CHAPTER 9

THE VIRTUAL SOURCE/VIRTUAL DESTINATION
(VS/VD) FEATURE: DESIGN CONSIDERATIONS

One of the architectural features in the ABR specification is the Virtual Source/Virtual

Destination (VS/VD) option. This option allows a switch to divide an end-to-end

ABR connection into separately controlled ABR segments by acting like a destination

on one segment, and like a source on the other. The coupling in the VS/VD switch

between the two ABR control segments is implementation specific. In this section,

we model a VS/VD ATM switch and study the issues in designing coupling between

ABR segments. We identify a number of implementation options for the coupling. We

show that a good choice significantly improves the stability and transient performance

of the system and reduces the buffer requirements at the switches.

As mentioned, the VS/VD option allows a switch to divide an ABR connection

into separately controlled ABR segments. On one segment, the switch behaves as a

destination end system, i.e., it receives data and turns around resource management

(RM) cells (which carry rate feedback) to the source end system. On the other

segment the switch behaves as a source end system, i.e., it controls the transmission

rate of every virtual circuit (VC) and schedules the sending of data and RM cells. We
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call such a switch a “VS/VD switch”. In effect, the end-to-end control is replaced by

segment-by-segment control as shown in Figure 9.1.

0

Figure 9.1: End-to-End Control vs VS/VD Control

One advantage of the segment-by-segment control is that it isolates different net-
works from each other. One example is a proprietary network like frame-relay or
circuit-switched network between two ABR segments, which allows end-to-end ABR
connection setup across the proprietary network and forwards ATM packets between
the ABR segments (signaling support for this possibility is yet to be considered by
the ATM Forum). Another example is the interface point between a satellite network
and a LAN. The gateway switches at the edge of a satellite network can implement
VS/VD to isolate downstream workgroup switches from the effects of the long delay
satellite paths (like long queues). A second advantage of segment-by-segment control
is that the segments have shorter feedback loops which can potentially improve per-
formance because feedback is given faster to the sources whenever new traffic bursts
are seen. The VS/VD option requires the implementation of per-VC queueing and
scheduling at the switch.

The goal of this study is find answers to the following questions:
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e Do VS/VD switches really improve ABR performance?

e What changes to switch algorithms are required to operate in VS/VD environ-

ments?
e Are there any side-effects of having multiple control loops in series?

Specifically, we study the requirements to implement the ERICA algorithm in
a VS/VD switch. We describe our switch model and the use of the ERICA algo-
rithm in sections 9.1 and 9.2. The VS/VD design options are listed and evaluated in

sections 9.3 and 9.4, and summarized in section 9.6.

9.1 Switch Queue Structure

In this section, we first present a simple switch queue model for the non-VS/VD
switch and later extend it to a VS/VD switch by introducing per-VC queues. The flow

of data, forward RM (FRM) and backward RM (BRM) cells is also closely examined.

9.1.1 A Non-VS/VD Switch

A minimal non-VS/VD switch has a separate FIFO queue for each of the different
service classes (ABR, UBR etc.). We refer to these queues as “per-class” queues. The
ABR switch rate allocation algorithm is implemented at every ABR class queue. This
model of a non-VS/VD switch based network with per-class queues is illustrated in
Figure 9.2.

Besides the switch, the figure shows a source end system, S, and a destination end
system, D, each having per-VC queues to control rates of individual VCs. For exam-

ple, ABR VCs control their Allowed Cell Rates (ACRs) based upon network feedback.
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Figure 9.2: Per-class queues in a non-VS/VD switch

We assume that the source/destination per-VC queues feed into corresponding per-
class queues (as shown in the figure) which in turn feed to the link. This assumption
is not necessary in practice, but simplifies the presentation of the model. The con-
tention for link access between cells from different per-class queues (at the switch,

the source and the destination) is resolved through appropriate scheduling.
9.1.2 A VS/VD Switch

The VS/VD switch implements the source and the destination end system func-
tionality in addition to the normal switch functionality. Therefore, like any source
and destination end-system, it requires per-VC queues to control the rates of individ-
ual VCs. The switch queue structure is now more similar to the source/destination
structure where we have per-VC queues feeding into the per-class queues before each
link. This switch queue structure and a unidirectional VC operating on it is shown
in Figure 9.3.

The VS/VD switch has two parts. The part known as the Virtual Destination
(VD) forwards the data cells from the first segment (“previous loop”) to the per-VC

queue at the Virtual Source (VS) of the second segment (“next loop”). The other part
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or the Virtual Source (of the second segment) sends out the data cells and generates

FRM cells as specifed in the source end system rules.
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Figure 9.3: Per-VC and per-class queues in a VS/VD switch (a)
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Figure 9.4: Per-VC and per-class queues in a VS/VD switch (b)

The switch also needs to implement the switch congestion control algorithm and

calculate the allocations for VCs depending upon its bottleneck rate. A question
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which arises is where the rate calculations are done and how the feedback is given to

the sources. We postpone the discussion of this question to later sections.

9.1.3 A VS/VD Switch with Unidirectional Data Flow

The actions of the VS/VD switch upon receiving RM cells are as follows. The VD
of the previous loop turns around FRM cells as BRM cells to the VS on the same
segment (as specified in the destination end system rules (see chapter 2)). Addition-
ally, when the FRM cells are turned around, the switch may decrease the value of the
explicit rate (ER) field to account for the bottleneck rate of the next link and the ER
from the subsequent ABR segments.

When the VS at the next loop receives a BRM cell, the ACR of the per-VC queue
at the VS is updated using the ER field in the BRM (ER of the subsequent ABR
segments) as specified in the source end system rules). Additionally, the ER value
of the subsequent ABR segments needs to be made known to the VD of the first
segment. One way of doing this is for the VD of the first segment to use the ACR of
the VC in the VS of the next segment while turning around FRM cells.

The model can be extended to multiple unidirectional VCs in a straightforward
way. Figure 9.5 shows two unidirectional VCs, VC1 and VC2, between the same
source S and destination D which go from Link1 to Link2 on a VS/VD switch. Observe
that there is a separate VS and VD control for each VC. We omit non-ABR queues

in this and subsequent figures.
9.1.4 Bi-directional Data Flow

Bi-directional flow in a VS/VD switch (Figure 9.6) is again a simple extension to

the above model. The data on the previous loop VD is forwarded to the next loop VS.
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Figure 9.5: Multiple unidirectional VCs in a VS/VD switch

FRMs are turned around by the previous loop VD to the previous loop VS. BRMs

are processed by the next loop VS to update the corresponding ACRs.
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Figure 9.6: Multiple bi-directional VCs in a VS/VD switch

We will discuss the rates and allocations of VC1 only. VC1 has two ACRs: ACR;
in the reverse direction on Linkl and AC R, in the forward direction on Link2. Hence-
forth, the subscript 1 refers to the “previous loop” variables and subscript 2 to the

“next loop” variables of VCI.
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9.2 The ERICA Switch Scheme: Renotated

In this section, we introduce some new notation for the ERICA algorithm which
we use later in this section to explain its implementation in a VS/VD switch.

The ERICA target rate is set as follows:
Target Rate = Target Utilization x Link Rate - VBR (high priority) Rate.

ERICA measures the input rate to the ABR queue and the number of active ABR
sources.

To achieve fairness, the VC’s Allocation (VA) has a component:
VAf,irness = Target Rate / Number of Active VCs

To achieve efficiency, the VC’s Allocation (VA) has a component:

VA = VC’s Current Cell Rate / Overload, where Overload = Input Rate /

efficiency
Target Rate;
Finally, the VC’s allocation on this link (VAL) is calculated as:

VAL = Max{ VA

}

efficiency’ VAfairness § = Function{ Input Rate, VC’s current rate

We use this basic algorithm to illustrate the VS/VD implementation. The imple-
mentation of the full scheme can be derived as a simple extension to the description

given in this section.

9.2.1 Rate Calculations in a non-VS/VD Switch

The non-VS/VD switch calculates the rate (VAL) for sources when the BRMs are
processed in the reverse direction and enters it in the BRM field as follows:

ER in BRM = Min{ ER in BRM, VAL }
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At the source end system, the ACR is updated as:

ACR = Function{ ER, VC’s current ACR }
9.2.2 Rate Calculations in a VS/VD Switch

Figure 9.7 shows the rate calculations in a VS/VD switch. Specifically, the seg-
ment starting at Link2 (“next loop”) returns an ER value, FRy in the BRM, and
the FRM of the first segment (“previous loop”) is turned around with an ER value
of ER;. The ERICA algorithm for the port to Link2 calculates a rate (VAL,) as:
V ALy, = Function { Input Rate, VC’s Current Rate }. The rate calculations at the

VS and VD are as follows:
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Figure 9.7: Rate calculations in VS/VD switches

e Destination algorithm for the previous loop:

ER1 = Min { ERl, VALQ,ACRQ }

e Source Algorithm for the next loop:
Optionally, ERy = Min { ER,, VAL, }

ACR2 = Fn { ERQ,ACRQ }
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The unknowns in the above equations are the input rate and the VC’s current
rate. We shall see in the next section that there are several ways of measuring VC
rates and input rates, combining the feedback from the next loop, and updating the
ACR of the next loop. Note that though different switches may implement different
algorithms, many measure quantities such as the VC’s current rate and the ABR

input rate.

9.3 VS/VD Switch Design Options

In this section, we aim at answering the following questions:

What is a VC’s current rate? (4 options)

What is the input rate? (2 options)

Does the congestion control actions at a link affect the next loop or the previous

loop? (3 options)

When is the VC’s allocation at the link (VAL) calculated? (3 options)

We will enumerate the 72 (= 4 x 2 x 3 x 3) option combinations and then study

this state space for the best combination.
9.3.1 Measuring the VC’s Current Rate

There are four methods to measure the VC’s current rate:

1. The rate of the VC is declared by the source end system of the previous loop
in the Current Cell Rate (CCR) field of the FRM cell (FRM1) received by the

VD. This declared value can be used as the VC’s rate.
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Figure 9.8: Four methods to measure the rate of a VC at the VS/VD switch

2. The VS to the next loop declares the CCR value of the FRM sent (FRM2) to

be its ACR (ACR;). This declared value can be used as the VC’s rate.

3. The actual source rate in the previous loop can be measured. This rate is equal
to the VC’s input rate to the per-VC queue. This measured source rate can be

used as the VC’s rate.

