~=1
transart(number_equ)=number_sc(x)*packet*Alpha*sqrt(l/y)*(l—k((path(x,l)—
1) *N+path{x,2))) /rct(x)

for m=2:number_step(x)
trans_rt(number_equ)=trans_rt(number_equ)*(l—k((path(x,m)—1)*N+path(x,m+l)));

if path(x,m)==1
break;
end;

end;
elseif j»=2 & {((path(x,1)-1) *N+path(x,2))==1

trans_rt(number_equ)=trans_rt(number_equ)+number_sc(x)*packet*Alpha
*sqgre(l/y)* (1-k{i)) /ree(x);

else
tempznumber_sc(x)*packet*Alpha*sqrt(l/y)*(l—k((path(x,l)-l) N

+path(x,2))) /ret(x)
for m=2:number_step(x)
temp=temp*(1—k((path(x,m)—l)*N+path(x,m+1)));
if path(x,m)==1
break;
end;

end;
trans_rt(number_equ)=trans_rt(number*equ)+temp;

end;
end;
end;

if buffer{inv_index{(i),1)~=0
for jil=1:numbexr_path
if buffer{inv_index({i),jl)~=0
xl=buffer{inv_index(i),31};

for m=1:number_step(xl)
zl={path(xl,m)-1)*N+path(xl m+l};

if m==1
vi=k(zl);

else
vi=k{zl)+vyl;

end;
end;
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if ql==
inv_trans {(number_eqgu)=number_sgc{xl)*ack*Alpha*sqgrt{l/y1)*(1-k{i))/rtti{xl);

elseif jl>=2
inv_trans (number_equ)=inv_trans (number_equ)+number_ sc{x1l)*ack*Alpha
*sgri(l/y1) *{1-k{i}) /rtt(x);
end; '
end;
end;
else
inv_trans (number_equ)=0;
end;

if k(i)~=0
temp_k (number_equ,i)=k{i);
temp_k(number_equ, (i+l) :N"2)=0;

steadystate (number_equ) =trans_rt (number_equ) +inv_trans (number_equ) -B{i);
number_equ=l+number_egu;
end;
end;
end;

c=char (steadystate(l));

for i=2: (number_equ-1)
c=strcat(c,',',char(steadystate(i)));

end;

sol=solve(c);

krate=zeros(1,N"2)
if size(temp_k,1)==1
for j=l:size({temp_k,2)
if temp_k(1,3)~=0
for i=l:size(sol, 1)
if double(sol{i))>0
krate(j)=double(sol(i));

else
if krate{j)==0
krate(j)=0;
end;
end;
end;
end;
end;

else
for i=l:size(temp_k,1)
for j=l:size(temp_k,2)
if temp_k{i,j)~=0
x=getfield(sol,char{temp_k{i,j))}
for m=1:gize(x,1) .
if isreal (getfield{sol,char{temp_k(i,d)}, {m}))~=0
krate{j)=double(getfield(sol,char(temp_k(i,3}),{m}));
if krate(j)<0
redo=0;
k{3)=0;
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end;
end;
end;
end;
end;
end;
end;
end;
continu_sim;

global sim_indx
sim_indx=2;

h_sim = figure('Units', 'pixels’', ...
'Position', [50 100 700 3707,
'Reglze', 'on', ...
‘name', 'Result’, ...
"numbertitle’, 'off');

if krate == zexos(l,N"2)
uicontrol ('Parent ', h_sim, 'Units', ‘pixels’, 'BackgroundColor’,
[0.831372549019608 0.815686274509804 0.7843137254901961,
‘ListboxTop',0, ...
'Position', [5 155 200 157,
'String', 'There is no congestions in all buffers', ...
"Style', 'text!', 'Tag', 'StaticTextl12");

end;
x=0
for i=1:N"2
1f krate(i)~=0
=1
v=0
while >N
j=3-N;
v=y+1;
end;

uicontrol ('Parent',h_sim, 'Units’, 'pixels’, 'BackgroundColoxr’,
[0.831372549019608 (0.815686274509804 0.7843137254901961,
"ListboxTop'.0, ...
‘Position’®, [5 355-18*x 130 15],
'String’, 'The steady state for buffer',...
"Stvle', ‘text', 'Tag', 'StaticTextl2'};

uicontrol ('Parent',h_gim, 'Units', 'pixels’, 'BackgroundCclor’,
[0.831372549019608 0.815686274509804 0.78431372549019%61,
"ListboxTop'.0, ...
‘Position', [135 355-18*x 15 157,
"String',v+l, ...
'Style’, 'text', 'Tag', 'StaticTextl12');

ulcontrol {'Parent’'.h_sim, 'Units', ‘pixels', 'BackgroundColor',
[0.831372545019608 0.815686274509804 0.7843137254901967,
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"ListboxTop', 0,

'3051tlon',5150 355 18*x 15 151,
‘String', 'to', ...

‘Stvle ', ’tex“',’Tag',’StaticTextlZ');

uicontrol ('Parent',h_sim, ‘Units', 'pixels', ‘BackgroundColor’,

[0.831372549019608 0.815686274509804 0,784313725490136],
"ListboxTop'.0, ..

"Pogition', {165 355-18*x 15 151,

'String', ],

'Style!, ! text',iTag',’ taticTextlzZ’');

uicontrol ('Parent',h _sim, 'Units', 'pixels"', 'BackgroundColor’,

[0.831372549019608 0.815686274509804 0.784313725490196],
'ListboxTop',0, .

'Pogition’, [180 355-18*x 15 157,

‘String', 'is’,

'Style', 'text', 'Tag', 'StaticTextl2');

uicontrol (' Parent',h_sim, 'Units', 'pixels', 'BackgroundColor’
[0.831372549019608 0.815686274509804 0.784313725490196],
"ListboxTop',0, .
"Pogition' ,[60 337~ 18*X 60 157,
'String', 'Loss rate:'’
‘Style',‘text',‘Tag',‘StaticTextlZ');

uicontrol ('Parent',h_sim, 'Units', 'pixels’, 'BackgroundColor’
[0.831372549019608 0.815686274509804 0.784313725490196],
‘ListboxTop',0, ...
"Pogition', [230 337-18*x 50 15],
'String',krate(i), ...
"Style', 'text', ‘Tag', 'StaticTextl2’);

uicontrol (' Parent',h_sim, 'Units', 'pixels', 'BackgroundColor’
[0.831372549019608 0.815686274509804 0.784313725490196]
‘ListboxTop',0, ..
'Pogition' ,[60 319- 18*x 125 151,
‘String', 'Queue gize (in packets):
'Style', 'text', 'Tag', 'StaticTextl12');

g={krate (i) /Pmax) *Qmax;
uicontrol('Parent',h_sim, 'Units’, 'pixels’, 'BackgroundColor’
[0.831372549019608 0.815686274509804 0.7843137254901%6],
‘ListboxTop', 0,
‘Position’ ,[230 319 18*x 50 15},

'String',d, ...
‘Style', ‘text', 'Tag', 'StaticTextl2');

uicontrol {‘Parent',h_sim, 'Units’', 'pixels’', 'BackgroundColor'
[0.831372549019608 0.815686274509804 0.784313725420196],
‘ListboxTop', 0,
"Position’', [60 300 18*x 140 151,
'String’, ‘Queuing delay {(in seconds):’
"Style', 'text', ‘Tag', 'StaticTextl2');

t=g*536/B(1i);
uicontrol ('Parent',h_sim, 'Units’, ‘pixels’, 'BackgroundColoxr’

’

’

;

7

7

;

83
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[0.831372549019608 0.815686274509804 0.784313725490196],
‘ListboxTop' .0, ...

‘Position?®, [230 300-18*x 50 15},

'String', b, ...

'Style', 'text', ‘Tag', 'StaticTextl2'};

X=x+4;
cend;
end;

File: sim info_cons.m

% %
SELEHERELEERLEFHSEEHEE] Main program for calculation [#H#BH#FHHEHEEHEEEREEENS

%r\/\A/\r\/\AAAA/\/\,/\./\AAAA/\AA/\./\/\/\/\/\/x.'\/\/\/\/\AAAA/\»\/\A,‘\AAA/\A/\r\./\/\/\/\/«A/\.AAAA.A/\A/\A/\/\/\.«./\.\/\AAA/\A%

global B number_step buffer

Pgi=sqgrt (pi/2) *double (sym{maple( 'sum{2”zozo/ {product {1-

4~4udo, judo=1. .z0z0)),zozo=0..10) ")} };

Xi=double (sym{maple( 'sum(l/ (product(1-4~judo, judo=1..zozo)),zo0zo=0..10}"')));
Alpha=Xi/Psi; $2lpha

B=linkrate*1000*1000/8;
packet=536;
ack=48;

for i=1:25
if path(i,1)~=0
number_path=i;
end;
end;

buffer=zeros (N*2, number_path) ;

for i=1:25
j=1;
n=1;
if path{i,1)~=0

while path{(i,j+1}~=0
while buffer{(path(i,j)-1)*N+path{i,j+1),n)~=0
n=n+1;
end;
buffer{{path(i,j)-1)*N+path(i, j+1) .n)=1i;
n=1;
j=j+1;
if j>=N
break:
end;
end;

number_step{i)=j-1;

end;

end;
syms gl g2 g3 g4 95 g6 g7 @8 g9 gll gll gl2 gl3 gl4 gl5 glé gl7 gis8 poesitive;
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syms gif9 g20 g2l g22 g23 g24 925 positive;

gtemp=[qgl,g2,a3,qg4,95,96,97,98.99,910,qgll,qgl2,gl3,gl4.915,ql6,gli7,4ql8,ql9,q20,
g2l,g22,q923,9024,925];

g=gtemp (1:N"2) ;

k=Pmax;
redo=0;
sc=zeros(1l,N"2);

for i=1:N"2
if buffer{i,l)~=0
for j=1:number_path
if buffer(i,j)~=
sc (i) =number_sc(buffer(i,j))+sc{i);
end;
end;
end;
end;

for i=1:N"2
bneck=0;
sign=0;
for j=1:number_path
if buffer(i,j)~=0
f((path{(buffer(i,j),1)-1) *N+path(buffer(i,j),2))==1
bneck=bneck+number_sc(buffer(i,j));

sign=3;
else
sign=l;
jl=3;
end;
end;
if buffer (inv_index{(i),j)~=0
if ((path(buffer(inv_index(i), j),(number step (buffer(inv__ 1ndex(1) FY)+1))-1)*N
+path(buffer (inv_index (i), j),number_step(buffer(inv_index (i), 3))))==1
bneck=bneck+number_sc (buffer (inv_index(i).,j}))*0.09;
else
sign=2;
jl=3;:
end;
end;
end;

if sign==1

bneck=bneck*(0.44736+1linkrate( (path(buffer(i,jl),1)-1) *N+path({buffer{i,jl).,2});
elseif sign==2
bneck=bneck*0. 44736+1inkrate((path(buffer(inv index(1),31),
{(number_step(buffer{inv_index(i),jl))+1})~1)*N+
path(buffer{inv_index{i),jl), number step(bufferllnv 1ndex(1;,jl))))*0 09;
elseif sign ==
bneck=bneck*44.736
else
bneck=bneck*0.44736;
end;
if bneck <= linkrate(i}
g{i})=0;
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while redo==0,
redo=1;
clear temp_g
for i=1: number_path
for j=1:number_step(i)
x=(path(i,j)-1)*N+path{i,j+1);
v=inv_index(x);
trans_d{i)=delay (x)+delay(y);
queue_d (i) =q(x) *packet/B(x)+qly) *ack/B(y);

