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Abstract

nificant problem. In this report, we refine a schemne for congesiion avoidance
in networks using a connectionless protocol at the network layer.

In the part II of this Teport series, we proposed a scheme for congestion
avordance using feedback from the network. The users of the network re-
#pond to the feedback by reducing the amount of traffic injected into the
network. The assumption made in part II was that all the users shared the
same set of network resources. As a result, the simplified fairness criterion
that we used was that al] the users have the same window size.

In this report, we relax the assumption of having the same set of resources
shared by the different users of the network. Users may share arbitrary
sets of resources of the network. We define a more general fairness goal
to achieve in the light of the relaxation of the assumption. We present 2

‘optimal’ operating point and js simple to implement. We also address the
performance of the scheme under transient changes in the network, and for
a variety of other network conditions.

This is part IV of a series of Teports on our work on congestion avoidance
for connectionless netwaorks.
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1 Introduction

Congestion in computer networks is becoming a significant problem with the increasing
use of the networks for distributed processing. The technological advances that result
in greater link speeds in effect causes more mismatches in the link speeds than we have
seen in the past. Congestion control has besn the subject of several studies, for exampie
in [Kle78|, [Nag84]. In this report series, we have proposed » new approach to solve the
problem of congeation in computer networks. In Part I of this series of reports,[JRET], we
have introduced the concept of ‘congestion avoidance’ and the various components that
are part of a scheme attempting to perform congestion avoidance. In Part II, [RJ8T], we
described a specific scheme for ‘congestion avoidance’ in connectionless networks. The
theoretical reasoning behind the selection of certain aspects of the ‘congestion avoidance’
scheme were described in Part III, {CJ87|.

In [JR87|, the characteristics to be achieved by an optimal congestion avoidance
policy were outlined as being:
1} operate the network at the maximum possible effeciency
2) Offer Fair service to the users of the network. The scheme described in [RJ8T|
acheived these criteria for operating the network at the maximum effeciency and max-
imum achievable fairness. But, the design was based on the assumnption that all the
users utilize the same set of resources in the computer network. This simplified the
definition of the correct operating point of the routers in the network, to achieve maxi-
mum effeciency. The fairness criterion translated quite easily to that of achieving equal
window sizes for all the users using this common set of resources in the network. We
relax this assumption in this paper. The topologies in the network may be arbitrary,
and the users in the network may share different sets of these resources in the network.
We generalize the optimality criteria that was déscribed in [JR87] to allow us to define
an optimal {efficient and fair) operating point. This is primarily in the definition of
fairness of the service offered to the users of the network.

In the next section we describe the reasons why the original scheme provides sub-
optimal performance, when the users share different sets of resources. Subsequently, in
Section 3, we define the performance goals, in terms of efficiency and fairness that are
of interest. We also constructively define the optimal operating point that satisfy our
criterion of maximally fair and efficient allocation. In Section 4, we present alternative
solution approaches. We then study one of the solution approaches in detail and present
extensive results using the solution of having routers in the network selectively set the
‘congestion indication’ bit to the different users sharing that router. In Section 5. we
present areas that are currently under study and directions for future work. Finally, we

1Al four parts of this report series are summarized in: Raj Jain, K. K Ra.rna.krisi':na.n, and D.’M.
Chiu, “Congestion Avoidance in Computer Networks with Connectionless Network La}yer, 'DEC Techfncal
Report, DEC.TR-506, Digital Equipment Corporation, August 1987, 17pp. Also published in C. Partridge,
Ed., Innovations in Internetworking, Artech House, 1988,
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present the conclusions of this study.

2 Problem Definition

The gosle that the congestion avoidance policy attempts to achieve were to provide for
maximum efficiency of the use of the resources of the network and to provide for fairness
in the services offered to the users of the network. To achieve the first goal of efficiency
of the resources, we attempt to provide the best tradeoff between throughput and delay
for uers of the network. This is attained by operating the router at the ‘knee’ of the
response time curve. We discuss this in detail in [JR87] and |RJB7]. We found that
when viewing each router by itself, the best tradeoff between throughput and delay was -
to minimize the queueing delay at the router and also minimize the idle time of the
router. In the simple case, the operating point achieving maximum efficiency translates
to maximizing the power at the router. We showed that the maximum efficiency was ob-
tained when the average number in the system was maintained at 1. This consideration
of maintaining the number in the system at I was used to set the ‘congestion indication’
bit by the router. We also showed that by setting the ‘congestion indication’ bit using
this policy, we were able to operate a network of multiple nodes and multipie users at
the knee of the network response time. This policy of setting the bit at the router is
independent of the topolgy of the network and the users that are sharing individual
router resources.