4. The actual source rate in the next loop can be measured as the VC’s input rate
to the per-class queue (from the per-VC queue). This measured value can be

used as the VC’s rate.

Figure 9.8 illustrates where each method is applied (note the position of the numbers

in circles).
9.3.2 Measuring the Input Rate at the Switch

Figure 9.9 (note the position of the numbers in circles) shows two methods of
estimating the input rate for use in the switch algorithm calculations. These two

methods are:
1. The input rate is the sum of input rates to the per-VC ABR queues.

2. The input rate is the aggregate input rate to the per-class ABR queue.
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Figure 9.9: Two methods to measure the input rate at the VS/VD switch

9.3.3 Effect of Link Congestion Actions on Neighboring Links

The link congestion control actions can affect neighboring links. The following

actions are possible in response to the link congestion of Link2:

1. Change FR,. This affects the rate of the previous loop only. The change in
rate is experienced only after a feedback delay equal to twice the propogation

delay of the loop.

2. Change ACR,. This affects the rate of the next loop only. The change in rate

is experienced instantaneously.

3. Change FR; and ACR,. This affects both the previous and the next loop. The
next loop is affected instantaneously while the previous loop is affected after a

feedback delay as in the first case.
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9.3.4 Frequency of Updating the Allocated Rate

Recall that the ERICA algorithm in a non-VS/VD switch calculates the allocated
rate when a BRM cell is processed in a switch. However, in a VS/VD switch, there

are three options as shown in Figure 9.10:

FRM1 @ FRM?

>4
BRM1 @ BRM?

Figure 9.10: Three methods to update the allocated rate

1. Calculate allocated rate on receiving BRM2 only. Store the value in a table and

use this table value when an FRM is turned around.

2. Calculate allocated rate only when FRM1I is turned around.

3. Calculate allocated rate both when FRM1 is turned around as well as when

BRM?2 1is received.

In the next section, we discuss the various options and present analytical argu-

ments to eliminate certain design combinations.
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9.4 VS/VD Switch Design Options

9.4.1 VC Rate Measurement Techniques

We have presented four ways of finding the the VC’s current rate in section 9.3.1,
two of them used declared rates and two of them measured the actual source rate. We
show that measuring source rates is better than using declared rates for two reasons.

First, the declared VC rate of a loop naively is the minimum of bottleneck rates of
downstream loops only. It does not consider the bottleneck rates of upstream loops,
and may or may not consider the bottleneck rate of the first link of the next loop.
Measurement allows better estimation of load when the traffic is not regular.

Second, the actual rate of the VC may be lower than the declared ACR of the
VC due to dynamic changes in bottleneck rates upstream of the current switch. The
difference in ACR and VC rate will remain at least as long as the time required for
new feedback from the bottleneck in the path to reach the source plus the time for the
new VC rate to be experienced at the switch. The sum of these two delay components
is called the “feedback delay.” Due to feedback delay, it is possible that the declared
rate is a stale value at any point of time. This is especially true in VS/VD switches
where per-VC queues may control source rates to values quite different from their
declared rates.

Further, the measured source rate is already available in a VS/VD switch be-
cause it is measured as part of one of the source end system rules (SES Rule 5) (see

chapter 7).
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9.4.2 Input Rate measurement techniques

As discussed earlier, the input rate can be measured as the sum of the input rates
of VCs to the per-VC queues or the aggregate input rate to the per-class queue.
These two rates can be different because the input rate to the per-VC queues is at
the previous loop’s rate while the input to the per-class queue is related to the next
loop’s rate. Figure 9.11 shows a simple case where two adjacent loops can run at very

different rates (10 Mbps and 100Mbps) for one feedback delay.

10 Mbps 100 Mbps

o

5

Y
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"

Figure 9.11: Two adjacent loops may operate at very different rates for one feedback
delay

9.4.3 Combinations of VC rate and input rate measurement
options

Table 9.1 summarizes the option combinations considering the fact that two ad-
jacent loops may run at different rates. The table shows that four of these combina-
tions may work satisfactorily. The other combinations use inconsistent information
and hence may either overallocate rates leading to unconstrained queues or result in
unnecessary oscillations. We can eliminate some more cases as discussed below.

The above table does not make any assumptions about the queue lengths at any

of the queues (per-VC or per-class). For example, when the queue lengths are close to
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# VC Rate X VC Input Rate Input Rate Choice

Method rates (Mbps) Method Value (YES/NO)
1. From FRM1 10 X per-VC 10 YES
2. From FRM1 10 per-class 10-100 NO
3. From FRM2 100 X per-VC 10 NO
4. From FRM2 100 per-class 100 YES
5. At per-VC queue 10 X per-VC 10 YES
6. At per-VC queue 10 per-class 10-100 NO
7. At per-class queue 100 X per-VC 10 NO
8. At per-class queue 100 per-class 100 YES

Table 9.1: Viable combinations of VC rate and input rate measurement

zero, the actual source rate might be much lower than the declared rate in the FRMs
leading to overallocation of rates. This criterion can be used to reject more options.

The performance of one such rejected case is shown in Figure 9.12 (corresponding
to row 4 in Table 9.1). The configuration used has two ABR infinite sources and one
high priority VBR source contending for the bottleneck link’s (LINK1) bandwidth.
The VBR has an ON/OFF pattern, where it uses 80% of the link capacity when
ON. The ON time and the OFF time are equal (20 ms each). The VS/VD switch
overallocates rates when the VBR source is OFF. This leads to ABR queue backlogs
when the VBR source comes ON in the next cycle. The queue backlogs are never
cleared, and hence the queues diverge. In this case, the fast response of VS/VD is
harmful because the rates are overallocated.

In this study, we have not evaluated row 5 of the table (measurement of VC
rate at entry to the per-VC queues). Hence, out of the total of 8 combinations, we

consider two viable combinations: row 1 and row 8 of the table. Note that since row
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8 uses source rate measurement, we expect it to show better performance. This is

substantiated by our simulation results presented later in the paper.
9.4.4 Effect of Link Congestion Control Actions

In a network with non-VS/VD switches only, the bottleneck rate needs to reach
the sources before any corresponding load change is seen in the network. However,
a VS/VD switch can enforce the new bottleneck rate immediately (by changing the
ACR of the per-VC queue at the VS). This rate enforcement affects the utilization of
links in the next loop. Hence, the VS/VD link congestion control actions can affect
neighboring loops. We have enumerated three options in an earlier section.

We note that the second option (“next loop only”) does not work because the
congestion information is not propagated to the sources of the congestion (as required
by the standard [35]). This leaves us with two alternatives. The third option (“both
loops”) is attractive because, when AC'R, is updated, the switches in the next loop
experience the load change faster. Switch algorithms may save a few iterations and
converge faster in these cases.

Figure 9.13 shows the fast convergence in a parking lot configuration when such
a VS/VD switch is used. The parking lot configuration (Figure 9.13(c)) consists of
three VCs contending for the Sw2-Sw3 link bandwidth. Link lengths are 1000 km
and link bandwidths are 155.52 Mbps. The target rate of the ERICA algorithm was
90% of link bandwidth i.e., 139.97 Mbps. The round trip time for the S3-D3 VC is
shorter than the round trip time for the other two VCs. The optimum allocation by

ERICA for each source is 1/3 of the target rate on the Sw2-Sw3 (about 46.7 Mbps).
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Figure 9.13: Parking lot: best VS/VD option converges fast

Figure 9.13(a) shows that the optimum value is reached at 40 ms. Part (b) of the
figure shows that the transient queues are small. Further, the allocation is fair.

9.4.5 Link Congestion and Allocated Rate Update Frequency:
Viable Options

The allocated rate update has three options:
a) update upon BRM receipt (in VS) and enter the value in a table to be used when
an FRM is turned around,
b) update upon FRM turnaround (at VD) and no action at VS,
c¢) update both at FRM (VD) and at BRM (VS) without use of a table.
The last option recomputes the allocated rate a larger number of times, but can

potentially allocate rates better because we always use the latest information.
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The allocated rate update and the effects of link congestion actions interact as
shown in Figure 9.14. The figure shows a tree where the first level considers the
link congestion (2 options), i.e., whether the next loop is also affected or not. The
second level lists the three options for the allocated rate update frequency. The viable
options are those highlighted in bold at the leaf level.

BRM
FRM
BRM+FRM
_.-- BRM
No ™wzz=" _ FRM

~~-. BRM+FRM

Affects Next Loop

Figure 9.14: Link congestion and allocated rate update: viable options

Other options are not viable because of the following reasons. In particular, if the
link congestion does not affect the next loop, the allocated rate update at the FRM
turnaround is all that is required. The allocated rate at the BRM is redundant in
this case. Further, if the link congestion affects the next loop, then the allocated rate
update has to be done on receiving a BRM, so that ACR can be changed at the VS.
This gives us two possibilities as shown in the figure (BRM only, and BRM+FRM).

Hence, we have three viable combinations of link congestion and the allocated rate
update frequency. A summary of all viable options (a total of 6) is listed in Table 9.2.

The next section evaluates the performance of the viable VS/VD design options

through simulation.
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Option # VC Rate Input Rate Link Allocated

Method Measurement Congestion Rate

point Effect Updated at

A From FRM1 per-VC  prev loop only FRM1 only
B At per-class Q per-class both loops FRM1 only
C From FRM1 per-VC both loops FRM1 only
D At per-class Q per-class both loops FRM1 and BRM2
E From FRM1 per-VC both loops BRM2 only
F At per-class Q per-class both loops BRM2 only

Table 9.2: Summary of viable VS/VD design alternatives

9.5 Performance Evaluation of VS/VD Design Options

9.5.1 Metrics
We use four metrics to evaluate the performance of these alternatives:
e Response Time: is the time taken to reach near optimal behavior on startup.

e Convergence Time: is the time for rate oscillations to decrease (time to reach

the steady state).

Throughput: Total data transferred per unit time.

Maximum Queue: The maximum queue before convergence.

The difference between response time and convergence time is illustrated in Fig-
ure 9.15. The following sections present simulation results with respect to the above
metrics. Note that we have used greedy (infinite) traffic sources in our simulations.

We have studied the algorithmic enhancements in non-VS/VD switches for non-greedy
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sources in chapter 6. We expect the best implementation option (see below) to work

well and produce consistent results when such (bursty) traffic is used.