if j==
rtt{i)=trans_d(i)+queue_d(i);
else
ret(i)=rtt(i)+trans_d(i)+gueue_d4(i);
end;
end;

and;

number_equ=1;
inv_trans({l)= g2;
for i=1:N"2
if buffer(i,1)~=0
for j=1:number_path
if buffer(i,j)~=0
x=buffer(i,j);
for 1l=1:number_step (x)
z=(path(x,1l)-1) *N+path(x,1+1});

if 1==1
y=k{z);
else
v=k(z)+y;
end;
end;
if d==1 & {(path(x,1)-1)*N+path(x,2)})==1

trans_rt (number_ equ)=number_sc (x) *packet*Alpha*sgrt (1/y) *(1-k(i))/rtt(x):
elseif j==1 & ((path(x,1)-1)*N+path(x,2))~=1
trans~rt(number_equ)=number_sc{x)*packet*Alpha*sqrt(l/y)*(l—k((path(x,l)—
1) *N+path(x,2)) ) /rtt(x)

for m=2:number_step{x)
trans_rt(number_equ)=trans~rt(number_equ)*(l—k((path(x,m)-l)*N+path(x,m+l)));
if path(x,m)==i

break:;

end;

end;
elseif j»>=2 & ((path(x,1)-1)*N+path(x,2))==1

trans_rt (number_equ)=trans_rt (number_equ) +number_sc (x) *packet*Alpha*sqrt (1/y)
*(1-k{i))/xrtt(x}:

else
temp=number_sc {x) *packet*Alpha*sqgrt(1/y)* (1-k{(path(x,1)-1)*N+path{x,2)))/rtr(x)

for m=2:number_step (x)
temp=temp* {1-k{ (path{x,m)-1) *N+path(x, m+1))};

if path{x,m)==1
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break;
end;
end;
trans_rt (number_equ)=trans_rt (number_equ) +temp;
end;
end;
end;
if buffer{inv_index (i), 1)~=0
for jl=1:number_path
if buffer (inv_index (i), j1)~=0
xl=buffer (inv_index(i},jl);
for m=1:number_step(xl)
zl={path(xl,m)-1) *N+path(xl,m+l};
if m==1
vi=k(zl);
else
vi=k(zl)+yl;
end;
end;
if jl==

inv_trans (number_equ) =number_sc (x1) *ack*Alpha*sqrt(1/yl) * (1-k(1i))/rte(xl);
elseif jl>=2

inv_trans (number_equ)=inv_trans (number_equ) +number_sc (x1) *ack*Alpha*sgrt (1/yl)
*{1-k(1))/ret(x);
end;
end;
end;
else
inv_trans (number_equ) =0;
end;

if g{i)~=0
temp_g(number_equ, i)=g(i);
temp_g{number_equ, (i+1) :N"2)=0;

steadystate (number_equ)=trans_rt (number_equ)+inv_trans (number_equ)-B{i);
number_eqgu=1l+number_equ;
end;
end;
end;

c=char {steadystate(l)});

for i=2:{(number_eqgu-1)
c=strcat{c, ', ',char{steadystate(i)));

end;

sol=golve{c);

£=1;
gsize=zeros(1l,N"2}
if size(temp_qg,1l)==
for j=l:size({temp_qg, 2}
if temp_g(l,3)~=0
for i=l:size(sol, 1)

&7
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1f double{sol(i)}>0
gsize(j)=double(sol{i}):;
else
if gsize(d)==
gsize(j)=0;
end;
end;
end;
end;
end;
else
for i=l:size(temp_qg,1)
for j=l:size(temp_g.,2)
if d==1
if temp_g(i.j)~=0
x=getfield(sol,char(temp_qg(i,3}))
for m=l:size(x,1)
if isreal (getfield(sol,char(temp_qg(i,j)),{m}))~=0
gsize(j)=double{getfield(sol,char(temp_g(i,Jj)), {m}));
t=1;
if gsize(j)<0
redo=0;
£=0;
a(j)=0;
elseif gsize(j) >= Qmax(j)
redo=0;
t=0;
q(j)=0max(j);
elseif t~=0
redo=1;
nunmber_sol = m;
end;
end;
end;
end;
elseif redo ==
if temp_qg(i,j)~=0
if isreal{getfield(sol,char(temp_g(i,3j)), {number_sol}})~=0
gsize(j)=double(getfield(sol,char{temp_qg(i,j)), {number_sol}}):;
if gsize(j)<0
redo=0;
t=0;
g(j)=0;
elseif gsize(j) >= Qmax(j)
redo=0;
t=0;
g{j)=Qmax{j);
elseif t~=0
redo=1;
end;
else
gsize=zeros(l,N*2};
redo=1;
end;
end;
end;
end;
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global sim_indx
sim_indx=2;

h_sim = figure('Units’, 'pixels’',
‘position’, [100 100 350 18017,
'Resize’, ‘'on’,
'‘name', 'Result’,
‘numbertitle’, ‘off');

%x=0
if no_stable ==
uicontrol (' Parent',hwsim,’Units',‘pixels','BackgroundColor'

[0.831372549019608 0.815686274509804 0.784313725490196],
'ListboxTop', 0, .
‘Position’ ,[5 155 200 157,
"String’, 'Queues can not be stabilized',
'Style','text',’Tag‘,‘StaticTextlZ');

end;

if and((gsize == zeros(l,N"2)),no_stable==0)
uicontrol('Parent’,h_sim,'Units','pixels‘,'BackgroundColor‘,

[0.831372549019608 0.815686274509804 0.7843137254901961,
‘ListhoxTop', 0, -
"pogition', [5 155 200 151},
"String', 'There is no congestions in all buffers',
‘Style',‘text','Tag','StaticTextlZ');

end;

for i=l:N"2
if gsize(i)~=0
j=1i
v=0
while j>N
j=3-N;
y=y+1;
end;
uicontrol(’Parent’,h“sim,5Units*,’pixels’,’BackgroundColor',
[0.831372549019608 0.815686274509804 0.7843137254901861,
‘ListboxTop',0, .
'Position’', [5 155~ l8*x 170 151,
"String', 'The mean-field solution of gqueue',...
'Style', 'text’, 'Tag', 'StaticTextlZ');
uicontrol(‘Parent‘,h_sim,’Units‘,‘pixels','BackgroundColor',
[0.831372549019608 0.815686274509804 0.78431372545801%88],
"ListboxTop', 0, .
"pPosition', [180 155 18*x 15 15],

‘String',y+1i,
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'style', 'text', ‘Teg', 'StaticTextl2 ')

w

uicontrol {'Parent',h_sim, 'Units', 'pixels', 'BackgroundColor’,
[0.831372549019608 0.815686274509804 0.78431372549019¢61,
'ListboxTop'., 0, .
‘Positcion' ,{195 155 18*x 15 157,
"String', 'to!
tyle‘,’*ext' ‘Tag‘,‘ taticTextl2 ')

uicontrol (' Parent',h_sim, 'Units’', 'pixels’, 'BackgroundColor',
[0.831372549019608 0.815686274509804 0.784313725490196],
'LigtboxTop', 0, ..
‘Pogition', [210 155-18*x 15 15],
'String',Js - - -
'Style', ‘text!, 'Tag', 'StaticTextl2');

uicontrol ('Parent',h_sim, 'Units', 'pixels’', 'BackgroundColor’',
[0.831372549019608 0.815686274509804 0.7843137254901961,
'ListboxTop', 0, .
'Pogition' ,[225 155 18*x 20 151,

'String', 'is'
"Style', 'text', 'Tag', 'StaticTextl2');

uicontrol {'Parent',h_sim, 'Units’', 'pixels', 'BackgroundColor’,
[0.831372549019608 0.815686274509804 0.784313725490196],
'ListboxTop',0, .
'Pogition’ ,[250 155 18*x 50 15],
'String',gsize(i), ...
‘Style', 'text', 'Tag’', 'StaticTextl2’);

x=x+1;
end;
end;
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atlab Code

/% Process model C form file: d_fifo DATA_a RWFD21l.pr.c */
/* Portions of this file copyright 1992-2002 by OPNET Technologies, Inc. */

/* This variable carries the header into the object file */
static const char d_fifo DATA a RWFD21_pr_c [} = "MIL_3_Tfile_Hdr_ 90A 30A modelexr 7
3FDDDCCE 3FDDDCCE 1 MATH4 Administrator 0 O none none 0 O none 0 00 0 0 0

u .

#include <string.h>

/* OPNET system definitions */
#include <opnet.h>

#if defined (__cplusplus)
extern "C" {

#endif

FSM_EXT_DECS

#if defined (__cplusplus)

} /* end of ‘extern "C"' */
#endif

/* Header Block */

#include "math.h®
#include "stdio.h"

#define NOW op_sgim_time ()

#define QUEUE_EMPTY {op_q_empty ()}

#define SVC_COMPLETION {({op_intrpt_type () == OPC_INTRPT_SELF) && \
(op_intrpt_code{} == Q_SVC})

#define ARRIVAL op_intrpt_type {) == OPC_INTRPT_STRM

#define END_OF_SIU op_intrpt_type() == OPC_INTRPT_ENDSIM

#define Q_SVC 0

#define DATA_GET3 2

#define STATL 10

#define STAT2 20

#define STAT3 25

#define QTARGET 27

#define DRED_DELTA 30

#define S_RATE 37

#define DQDT 67

#define XY 66
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#define
#define
#define
#define
$define
#define
#define
#define
#tdefine

#define

#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

#define
#define
#define
#define
#define

#define
#define

Q_DELAY 71

ERROR 72
Q MAX 73

Q_MIN 74
RTT_MEAS 75
Q_AVG 76
TO_TIME 77
Q_TARGET 78
N_EFFT 79
RO 80
K_EQU 81
K_AVG 84
N_CNT 85
N_EFF 87
RTT_EFF 88
RTT_EST_21 89
FILT_V_QUEUE 86
GHOSTSEG._ 21 93
GHOSTSEG2_21 91
N_TO 92
GHOSTLIST_21 94
INT_ARRIVAL 21 90
BUFFER_OVERFLOW_PATTERN 99
EARLY_L0SS_PATTERN 98
MAX*THRESHOLD_OVERFLOW_PATTERN 97
RED_PROBABILITY_DROPPING 96

RED_INTERMEDIATE_PROBABILITY_DROPPING 95

GET_STAT1 ( (Op_intrpt,type() == OPC_INTRPT_SELF) && \
{op_intrpt_code() == STAT1) )

GET_STAT2 { (Op_intrpt_type() == OPC_INTRPT_SELF) && N\
(op_intrpt_code() == STATZ2) )

GET_STAT3 { (Op_intrpt_type() == OPC_INTRPT_SELF) && \
(op_intrpt_code(} == STAT3) )

GET_QTARGET ( (op_intrpt_type() == OPC_INTRPT_SELF) && \
(op~intrpt~code() == QTARGET) )

MIN_P 58

MAX_P 59

RHO 57

/* End of Header Block */

#if 1defined (VOSD_NO_FIN)
#undef BIN
#undef BOUT

#define
#define
#define
#else

#define

BIN FIN_LOCAL_FIELD(last_line*passed)=

BOUT BIN

BINIT FIN_LOCAL_FIELD(last_line~passed)=0;