2.1 Disadvantages of Achieving Identical Window Sizes

L

The goal we had strived for in the case where the paths that were used by the various
users were identical, was to have the same throughput for all users (RJ87]. When all the
users share the same path, having the same window size for all the users achieved the
goal of providing fair service to the requesting users. Maintaining fairness in the window
size, which is the characteristic used by the end-node to control the amount of traffic
on the network was sufficient. When the users using the network go through different
paths, as is generally the case, then maintaining the same window size for all the users
is not a sufficient goal, both from the view of fairness as well as efficient operation of
the network. We find that the overall throughput from the network is smaller, since
users are indiscriminately limited by a router even if that user does not receive a fair
share of that router’s resources.

Consider for example two users which use two different paths, but share a common



bottleneck, which is congested. Let us assume that the service time at each hop is the
same. As a consequence, the optimal aggregate window size would be a function of the
number of hops, H [J2i86]. User 1 uses a short path, and therefore it’s optimal window
size is small, when it is the only user on the path. User 2 uses a longer path, with a
optimal window size which is much larger, if it was the only user on that path. Let us
now consider the situation when both the ueers are active, and the only resource that
ie congested is the bottleneck which is shared by both users. Because of the common
shared bottleneck, the signals received by the two users from that bottleneck. when
they are both active, would be identical. As a result of the algorithms implemented by
the users, the window sizes used by them would be driven in such a way that the are
uitimately equal. Since the overall aggregate window size is now limited by the common
bottleneck, the window size of both the users would be equal - and would be limited to
the asmaller window size that user 1 uses,

Equal window sizes would imply unequal throughputs for the users which go through
different paths. In this example:
Let W = window size used by each user,
Let Rdy and Rd; = round trip delay for user 1 and 2 respectively.
Let Thy and Thy = throughput of user 1 and 2 respectively.
A user that uses a much longer path would encounter a much larger round trip delay,
and therefore lower throughput. In Rd, time units, user 1 is allowed to transmit W
packets and in Rd; time units, user 2 is allowed to transmit W packets. The throughputs
of user 1 and 2 are therefore:
Thy = W /Rdy and Thy = W/Rdg and thus Th) # Thy.
As a consequence of using a smaller window size the path that is utilized by user 1 is
not utilized optimally. The resources used by user 1 experience considerable idle time.
Figure 1 demonstrates the effect on the throughput of the two users when the bottleneck
generates the same signal and the users use the same increase and decrease algorithms
(as described in [RJ8T7]), with non-identical paths.

In the next section, we define the maximally fair and efficient operating point in the
general case of multiple users sharing different sets of network resources.

3 Performance Metrics

A congestion avoidance scheme may be viewed as a resource aljocation mechanism in
which the subnet (set of intermediate nodes, or routers) is a set of m resources which has
to be allocated to n users (source-destination pairs). There are two parties involved in
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any resource allocation mechanism: the rescurce manager and the user. The resource
manager’s goal is to use the resource as efficiently as possible. Users, on the other
hand, are more interested in getting a fair share of the resource. We therefore need to
define efficiency and fairness. We discussed the case of a single resource in [JR87| and
IRJ87|. In this paper, we are more interested in the issue of efficiency and fairness with
muitiple users accessing , in general, one or more resources. The concepts introduced
here, therefore, are general and apply to other distributed resource allocation problems
as well,

For our current problem of congestion avoidance, the routers are our resources and
therefore we use the terms routers and resources interchangeably. The demands and
allocations are measured by packets/second (throughput) but the concepts apply to
other ways of quantifying demands and allocations,

The fairness goal that we desire to maintain with the congestion avoidance policy is
to provide an equal share of a resource’s capacity to each of the users placing a demand
on it. When the demand of all the users utilizing a resource is less than the resource’s
capacity, we do not need to limit any of the users, even though the individual utilizations
are not equal. When the demand of all the users is greater than the resource’s capacity,
then we must limit the users such that the capacity is fairly allocated over the users.
Informally, any user that is placing a smaller demand than its fair share of the resource's
capacity would not be limited by this resource. The residual capacity of the resource
may thern be allocated to the other users that are placing more demand on the resource.