Response Time

ACR

= b o e N

Convergence Time

oo
|

Figure 9.15: Response time vs Convergence time

Response Time

Without VS/VD all response times are close to the round-trip delay. With
VS/VD, the response times are close to the feedback delay from the bottleneck. Since
VS/VD reduces the response time during the first round trip, it is good for long delay
paths. The quick response time (10 ms in the parking lot configuration which has a
30 ms round trip time) is shown in Figure 9.13.

Response time is also important for bursty traffic like TCP file transfer over ATM
which “starts up” at the beginning of every active period (when the TCP window

increases) after the corresponding idle period (see chapter 7).

Throughput

The number of cells received at the destination is a measure of the throughput
achieved. These values are listed in Table 9.3. The top row is a list of the configuration
codes (these codes are explained in Table 9.2. The final column lists the throughput
values for the case when a non-VS/VD switch is used. The 2 source+VBR and the

parking lot configurations have been introduced in earlier section.
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The upstream bottleneck configuration shown in Figure 5.19 has a bottleneck at
Sw1 where 15 VCs share the Sw1-Sw2 link. As a result the S15-D15 VC is not capable
of utilizing its bandwidth share at the Sw2-Sw3 link. This excess bandwidth needs to
be shared equally by the other two VCs. The table entry shows the number of cells
received at the destination for either the S16-D16 VC or the S17-D17 VC.

In the 2 source+VBR and the upstream bottleneck configurations, the simulation
was run for 400 ms (the destination receives data from time = 15 ms through 400

ms). In the parking lot configuration, the simulation was run for 200ms.

VS/VDOpt# —- A B C D E F No VS/VD

Config |
2 source + VBR 31 31 325 34 32 33 30
Parking lot 22 22 23 20.5 23 20.5 19.5
Upstream bottleneck 61 61 61 60 61 61 62

Table 9.3: Cells received at the destination per source in Kcells

As we compare the values in each row of the table, we find that, in general, there
is little difference between the alternatives in terms of throughput. However, there is
a slight increase in throughput when VS/VD is used over the case without VS/VD

switch.

Convergence Time

The convergence time is a measure of how fast the scheme finishes the transient
phase and reaches steady state. It is also sometimes called “transient response.” The

convergence times of the various options are shown in Table 9.4. The “transient”
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configuration mentioned in the table has two ABR VCs sharing a bottleneck (like the
2 source + VBR configuration, but without the VBR VC). One of the VCs comes on
in the middle of the simulation and remains active for a period of 60 ms before going

off.

VS/VDOpt#—+ A B C D E F NoVS/VD

Config |
Transient 50 50 65 20 55 25 60
Parking lot 120 100 170 45 125 50 140
Upstream bottleneck 95 75 75 20 95 20 70

Table 9.4: Convergence time in ms

Observe that the convergence time of VS/VD option D (highlighted) is the best.
Recall that this configuration corresponds to measuring the VC rate at the entry
to the per-class queue, input rate measured at the per-class queue, link congestion

affecting both the next loop and the previous loop, the allocated rate updated at both

FRM1 and BRM2.

Maximum Transient Queue Length

The maximum transient queues gives a measure of how askew the allocations
were when compared to the optimal allocation and how soon this was corrected. The
maximum transient queues are tabulated for various configurations for each VS/VD
option and for the case without VS/VD in Table 9.5.

The table shows that VS/VD option D has very small transient queues in all the

configurations and the minimum queues in a majority of cases. This result, combined
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VS/VD Opt # — A B C D E F No VS/VD

Config |
2 Source + VBR 1.2 14 27 1.8 2.7 1.8 2.7
Transient 1.4 11 14 0.025 1.3 1.0 6.0
Parking lot 1.9 19 14 0.3 3.7 0.35 2.0
Upstream bottleneck 0.025 0.08 0.3 0.005 1.3 0.005 0.19

Table 9.5: Maximum queue length in Kcells

with the fastest response and near-maximum throughput behavior confirms the choice
of option D as the best VS/VD implementation.

Observe that the queues for the VS/VD implementations are in general lesser
than or equal to the queues for the case without VS/VD. However, the queues reduce

much more if the correct implementation (like option D) is chosen.

9.6 Conclusions

In summary:

e VS/VD is an option that can be added to switches which implement per-VC
queueing. The addition can potentially yield improved performance in terms of
response time, convergence time, and smaller queues. This is especially useful
for switches at the edge of satellite networks or switches that are attached to
links with large delay-bandwidth product. The fast response and convergence

times also help support bursty traffic like data more efficiently.

e The effect of VS/VD depends upon the switch algorithm used and how it is

implemented in the VS/VD switch. The convergence time and transient queues
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can be very different for different VS/VD implementations of the same basic

switch algorithm. In such cases the fast response of VS/VD is harmful.

e With VS/VD, ACR and actual rates are very different. The switch cannot
rely on the RM cell CCR field. We recommend that the VS/VD switch and
in general, switches implementing per-VC queueing measure the VC’s current

rate.

e The sum of the input rates to per-VC VS queues is not the same as the input
rate to the link. It is best to measure the VC’s rate at the output of the VS

and the input rate at the entry to the per-class queue.

e On detecting link congestion, the congestion information should be forwarded to
the previous loop as well as the next loop. This method reduces the convergence
time by reducing the number of iterations required in the switch algorithms on

the current and downstream switches.

e It is best for the the rate allocated to a VC to be calculated both when turning

around FRMs at the VD as well as after receiving BRMs at the next VS.

We have shown that the VS/VD provision in the ABR traffic management frame-
work can potentially improve performance of bursty traffic and reduce the buffer
requirements in switches. The VS/VD mechanism achieves this by breaking up a
large ABR loop into smaller ABR loops which are separately controlled. However,

further study is required in the following areas:
e Effect of VS/VD on buffer requirements in the switch.

e Scheduling issues with VS/VD.
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o Effect of different switch algorithms in different control loops, and different

control loop lengths.

e Effect of non-ABR clouds and standardization issues involved.
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CHAPTER 10

IMPLEMENTATION ISSUES

At the time of this writing, the Traffic Management 4.0 [35] which includes the
ABR specification has been available for a year and a half. However, the first products
implementing ABR are just entering the market. The reason for this long delay is in
part because of the complexity of ABR implementation. We explore some of the issues
in this chapter and study the implementation and performance of one of the ABR
options, namely, Virtual Source/Virtual Destination, in depth. We will also mention

some of the efforts currently underway to make the ABR service more attractive.

10.1 ATM Service Categories Revisited

ATM provides multiple classes of service to realize the goal of an integrated ser-
vices network. The CBR and VBR services were designed primarily for voice and
isochronous traffic like video. These services required the network to reserve re-
sources. As a result, the method used to reserve resources limited the total number
of CBR or VBR connections that could be setup. Data traffic did not require such
resource reservations, and it could potentially use the bandwidth “left over” by CBR
and VBR. Therefore, the ATM Forum decided to develop a “best-effort” service cate-

gory for data traffic which uses the “left over” capacity on a physical channel. Initial
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ATM data users found that their packets were being dropped indiscriminately by the
network. The reason was that due to fragmentation, even a single cell loss resulted
in a packet loss.

So, there was a need for a service which provides control over cell loss. ABR was
initially designed to meet this need through the use of feedback control. Basically,
the network explicitly distributes the “left over” capacity among the active ABR
sources. During the development of the ABR service, it was realized that feedback
control could also be used to provide high throughput, low delay and fairness among
contending sources. The tradeoff was performance versus complexity. There was
the debate between credit-based framework and the rate-based framework, and the
latter was standardized because it mandated lesser required complexity. The standard
requires the network interface card (NIC) manufacturers to implement a set of source
and destination end system rules. The switches minimally need to give some kind of
feedback. They can set EFCI bits on data cells and/or process RM (control) cells sent
by the sources once every Nrm cell times to give feedback. Target ABR applications
are file transfer, WWW, email, variable quality video and voice.

The UBR service is “unspecified” in the sense that the only standard support
required from switches is the capability to accept a UBR connection request from the
source. By default, there is no resource to be reserved and the connection admission
control (CAC) procedure is very simple. Another implication of the service being un-
specified is that nothing is guaranteed. In particular, if network gets congested, UBR
cells may be dropped. The network switches may provide an enhanced UBR service
by using techniques like intelligent drop policies, buffer allocation and scheduling [39].

Network monitoring traffic, email and news are examples of the UBR applications.
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With an enhanced UBR service, applications like file transfer and WWW browsing
and downloading become viable over this service.

The service categories of ATM can also be compared to those offered by air-
lines [68]. CBR is confirmed reservations with no recourse if you do not show up.
VBR is like confirmed reservation but you do not pay if you do not show up. ABR is
standby. You get to go if seats are available. Having standby service is good for the
airline. They can fill their seats that would otherwise would have gone empty. The
service is also good for passengers. They can travel cheaply particularly if they don’t
have to be at their destinations at a certain time. UBR service is not currently offered
by the airlines. Passengers travelling on UBR class may be allowed to board a plane
but may be strangled at the subsequent airports forever if seats are not available.
ABR users would generally be asked to stay home as much as possible if their routes

are congested.

10.2 Issues in ABR Implementation Complexity

From an architecture viewpoint, currently, ABR is a complex service to implement.
The important architectural tradeoffs we will encounter involve requirements in terms
of processing speed, latency, memory, and compactness. We will encounter processing
speed mismatches for RM cells versus data cells. Further, the RM cell might need to
be processed in both the forward and reverse directions. The latency issue arises when
RM cells are processed separately, and/or in software, and/or block on a slow shared
DRAM for information access. Memory requirements and access speed requirements
vary depending upon the RM cell processing strategy. Compactness and overall cost

depends upon the particular implementation (for example: ASIC or FPGA). In this
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section, we outline some of the implementation problems for both switches and NICs,

and suggest solutions.