BINIT

#endif /* #if tdefined (VOSD_NO_FIN) */

_block_origin

/* State variable definitions */

typedef struct
{

/* Internal state tracking for FsM */

FSM_SYS_STATE

/% State Variables */

int

double
doulble
double
double

server_busy;
alpha;
drop_probability;
no_drop_threshold;
threshold;

__LINE__ - _block_origin;

__LINE__:

92



APPENDIX C. MATLAB CODE

double
double
Objid
double
double
double
double
double
double
double
double
double
int
int
double
double
double
double
double
double
double
double
double
double
Distribution®*
double
double
double
Stathandle
double
double
double
double
double
double
double
double
double
Stathandlie
Stathandle
int
double
double
double
double
double
double
int
double
int
double
int
double
double
double
double
double
int
int
int
double
Distribution *
int

error;
service_rate;

own_id;

pkt_total;

pkt_total_all;

pkt_drop;

pkt_drop_all;

pkt_send;

pkt_send_all;
buffer_overflow_pattern;
early_loss_pattern;
max_th_overflow_pattern;
pkt_len;
discarding_mechanism;
g_size;

ave_dJ;

w_d;

g_time;

min_th;

max_th;

max_p;:

R;

prob_b;

prob_a:;

uniform_dist;

s;

m;

count;

red_ave_g;
packet_loss_rate;
physical_memory limit;
deltal;

deltal;

beta_max_p;

ave_max_p;

q_size_last;
filtered_drop_probability;
drop_probability_ filter_gain;
filtered_pd;
filtered_actual_loss_rate;
loss_rate_technique;
filtered_packet_loss_rate;
actual_loss_rate_filter_gain;
filtered prob_a;
prob_a_filter_gain;
last_statistic_sent_time;
stat_wire_delta;
dropping_technique;
filtered_q size;
use_prob_b;

time_21;

ipkt_total;
retlist[1001110];
rtt_eff;

N_eff;

k_eqgu;

r0;

use_dyn_k;

N1ist[20001;

Nlisteont;

t_last;

uniform_int_dist;
Aroplist{l100]11101(31;
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double
double
double
double
double
double
int

double
double
double
double
double
int

double
double
double
double
double
double
double
double
double
int

double
double
int

int

g_target;
deltal;
deltad;
k_avg;
g_min;
g_max;

g avg;
riL_meas;
k_target:

g recl[l1000];
dgdt;

cx([8]1;
cy(81;
hex[8];

XY

af8]:
q_avg_old;
min _p;
tserv_start;
serv_cnt;
rho;
rho_target;
zero_buffer;
inter_drop_time;
last_drop;
data_get3;
pk_type;

} d_fifo_DATA a RWFD21l_state;

#define pr_state_ptr
#define sexrver_busy
#define alpha

#define drop_probability
#define no_drop_threshold
#define threshold

#define error

#define service_rate
#define own_id

#define pkt_total

#define pkt_total_all
#define pkt_drop

#define pkt_drop_all
#define pkt_send

#define pkt_send_all
#define buffer_overflow_pattern
#define early loss_pattern
#define max_th_overflow_pattern
#define pkt_len

#define discarding _mechanism
#define g _size

#define ave_g

#define w_ g

#define g_time

#define min_th

#define max_th

#define max p

#define R

#define prob_b

#define prob_a

#define uniform dist
#define s

#define m

#define count

((d_fifo_DATA_a_RWFD21_state*) SimI_Mod_State Ptr)

pr_state_ptr->server_busy
pr_state_ptr->alpha
pr_state_ptr->drop_probability
pr_state_ptr->no_drop_threshold
pr_state_ptr->threshold
pr_state_ptr->error
pr_state_ptr->service_rate
pr_state_ptr->own_id
pr_state_ptr->pkt_total
pr_state_ptr->pkt_total_all
pr_state_ptr->pkt_drop
pr_state_ptr->pkt_drop_all
pr_state_ptr->pkt_send
pr_state_ptr->pkt_send_all
pr_state_ptr->buffer overflow_pattern
pr_state_ptr->early_loss_pattern
pr_state_ptr->max_th_overflow_pattern
pr_state_ptr->pkt_len
pr_state_ptr->discarding mechanism
pr_state_ptr->g size
pr_state_ptr->ave_g
pr_state ptr->w. g
pr_state_ptr->g_time )
pr_state_ptr->min_th
pr_state_pty->max_th
pr_state ptr->max p
pr_state_ptr->R
pr_state_ptr->prob_b
pr_state_ptr->prob_a
pr_state_ptr->uniform dist
pr_state_ptr->s
pr_state_ptr->m
pr_state_ptr->count
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#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#tdefine
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
$define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define
#define

red_ave_g
packet_loss_rate
physical_memory_limit
deltal

delta2

beta_max_p

ave_max_p

g size_last
filtered_drop_probability
drop_probability_ filter_gain
filtered_pd
filtered_actual_loss_rate
loss_rate_technigue
filtered_packet_loss_rate
actual_loss_rate_filter_gain
filtered_prob_a
prob_a_filter_gain
last_statistic_sent_time
stat_wire_delta
dropping_technique
filtered_g_ size
use_prob_ b

time_21

ipkt_total

rttlist

rtt_eff

N_eff

k_equ

r0

use_dyn_k

Nlist

Nlistent

t_last
uniform_int_dist
droplist

q_target

deltal3

deltad

k_avg

g min

g_max

q.avg

rit_meas

k_target

g _rec

dgdt

ox

cy

hox

Xy

a

g_avg_old

min_p

tserv_start

serv_cnt

rho

rho_target
zero_pbuffer
inter_drop_time
last_drop

data_get3

pk_type
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pr_state_ptr->red ave d
pr_state_ptr->packet_loss_rate
pr_state_ptr->physical _memory limit
pr_state_ptr->deltal
pr_state_ptr->deltal
pr_state_ptr->beta max p
pr_state_ptr->ave max p
pr_state_ptr->g _size _last
pr_state_ptr->filtered drop probability
pr_state_ptr—>drop,probability*filter_gain
pr_state_ptr->filtered_pd
pr_state_ptr—>filtered_actual~loss_rate
pr_state_ptr->loss_rate_technique
pr_state_ptr—>filtered_packet_loss_rate
pr~state_ptr—>actual_loss_rate_filter_gain
pr_state_ptr->filtered prob_a
pr_state_ptr->prob_a_filter gain
pr_state_ptr->last_statistic_sent_time
pr_state_ptr->stat_wire_delta
pr_state_ptr->dropping_technique
pr_state_ptr->filtered g size
pr_state_ptr->use_prob. b
pr_state_ptr->time_21
pr_state_ptr->ipkt_total
pr_state_ptr->rttlist
pr_state_ptr->rtt_eff
pr_state_ptr->N_eff
pr_state_ptr->k_equ
pr_state_ptr->r0
pr_state_ptr->use_dyn_k
pr_state_ptr->Nlist
pr_state_ptr->Nlistcnt
pr_state_ptr->t_last
pr_state_ptr->uniform_int_dist
pr_state_ptr->droplist
pr_state_ptr->g_target
pr_state_ptr->delta3
pr_state_ptr->deltad
pr_state_ptr->k_avg
pr_state_ptr->g min
pr_state_ptr->g_max
pr_state_ptr->q_avg
pr_state_ptr->rtt_meas

pxr_state _ptr->k_target
pr_state_ptr->g_rec
pr_state_ptr->dgdt
pr_state_ptr->cx

pr_state ptr->Cy

pr_state_ptr->hcx

pr_state_ptr->xy

pr_state_ptr->a
pr_state_ptr->g_avg_old

pr_state ptr->min_p
pr_state_ptr->tserv_start
pr_state_ptr->serv_cnt
pr_state_ptr->rho

pr_state_ ptr->rho_target
pr_state_ptr->zero_buffer
pr_state_ptr->inter drop_time
pr_state_ptr->last_drop
pr_state_ptr->data_get3

pr_state ptr->pk_type
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/% This macro definition will define a local variable called %/

/% *op_sv_ptr” in each function containing a FIN statement. */

/* This variable points to the state variable data structure, */

/* and can be used from a C debugger to display their wvalues. */

#undef FIN_PREAMBLE

#define FIN_PREAMBLE A_fifo_DATA_a RWFD21_state *op_sv_ptr = pr_state pir;

/* Function Block */

enum { _block_origin = __LINE__ };

/* End of Function Block */

/* Undefine optional tracing in FIN/FOUT/FRET */

/* The FSM has its own tracing code and the other */

/* functions should not have any tracing. */
#undef FIN_TRACING

#define FIN_TRACING

#undef FOUTRET_TRACING
#define FOUTRET_TRACING

#if defined (__cplusplus)
extern "C" {
#endif
void d_fifo DATA_a_RWFD21 (void);
Compcode d_fifo DATA a RWFD21_init (void **);
void d_fifo DATA_a_ RWFD21_diag ({(void);
void d_fifo DATA_a_RWFD21_terminate (void);
void d_fifo_DATA_a_ RWFD21_svar (void *, const char *, char **};
#if defined (___cplusplus)
} /* end of 'extexrn "C"' */
#endif

/* Process model interrupt handling procedure */

void
d_fifo_DATA_a_ RWFD21 (void)
{
int _block_origin = 0;
FIN (d_fifo DATA_a RWFD21 ());

if (1)
{
Packet* pkptr;
Packet™ pkptr_tmp;
double pk_sve_time;
int insert_ok;
int stat_wire;
double random_index;
double temp;
int ii;
int Ji;
int seqg_no;
int source_addr;
int subnet_id;
int pkt_type;

/* RTT Estimate */
double difft;

/* Morris's Estimate for N */
int h;
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int ncleax;

double rand;

doubile N_efft;

double g _rectmp[1000};
double g _olid;

FSM_ENTER (d_fifo DATA a RWFD21)

FSM_BLOCK_SWITCH

{

/* _________________________________________________________ */

/** state (init) enter executives **/

FSM_STATE_ENTER_FORCED_NCLABEL (0, "init", "d_fifo DATA a RWFD21 {init enter execs]")
FSM_PROFILE SECTION_IN ("d_fifo DATA_a_RWFD2l [init enter execs] ", statel_enter_exec)

{

/* initially the server is idle */

server_busy = 0;

/* get queue module's own object id

own_id = op_id_self {);

/* get assigned value of server */

/* processing rate
op_ima_obj_attr_get {own_id,

"service_rate",

*/

*/

/* get statistic interrupt interarrival time */

op_ima_obj_attr_get (own_id, "deltal", &deltal);
op_ima_obj_attr_get (own_id, "deltal", &delta2);
op_ima_obj_attr_get (own_id, "delta3", &delta3l);
op_ima_obj_attr_get (own_id, "deltad", &deltad);

/* determine the packet length (in bits) */
pkt_len = 500%*8; /* initially */

s = (pkt_len/service_rate);

/* Initialize Statistics */
pkt_total = 0.0;

ipkt_total = 0;
pkt_total_all = 0.0;
pkt_drop = 0.0;
pkt_drop_all = 0.0;
pkt_send = 0.0;
pkt_send_all = 0.0;
buffer overflow_pattern =
max_th_overflow_pattern
last_statistic_sent_time =
stat_wire_delta = 1000;
time_21 = 0.0;

4

rtt_eff = 0.2;
rtt_meas = 0.2;
N_eff = 100;

use_dyn_k = 0;

I
[ B ]
OO

/* Obtain the discarding mechanism {Tail Drop, Drop From Front, RED, RWFD} */

op_ima_obj_attr_get {own_id,

/*******************%**********************/

/*%%%*% RED parameter Initialization #*%¥*%*%/
/******************************************/

op_ima_obj_attr_get (own_id, *min_th", &min_th};
op_ima_obj_attr_get (own_id, "max_th", &max_th};
op_ima_obj_attr_get (own_id, "max_p", &max_p};