The efficiency goal is achieved by maximizing power [Kle79], which is the ratio
of throughput to delay. We must emphasize here that we are concerned with resource
power and not with user power. The two are different. Resource power is the throughput
to delay ratio at the resource, whereas the user’power is the throughput (same as the
throughput at the bottleneck) to the roundtrip delay {sum of the average delay at each
resource on its path) experienced by the user.

To develop the concept of fairness with multiple resources and multiple users, we
start by considering the case of a single resource, {which may be an individual router,
and a set of users with unequal demands. The primary goal we redefine here is the
definition of a maximally fair allocation of the resource to the users making a demand.

Let us start with some definitions.
Let C';‘"" = Knee capacity of a resource j.
Let A;,, = Fair allocation of a resource to each user.



3.1 One Resource, Multiple Users with Unequal Demands

Given a resource with knee-capacity of C*"* each of the n users deserves a {air share
of C*¥™¢/n. However, part of the resource would be wasted by allocating C*ee /n 1o
a user who is demanding less than C***/n. It would be better to give the excess to
another user who needs more of the resource. This argument Jeads us to the concept
of mazimeally fair allocation which reguires dividing the users into two groups: those
whose demands are less than the fair share, and those whose demands are more than
the fair share. Let their numbers be n — A and h, respectively, and the sum of their
demands be dj,, and dpiga, respectively. Then,

The Fair Share A = (C** ~ d},,)/k

and the maximally fair allocation consists of
A = min{d;, Ayair },

where A; = allocation to the ** user.

Notice that finding the fair share and the maximally fair allocation is an iterative
procedure starting with h = n. We illustrate the procedure with an example.

Example : For a resource with knee-capacity of 100 packets/second being shared hy
5 users demanding 10, 30, 40, 20, and 60 packets/second.

Here, n = 5 and C*"ec = 100.

Iteration 1: h = n, Fair share A, = C** /R = 100/5 =20, A, =20,1=1... ..5.
Iteration 2: A= Number of users demanding more than the fair share 20=3

diow = 10 + 20 = 30, Fair share A4, = (100 — 30)/8 = 23.33

Iteration 3: A=Number of users demanding more than the fair share 22.23=3.

The new value of k is same as that in the previous iteration. Therefore, we stop.
The maximally fair allocasion is {10, 23.33, 23.33, 20, 23.33}.

!

Given the knee capacity of a resource and individual user demands, the above pro-
cedure allows us to determine the maximally fair allocation {AL A5 ALt I the
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actual allocation {Aj,..., An} is different from this, we need a distance function to
quantify the fairness. We do this by using the fairness function [JCH84|:

(E?:l z‘,)i

. - 1
Fairness T T :3 (1)
where z; = A;/A].

This function has the property that its value always lies between 0 and 1 and that
1 (or 100%) represents a maximally fair allocation.

The efficiency of the resource usage can be computed as before [JR87], by computing
the resource throughput, which is given as the sum of user throughputs in this case.

Resource Throughput = 3%, A,

Resource Throughput
Resource Hesponse Time

Resource Power =

Resource Power
Resource Power at Knee

Efficiency =

The allocation which is 100% efficient and 100% fair is the optimal allocation.
The above discussion applies to the case of an individual router accessed by multiple
sources as weil as the situation when there are multiple (m) routers but all routers are
shared by all n users. In the latter case, the set of m routers can be combined and
considered as one resource. A user using many resources will have an average response
time which is the sum of the response times at these resources. Although the concept of
power is well known (see, for example, [Kle79)), ts application to resources rather than
users is our unique contribution. This discovery helped us avoid many of the problems
encountered earlier in using power {Jaf81].

3.2 Multiple Resources, One User

We now extend the above concepts to a distributed system with multiple resources. Let
us first consider a case of a single user so that fairness is not an issue. The user is
characterized by the set of resources it uses, which we call its path P. If

R={12 ..M}



is the set of all resources (routers and links ete) in the network, then P is a subset of
R. The resource in P with the lowest service raie determines the user’s throughput and
is called the bottleneck rescurce. The bottleneck resource has the highest utilization
(ratio of throughput to service rate) and contributes the most to user’s response time.
The maximally efficient operating point for the system is defined as the same as that for
the bottleneck router. Thus, given a path of m rescurces, we determine the bottleneck.
and define its efficiency as the global efficiency and its knee as the maximally efficient
operating point for the path.