10.2.1 Switch issues

1. ABR requires the switch to process RM cells. The processing of RM cells takes
a longer time than processing data cells. As a result, the processing of RM cells
may disrupt the switch pipeline mechanism. Note that a pipeline mechanism
processes a job in several stages of a “pipeline” and assumes that the processing
time at each stage is simple and involves the same (small) amount of time.
Any task with disproportionate processing requirements disrupts the pipeline.
One solution is to extract such tasks from the stream before they enter the
pipeline, process them separately, and reinsert them into the stream. In this
case, we require a special hardware/software design to extract, process and
reinsert RM cells to/from the ABR VC. Note that this solution might extract
an RM cell from one point in the stream and reinsert it at a different point.
However, the traffic management 4.0 standard allows RM cells to be extracted,
processed separately, and reinserted, as long as the RM cell sequence within
each VC is maintained. Note that the correlation of the declared parameters
with the actual stream is lost under such conditions. For example, the CCR
field may not be indicative of the rate of the VC (as measured) when the RM
cell is processed. Software processing of RM cells is possible if the Nrm (RM
cell frequeny parameter) is negotiated appropriately (eg: use a value like 192,

instead of the default value, 32).
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2. Some switch schemes have a processing requirement for both the forward and
backward going RM cell. This requires extra processing at the switch. Another
related problem which arises in this case is that the switch scheme requires
exchange of information from one port to another (the ingress chip to the egress
chip). The assumption made by the scheme is that the switch has a shared
memory which is used for tables facilitating the information exchange. This
assumption is based on the fact that early switches had the VC table (which
maps a cell of a VC from one port to another) was in such a shared memory.
The problem with the shared memory is that in the worst case it needs to
support accesses from all ports in a single cell time. Modern switches have
evolved to use cheaper (and slower memory) to build a distributed VC table —
based on the assumption that VC label allocations are relatively static (written
only during connection setup, read by the local port only), and local between
pairs of ports (except point-to-multipoint VCs which could involve multiple
ports). One disadvantage of the distributed memory implementation is that
sharing information between ports via memory is not possible. A solution to this
problem is to have a cheap low speed shared memory (DRAM) for storing shared
tables which are accessed when RM cells are processed. We take advantage of
the fact that RM cells on every VC arrive at a frequency of at most one in
Nrm = 32 cells. Even in the case when RM cells of multiple VCs arrive
together, they need to be processed at a rate much smaller than the link rate.
As mentioned before, RM cells can be staggered with respect to the data stream

as long as the sequence integrity on a VC is maintained.
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The ERICA scheme also works best when calculations are done at the receipt
of the FRM and the BRM cell, and information is exchanged. However, it is
possible to implement ERICA such that feedback can be given when the RM
cell is seen in the forward direction. In this implementation, certain fields of the
ERICA table (eg, the CCR field) are not required. Further, the per-VC state
can be stored in memory local to the port. Also, the computations usually done
when an RM cell is received can be avoided by precalculating the feedback at
the end of an averaging interval for the set of active sources. In general, the
averaging interval computation can be done in software as a background process.

A lazy evaluation technique for the same is also possible.

. Many switch implementations provide per-VC queueing and scheduling in order
to ensure isolation of traffic and provide fairness among VCs. The ERICA al-
gorithm does not require per-VC queueing and scheduling. But, it does assume
that misbehaving sources (which do not send data according to their alloca-
tions). In a corporate network, the source end-system cards or NICs can be
chosen such that they schedule the traffic depending upon the current rate.
If the NIC technology cannot handle the scheduling of cells when ACRs vary
rapidly, the VC output rates at the NICs may be close to, but not conform to
ACRs. Under such conditions, the policing function needs to be done at the
edge switch. This switch does require per-VC queues (but a smaller number
because it is an edge switch), large buffers, and it needs to monitor and enforce
the ACRs of VCs. The non-edge switches can provide simple FIFO queueing,
and relatively smaller buffers, simple drop policies, and tradeoff the complexity

of the switch feedback scheme.
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4. Large legacy switches have a problem in that they are very expensive to replace,
but provide few hooks for adding new functionality. Counters, registers and
pin-outs are always at a premium on a chip, and are rarely left unused. For
example, one might decide to use a switch hook (a pin in the chip) to implement
an improved switch scheme. However, if the scheme requires measurement of
different quantities, it cannot be done due to the lack of hooks. For example, the
ERICA switch scheme requires the measurement of quantities such as the input
rate and the number of active ABR sources. But, the only available metric in the
switch might be just the queue length, which does not allow the implementation
of the algorithm to be retrofitted on the switch. Simple algorithms which use

just the queue metric need to be used for such cases.

5. Some ABR features such as the Virtual Source/Virtual Destination feature re-
quire the implementation of per-VC queueing. Recall that the requirement of
per-VC queueing was one of the key reasons why the credit-based framework
was rejected. It might seem contradictory to see per-VC queueing implemented
by all major vendors. However, note that the current switches typically support
upto 128K VCs per port. When the number of VCs grows further (millions of
VCs), the accounting information required and the scheduling overhead is ex-
pected to become prohibitively expensive. In such cases, VCs will be aggregated

into classes and supported by a few thousand class queues.

VS/VD, on the other hand, requires the implementation of the source end sys-
tem rules, scheduling of VC cells at a variable ACR, and the maintainence of
a large amount of state per-VC. This has resulted in the VS/VD option to
be implemented only in very large switches (like satellite switches) where the
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advantages of the mechanism justify the cost of implementation. The imple-

mentation issues of VS/VD are further discussed in section 9.

. Another issue of importance to long-distance ATM service providers is how
to price the ABR service for ISPs. This requires switch support in terms of
management software for usage-based billing. The definition of “usage” is “the
number of cells delivered to the destination end-system.” This definition implies
that the measurements of usage have to be made in the egress switches. This
adds cost and complexity to the implementation of edge switches. Currently,

no cost estimates exist for ABR service.

. There is a cost-performance tradeoff in implementing the various options of
the ABR service. LAN switches are typically lower end, and the EFCI feedback
mechanism provides sufficient performance, since the round trip times are small.
It is anticipated that ABR will be the service of choice for WAN and satellite
networks. This is because the ABR service (ER-based implementations) can
provide throughput and delay performance, and is more scalable in terms of
buffer requirements than the UBR service. WAN switches are expected to use
ER-based ABR implementations. Complex alternatives like per-VC queueing
and scheduling are required for ABR only at the edge switches. Interior network
switches typically would use ER-based feedback, simple FIFO queueing, allo-
cate small amount of buffers, and have simple buffer management and cell drop
policies. The VS/VD alternative is required at a few edge switches of a very
large delay-bandwidth product network. This option allows network managers

to isolate the effects of the large network on downstream small networks (see
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section 9. Further, WAN switches would typically allocate some bandwidth
for aggregate ABR traffic to avoid zero capacity problems during congestion
(when the feedback loops are disrupted), and in general to reduce the variation
in available capacity for the service (which allows the switch algorithm to al-
locate rates more aggressively without worrying about effects of errors due to

variation).
10.2.2 End-system issues

1. The end-system (which is the network interface card (NIC) for end-to-end ATM,
or an edge router in a backbone network) needs to implement the end-system
rules for ABR as specified in the standard. A mechanism needed for this imple-
mentation is one which schedules cells of different VCs based upon a dynamically
changing set of ACRs. In practice, only a few ACR levels may be possible which
can lead to link underutilization. SES Rule 9 allows the source to reschedule
a cell on a VC based upon a new rate allocation. The implementation of this

mechanism per-VC can be difficult.

2. In the ABR service, the network allocated rate may not match the input rate of
a VC at a NIC. Mechanisms to control the actual sources of traffic are necessary
to avoid cell loss at the NIC. Further, the NIC needs to have a large number of
buffers and typically needs to manage per-VC queues. Current implementations
are possible since the number of VCs per NIC is small. When ATM is deployed

in the backbone alone, then the cost increases in the edge routers/switches.
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3. Typically, the number of end systems is one order of magnitude greater than
the number of switches. This has a multiplier effect on the cost of an ATM

network supporting ABR. The service can be made attractive only if:

a) cheap ABR end-system implementations are available;

b) there are mechanisms which carry the benifits of ABR (cell loss control,
thoughput, controlled delay, fairness) to the applications (an application
would not choose ABR if its performance degrades due to cell loss at the

ABR end-system:;

¢) an application programming interface (API) is available for end-to-end ATM

implementations which maps applications to ABR;

d) a larger class of applications (like variable quality voice, audio, video) can
be scalably supported using the ABR service (and allow higher/costlier
classes of service for applications willing to pay the price for the higher

quality of service).
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CHAPTER 11

SUMMARY AND FUTURE WORK

11.1 Summary of Contributions

This dissertation has examined the design of several traffic management mecha-
nisms and methodologies for the ABR service in ATM networks. The ideas presented
in this dissertation have significantly impacted the shape of the ATM Traffic Man-
agement 4.0 standard. This section summarizes the contributions of this work.

In Chapter 1 we gave a specification of the control problem in ABR traffic
management. We presented an open-loop equation in this chapter and presented
the requirements for the closed loop solution in Chapter 3. The goals we seek to
address include: efficiency (high throughput and low delay), fairness, steady state and
transient performance, buffer requirements, robustness, implementation complexity
and scalability. Chapter 2 gives a tutorial introduction to the source, destination
and switch rules as defined by the ATM Traffic Management 4.0 standard.

A large body of related work (ABR switch schemes) are surveyed in Chapter 4.
Chapters 5 and 6 describe the OSU, ERICA and ERICA+ schemes and related

performance analyses.
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The OSU scheme was one of the first explicit rate schemes designed for ABR. It
exposed some of the pitfalls in using window-based control techniques in rate-based

control. The key contributions of the algorithm are:

e Choice of congestion indicator (input rate i.e. aggregate demand, instead of

queue length)

e Application of the congestion avoidance concept in rate-based control (use of

the target utilization parameter).

e Use of the “overload factor” and “equal fairshare” metrics instead of simply the

queue length.
e Small number of parameters

e Measurement of the number of active sources. In general, the scheme uses

measurement, instead of beleiving the declared values of metrics.
e O(1) time complexity.
e A proof that the fairness algorithm does achieve fairness.

The drawbacks of the scheme are its slow convergence in complex configurations,
and the fact that it is incompatible with the final version of the standard (since it
was developed at a time when the standards themselves were not finalized).

Three different options that further improve the performance over the basic scheme
are also described. These allow the fairness to be achieved quickly, oscillations to be
minimized, and feedback delay to be reduced.