"discarding_mechanism",

&discarding_mechanism) ;

97

&service_rate);
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op_ima_obj_attr_get
op_ima_obj_atty_get
op_ima_obj_attr_get
k_eqgu = max_p/2;

uniform dist =
uniform_int_dist =

R =

ave_g = 0.0;

g _time = 0.

count = ~1.0;

g min = min_th + 10;
g max = max_th -10;

{own_id,
{own_id,
(own_1id,

{op_dist_load
{(op_dist_load
op_dist_outcome{uniform dist);
/* RED average gueue size */
0; /* RED decay time */
0

"physical_memory limit®, &physical_memory limit };
&W_q) ;

min_p",

&min_p);

"filtering_gain®,

{"uniform",

0.0, 1.
("uniform_int",
/* sample a random number */

0));
1, 2000));

/*************************************************/

JEF*%xxx% RED with Load Adaptive Mechanism

*******/

/*************************************************/

0.00005;

prob_a_filter _gain =
op_ima_obj_attr_get
op_ima_obj_attr_get
filtered_prob_a =

(own_1id,
(own_id,

"initial_drop_probability",
"loss_rate_technique”,
drop_probability;

/******************************k*****************/

/**** Dynamic RED parameter initialization *#®¥**x*/
/************************************************/

# alpha ",

op_ima_obj_attr_get

(own_id,

&alpha) ;

/* control gain */

&drop_probability) ;
&loss_rate_technigue) ;

(own_id,
(own_id,
(own_id,
(own_id,

op_ima_obj_attr_get
op_ima_obj_attr_get
op_ima_obj_attr_get
op_ima_obj_attr_get

filtered_qg size = 0.0;
g _avg = .g_target;
dagdt = 0;

"no_drop_threshold",

"dropping_technigue®,
"q_target",
"k_target",

&no_drop_threshold) ;
&dropping_technique) ;

&g _target) ;
&k_target) ;

/*************************************************/

JRrFkukkkExk Ghogt RED Initialization **x#*s*xdkdxk)
/k************************************************/

for (ii = 0; ii < 100; ii++)
{
for (33=0; jJj < 10; Jj++)
{
rttlist[iil [jj]l = 0.0;
droplist[ii1 341101 =
droplist{ii] [331[1]1 =
droplist[iil[jj1[2] =
}
}

/* rtt start time

0;

/* Schedule filrst statistic interupt */

op_intrpt_schedule_self{ NOW,
op_ilntrpt_schedule_self( NOW,
op_intrpt_schedule_self{ NOW
op_intrpt_schedule_self{ NOW

use_prob_b = 1;

for {(ii = 0; ii < 2000; ii++)
{
Nlist{iil=0;

}

STATL ) ;
STAT2 );
+ delta3,
+ deltad,

STAT3 };

*/

0; /* Seguence number of dropped packet */

0; /* Queue size on 3rd packet after drop */

/* to monitor performance metrics */
/* to monitor performance metrics */
/* to update target loss rate */
QTARGET };/*to update target queue gize */
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for {ii = 0; ii < 1000; ii++)}

g rec[ii]=0;

for (ii=0; ii < 8; ii++) /* Make sure ii is defined in temporary variables */

{

cx[ii]l = 0.0; /* These are the arrival counters */
G

cyl[ii] = 0; /* These are the departure counters */
hex{[ii] = 0.0; /* This is a mewmory for the cx counters */
}
al01=128.0/255; /* These are the weights for averaging the counters */
all]=64.0/255; /* They must always add to one */
al2}=32.0/255;
al[3]=16.0/255;
a[4]=8.0/255;
al[5]=4.0/255;
al[6]=2.0/255;
a{71=1.0/255;
xy = 1; /* This state variable tracks cx/cy. */
k_target = 0.02;
g_avg_old = physical_memory~1imit/2.0;
}

FSM_PROFILE_SECTION_OUT ("d_fifo DATA_ a RWFD21 [init enter execs]", statel_enter_ exec)

/** state (init) exit executives **/
FSM_STATE_EXIT FORCED (0, "init", "d_fifo DATA a RWFD21 [init exit execs]")

FSYM_PROFILE_SECTION_IN ("d_fifo DATA_a RWFD21 [init exit execs]", statel_exit_exec)
q )

}

FSM_PROFILE_SECTION_OUT ("d_fifc_DATA_a_ RWFD21 [init exit execs]”, statel_exit exec)

/** state (init) transition processing *¥/

FSM_PROFILE_SECTION_IN ("d_fifo_DATA_a_RWFD21 {init trans conditions]”,
statel_trans_conds)

FSM_INIT_COND (ARRIVAL)

FSM_DFLT_COND

FSM_TEST_LOGIC ("init")

PSM_PROFILE SECTION_OUT (*d_fifo_ DATA_a RWFD21 [init trans conditionsi™,
statel_trans_conds)

FSM_TRANSIT_SWITCH
{

FSM_CASE_TRANSIT (0, 1, statel_enter _exec, ;. "ARRIVAL", "*, "init", "arrival")
FSM_CASE_TRANSIT (1, 2, state2_enter_ exec, ;, "default”, "%, "init", "idle")
}
/'k _________________________________________________________ 'k/
/** state {(arrival) enter executives **/
FSM_STATE_ENTER_FORCED (1, statel_enter_exec, "arrival®, "d_fifo DATA a RWFD21 larrival
enter execs]®)
FSM_PROFILE _SECTION IN (*d_fifo_DATA_a _RWFD21 [arrival enter execs]”, statel enter exec)
{
/* acguire the arriving packet */

/* multiple arriving streams are supported. */
pkptr = op_pk_get {(op_intrpt_strm (});

if {(discarding mechanism == Q) /****%% TAT], DROP *******x/
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{
/* attempt to engueue the packet at tail */
/* of subgueue 0. */
++pkt_total;
if (op_subg_pk_insert (0, pkptr, OPC_QPOS_TAIL) != OPC_QINS_OK)
r
ks
/* the inserton failed (due to to a */
/* full gueue) deallocate the packet. */
/* To remove phase effects */
random_index = op_dist_uniform ( (physical_memory_limit) };
pkptr_tmp = op_subg pk_remove (0, (int)random_index);
op_pk_destroy (pkptr_tmp);
op_subg_pk_insert (0, pkptr, OPC_QPOS_TATL);
/* set flag indicating insertion fail */
/* this flag is used to determine */
/* transition out of this state */
insert_ok = 0;
/% count number of packet dropped to measure loss rate, etc. */
++pkt_drop;
/* plot packet loss pattern over time */
++buffer_overflow_pattern;
op_stat_local_write (BUFFER_OVERFLOW_PATTERN, buffer_ overflow_pattern):
}
else
{
/* insertion was successful */
insert_ok = 1;
}
}
if (discarding_mechanism == 1) /*¥***** DROP FROM FRONT ****x**ix/
{
/* count number of total packets received */
++pkt_total;
if (op_subg pk_insert (0, pkptr, OPC_QPOS_TAIL) != OPC_QINS_OK)
{
/* if queue is completely full, remove a packet from head of queue */
pkptr_tmp = op_subg pk_remove (0, OPC_QPOS_HEAD);
op_pk_destroy (pkptr_tmp);
++pkt_drop;
/* queue arriving packet at tail of queue */
op_subg_pk_insert (0, pkptr, OPC_QPOS_TAIL);
/* insertion was successful */
ingert_ok = 1;
}
elge
{
/* insertion was successful */
insert _ok = 1;
¥
}
if (discarding_mechanism == 2) /******x* RANDOM EARLY DETECTION ({RED) *¥**#***&xxx/
{

++pkt_total;

100
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/* a stat for the interarrival time */
op_pk_nfd_get{ pkptr, “source_addr”, &source_addr );
op_pk_nfd_get( pkptr, "subnet_id", &subnet_id };
op_pk_nfd_get{ pkptr, *type', &pkt_type );:

if ({subnet_id == 0) && (pkt_type == 1))

{
data_get3=data_get3+1;
op_stat_local_write(DATA_GETB,dataﬂgetB);}

if ((source_addr == 20} && {(subnet_id == 3))
{
op_stat_local_write (INT_ARRIVAL_21, op_sim time{) - time 21};
time_21=op_sim_time(};
} .
if ( op_subg_stat (0, OPC_QSTAT_PKSIZE) >= physical_memory_ limit )
{
/* the inserton failed (due to to a */
/* full queue) deallocate the packet. */

op_pk_destroy {(pkptr):;

/* set flag indicating insertion fail */

/* this flag is used to determine */
/* transition out of this state */
insert_ok = 0;

/* count number of packet dropped used to measure packet loss rates over time*/

++pkt_drop;
/* plot packet loss pattern over time */
++buffer_overflow_pattern;
op_stat_local_write (BUFFER_OVERFLOW_PATTERN, buffer_overflow_pattern);
}
else

{
g _size = op_subqg_stat (0, OPC_QSTAT_PKSIZE};

/* compute the average gueue size */

if (g_size 1= 0.0)

ave_qg = ( (l-w_g)*ave_g + w_g*g_size);

else

ave_g = pow{ (l-w_g), ( (op_sim_time() - g_time)/s) )*ave_g;

/* compute dropping probality and gueue or dropmark appropriately */
if { (ave_g >= min_th) && {ave_g < max_th) )
{
++count;
R = op_dist_outcome {(uniform dist);
op_stat_local_write (RED_INTERMEDIATE PROBABILITY DROPPING, prob_b};
prob_a = prob_b/{l-count*prob b);
/* bound probability */
if ( (prob_a > 1.0} || (prob_a < 0.0) )
prob_a = 1.0;

filtered_prob_a = {(l-prob_a filter gain)*filtered prob_a + prob_a_filter gain*prob_a;

if (filtered_prob a < 0.0 )
filtered_prob_a = 0.0;

if (filtered_prob_a > 1.0)
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filtered_prob_a = 1.0;
if {(loss_rate_technigue == 1)
{

if { {op_sim_time() - last_statistic_sent_time)} > stat_wire_delta )
{ .
op_stat_write ( filtered pd, filtered_ prob_a);
last_statistic_sent_time = op_sim _time();

3

/* op_stat_local_write (RED PROBABILITY_DROPPING, filtered prob_a); */
if ({({ R < prob_a ) && {use _prob_b == 0)) || {{ R < prob. b ) && (use_prob b==1)))

/* randomly drop arriving packet */
op_pk_destroy (pkptr);

insert_ok = 0;

count = 0.0;

++pkt_drop;

/* plot early packet loss pattern over time */
++early_loss_pattern;

op_stat_local_write (EARLY LOSS_PATTERN, early_loss_pattern);

}

else

{
/* queue arriving packet */
op_subg _pk_insert (0, pkptr, OPC_QPOS_TAIL);
insert_ok = 1;

}

}

else if ( ave_g >= max_th)

{

/* drop arrving packet since exceeded maximum threshold */
op_pk_destroy (pkptr):

insert_ok = 0;

count = 0.0;

++pkt_drop;
/* plot packet loss pattern over time */

++max_th_overflow_pattern; :
op_stat_local_write (MAX_THRESHOLD_OVERFLOW_PATTERN, max_th_overflow _pattern);

else
{
/* gueue arriving packet */
count = -1.0;
op_subg_pk_insert (0, pkptr, OPC_QPOS_TAIL);
insert_ok = 1;
}
}
}
if {(discarding mechanism == 3) /***x%sks  DPEFD **xkxwskrr/
{