Global Efficiency = Efficiency of the Bottleneck Resource

Note that the global efficiency as defined here depends upon the response time at
the bottieneck resource and not on the user response time (which is a sum of response
time at m resources). Also, we must point out that if a user visits a resource more than
once, the service time to be used to determine the bottleneck is the total time used in
all visits. Thus, for example, if every packet is followed by a returning acknowledgment
passing through the same router, the service time is the sum of the times required to
forward the packet and the acknowledgment.

3.3 Multiple Resources, Multiple Users

Now let us examine the case for multiple users. The global efficiency is still defined by
the bottleneck resource which is identified by the resource with the highest utilization,
The problem of finding the maximally efficient and maximally fair allocation is now a
constrained optimization problem as it has to take differing user paths into account. The
definition of optimal criteria for the operating point of such a network has attracted a lot
of attention. as seen in [Kle79], [Jaf81], {GB82]. We have developed an algorithm which
gives the globally optimal {fair and efficient) allocation for any given set of resources
and users (paths). This algorithm is described next.

Intuitively our fairness goal is to divide each resource equally among all users using
it. Since users demand different sets of resources, this equality allocation only applies
to users sharing the same resource as their common bottleneck. For instance consider
two users A and B sharing some resource K. Let A’'s bottleneck be K whereas B is
limited by some other bottleneck resource not shared by A {(the determination of the
bottieneck resource for each user is part of the algorithm to be detailed helow). In rhis
case, makmg A and B share the same amount of K could underutilize K thus lead to
unnecessary 1nefficiency.



This fairness and efficiency criterion for the multiple resource, multiple user case
can be defined by a constructive algorithm as below.

The set of resources is denoted
R={1,2,...,m}
as earlier where resource j has a knee capacity C}‘""‘ The set of users is
U=/{1,2,...,n}
where user ¢ has a path F;, which is 2 subset of R. We will be using the terrus path and
user interchangeably.
The problem is to allocate the flow (or demand) for each user according to a vector
A" where
A" = {A], A3, .. AL}
so that the total allocation at each resource does not exceed the capacity of that resource.

and this assignment represents the “optimal” tradeoff between efficiency and fairness.

Let & denote the set of users whose flows have not been determined vet. [nitially
S =U. Let M denote the set of resources whose utilization level has not been finalized
yet. Initially M = R. Also we use C, to denote remaining capacity of resource 7 to be
allocated.

f

1. Initialize § = U, M = R, and C; = CF™** for each ;.

w2

For all resources in M, caiculate N; as the number of users in § contending for
resource j;

3. For each resource 7 in M, calculate

4. Compute

k = arg min B,
wiEM
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Remove resource k from M.

5. For each user ¢ in U/, if k is in P, then assign
A = B;
and for each resource 7 in F; and still in M, assign
C;i=C; - By
; and remove ¢ from §S.

6. if § is empty then stop; else repeat steps 2 to 5.

The efficiency-fairness tradeoff criterion above is widely referred to as the mez-min
fairneaa criterion. The most important property is that all paths sharing and limited
by the same resource will be assigned the same flow, and that no resource can have
more utilization without causing some other resource to exceed its capacity. It should
be clear that the above centralized algorithm terminates since in each iteration at Jeast
one resource is removed. Further, since all paths are constrained by some resource thev
must all be removed from § before we finish the loop when M is empty.

Example: Consider the example of 3 users sharing a network of 5 resources (ronters
or links) of different speeds. This configuration is shown in Figure 3. Resource 1 and
2 have a knee capacity C*"** = 50 and resources 3, 4 and 5 have a knee capacity of
Cknet = 100, User 1 shares all the resources. user 2 shares resources | and 2 and user
3 shares resources 4 and 5. Thus, m = 5 and n = 3. Describing the steps followed hy

the algorithm, we have:

1. Initielize : Cfree = Ci™*¢ = 50; CFnee = 100, ¢ = 3.4,5:

2. Iveration 1:
Step2: Ny = Np = 2, Ny = 1+ Ny = Ng = 2
Step 8: B, = 25 = Bs; By = 100; By = By = 50
Step 4: The first bottleneck k = 1 {or 7 - doesn't matter).
Step d: A = A; = 25; AssignCy = 100-23 = 75 ¢y = Cs = 75.

x
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3. lteration 2: _ .
Step 2: The number of users whose flows have not been determined yet is 1.

Step 3: Bs = By = Bs = 75,

Step 4: The next bottleneck is k = 3.

Step 5: Ay = T5.

Step 6: Since all users have their allocations determined, set § is empty. Stop.