The OSU scheme drawbacks were addressed in the ERICA schemes. The ERICA
set of schemes use an optimistic approach to provide good steady state as well as
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good transient performance. Since real networks are in a transient state most of the
time (sources are rarely infinite and ABR capacity varies), the transient performance
of a scheme deployed under these conditions is of importance.

The difference in approach between the OSU scheme and ERICA is that while
the former attempts to achieve efficiency and fairness one after another, the latter
attempts to move towards efficiency and fairness at the same time. It uses an aggres-
sive core algorithm - the maximum of an “efficiency term” (based on the overload
factor and the source’s current rate) and a “fairness term” (based on the available
capacity and the number of active sources). The ERICA schemes still rely on mea-
surement of load, capacity and the number of active sources to calculate the rates.
The ERICA+ scheme attempts to achieve an operating point of 100% utilization and
a target queueing delay. The use of the queueing delay metric allows the scheme to
be robust to errors in measurement and feedback delays (which manifest as queues at
the switch). Simulation results with different configurations and traffic patterns have
also been presented.

Chapter 7 examines the design of source rules in the ATM Traffic Management
framework, i.e., how “open-loop” control complements the “closed-loop” feedback sys-
tem. This dissertation work has helped develop a number of the rules in the inter-
national standard. However, two of these issues are investigated in depth in this
chapter.

The first issue is the design of “Use-it-or-Lose-it” policies. These policies take away
a source’s assigned rate if the source does not use it. The choice of the policy has
a significant impact on ABR service capabilities, affecting the performance of bursty

(on-off) sources and sources bottlenecked below their network-assigned rate. We
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present a survey of the proposed approaches including our approach. The approaches
can broadly be classified as source-based approaches (where the source end-system
implements the policy) and switch-based policies (where the switch may implement
proprietary measures to address the problem). After a long debate, the ATM Forum
decided not to standardize an elaborate source-based UILI policy. A simple timeout
is mandated for the source, where sources keep their rate allocations until a timeout
(parameter ATDF, of the order of 500 ms) expires. We present a detailed study of
the various alternatives in this chapter.

The second issue is the efficient support of low-rate sources. We study three
mechanisms - tuning the Trm parameter setting, the TCR parameter which controls
the rate of out-of-rate RM cells, and a source rescheduling policy which may trigger
when the source receives a rate increase indication. The tradeoffs in these mechanisms
are examined in this chapter.

Chapter 8 deals with issues in supporting internet applications like file transfer
and world wide web (which run over the TCP/IP protocol) over ATM ABR, with dif-
ferent models of higher priority VBR background traffic in the background. We show
that a well-designed ABR system can scalably support persistant TCP applications
like ftp as well as bursty TCP applications like WWW clients and servers. We study
the TCP dynamics and show that when ftp applications using TCP run over ABR,
the switch algorithm can control the TCP sources given sufficient amount of buffering.
Once the control has been established, given no changes in traffic behavior, TCP can
achieve maximum throughput and zero cell loss. The buffer requirements do not de-
pend upon the number of TCP sources - only on parameters like the switch algorithm

parameters and round trip time. We verify that this requirement holds despite highly
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variant background traffic conditions, and for LAN, WAN and satellite configura-
tions. To introduce highly variant conditions, we use conventional ON-OFF models
and also propose new models of MPEG-2 transport streams (resulting in long-range
dependent traffic) multiplexed over VBR. We observe that the ABR control system
only pushes the queues to the edge of the network - where an edge router has to again
handle the issue of large TCP queues.

We note that the system can theoritically be loaded with unbounded queues when
bursty traffic like WWW is used. However, under practical conditions, the average
load when a large number of WWW exist increases more smoothly than expected.
Since the ABR switch scheme reacts to load and can tolerate variation in load and
capacity, we see that queues are controlled and high throughput is attained even
under such conditions.

In Chapter 9 we look at the switch design issues for a specific ABR framework
option called the “Virtual Source/Virtual Destination” option. In this option, the
switch splits the network into two segments and shortens the feedback loop for both
segments. We show that this option has the potential to increase the performance of
the network, but the implementation can be complex and has to be carefully done. In
our study of multiple implementation options of this feature, we found that only a very
few performed well, and we identify the properties of the best option. This chapter is

followed up by Chapter 10 where we briefly address certain implementation issues.

11.2 Future Work

At the time of this writing, the ABR service is being actively implemented and

is currently facing interesting cost-performance tradeoff questions. Field trials and
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interoperability tests are required to ensure that the implementations conform to the
specifications and deliver the promised performance. Another step to make the service
more attractive in the cost-performance tradeoff is to demonstrate that a large class
of applications can be made to run over the service. Currently, ABR is promising for
two key internet applications: file transfer and the world wide web. It is interesting
to see if ABR can support variable quality voice and video. ABR multicast is also
another pre-requisite for supporting a wider class of applications

Another issue with ATM backbone scenarios is that ABR provides control only
upto the edge of the ATM network. It is possible that the edge router can use the
ABR rate feedback information to pace TCP traffic. This will carry the benifits of
ABR to applications (i.e., end-to-end).

The proliferation of high-speed networking will increase the demand for high qual-
ity of service (QoS) on access network technologies like wireless and DSL (ADSL, 56
kbps modems etc). Such technologies are characterized by low bit rates and high
error rates. The implication of the mapping of ATM on such technologies is that traf-
fic management has to deal with the effect of uniform errors (due to the underlying
technology) as well as burst errors (due to congestion). Another scenario is that of
satellite networks where the delay is large, the bit rates are smaller, and the satellite
technology imposes rigid design constraints. Special schemes are required to handle

such scenarios correctly.
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APPENDIX A

SOURCE, DESTINATION AND SWITCH RULES

This appendix provides the precise source and destination behavior verbatim from
the ATM Forum’s Traffic Management 4.0 specification [35]. All table, section, and
other references in this appendix refer to those in the TM specification.

5.10.4 Source Behavior

The following items define the source behavior for CLP=0 and CLP=1 cell streams
of a connection. By convention, the CLP=0 stream is referred to as in-rate, and the

CLP=1 stream is referred to as out-of-rate. Data cells shall not be sent with CLP=1.

1. The value of ACR shall never exceed PCR, nor shall it ever be less than MCR.
The source shall never send in-rate cells at a rate exceeding ACR. The source

may always send in-rate cells at a rate less than or equal to ACR.

2. Before a source sends the first cell after connection setup, it shall set ACR to

at most ICR. The first in-rate cell shall be a forward RM-cell.

3. After the first in-rate forward RM-cell, in-rate cells shall be sent in the following

order:

a) The next in-rate cell shall be a forward RM cell if and only if, since the last
in-rate forward RM-cell was sent, either:
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i) at least Mrm in-rate cells have been sent and at least Trm time has

elapsed, or
ii) Nrm -1 in-rate cells have been sent.

b) The next in-rate cell shall be a backward RM-cell if condition (a) above is

not met, if a backward RM cell is waiting for transmission, and if either:

i) no in-rate backward RM-cell has been sent since the last in-rate forward
RM-cell, or

ii) no data cell is waiting for transmission.

c) The next in-rate cell sent shall be a data cell if neither condition (a) nor

condition (b) is met, and if a data cell is waiting for transmission.

. Cells sent in accordance with source behaviors #1,#2, and #3 shall have

CLP=0.

. Before sending a forward in-rate RM cell, if ACR > ICR and the time T that has
elapsed since the last in-rate forward RM-cell was sent is greater than ADTF,

then ACR shall be reduced to ICR.

. Before sending an in-rate forward RM cell, and following behavior #5 above, if
at least CRM in-rate forward RM-cells have been sent since the last backward
RM-cell with BN=0 was received, then ACR shall be reduced by at least ACR
x CDF, unless that reduction would result in a rate below MCR, in which case

ACR shall be set to MCR.
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7.

10.

11.

12.

13.

After following behaviors #5 and #6 above, the ACR value shall be placed in
the CCR field of the outgoing forward RM-cell, but only in-rate cells sent after

the outgoing forward RM-cell need to follow the new rate.

. When a backward RM-cell (in-rate or out-of-rate) is received with CI=1, then

ACR shall be reduced by at least ACR x RDF, unless that reduction would
result in a rate below MCR, in which case ACR shall be set to MCR. If the
backward RM-cell has both CI=0 and NI=0, then the ACR may be increased
by no more than RIF x PCR, to a rate not greater than PCR. If the backward

RM-cell has NI=1, the ACR shall not be increased.

. When a backward RM-cell (in-rate or out-of-rate) is received, and after ACR is

adjusted according to source behavior #8, ACR is set to at most the minimum
of ACR as computed in source behavior #8, and the ER field, but no lower

than MCR.

When generating a forward RM-cell, the source shall assign values to the various

RM-cell fields as specified for source-generated cells in Table 5-4.

Forward RM-cells may be sent out-of-rate (i.e., not conforming to the current
ACR). Out-of-rate forward RM-cells shall not be sent at a rate greater than

TCR.
A source shall reset EFCI on every data cell it sends.

The source may implement a use-it-or-lose-it policy to reduce its ACR to a value
which approximated the actual cell transmission rate. Use-it-or-lose-it policies

are discussed in Appendix 1.8.
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Notes:

1. In-rate forward and backward RM-cells are included in the source rate allocated

to a connection.

2. The source is responsible for handling congestion within its scheduler in a fair
manner. This congestion occurs when the sum of the rates to be scheduled
exceeds the output rate of the scheduler. The method for handling local con-

gestion is implementation specific.

5.10.5 Destination Behavior
The following items define the destination behavior for CLP=0 and CLP=1 cell
streams of a connection. By convention, the CLP=0 stream is referred to as in-rate,

and the CLP=1 stream is referred to as out-of-rate.

1. When a data cell is received, its EFCI indicator is saved as the EFCI state of

the connection.

2. On receiving a forward RM-cell, the destination shall turn around the cell to
return to the source. The DIR bit in the RM-cell shall be changed from “for-
ward” to “backward,” BN shall be set to zero, and CCR, MCR, ER, CI, and

NI fields in the RM-cell shall be unchanged except:

a) If the saved EFCI state is set, then the destination shall set CI=1 in the
RM cell, and the saved EFCI state shall be reset. It is preferred that this

step is performed as close to the transmission time as possible;

b) The destination (having internal congestion) may reduce ER to whatever
rate it can support and/or set CI=1 or NI=1. A destination shall either
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set the QL and SN fields to zero, preserve these fields, or set them in
accordance with ITU-T Recommendation 1.371-draft. The octets defined
in Table 5-4 as reserved may be set to 6A (hexadecimal) or left unchanged.
The bits defined as reserved in Table 5-4 for octet 7 may be set to zero
or left unchanged. The remaining fields shall be set in accordance with
Section 5.10.3.1 (Note that this does not preclude looping fields back from

the received RM cell).