++pkt_total;
++ipkt_total;

if { op_subg _stat (0, OPC_QSTAT_PKSIZE) >= physical memory limit )
{

/* the inserton failed (due to to a */

102
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/* Full gueue) deallocate the packet. =/
op_pk_destroy (pkptx);

/* set flag indicating insertion fail */
/* this flag is used to determine */
/* transition out of this state */

insert_ok = 0;

/* count number of packet dropped used to measure packet loss rates over cime*/
++pkt_drop;

/* plot packet loss pattern over time */

++buffer_overflow_pattern;
op_stat_local_write (BUFFER_OVERFLOW_PATTERN, buffer_overflow pattern);

else

/* read the packet details */

op_pk_nfd_get{ pkptr, "sequence", &seqg.no });
op_pk_nfd_get( pkptr, "source_addr", &source_ addr );
op_pk_nfd_get( pkptr, "subnet_id", &subnet_id );

if {droplist[source_addr] [subnet_id}[1] > 0.1}

{
droplist{source_addr] [subnet_id] [1] = droplistisource_addr] [subnet_id] [1] + 1;

if (droplist[source_addr] [subnet_id][1l] == 4)

{
rttlist[source_addr] [subnet_id] = op_sim_time();

droplist[source_addr] [subnet_id] (2] = g _size;
}
/* Morris' Estimate for the Number of Active Flows */

h = 100*subnet_id + source_addr;

if (Nlist[h] == 0)
{
Nlist[h] = 1;
++Nlistent:;
}
nclear = (2000*(op_sim_time()-t_last)/{(1));
if {(ncleaxr > 0)
{
t_last = op_sim_time()};
for {ii=0; ii < nclear; ii++)
{
rand = (op_dist_outcome (uniform int_dist)) - 1.0;
if (Mlist{{int)rand] == 1}
{
Nlist[{(int)rand] = 0;
Nlistent = Nlistent - 1;
}
}
)3

if (Nlistcnt < 980)

N_efft = 2000*(1log(2000)-1log{2000-Nlistcnt));
else

N_efft = 1000;

if (N_efft > 1000)
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N_efft = 1000;

if (use dyn_k == 1) /* Regular mode, otherwise do fast acguisition */

N_eff = 0.9999*N_eff + 0.0001*N_efft;
else
N_eff = 0.99*N_eff + 0.01*N_efft;

op_stat_local write( N_EFFT, N_efft );

/* End of Morrig' Estimate */

/* Update the RTT estimate on a retransmission, mod 256 for ease of
implementation & safety. */

if ((seq no % 256 == droplist[source_addr] [subnet id][0] % 256))
{

difft = op_sim_time() - rttlist[source_addr] [subnet_id];
if (difft < 0.95)
{

if (use_dyn_k == 1)

rtt_meas = 0.98*%rtt_meas + 0.02*difft;
else

rtt_meas = 0.9*rtt_meas + 0.1*difft;

104

difft=difft+(g_target-droplistisource_addr] [subnet_id][2])*pkt_len/service rate;

if (use_dyn_k == 1) /* Regular mode, otherwise do fast acguisition */

rtt_eff = 0.98*rtt_eff + 0.02*difft;
g.avg = 0.98*q_avg + 0.02*op_subg_stat (0, OPC_QSTAT PKSIZE);

}
else
{
ret_eff = 0.9*rtt_eff + 0.1*difft;
q.avg = 0.9*g_avg + 0.l*op_subg _stat (0, OPC_QSTAT_ PKSIZE);
}
op_stat_local_write( RTT_EFF, rtt_eff );
op_stat_local_write( RTT_MEAS, rtt_meas);
}
else if (difft > 0.95)
{
if (seq no == droplist([gsource_addr] [subnet_id] [0] )}
{
op_stat_local_write{ TO_TIME, difft };
}
}
droplist{source_addr] [subnet_id][1] = 0;

3
/* End of RTT Estimate */
g_size = op_subg_stat (0, OPC_QSTAT_PKSIZE};
/* compute the average gueue size */
if (g_size i= 0.0)
ave_g = { (l-w_g) *ave_g + w_g*g _size};

else
ave_q = pow({ {i1-w_g), ( (op_sim time() - g_time)/s} )*ave_ g:
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if {ave_g < g_min)
g min = ave_g;
else if (ave_g > g _max)
g max = ave_dJ;

/* compute dropping probality and queue or dropmark appropriately */
if {(ave_g>=0)
{

++count;

R = op_dist_outcome (uniform dist);
if (use_dyn_k ==1)

{

//use the current rtt estimate to find gl{t-xr(t))

prob_b = k_target/(l+(1l-k_target)*dqdt);

}
else
preb_b = k_target/ {1+ {1-k_target) *dagdt) ;
if (prob b > 1.0}
prob_b = 1.0;
else if (prob_ b < 0.0)
prob_b = 0.0;

op_stat_local_write (RED_INTERMEDIATE PROBABILITY_DROPPING, prob_b) ;

k_avg = 0.99*k_avg + 0.01*prob_b;
prob_a = prob_b;

//prob_a = prob_b/(l-count*prob_b);
/* bound probability */

/* Addition for the Load Adaptive Mechanism in conjuction with RED */

/* One way is to filter the prob_a and apply it as input to the locad adaptive
mechanism, in order to vary the max_th threshold */

/* Another way would be to scrap this prob_a and use prob b as a direct estimate
of the loss rate. One could filter it and use it to vary max_th */

/* The idea to remove the random number generator could also be explored, as
explained in the DRED section below */

filtered prob_a = (l-prob_a_ filter_gain)*filtered prob a + prob_a_filter_gain*prob_a;

if (filtered_prob_a < 0.0 )
filtered_prob a = 0.0;

if (filtered_prob_a > 1.0)
filtered prob_a = 1.0;

if (loss_rate_technique == 1)
{
if { (op_sim_time(} - last_statistic_sent_time) > stat_wire_delta )
{
op_stat_write { filtered pd, filtered prob_a);
last_statistic_sent_time = op_sim_time();

}

/* op_stat_local_write (RED_PROBABILITY_ DROPPING, filtered prob_aj); */
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if {{{ R < prob_a ) &% (use_prob b == 0) && (ave_g>no_drop_threshold)) Il {{ R < prob_b
) && (use_prob b == 1} && {ave_g>no_dyrop_threshold}))
{

/* modify drop list and rtt list if an rtt estimate is not currently being
taken*/

if (droplistlsource_addr][subnet_id][1] == 0)

{

i

droplist[source_addr] [subnet_id] [0] seq _no;
droplistisource_addr] (subnet_id][1] = 1;
droplist[source_addr] [subnet_id]iZ2] g _size; /* safety */

i

rttlist[source_addr] [subnet_id] = op_sim time(); /* This is a safety reset in
case 3rd packet after is dropped */
}

/* randomly drop arriving packet */
op_pk_destroy (pkptr):

insert_ok = 0;

count = 0.0;

++pkt_drop;

/* plot early packet loss pattern over time */

++early_loss_pattern;
op_stat_local write (EARRLY_LOSS_PATTERN, early_loss_pattern);

}
else
{
/* queue arriving packet */
op_subg_pk_insert (0, pkptr, OPC_QPOS_TAIL};
insert_ok = 1;
for (ii=0; ii < 8; ii++)
{
ex[iil=cx[ii]+1.0; /* increment the arrival counters. */
}
}
}
rttlist[source_addr][subnet_id] = op_sim_ time();
/* write stats regardless of what happened */
if {(source_addr == 20) && (subnet_id == 0))
{
op_stat_local_write (INT ARRIVAL 21, op_sim_time() - time_21);
time_2l=op_sim_time();
op_stat_local_write(RTT_EST_21, rttlist(source_addr] [subnet_id]);
}
}
}
}

FSM _PROFILE_SECTION_OUT {("d_fifo DATA_a_RWFD21 [arrival enter execsl®,
statel_enter_exec)

/** state (arrival) exit executives **/

FSM_STATE_EXIT_FORCED (1, "arrival®, "d_fifo_ DATA a RWFD2L larrival exit execsl}")
FSM_PROFILE_SECTION_IN ("d_fifo DATA_a RWFD21 [arrival exit execsl]”, statel_exit_exec)
{

}

FSM_PROFILE_SECTION_OUT ("d_fifo DATA_a RWFD21 [arrival exit execs]”, statel_exit_exec)

/** state {arrival) transition processing **/
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qon
7

FSYM_PROFILE_SECTION_IN ("d_fifo DATA a RWFD21 larrival trans conditions]
statel_trans_conds)

FSM_INIT _COND (!server_busy && insert_ok)

FSM_DFLT_COND

FSM_TEST_LOGIC ("arrival®)

FSM_PROFILE_SECTION_OUT ("d_fifo DATA_a RWFDZ1 farrival trans conditions]"®,

statel_trans_conds)

FSM_TRANSIT_SWITCH
{

FSM_CASE_TRANSIT (0, 3, state3_enter_exec, ;. " gerver_busy && insert_ok”, "
‘arrival', "svc_start")

FSM_CASE_TRANSIT (1, 2, state2_enter_exec, ;. vdefault’, "7, "arrival", "idle")
}

/* _________________________________________________________ */

/** gtate {(idle) enter executives **/
FSM_STATE_ENTER_UNFORCED (2, statel enter_exec, 1idle", "d_fifo_DATA_a_ RWFD21 [idle

enter execsi")
FSM_PROFILE_SECTION_IN ("d_fifo DATA_ a_ RWFDZ1 [idle enter execs]", statelZ_enter_exec)

{
}

FSM_PROFILE_SECTION_OUT ("d_fifo_ DATA_ a RWFD21 [idle enter execs]", stateZ_enter_exec)

/** blocking after enter executives of unforced state. **/
FSM_EXIT (5,d_fifo_DATA_a_ RWFD21)

/** state (idle) exit executives **/
FSM_STATE_EXIT UNFORCED (2, "idle", "d_fifo DATA a RWFD21 [idle exit execs]")
FSM_PROFILE_SECTION_IN ("d_fifo_DATA_a RWFD21 [idle exit execs]", state2_exit_exec)

{

}
FSM_PROFILE_SECTION_OUT ("d_fifo DATA a RWFD21 [idle exit execs]", statel2_exit_exec)

/** gtate (idle) transition processing **/

FSM_PROFILE_SECTION_IN ("d_fifo DATA_a RWFD21 [idle trans conditions}",
state2_trans_conds)

FSM_INIT_COND (ARRIVAL)

FSM_TEST_COND {SVC_COMPLETION)

FSM_TEST_COND (GET_STAT1)

FSM_TEST_COND (GET_STAT2)

FSM_TEST_COND (END_OF_SIM)

FSM_TEST_COND (GET_STAT3)

FSM_TEST_COND (GET_QTARGET)

FSM_TEST_LOGIC ("idle")

PSM_PROFILE_SECTION_OUT (*d_fifo _DATA_a RWFD21 [idle trans conditionsl®,

state2_trans_conds)

FSM_TRANSIT_SWITCH
{

FSM_CASE_TRANSIT {0, 1, statel_enter exec, :, "ARRIVAL®, "*, "idle", ‘'arrival"”)

FSM_CASE_TRANSIT {1, 4, stated_enter_exec, ;, "SYC_COMPLETION®, *", "idle”,
"gve_compl®)

FSM_CASE_TRANSIT (2, 5, state5_enter_exec. ;. "GET_STATliv, **, *idle",
"get_statl®)

FSM_CASE TRANSIT (3, 6, stateb_enter_exec, ;, "GET._STAT2", "*, “idle®,

"get_stat2?)
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FSM_CASE_TRANSIT (4, 7, state7_enter_exec, ;, *END _OF_SIM", "", idle",
“end_sim®)

FSM_CASE_TRANSIT (5, 8, state8_enter_exec, ;, "GET _STATI®, ", "idle”,
“get_stat3®)

FSM_CASE_TRANSIT (6, 9, state9_enter_exec, ;, "GET_QTARGET", e o tidle”,
*Otarget")
}
B e e e e e o o =t e e o o o e S i e o o e o o i T e ot o S T A i i */

7

/** gtate {svc_start) enter executives **/
FSM_STATE_ENTER_FORCED (3, state3_enter exec,
[svco_start enter execsl")

"svc_start®,

"d_fifo_DATA_a_RWFD21

FSM_PROFILE_SECTION_IN ('d_fifo DATA_a RWFD21 [svc_start enter execsl",

stateld_enter_exec)

{

/* get a handle on packet at head of subgqueue 0 */

/* (this does not remove the packet)

pkptr = op_subg pk_access (0, OPC_QPOS_HEAD) ;

//op_pk_nfd_get( pkptr, "type", &pkt_type };

/* determine the packets length (in bits)

pkt_len = op_pk_total_size_get (pkptr);

/* schedule an interrupt for this process

/* at the time where service ends.

*/

*/

*/
*/

op_intrpt_schedule_self (op_sim_time () + pk_svec_time, 0);

108

/* the server is now busy. */

server_busy = 1;

}
FSM_PROFILE_SECTION_OUT ("d_fifo DATA_a_ RWFD21 [svc_start enter axecsl"’,
state3_enter_exec)
/** state (svc_start) exit executives **/
FSM_STATE_EXIT _FORCED (3, "svc_start™, "d_fifo DATA a RWFD21 [sve_start exit execsl")
FSM_PROFILE_SECTION_IN ("d_fifo_DATA_a RWFD21 [svc_start exit execs]", state3_exit_exec)
{
}

state3_exit_exec)

/*% state (svc_start) transition processing **/

FSM_TRANSIT FORCE {2, state2_enter exec, ;, "default”,

/** state (svc_compl} enter executives **/
FSM_STATE_ENTER_FORCED (4, stated_enter exec,
[sve_compl enter execs]')
FSM_PROFILE_SECTION_IN {"d_f£fifo _DATA_a RWFD21
stated_enter_exec)

{

"gve _compl®,

v
7

FSM_PROFILE_SECTION_OUT ("d_fifo DATA_a RWFD21 [svc_start exit execs]"®,

"sve_start®, "idle")

"d_fifo DATA a_ RWFD21

[svc_compl enter execs]l®,

/* extract packet at head of gueue; this */

/* is the packet just finishing service

*/

pkptr = op_subg pk_remove (0, OPC_QPOS_HEAD);

++pkt_send;
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g_size =

if

(g _size == 0.0)

op_subg_stat (0, OPC_QSTAT_PKSIZE};

{g_time = op_sim time();}

/* forward the packet on stream 0,
/* an immediate interrupt at destination.

op_pk_send (pkptxr, 0);

causing

*/
*/

/* Update the counters and get an estimate for xy */
for {(ii=0; 1ii < 8; ii+4+)

{

/* Collect time at which gueue becomes empty foxr RED */

109

cyliil=cyliil+1;
/* could possibly compress this into a for loop too... */
if (cy[0]==8192) /* 8192 packets are served in a bit under a second */
{
cy{0]=0;
hex[0]=cx{0]; /* hold the current sample. */
cx[0]1=0;
}
if (cy[1]==4096) /* we can play with these numbers to get good samples */
{
cyill=0;
hex[1l=cx[1]; /* hold the current sample. */
cx[{11=0;
}
if (cy(2]==2048)
{
cy[2]=0;
hex{2]=cx{2]; /* hold the current sample. */
cx[21=0;
}
if (cyl[31==1024)
{
cy(3]1=0;
hex[3]=cx([3]1; /* hold the current sample. */
ex[31=0;
}
if (cyl[4]==512)
{
cy[41=0;
hex[4]=cx[4]; /* hold the current sample. */
cx{41=0;
}
if {cy[5]==256)
{
cy[5]1=0;
hex[5]=cx[5]; /* hold the current sample. */
cxib1=0;
1
if {cy[61==128)
P
cyl61=0;
hex[6]=cx[6]; /* hold the current sample. */
cx[61=0;
} ,
if {cyl[71==64)
{
cy[71=0;
hex{71=cx[7}; /* hold the current sample. */
cx{71=0;
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/* Finally take an average to get x/y */

}Q]:
al0]*hex{0]/8192+alll*hex[1]/4096+a[2]*hex[2]/2048+a[3]*hex[3]1/1024+al4]l*hex(4]/512+al5]
*hex[51/256+al6] *hex[6]1/128+al7] *hex[71/64;

dgdt=xy-1;
op_stat_local_write (XY, xy); /* Straight sample of xy */

/* server is idle again. */
server_busy = 0;

3

FSM_PROFILE_SECTION_OUT ("d_fifo_DATA_a_ RWFD21 [svc_compl enter execs]”,
stated_enter_exec)

/** state (svc_compl) exit executives **/

FSM_STATE_EXIT FORCED (4, "svc_compl', "d_fifo DATA_a_RWFD21 [svec_compl exit
execs] ™)

FSM_PROFILE_SECTION_IN ("d_fifo_DATA a RWFD21 [svc_compl exit execs]”,
stated_exit_exec)

{

}

FSM_PROFILE_SECTION_OUT ("d_fifo_DATA_ a_ RWFD21 [svc_compl exit execs]",

stated_exit_exec)

/** state (svc_compl) transgition processing **/

FSM_PROFILE_SECTION_IN ("d_fifo_DATA_a_RWFD21 [svc_compl trans conditions]™,
stated_trans_conds)

FSM_INIT _COND (!QUEUE_EMPTY)

FSM_DFLT_COND

FSM_TEST_LOGIC ("svc_compl®)

FSM_PROFILE_SECTION_OUT {("d_fifo DATA_ a_RWFD21l [svc_compl trans conditions]",

state4_trans_conds)

FSM_TRANSIT_SWITCH

{
FSM_CASE_TRANSIT (0, 3, state3_enter_exec, ;, "IQUEUE_EMPTY", "", "svc_compl”,

"svc_start") i
FSM_CASE_TRANSIT (1, 2, state2_enter_exec, ;, "default", "', "svc_compl”", "idle")

/** gstate (get_statl) enter executives *=/

FSM_STATE_ENTER_FORCED (5, stateb_enter_exec, "get_statl", "d_fifo DATA a_ RWFD21
[get_statl enter execsl")

FSM_PROFILE_SECTION_IN (*"d_fifo_DATA_a RWFD21 [get_statl enter execs]",
stateb_enter_exec)

{

/* Statistic collection each 100 msec */

op_stat_local_write( STATL, pkt_send ); /* total number of packets sent by router */
op_stat_local_write({ STAT1+1, (pkt_drop));/* total number of packets dropped by router */
op_stat_local_write( STAT1+2, pkt_total ); /* total number of packets entering router */
op_stat_local_write{ STAT1+3, (pkt_send*pkt_len/deltal}/service_rate*100 ); /* link

utilization */
if (pkt_total (=0)
{
packet_loss_rate = pkt_drop /pkt_total;
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op_stat_local_write( STAT1+4, packet_loss_rate};
}
/* used to collect scalar statistics at the end of simulation */
if { op_sim_time () >= 0.0 )
{
pkt_send_all = pkt_send_all + pkt_send;
pkt_drop_all pkt_drop_all + pkt_drop;
pkt_total_all = pkt_total_all + pkt_total;

1

[

0;
0

pkt_send 0.
pkt_drop 0.
pkt_total = 0.0;

/* schedule self interrupt */
op_intrpt_schedule_self( NOW + deltal, STAT1 Y

t

H

}

¥SM_PROFILE_SECTION_OUT ("d_fifo_DATA_a RWFD21 [get_statl enter execs]",
stateb_enter exec) ’

/** state (get_statl) exit executives **/

FSM_STATE_EXIT_FORCED (5, "get_statl", *"d_fifo DATA a RWFD21 [get_statl exit execs]")
FSM_PROFILE_SECTION_IN ("d_fifo DATA a RWFD21 [get_statl exit execs]”, stateb_exit_exec)
{

3
FSM_PROFILE_SECTION_OUT ("d_fifo DATA_a_ RWFD21 [get_statl exit execsl",

stateb_exit_exec)

/** state (get_statl) transition processing **/
FSM_TRANSIT_FORCE (2, state2_enter_exec, ;, "default", "", "get_statl", "idle")

/** state (get_stat2) enter executives **/
FSM_STATE_ENTER_FORCED (6, stateb6_enter_ exec,
[get_stat2 enter execsl}")
FSM_PROFILE_SECTION_IN ("d_fifo_DATA_a_RWFD21 [get_stat2 enter execs]”,
stateb_enter_exec)

{

/* Statistic collection each 10 msec */

"get_stat2", "d_fifo DATA_a_ RWFD21

op_stat_local_write{ STAT2, (double)ave_g }; /* RED average queue size */
op_stat_local_write( STAT2+1, (double)g size ): /* instantaneous gueue size */
op_stat_local_write (RED_PROBABILITY_DROPPING, prob_a); /* RED drop probability p_a */

op_stat_local_write( N_EFF, N_eff );

/* schedule self interrupt */
op_intrpt_schedule_self( NOW + deltal2, STAT2 };

temp=dgdt*service_rate/pkt_len;
op_stat_local_write (DQDT, temp);

g avg = (1-2.0/101)* g _avg + 2.0/101*%op_subg stat (0, OPC_QSTAT_PKRSIZE) ;
op_stat_local_write(Q_AVG, g _avg);

}
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FSM_PROFILE_SECTION_CUT ("d_fifo_DATA s RWFD21 [get_stat2 enter execs]”,
stateb_enter_exec)

/**% state (get_stat2) exit executives **/

FSM_STATE_EXIT FORCED (6, °“get_stat2", "d_fifo_DATA_a RWFD21 [get_statl2 exit execsl]”)
FSM_PROFILE_SECTION_IN ("d_£fifo_DATA a RWFD21 [get_stat2 exit execs]", stateb_exit_exec)
{

}

FSM_PROFILE_SECTION_CUT {"d_£fifo_DATAE a RWFD21 [get_s tat2 exit execsl®,
stateb_exit_exec)

/*% state (get_statl2) tramsition processing **/
FSM_TRANSIT_FORCE (2, state2_enter_exec, ;, "default", "', "get_stat2", "idle")

/** gstate (end_sim) enter executives **/
FSM_STATE_ENTER_UNFORCED (7, state7_enter_exec, "end_sim", "d_fifo DATA a_ RWFD21

[end_sim enter execs]")
FSM_PROFILE_SECTION_IN ("d_fifo DATA_a RWFD21 [end_sim enter execsl”, state7_enter_ exec)

{

/* output statistics to shell window at the end of simulation */

printf{"\n\n ******%**% packet Loss Rate and Link Utilization Statistics ****x¥r&xin};

printf ("\nPacket Logs Rate %f", ((pkt_drop_all/pkt_total _all)*100) Y

printf (*\nLink Utilization %f", ((pkt_send_all/ ( (service_rate*(op_sim_time()))/pkt_len
)*100) ));