3. If a forward RM-cell is received by the destination while another turned-around

RM-cell (on the same connection) is scheduled for in-rate transmission:

a) It is recommended that the contents of the old cell are overwritten by the

contents of the new cell;

b) It is recommended that the old cell (after possibly having been overwritten)
shall be sent out-of-rate; alternatively the old cell may be discarded or

remain scheduled for in-rate transmission;

c) It is required that the new cell be scheduled for in-rate transmission.

4. Regardless of the alternatives chosen in destination behavior #3, the contents
of the older cell shall not be transmitted after the contents of a newer cell have

been transmitted.

5. A destination may generate a backward RM-cell without having received a
forward RM-cell. The rate of the backward RM-cells (including both in-rate
and out-of-rate) shall be limited to 10 cells/second, per connection. When a

destination generated an RM-cell, it shall set either CI=1 or NI=1, shall set set
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BN=1, and shall set the direction to backward. The destination shall assign
values to the various RM-cell fields as specified for destination generated cells

in Table 5-4.

6. When a forward RM-cell with CLP=1 is turned around it may be sent in-rate

(with CLP=0) or out-of-rate (with CLP=1)
Notes-

1. “Turn around” designates a destination process of transmitting a backward

RM-cell in response to having received a forward RM-cell.

2. It is recommended to turn around as many RM-cells as possible to minimize
turn-around delay, first by using in-rate opportunities and then by using out-
of-rate opportunities as available. Issues regarding turning RM-cells around are

discussed in Appendix 1.7.

5.10.6 Switch Behavior
The following items define the switch behavior for CLP=0 and CLP=1 cell streams
of a connection. By convention, the CLP=0 stream is referred to as in-rate, and the

CLP=1 stream is referred to as out-of-rate. Data cells shall not be sent with CLP=1.

1. A switch shall implement at least one of the following methods to control con-

gestion at queueing points:

a) EFCI marking: The switch may set the EFCI state in the data cell headers;

b) Relative Rate Marking: The switch may set CI=1 or NI=1 in forward and/or
backward RM-cells; item|[c)] Ezplicit Rate Marking: The switch may reduce
the ER field of forward and/or backward RM-cells (Explicit Rate Marking);
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d) VS/VD Control: The switch may segment the ABR control loop using a

virtual source and destination.

2. A switch may generate a backward RM-cell. The rate of these backward RM-
cells (including both in-rate and out-of-rate) shall be limited to 10 cells/second,
per connections. When a switch generates an RM-cell it shall set either CI=1
or NI=1, shall set BN=1, and shall set the direction to backward. The switch
shall assign values to the various RM-cell fields as specified for switch-generated

cells in Table 5-4.

3. RM-cells may be transmitted out of sequence with respect to data cells. Se-

quence integrity within the RM-cell stream must be maintained.

4. For RM-cells that transit a switch (i.e., are received and then forwarded), the
values of the various fields before the CRC-10 shall be unchanged except:
a) CI,NI and ER may be modified as noted in #1 above

a) RA, QL and SN shall be set in accordance with ITU-T Recommendation

1.371-draft

MCR may be corrected to the connection’s MCR if the incoming MCR value

is incorrect.

5. The switch may implement a use-it-or-lose it policy to reduce an ACR to a
value which approximates the actual cell transmission rate from the source.

Use-it-or-lose-it policies are discussed in Appendix 1.8.

Notes-

386



1. A switch queueing point is a point of resource contention where cells may be

potentially delayed or lost. A switch may contain multiple queueing points.
2. Some example switch mechanisms are presented in Appendix I.5.

3. The implications of combinations of the above methods is beyond the scope of

this specification.
5.10.7 Virtual Source and Virtual Destination Behavior

VS/VD behavior divides an ABR connection into two or more separately con-
trolled ABR segments. The coupling between adjacent ABR control segments asso-
ciated with an ABR connection is implementation specific.

The following applies to VS/VD behavior:

1. Each ABR control segment, except the first, is sources by a virtual source. A
virtual source assumes the behavior of an ABR source end point. Backward

RM-cells received by a virtual source are removed from the connection.

2. Each ABR control segment, except the last, is terminated by a virtual des-
tination. A virtual destination assumes the behavior of an ABR destination
end point. Forward RM-cells received by a virtual destination shall be turned
around as defined in destination behavior #2, and shall not be forwarded to

the next segment of the connection.

3. The coupling between two adjacent ABR control segments associated with an

ABR connection is implementation specific.

4. MCR shall be conveyed across VS/VD boundaries.
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5. Setting of other parameters at VS/VD is network specific
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APPENDIX B

THE OSU SCHEME: PSEUDO CODE

B.1 The Source Algorithm

There are four events that can happen at the source adapter or Network Interface
Card (NIC). These events and the action to be taken on these events are described

below.

1. Initialization:
TCR «Initial Cell Rate;
Averaging_Interval <—Some initial value;

IF (BECN_Option) THEN Time_Already_Acted <0;

2. A data cell or cell burst is received from the host.

Enqueue the cell(s) in the output queue.

3. The inter-cell transmission timer expires.
IF Output_Queue NOT Empty THEN dequeue the first cell and transmit;
Increment Transmitted_Cell_Count;
Restart Inter_Cell_Transmission_Timer;
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4. The averaging interval timer expires.
Offered _Cell Rate +Transmitted_Cell_Count/Averaging Interval;
Transmitted_Cell_Count «0;
Create a control cell;
OCR_n_Cell <-Offered_Cell_Rate ;
TCR_In_Cell «+max{TCR, OCR} ;
Load_Adjustment_Factor <0;
IF (BECN_Option) THEN Time_Stamp_in_Cell <—Current Time;
Transmit the control cell;

Restart Averaging Interval Timer;

5. A control cell returned from the destination is received.
IF ((BECN_Option AND Time_Already_Acted < Time_Stamp_In_Cell) OR
(NOT BECN _Option))
THEN BEGIN
New_TCR «-TCR_In_Cell/Load_Adjustment_Factor_In_Cell;
IF Load_Adjustment_Factor In_Cell > 1
THEN IF New_TCR < TCR
THEN BEGIN
TCR «+New_TCR ;
IF(BECN_Option)
THEN Time_Already_Acted < Time_Stamp_In_Cell;
END

ELSE IF Load_Adjustment_Factor_In_Cell < 1
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THEN IF New_TCR > TCR THEN TCR <-New_TCR ;
Inter_Cell_Transmission_Time «+1/TCR,;
END; (* of FECN Cell processing *)

Averaging_Interval <—Averaging_Interval_In_Cell;

6. A BECN control cell is received from some switch.
IF BECN_Option
THEN IF Time_Already_Acted <
Time_Stamp_In_Cell
THEN IF Load_Adjustment_Factor_In_Cell > 1
THEN BEGIN
New_TCR «
TCR_In_Cell/Load Adjustment_Factor_In_Cell;
IF New_TCR < TCR
THEN BEGIN
TCR «New_TCR;
Inter_Cell_Transmission_Time <+1/TCR;
Time_Already_Acted <Time_Stamp_In_Cell;
END;

?

END;

B.2 The Switch Algorithm

The events at the switch and the actions to be taken on these events are as follows:
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1. Initialization:
Target_Cell Rate < Link Bandwidth x Target_Utilization / Cell Size ;
Target_Cell Count <Target_Cell Ratex Averaging Interval;
Received_Cell_Count «0;
Clear VC_Seen_Bit for all VCs;
IF (Basic_Fairness_Option OR Aggressive_Fairness_Option )
THEN BEGIN
Upper_Load_Bound «+1 + Half Width_Of TUB;
Lower_Load _Bound «1 - Half Width_Of TUB;

END;

2. A data cell is received.

Increment Received_Cell_Count;

Mark VC_Seen_Bit for the VC in the Cell;

3. The averaging interval timer expires.
Num_Active_VCs «—max{>_ VC_Seen_Bit, 1};
Fair_Share_Rate < Target_Cell_Rate/Num_Active_VCs;
Load Level «<—Received _Cell Count/Target_Cell Count;
Reset all VC_Seen_Bits;
Received_Cell_Count <0;

Restart Averaging Interval Timer;
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4. A control cell is received.
IF (Basic_Fairness_Option)
THEN IF (Load_Level > Lower_Load _Bound)
and (Load_Level < Upper_Load Bound)
THEN BEGIN
IF OCRIn_CELL > Fair_Share Rate
THEN Load_Adjustment_Decision +Load_Level/Lower_Load Bound
ELSE Load_Adjustment_Decision <Load _Level /Upper_Load Bound
END (*IF *)

ELSE Load_Adjustment_Decision <Load_Level,

IF (Aggressive Fairness Option)
THEN BEGIN
Load_Adjustment_Decision <1;
IF (Load_Level < Lower_Load_Bound)
THEN IF ((OCRIn_Cell < Fair_Share RatexLoad_Level) OR
(Num_VC_Active =1))
THEN Load_Adjustment_Decision < Load_Level
ELSE IF (OCRIn_Cell < Target_Cell RatexLoad_Level)
THEN Load_Adjustment _Decision «Load_Level + (1-
Load_Level) x (OCR_In_Cell/(Load level x
Fair_Share)-1)/(Num_VC_Active-1)
ELSE Load_Adjustment_Decision <1

ELSE IF Load_Level > Upper_Load_Bound
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THEN IF (OCR_In_Cell < Fair_Share_Rate AND
Num_Active_VCs # 1)
THEN Load_Adjustment_Decision <1
ELSE IF (OCRIn_Cell <
Fair_Share Rate x Load Level)
THEN Load_Adjustment_Decision +—max{1,
OCRIn_Cell/Fair_Share_Rate}
ELSE IF (OCRIn_Cell < Target_Cell_Rate)
THEN Load_Adjustment_Decision <
Load_Level
ELSE Load_Adjustment_Decision
OCRIn_Cell x
Load Level /Target_Cell Rate;

END (* of Aggressive Fairness Option *)