}

FSM_PROFILE_SECTION_OUT ("d_fifo_ DATA_a_RWFD21 [end_sim enter execs]",
state7_enter_exec)

/** blocking after enter executives of unforced state. **/
FSM_EXIT (15,d_fifo_DATA a RWFD21)

/** state (end_sim) exit executives **/

FSM_STATE_EXIT_UNFORCED (7, "end_sim", "d_fifo_DATA_a RWFD21 [end_sim exit execsl]")
FSM_PROFILE_SECTION_IN ("d_£fifo_DATA_a_RWFD21 [end_sim exit execs]", state7_exit_exec)
{

b
FSM_PROFILE_SECTION_OUT ("d_£fifo_DATA_a_ RWFD21 {end_sim exit execs]", state7_exit_exec)

/** state (end_sim) transition processing **/
FSM_TRANSIT MISSING ("end_sim")

/** state {(get_stat3) enter executives **/
FSM_STATE_ENTER_FORCED (8, state8_enter_exec, "get_stat3", "d_fifo DATA a RWFD21

[get_stat3 enter execsl"™)
FSM_PROFILE_SECTION_IN {"d_fifo_ DATA_a RWFD21 [get_stat3 enter execs]",

state8_enter_exec)

{
if {op_sim time{} > 5)
use_dyn_k = 1; /* switch to dynamic loss function */

/% Statistic collection each 1 sec */
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/* schedule self interrupt */
op_intrpt_schedule_self( NOW + delta3, STAT3 j;

/* Caleulate new equilibrium loss rate */

k_equ = (1.3098*N_eff)/(rtt_eff*service_rate/pkt_len);
k_equ = k_equ*k_equ;
op_stat_local_write{ K_EQU, k_equ );

rQ = ret_eff;

if (r0 < 0.001)

Q0 = 0.01;
op_stat_local_write{ RO, x0};

if (g_avg < max_th)

{
k_target = k_target - 2* k_target * ( max_th - g_avg)/ ({service_rate/pkt_len) *rl);

if ( k_target > 0.02)
k_target = 0.02;
}

else

{
k_target = k_target - 2*k_target®* (max_th-q_avg)/((service_rate/pkt_len)*r0);

}
g_avg_old = g_avg;
op_stat_local_write (K_EQU, k_target);

}

FSM_PROFILE_SECTION_OUT ("d_fifo DATA a RWFD21 [get_stat3 enter execs]”’,
state8_enter_exec)

/** state (get_stat3) exit executives **/

FSM_STATE_EXIT_FORCED (8, "get_stat3", "d_fifo DATA_a RWFD21 [get_stat3 exit execs]")
FSM_PROFILE_SECTION_IN ("d_fifo DATA_a RWFD2l [get_stat3 exit execs]"”, state8_exit_exec)
{

}
FSM_PROFILE_SECTION_OUT ("d_fifo DATA a RWFD21 [get_stat3 exit execs]”,

state8_exit_exec)

/** state (get_stat3) transition processing **/
FSM_TRANSIT_FORCE (2, state2_enter_exec, ;, "default”, "7, *get_stat3d", "idle")

/** state (Qtarget) enter executives **/
FSM_STATE_ENTER_FORCED (9, state9_enter_exec, "Qtarget”, "d_fifo_ DATA a RWFD21 [Qtarxget

enter execs]")
FSM_PROFILE_SECTION_IN ("d_fifo DATA a RWFD21 [Qtarget enter execs] ", state9_enter_exec)

{

/* Statistic collection each 1-10 sec */

/* schedule self interrupt */
op_intrpt_schedule_self({ NOW + deltad, QTARGET );

op_stat_local_write { K_AVG, k_avg );
op_stat_local_write { Q_MIN, g min );
op_stat_local_write { Q_MAX, g max };

op_stat_local_write{ Q_TARGET, g _target };
op_stat_local_write ( DRED_DELTA+5, no_drop_threshold );
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}

FSM_PROFILE_SECTION_OUT {("d_fifo_DATA_a _RWFD21 [Qtarget enter execs]”,
statef_enter_ exec)

/** state (Qtarget) exit executives **/

FSM_STATE EXIT FORCED (9, "Qtarget”, "d_fifo DATA_a_ RWFD21 [Qtarget exit execsl")
FSM_PROFILE_SECTION_IN ("d_fifo_ DATA a RWFD21 [Qtarget exit execs]’, stated_exit_exec)
{

}
FSM_PROFILE_SECTION_OUT ("d_fifo DATA _a RWFD21 [Qtarget exit execs]", stated_exit_exec)

/** state (Qtarget) transition processing **/
FSM_TRANSIT FORCE (2, state2_enter_exec, ;, "default®, "%, "Qtarget®, "idle"}

FSM_EXIT (0,d_fifo DATA a RWFD21)
}
X

#if defined (__cplusplus)
extern "C" {
#endif
extern VosT Fun_Status Vos_Catmem Register (const char * , int ,
VosT_Void_Null_Proc, VosT Address *);
extern VosT Address Vos_Catmem Alloc (VosT_Address, size_t);
extern VosT_Fun_Status Vos_Catmem Dealloc (VosT_Address);
#if defined (__cplusplus)
¥
#endif

Compcode

d_fifo_DATA_a_RWFD21l_init (void ** gen_state_pptr)
{
int _block_origin = 0;
static VosT_Address obtype = OPC_NIL;

FIN (d_fifo_DATA_a_RWFD21_init (gen_state_pptr))

if (obtype == OPC_NIL)
{
/* Initialize memory management */
if (Vos_Catmem_Register ("proc state vars (d_fifo DATA_a_RWFD21)",
sizeof (d_fifo_DATA_a_RWFD21_state), Vos_Vnop, &obtype)} == VOSC_FAILUREH)
{
FRET (OPC_COMPCODE_FAILURE)
}
}

*gen_state_pptr = Vos_Catmem_Alloc {(obtype, 1};
if (*gen_state_pptr == OPC_NIL)
{
FRET {OPC_COMPCODE_FAILURE)
}
else
{
/* Initialize PSM handling */
((d_fifo_DATA_a_ RWFD21_state *) {*gen_state_ pptr))->current_block = 0;

FRET (OPC_COMPCODE_SUCCESS)
}
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void

d_fifo_DATA_a_RWFD21_diag {(void)
{
/* No Diagnostic Block */

3

void
d_fifo_DATA_a_RWFD21_terminate (void)
{

int _block_origin = __LINE__;

FIN (d_fifo_DATA_a_RWED21_terminate (void))
Vos_Catmem_Dealloc (pr_state_ptr):

FOUT

}

/* Undefine shortcuts to state variables to avoid */
/* syntax error in direct access to fields of */

/* local variable prs_ptr in d_fifo DATA_a RWFD21_svar function.

#undef server_busy

#undef alpha

#undef drop_probability
#undef no_drop_threshold
#undef threshold

#undef erxor

#undef service_rate

#undef own_id

#undef pkt_total

#undef pkt_total_all

#undef pkt_drop

#undef pkt_drop_all

#undef pkt_send

#undef pkt_send_all

#undef buffer_overflow_pattern
#undef early_loss_pattern
#undef max_th_overflow _pattern
#undef pkt_len

#undef discarding mechanism
#undef g _size

#undef ave_qg

#undef w_g

#undef g_time

#undef min_th

#undef max_th

#undef max_p

#undef R

#undef prob_ b

#undef prob_a

#undef uniform_dist

#undef s

#undef n

#undef count

#undef red_ave_g

#undef packet_loss_rate
#undef physical_memory_ limit
#undef deltal

#undef deltal

#undef beta_max_ p

*/
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#undef ave_max_p

#undef g _size_ last

$undef filtered_drop_probability
#undef drop_probability_ filter gain
#undef filtered_pd

#undef filtered_actual_loss_rate
#undef loss_rate_technigue
#undef filtered_packet_loss_rate
#undef actual_loss_rate_filter_gain
#undef filtered _prob_a

#undef prob_a_filter_gain
#undef last_statistic_sent_time
#undef stat_wire_delta

#undef dropping_technigue
#undef filtered_g size

#undef use_prob_b

#undef time_21

#undef ipkt_total

#undef rttlist

#undef rtt_eff

#undef N_eff

#undef k_equ

#undef r0

#undef use_dyn_k

#undef Nlist

#undef Nlistcnt

#undef t_last

#undef uniform int_dist

#undef droplist

#undef g_target

#undef delta3

#undef deltad

#undef k_avg

#undef g _min

#undef g _max

#undef g _avg

#undef rtt_meas

#undef k_target

#undef g_rec

#undef dgdt

#undef cox

#undef cy

#undef hex

#undef xy

#undef a

#undef g _avg_old

#undef min_p

#undef tserv_start

#undef serv_cnt

#undef rho

#undef rho_target

#undef zero_buffer

#undef inter_drop_time

#undef last_drop

#undef data_get3

#undef pk_type

void

d_fifo_DATA_a_ RWFD21_svar {(void * gen_ptr, const char * var_name, char ** var_p_ ptr)
{
d_fifo DATA_a_ RWFD21l_state *prs_ptr;

FIN (d_fifo_DATA_a RWFD21_svar {gen_ptr, var_name, var_p.ptr))
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if {var_name == QOPC_NIL)
{
*var_p_ptr = {(char *}0OPC_NIL:
FOUT
}
prs_ptr = (d_fifo DATA a RWFD21l_state *Ygen_ptr;
if (stremp ("server_busy” , var_name) == 0)
{
*var_p_ptr = {char *) (&prs_ptr->server_busy);
FOUT
}
if (stremp ("alpha" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->alpha) ;
FOUT
}
if (strcmp ("drop_probability" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->drop_probability);
FOUT
}
if (strcmp ('no_drop_threshold" , var_name) == 0)
{ ,
*var_p_ptr = (char *) (&prs_ptr->no_drop_threshold);
FQUT
}
if (strcmp ("threshold" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->threshold);
FOUT
}
if (stremp ("error" , var_name) == 0)
{
*var_p._ptr = (char *) {&prs_ptr->error);
FOUT
}
if (stremp ("service_rate® , var_name) == 0)
{
*var_p_ptr = (char *) {&prs_ptr->service_rate);
FOUT
)
if (stremp ("own_id" , var_name) == 0)
{
*var_p_ptr = {(char *) {&prs_ptr->own_id);
FOUT
}
if (stremp ("pkt_total" , var_name) == 0)

{
#*var_p_ptr = (char *) (&prs_ptr->pkt_total);

FOUT
}
if (stremp {"pkt_total_all" , var_name) == 0)
{
*yar p_ptr = (char *) (&prs_ptr->pkt_total all);
FOUT
}
if (strcmp ("pkt_drop" ., var_name) == 0)
{
*yar_p_ptr = (char *)} (&prs_ptr->pkt_drop);:

FOUT
}
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if (stremp ("pkt_drop_all® , var_name) == 0)
{
*var_p_ptr = {char *) (&prs_ptr->pkt_drop all};
FOUT
}
if (stromp ("pkt_send" , var_name) == 0}

{
*var_p_otr = {char *) (&prs_ptr->pkt_send);