IF (Precise_Fairshare_Computation_Option)
BEGIN
OCR_Of_VC_In_Table +~OCR_In_Cell;
Fair_Share Rate <—Target_Cell_ Rate/Num_VC_Active;
REPEAT
Num_VC_Underloading <0 ;
Sum_OCR_Underloading <0 ;
FOR each VC seen in the last interval DO

IF (OCRIn_Cell < Fair_Share_Rate)
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THEN BEGIN
Increment Num_VC_Underloading ;
Sum_OCR_Underloading +

Sum_OCR_Underloading + OCR_Of_-VC

END (* IF *)

Fair_Share_Rate <—(Target_Cell_Rate - SUM_OCR _Underloading)
/max{1, (Num_VC_Active - Num_VC_Underloading )}

UNTIL Fair_Share Rate does not change (* Maximum of 2 iterations *);
Load_Adjustment_Decision +~OCR,_In_Cell/Fair_Share Rate;

END; (* Precise Fairness Computation Option *)

IF (Load_Adjustment_Decision > Load_Adjustment_Factor_In_Cell)
THEN BEGIN
Load_Adjustment_Factor_In_Cell +—Load_Adjustment_Decision;
IF BECN_Option and Load_Adjustment_Decision > 1
THEN SEND_A_COPY_OF_CONTROL_CELL_BACK_TO_SOURCE ;

END (* IF *)
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APPENDIX C

ERICA SWITCH ALGORITHM: DETAILED
DESCRIPTION

C.1 Variables and Flow charts
Notes:
e All rates are in the units of cells/s

e The following pseudo-code assumes a simple fixed-time averaging interval. Ex-

tension to a cells and time averaging interval is trivial.

We use a combination of flowcharts and pseudo-code to describe the ERICA al-

gorithm. The following names are used to identify the flow charts:

Flow Chart 1: Flow Chart of the Basic ERICA Algorithm. Figure C.1.
Flow Chart 2: Flow Chart for Achieving Max-Min Fairness. Figure C.2.
Flow Chart 3: Flow Chart for Bi-Directional Counting. Figure C.3.

Flow Chart 4: Flow Chart of averaging number of active sources (part 1 of 2).

Figure C.4.
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Flow Chart 5: Flow Chart of averaging number of active sources (part 2 of 2).

Figure C.5.
Flow Chart 6: Flow Chart of averaging load factor (method 1). Figure C.6.

Flow Chart 7: Flow Chart of averaging load factor (method 2). Figure C.7.

C.2 Pseudocode

Initialization:

(* ABR Capacity and Target Utilization *)
IF (Queue_Control_Option) THEN
Target_Utilization <1
END (* IF *)
ABR _Capacity_In_cps <Target_Utilization x Link_Bandwidth —

VBR_and_CBR _Capacity

(* Count of Number of VCs, Cells *)
FOR ALL VCs DO
Contribution[VC] «-0
Seen_VC_In_This Interval[VC] «0
Seen_ BRM _Cell_In_This_Interval[VC] +-0
END (* FOR *)
ABR_Cell Count +—ABR _Capacity_In_cps x Averaging Interval

Number_Active_VCs_In_This_Interval < Total Number of Setup VCs
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Number_Active_VCs_In_Last_Interval «<~Number_Active_VCs_In_This_Interval

(* Fairshare and Load Factor variables *)

Fair_Share «~ABR_Capacity In_cps / Number_Active_VCs_In_Last Interval
Max_Alloc_Previous <0

Max_Alloc_Current <Fair_Share

Load_Factor «~ABR_Capacity In_cps/ FairShare

(* Per VC CCR Option Variables *)
IF (Per_-VC_CCR_Option) THEN
FOR ALL VCs DO
Number_Of_Cells[VC] <0
END (* FOR *)

END (* IF *)

A cell of “VC” is received in the forward direction:

IF (Averaging VCs_Option) THEN
IF (Contribution[VC] < 1) THEN (* VC inactive in current interval *)
Number_Active_VCs_In_This_Interval <
Number_Active_VCs_In_This_Interval — Contribution[VC] + 1
IF ((Immediate _Fairshare_Update_Option) AND
(Contribution[VC| < Decay_Factor)) THEN

Number_Active_VCs_In_Last_Interval «+Number_Active_VCs_In_Last_Interval
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— (Contribution[VC] / Decay Factor) + 1
Fair_Share «+~ABR_Capacity In_cps / Number_Active_VCs_In_Last Interval
END (* IF *)
Contribution[VC] +1
END (* IF *)
ELSE
IF (NOT(Seen_VC_In_This_Interval[VC])) THEN
Seen_VC_In_This_Interval[VC] «+1
END (* IF *)
IF ((Immediate Fair_Share Option) AND (NOT(Seen_VC _In_Last_Interval[VC])))
THEN

Number_Active_VCs_In_Last_Interval «+Number_Active_VCs_In_Last_Interval +

Fair_Share +~ABR_Capacity In_cps / Number_Active_VCs_In_Last Interval
Seen_VC_In_Last_Interval[VC] «1
END (* IF *)
END (* IF *)
ABR_Cell_ Count <~ABR_Cell Count + 1
IF (Per_VC_CCR_Option) THEN
Number_Of_Cells[VC] <-Number_Of_Cells[VC] + 1

END (* IF *)

Averaging interval timer expires:
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IF (NOT(Averaging VCs_Option)) THEN
Number_Active_VCs_In_Last_Interval <
Max (3 Seen_VC_In_This Interval, 1)
Number_Active_VCs_In_This_Interval <0
FOR ALL VCs DO
Seen_VC_In_Last_Interval[VC] <—Seen_VC_In_This_Interval[VC]
END (* FOR *)
ELSE
Number_Active_VCs_In_Last_Interval <
Max(Number_Active_VCs_In_This_Interval , 1)
Number_Active_VCs_In_This_Interval <0
FOR ALL VCs DO
Contribution[VC] «—Contribution[VC] x Decay_Factor
Number_Active_VCs_In_This_Interval <~ Number_Active_VCs_In_This_Interval +
Contribution[VC]
END (* FOR *)

END (* IF *)

IF (Exponential Averaging Of Load Method_2_Option) THEN
ABR _Capacity _In_Cells <
Max(Target_Utilization x Link Bandwidth x Averaging Interval)
— VBR_and_CBR_Cell_Count, 0)

Avg ABR _Capacity _In_Cells <
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(1—a) x Avg_ABR_Capacity_In_Cells +

ax ABR_Capacity_In_Cells
Avg_Averaging Interval «

(1—a)x Avg_ Averaging Interval + ax Averaging Interval
Avg ABR _Cell_Count <—(1—a)xAvg_ ABR_Cell_ Count + axABR_Cell_Count
ABR Input_Rate +~Avg ABR _Cell Count / Avg_Averaging Interval
ABR _Capacity In_cps «+~Avg ABR_Capacity In_Cells / Avg_Averaging Interval

ELSE
VBR_and CBR_Cell Rate <~ VBR_and_CBR_Cell_Count / Averaging Interval
ABR _Capacity_In_cps <+
Max(Target_Utilization x Link_Bandwidth — VBR_and_CBR_Cell_Rate, 0)

ABR _Input_Rate «~ABR_Cell_Count / Averaging Interval

END (* IF *)

IF (Queue_Control_Option) THEN

Target_Queue_Length < Target_Time_To_Empty_Queue x ABR_Capacity_In_cps
Queue_Control_Factor <—Fn(Current_Queue_Length)

ABR _Capacity_In_cps <+—Queue_Control_Factor x ABR_Capacity_In_cps

END (* IF *)

IF (Exponential Averaging Of Load Method_1_Option) THEN
IF (ABR_Capacity_In_cps < 0) THEN
Load_Factor < Infinity

ELSE
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IF (Load_Factor = Infinity) THEN
Load Factor +~ABR_Input_Rate / ABR_Capacity_In_cps
ELSE
Load Factor «<—(1—a) x Load_Factor +
a X ABR Input_Rate / ABR_Capacity In_cps
END (* IF *)
END (* IF *)
ELSE IF (Exponential Averaging Of Load Method_2_Option) THEN
IF (ABR_Capacity In_cps < 0) THEN
Load_Factor < Infinity
ELSE
Load_Factor «+~ABR_Input_Rate / ABR_Capacity_In_cps
END (* IF *)
ELSE (* No exponential averaging *)
IF (ABR_Capacity In_cps < 0) THEN
Load_Factor < Infinity
ELSE
Load_Factor +~ABR _Input_Rate / ABR_Capacity In_cps
END (* IF *)
END (* IF *)
Fair_Share «~ABR_Capacity_In_cps / Number_Active_VCs_In_Last Interval
Max_Alloc_Previous <—Max_Alloc_Current
Max_Alloc_Current <Fair_Share

FOR ALL VCs DO
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Seen_VC_In_This Interval[VC] «0
Seen_ BRM_Cell_In_This_Interval[VC] +-0
END (* FOR *)
ABR_Cell_ Count <0
IF (Per_-VC_CCR._Option) THEN
FOR ALL VCs DO
CCR[VC] «~Number_Of Cells[VC]/Averaging Interval
Number_Of Cells[VC] <0
END (* FOR *)
END (* IF *)
VBR_and_CBR_Cell_Count <0
Restart Averaging Interval Timer
A Forward RM (FRM) cell of “VC” is received:
IF (NOT(Per_-VC_CCR_Option)) THEN
CCR[VC] +~CCRIn_FRM_Cell
END (* IF *)
A Backward RM (BRM) cell of “VC?” is received:
IF (Averaging VCs_Option) THEN
IF (Contribution[VC] < 1) THEN (* VC inactive in current interval *)
Number_Active_VCs_In_This_Interval <
Number_Active_VCs_In_This_Interval — Contribution[VC] + 1
IF ((Immediate _Fairshare_Update_Option) AND
(Contribution[VC] < Decay_Factor)) THEN

Number_Active_VCs_In_Last_Interval «+Number_Active_VCs_In_Last_Interval
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— (Contribution[VC] / Decay Factor) + 1
Fair_Share «+~ABR_Capacity In_cps / Number_Active_VCs_In_Last Interval
END (* IF (Immediate ...) *)
Contribution[VC] +1
END (* IF (Contribution ... ) *)
ELSE (* NOT (Averaging_VCs_Option) *)
IF (NOT(Seen_VC_In_This_Interval[VC])) THEN
Seen_VC_In_This_Interval[VC] «+1
END (* IF *)
IF ((Immediate Fair_Share Option) AND (NOT(Seen_VC _In_Last_Interval[VC])))
THEN