FOUT
}
if (stremp ("pkt_send_all" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->pkt_send all);
FOUT
}
if (strcemp {("buffer_overflow_ pattern® , var_name) == 0)
{
*var_p_ptr = {(char *) {&prs_ptr->buffer_overflow pattern);
FOUT
}
if (stromp ("early_loss_pattern” , var_name) == 0)
{
*var_p_ptr = (char ¥) (&prs_ptr->early loss_pattern);
FOUT
} ;
if (stremp ("max_th_overflow pattern® , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->max_th_overflow_pattern);
rouT
}
if {(stremp ("pkt_len" , var_name) == 0)
{
*yar_p_ptr = {char *) (&prs_ptr->pkt_len);
FOUT
}
if (strcmp (*discarding_mechanism" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->discarding_mechanism);
FOUT
}
if (strcmp {("g_size" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->q_size);
FOUT
}
if (strcmp ("ave_g" ., var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->ave_g);
FOUT
}
if (stremp {(*w_g® , var_name) == 0
{
*var_p_ptr = (char *} (&prs_ptr->w_g);
FOUT
}
if (stroemp ("g_time* , var_name} == 0)
{
*var_p_ptr = (char *) (&prs_ptr->g_time);
FOUT
}
if (strcmp ('min_th" , var_name) == 0}
{

*var p _ptr = {(char *)} (&prs_ptr->min_th);
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FOUT
}
if (strcmp {"max_th" , var_name) == 0}
{
*var_p_ptr = {(char *) (&prs_ptr->max_th};
FOUT
}
if {(strcmp {‘*max_p* , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->max_p};
FOUT
}
if (strcmp {"R" , var_name) == 0}

{
*var_p_ptr = (char *) (&prs_ptr->R);
FOUT
}

if (strcemp ("prob_b" , var_name) == 0)
{
*var_p_ptr = {char *) (&prs_ptr->prob_b):;
FOUT
}

if (stremp ("prob_a' , var_name) == 0)
{
*var_p_ptr = ({(char *) (&prs_ptr->prob_a);
FOUT
} .

if (stremp ("uniform dist® , var_name) == 0)
{
*var _p_ptr = {(char *)} (&prs_ptr->uniform dist);
FOUT
}

if (stremp ("s" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr-»>s);
FOUT

’ }

if (strcmp ("m" , var_name) == 0)
{
*rar_p_ptr
FOUT
}

if (strcmp ("count® , var_name) == 0)
{
*var_p_ptr = {char *) (&prs_ptr->count);
FOUT
}

if (stremp (“red_ave_g" , var_name) == 0)
{
*yar_p_ptr = {(char *) (&prs_ptr->red ave_q);
FOUT
}

if (strcemp ("packet_loss_rate” , var_name} == 0}
{
*var_p_ptr = (char *) (&prs_ptr->packet_loss_ratej;
FOUT
}

if (strcmp (*physical_memory_limit" , var_name) == 0)
{
*var_p_ptr = {char *) (&prs_ptr->physical memory limit);
FOUT
}

if {strcmp ("deltal® , var_name} == 0)

(char *) (&prs_ptr->m);
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{
*var_p ptr = {char *) (&prs_ptr->deltal);
FOUT
}
if {(strcmp {"delta2" , var_name} == 0)
{
*var_p ptr = (char *) (&prs_ptr->deltal);
FOUT
}
if {(strcmp {"beta_max_p" , var_name) == 0)
{
*var_p_ptr = {char *) {&prs_ptr->beta_max_p);
FOUT
¥
if {(stremp ("ave_max_p" , var_name) == 0)
{
*var p_ptr = (char *) (&prs_ptr->ave _max_ p);
FOUT
}
if (stromp ("g_size_last" , var_name) == 0)
{
*var_p_ptr = {(char *) (&prs_ptr->g_size_last);
FOUT
}
if (strcmp ("filtered_drop_probability” , var_name) == 0)
{

*var_p_ptr = (char *) (&prs_ptr—>filtered_drop_probability);

FOUT
)

if (strcmp ("drop_probability filter_ gain" , var_name) == 0)

{

*var_p_ptr = (char *) (&prs_ptr->drop_probability filter gain);

FOUT
}
if (stremp ("filtered_pd* , var_name) == 0)
{
*var_p_ptr = {(char *) (&prs_ptr->filtered_pd);
FOUT
}

if (strcmp ("filtered_actual_loss_rate® , var_name) == 0)

{

*var_p.ptr = (char *) (&prs_ptr—>filtered_actual_loss_rate);

FOUT
}
if (stremp (*loss_rate_technique" , var_name) == 0)
{
*var_p_ptr = {(char *) (&prs_ptr->loss_rate_technique);
FOUT
}

if (strcmp ("filtered_packet loss_rate" , var_name) == 0)

{

*var_p_ptr = (char *)} (&prs_ptr->filtered_packet loss_rate};

¥OUT
}

if (strcmp {"actual_loss_rate_filter gain® , var_name) == 0)

{

*var_p_ptr = {char *} (&prs~ptr—>actua1_lossurate_filter_gain);

FOUT
}
if (strcmp ("filtered prob a" , var_name) == 0)
{
*var_p_ptr = {(char *) (&prs_ptr->filtered prob_a):
FOUT
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}
if {(stremp {"prob_a_filter_gain® , var_name} == 0}
{
*var_p ptr = (char *) {&prs_ptr->prob_a_filter_gain};
FOUT
}
if {strcmp {"last_statistic_sent_time" , var_name) == 0)
{
*var_p_ptr = {char *)} (&prs_ptr->last_statistic_sent_time);
FOUT
}
if {strcmp ("stat_wire delta" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->stat_wire_delta};
FOUT
}
if (strcmp ("dropping_ _technique" , var_name) == 0}
{
*var_p_ptr = (char *) (&prs_ptr->dropping_technique);
FOUT
}
if (stremp ("filtered g size' , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->filtered_g size);
FOUT
}
if (strcmp ("use_prob_b" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->use prob_b);
FOUT
}
if (stremp ("time_21" , var_name) == 0)
{
*var_p_ptr = {(char *) {&prs_ptr->time_21);
FOUT
}
if (strcmp ("ipkt_total" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->ipkt_total);
FOUT
}
if (stromp ("rttlist" , var_name) == 0)
{
*yvar_p_ptr = (char *) (prs_ptr->rttlist};
FOUT
b
if (stremp ("rtt_eff" , var_name) == 0)
{
*yar_p_ptr = (char *) (&prs_ptr->rtt_eff);
POUT
}
if (stremp ("N_eff" , var_name) == 0)
{
*var_p_ptr = {(char *} {(&prs_ptr->N_eff);
FOUT
}
if (stremp {"k_equ® , var_name) == 0}
{
*var_p_ptr = {char *) {&prs_ptr->k_equ);
»OUT
}
if {(stremp ("r0" , var_name) == 0)

{
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*var_p_ptr = {char *) {(&prs_ptr->x0};
FOUT
}
if {(strcmp ("use_dyn_k" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->use_dyn_k);
FOUT

<

}
if (strcmp (*Nlist" , var_name)} == 0}
{
*var_p_ptr = {char *)} (prs_ptr->Nlist);
FOUT
}
if (strcmp ("Nlistent" , var_name) == 0)
{
*var_p_ptr = {char *) (&prs_ptr->Nlistecnt);
rPOUT
}
if (strcmp (*t_last" , var_name) == 0)
{
*vyar_p_ptr = (char *) (&prs_ptr->t_last);
FOUT
}
if (stremp ("uniform_int_dist"® , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->uniform_int dist});
FOUT
}
if (stremp ("droplist®" , var_name) == 0)
{
*var_p_ptr = {(char *) (prs_ptr->droplist);
FOUT
}
if (strcmp (*g _target" , var_name) == 0)
{
*var_p_ptr = {(char *) (&prs_ptr->g _target);
FOUT
}
if (strcmp (*deltal3" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->deltal);
FOUT
}
if (strcmp ("deltad" , var_name) == 0)
{
*var_p_ptr = (char *) (&prs_ptr->deltad);
FOUT
}
if (strcmp {("k_avg" , var_name) == 0)
{
*var_p_ptr = {char *) (&prs_ptr->k_avg);
FPOUT
1
if (strcmp ("g_min® , var_name) == ()
{
*var_p_ptr = {char *) (&prs_ptr->g min};
FOUT
}
if {stremp ("g_max" , var_name) == 0)
{
*var_p_ptr = {(char *) (&prs_ptr->g max);
FOUT
3
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if

if

if

if

if

if

if

if

if

if

if

{stremp ("g avg® , var_name) == 0)

{
*var_p_ptr = {char
rPOUT
1

(strcmp ("rtt_meas” ,
{
*var_p_ptr = {char
FOUT
}

{strcmp ("k_target" ,
{
*var_p_ptr = {(char
FOUT
}

*) {&prs_ptr->g_avg);

var_name) == 0)

*) {(&prs_ptr->rtt_meas);

var_name) == ()

*) {&prs_ptr~>k_target);

(stremp ("g_rec" , var_name) == 0)

{

*var_p_ptr = (char
FOUT

}

*) (prs_ptr->g_rec);

(strcmp ("dgdt® , var_name) == 0)

{

*var_p_ptr = (char
FOUT

}

*} (&prs_ptr->dgdt):

(stremp ("cx" , var_name) == 0)

{

*yvar_p_ptr = (char
FOUT

}

*) (prs_ptr->cx);

(stremp ("cy" , var_name) == 0)

{

*var_p_ptr = (char
rouUT

}

*) (prs_ptr->cy};

(strcmp ("hex" , var_name) == 0)

{

*var_p_ptr = {char
FOUT

}

*) (prs_ptr->hcx);

(stremp ("xy" , var_name) == 0)

{

*vvar_p_ptr = (chaxr
FOUT

}

*) (&Prs_ptr->xY);

(stremp ("a" , var_name) == 0)

{
*var_p_ptr = {(char
FOUT
}

(stremp ("g_avg_old® ,
{
*var_p_ptr = (char
rOUT
}

*} (prs_ptr->a);

var_name) == 0)

*} {&prs_ptr->g_avg_old);

{stremp ("min_p" , var_name) == 0}

{
*var_p_ptr = {char
FOUT
}
(strcmp ("tserv_start”

{

*var_p_ptr = {(char

*} (&prs_ptr->min_p);

, var_name) == 0)

*} (&prs_ptr->tserv_start);
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FOUT
}
if (stremp {("serv_cnt® , var_name) == 0)
{
*yvar_p_ptr = {char *) (&prs_ptr->serv_cnt);
FOUT
}
if (strcmp {°rho"™ , var_name) == 0)
{
*var_p_ptr
FOUT
}
if {stremp ("rho_target' , var_name) == 0}

{

H

{char *) {(&prs_ptr->rhoj:;

*var_p_ptr = (char *) (&prs_ptr->rho_target);

FOUT
}

if (stromp ("zero_buffer" , var_name) == 0)

{

*var_p_ptr = {(char *) (&prs_ptr->zero_buffer);

FOUT
}
if (stroemp ("inter_drop_time" , var_name) == 0)

{

*var_p_ptr = (char *) (&prs_ptr->inter_drop_time);

FOUT
}
if (stremp ("last_drop" , var_name) == 0)
{
*yar_p_ptr = (char *) {(&prs_ptr->last_drop);
FOUT
}
if (strcmp ("data_get3® , var_name) == 0)

{
*var_p_ptr = {(char *) (&prs_ptr->data_get3d);

FOUT
}
if (stremp ("pk_type" , var_name) == 0)

{
*var_p_ptr = (char *) (&prs_ptr->pk_type);

FOUT

}
*var_p_ptr = (char *)C0OPC_NIL;

FOUT
}
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