Number_Active_VCs_In_Last_Interval «+Number_Active_VCs_In_Last_Interval +

Fair_Share +~ABR_Capacity In_cps / Number_Active_VCs_In_Last Interval
Seen_VC_In_Last_Interval[VC] «1
END (* IF ((Immediate ..)) *)

END (* IF-THEN-ELSE (Averaging VCs_Option) *)

IF (Seen.BRM _Cell_In_This_Interval[VC]) THEN
ER _Calculated +Last_Allocated ER[VC]
ELSE
VC_Share[VC] «<~CCR[VC] / Load_Factor
(* Max-Min Fairness Algorithm *)

IF (Load_Factor > 1+ ¢) THEN
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ER_Calculated «Max (Fair_Share, VC_Share)
ELSE
ER_Calculated «—Max (Fair_Share, VC_Share, Max_Alloc_Previous)
END (* IF *)
Max_Alloc_Current «+—Max (Max_Alloc_Current, ER_Calculated)
(* Avoid Unnecessary Transient Overloads *)
IF ((CCR]VC] < Fair_Share) AND (ER_Calculated > Fair_Share)) THEN
ER_Calculated «+—Fair_Share
(* Optionally Disable Feedback To This VC For An Averaging Interval *)
END (* IF *)
ER_Calculated «<~Min(ER_Calculated, ABR_Capacity_In_cps)
(* Ensure One Feedback Per Switch Averaging Interval *)
Last_Allocated_ ER[VC] «+~ER _Calculated
Seen_BRM_Cell_In_This_Interval[VC] «+1

END (* IF *)

(* Give Feedback In BRM Cell *)
ER_In_BRM _Cell <Min (ER_in_.BRM _Cell, ER_Calculated)
At each cell slot time schedule cell from a service class using a schedul-

ing policy
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Name Explanation Flow Chart (FC)
or Figure
ABR_Cell_Count Number of ABR FCs 1 and 7
input cells in the (step 2)
current interval
Contribution[VC] Contribution of the FCs 4 and 5
VC towards the count
of the number of
active sources
Seen VC_In_ A bit which is set FCs 1,3 and 5
This_Interval[VC| when a VC is seen in
the current (last) interval
Number_Of_Cells[VC] | Used in Per VC CCR option
to count number of cells
from each VC in the current
interval
Max_Alloc_Previous Max rate allocation FC 2
in previous interval
Max_Alloc_Current Max rate allocation FC 2
in current interval
Seen_BRM Cell In_ A BRM from the source Figure 6.2
This_Interval[VC| has been seen (and feedback
given) in this interval.
Do not give new feedback
Last_Allocated_ER Unique ER feedback to the | Figure 6.2
source in the current interval
Decay_Factor Factor Used in Averaging FCs 4 and 5

the Number of Active
Sources
0 < Decay_Factor <1

Table C.1: Explanation of some of the ERICA Pseudocode variables
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Figure C.6: Flow chart of averaging of load factor (method 1)
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&1 the end of avetagi ng interval
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Figure C.7: Flow chart of averaging of load factor (method 2)
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C.3 Pseudocode for VS/VD Design Options

The pseudo code describes the combination of the following options:

a) VC’s rate from FRM1
b) VC’s rate from FRM2

c) VC’s rate from measured VC’s source rate to per class queues.

A) Measure input rate at entry to per VC queues

B) Measure input rate at entry to per class queues

I) Allocated rate update at FRM turnaround only. Link congestion affects previous

loop only.

IT) Allocated rate update at BRM receive only. Link congestion affects previous loop

and next loop.

IIT) Allocated rate update at FRM turnaround and BRM receive.Link congestion

affects previous loop and next loop.
Observe that the only acceptable combinations are:

a), A), T)
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c), B), II)

¢), B), III)

C.4 Pseudocode

FRM/BRM/Data receive

(* — switch receives a cell from 'VC' — *)

IF( Opt A ) Measure_Input_Rate() ENDIF (* Opt A *)

IF cell is an ABR cell

(* — VD Code: FRM receive — *)

IF cell is an FRM cell

(* — Opt a: CCR update from FRM1 (for ERICA table)— *)

IF ( Opt a ) CCR +CCR from FRM ENDIF (* Opt a *)

(* — Link (switch) bottleneck rate — *)

IF (Opt Tor IIT) newER «Calculate_Allocated Rate() (* VAL update

ELSE IF (Opt II)
newER <« Latest_Allocated_Rate[VC] (* VAL table lookup *)

ENDIF
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(* — Bottleneck rate of next loop —- *)

newER <~Minm(newER, ACR of the VC on next loop)

(* — Source bottleneck rate (cell-;ER) — *)
newER <~Minm(newER,cell-;ER)

ER_TA for the VC +—newER

(* — Link congestion propogation to the next loop: set ACR — *)

IF (Opt IT or III used)

ACR (of the VC on next loop) «~Min( ACR , newER

(* — CCR update from FRM2 (or ACR) — *)

IF (Opt b) used) CCR «—ACR for the VC on next loop ENDIF

ENDIF

turn_around <1 (* BRM will be generated *)
Turnaround BRM as in DES rules 2-6 (See appendix A)

free the FRM cell

(* — VS code: BRM receive — *)

ELSE IF cell is an BRM cell
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ACR of the VC «According to SES rules 8-9
IF (Opt IT or ITT ) (* Opt II or I1I *)
newER «+—ERICA algorithm
ACR for the VC +~Minm(ACR, newER)(* Link congestion *)
(* Opt b: CCR update from FRM2 (ACR) *)
IF (Opt b used) CCR «-ACR for the VC

ENDIF

IF (rescheduling option) reschedule the cell sending of this VC ENDIF

free the BRM cell

(* —- VS code: data receive — *)
ELSE IF cell is a data cell
enqueue the cell to per VC queue in VS of the switch
schedule the sending of this VC queue if necessary
ENDIF (* Cell type: FRM/BRM/data *)

ENDIF (* ABR cell *)

(* — More VS code: FRM/BRM /Data send — ¥*)

(* There is a cell in the VS queue of a source and it

is the scheduling slot for the source ... *)
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Follow SES Rules 1-4 (see appendix A).

(* Before Rule 5 *)

(* T = inter FRM time used in Rule 5 test *)
SR «-Nrm/T

IF (Opt ¢ ) CCR «+SR ENDIF (* Opt ¢ *)

SES Rules 6 etc (see appendix A).

(* — Before enqueuing the cell (data/FRM/BRM) to per class queue — *)
(* Input rate to per class queue *)
IF (Opt B ) Measure_Input_Rate() ENDIF

Enqueue the cell to the ABR per-class queue.

(* END of VS/VD options *)
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APPENDIX D

GLOSSARY OF COMMONLY USED ACRONYMNS

ABR - Available Bit Rate
ACR - Allowed Cell Rate
ADTF - ACR Decrease Time Factor
AT - Averaging Interval
APRC Scheme - Adaptive Proportional Rate Control scheme
ATM - Asynchronous Transfer Mode
BECN - Backward Explicit Congestion Notification
BN bit - backward notification bit (RM cell)
BRM - Backward RM cell
CAC - Connection Admission Control
CAPC2 Scheme- Congestion Avoidance using Proportional Control scheme, version
2
CBR - Constant Bit Rate
CCR - Current Cell Rate
CDF - Cutoff Decrease Factor
CI bit - Congestion Indication bit
CLP - Cell Loss Priority
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CRM - Missing RM-cell Count

DIR bit - direction bit (RM cell)

DMRCA Scheme - Dynamic Max Rate Control Algorithm

EFCI - Explicit Forward Congestion Indicator

EOM cell - End of Message cell

EPRCA Scheme - Enhanced Proportional Rate Control Algorithm

ER - Explicit Rate

ERICA(+) - Explicit Rate Indication for Congestion Avoidance Schemes
FCVC - Flow Controlled Virtual Circuits (Credit Based Scheme)

FD - Feedback Delay

FIFO - First In First Out

FMMRA Scheme - Fast Max-Min Rate Allocation scheme

FRM - Forward RM cell

FRTT - Fixed Round-Trip Time

HKUST Scheme - Hong Kong University of Science and Technology scheme
ICR - Initial Cell Rate

IRCT - Inter-RM Cell Time

ITU-T - International Telecommunications Union, Telcommunications Sector
LAN - Local area network

LANE - LAN Emulation

LRD traffic - Long range dependendent traffic

MCR - Minimum Cell Rate

MIT Scheme - Massachussetts Institute of Technology Scheme
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MPEG-2 standard - Motion Pictures Experts Group Standard for compression, ver-
sion 2

MPOA - Multiprotocol over ATM

MSS - Maximum Segment Size

Mrm - Controls bandwidth allocation between FRM, BRM and data cells

NI bit - No Increase bit

Nrm - Number of cells between FRM cells

OCR - Offered Average Cell Rate

OSU Scheme - Ohio State University Scheme

PCR - Peak Cell Rate

PRCA - Proportional Rate Control Algorithm

PTI - Payload Type Indicator

QoS - Quality of Service

RDF - Rate Decrease Factor

RIF - Rate Increase Factor

RM cells - Resource Management cells

RTT - Round Trip Time

SED - Shortest Feedback Delay

SPTS - Single Program Transport Stream (MPEG-2)

TBE - Transient Buffer Exposure

TCP/IP - Transmission Control Protocol/Internet Protocol (layer 4/3 of the Inter-
net)

TCR - a) Transmitted Cell Rate (OSU scheme) b) Tagged Cell Rate (SES parameter)

TM4.0 - ATM Traffic Management Specification, version 4.0
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TUB - Target Utilization Band

Trm - Upper Bound on Inter-FRM Time

U - Target Utilization parameter in OSU, ERICA schemes

UCSC Scheme - University of Santa Cruz Scheme

UILI policies - Use-it-or-Lose-it policies

VBR - Variable Bit Rate (comes in the -rt (real-time) and -nrt (non-real time) flavors)
VC - Virtual Circuit

VS/VD - Virtual Source/Virtual Destination Option

WAN - Wide area network
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