As a result of the execution of algorithm, we have determined the globally optimali
allocations of each of the resources to the 3 users 1o achieve a maximally fair atlocation.

Once the globally optimal allocation {47, A;,.... A} has been determined, it is
easy to quantify fairness of any other allocation {A;, Az,..., A,} by using the same
fairness function as in the single resource case (equation 1) with z, = A,/A°. This

fairness is called global fairness and the efficiency of the bottleneck resources is called
the global efficiency. An allocation which is 100% giobally efficient and 100% globaliy
fair is said to be globally optimal.

Notice that we have a multi-criteria optimization probiem since we are trying to
maximize efficiency as well as fairness. One way to solve such problems is to combine the
multiple criteria into one, for instance by taking a weighted sum or by taking a produet.
We chose instead to put a strict priority on the two criteria. Efficiency has a higher
priority than fairness. Given two alternatives, we prefer the more efficient alternative.
Given two alternatives with equal efficiency, we choose the fairer alternative. This 1=
because networks tend to be used in bursts. Most routers are generally idle. Users come
on, use the network for a very short interval, and go off for a long time. The overlap
between users is small and the single user case is predominant. Therefore. the need for
efficiency is predominant. The fairness is requiréd only when there are mulripie users.
It is therefore considered to be secondary to efficiency.

4 Solution

In the previous section we described the metrics to determine the optimality [in [airness
and efficiency) of an allocation of the resources of the network, and also outlined an
algorithm for computing the allocations to users in the case when there are multiple
resources that these users are sharing. While we have outlined a centralized algorithm
for calculating the mazrmin flows. it is not a reasonakble way to solve the problem hecause
it requires too much information at a single resource manager. Distributed algorithms

12



to solve this problem have been studied in {Jaf81], {GB82|, [Mos84] and recently in
(Hah85]. What we propose in the following differ from the previous studies in that
we strive to make the resource managers as simple as possible, and we constrain the
feedback to be of the binary form.

In a connectionless network, the mechanism we propose using to communicale the
information from the router to the scurces is a single ‘congestion indication” bit that
exists in the network layer header. The setting of the congestion indication bit by
the routers when their average queue size is greater than a threshold value [(which s
a value of 1) ensures that we achieve our c¢riterion of maximum efficiency. To achieve
our goal of maximally fair allocation we considered two alternatives. The first scheme
attempts to keep the end system policies the same as suggested in |[RJ87] and reqguires
the active participation of the routers to achieve fairness. We call this the ronier baoced
approach. The second zlternative keeps the policies within the subnetwork the same,
with the routers setting the congestion indication bit for all users, but the end systems
use different policies to achieve fairness. We call this the transport besed approach. We
describe the router based approach in detail here, as the scheme we are recommending.
We also discuss the transport based alternative in Section 8.2.

4.1 Router Based Alternative

In this approach, routers participate in achteving the goal of fair allocation of the re-
sources across the users. Each source-destination pair is considered to be a user of the
router and hence of the network. This alternative requires routers to identify the users
sending packets through the router. The router also performs monitoring to determine
the share of the router’s resource being used by each of the users. The router computes.
over a period of time, the number of packets that each user (source-destination pair)
has sent in unit time. The number of packets sent may then be used to determine those
users that are using more than their fair share. The ‘congestion detection mechanism.
which determines that the average queue size at the router is greater than a threshold.
would indicate if the overall demand on the router is greater than its capacity. The
router algorithm selectively determines those users that are using more than their fair
share only if we determine the router is congested and that the ‘congestion indicatinn’
bit has to be set on packets flowing through the router,

Ideally, the router algorithm should provide to each user the exact capacity that is
allocated by the routers. This may be, for example, in terms of a rate of number nf
packets second that the user may send. If each router were to independently tranemit
the rate to the users, then the user may pick the smallest of the rates to derermine

13



the rate at which it may send packets to that path, But, the transport pretaco] nses 4
window, rather than a rate to transmit packets intc the network. Further, a eriterion
followed in the design is to not inject additional traffic into the network when congested.
With the restriction that we have only one bit of information to send to the user, the
mechanism that we adopt is to selectively set the bit on packets from users that use
more than their fair share of a congested router’s resources. The users that have their
bits set siow down, and those that do nol, speed up (i.e., decrease or increase their
window size). Consequently, the window sizes of the users are adjusted 1o the point
that the throughputs of the various users are equal.

The next guestion that arises is to determine the particular users that must have
the congestion bit set. By ailocating an average of the capacity to each of the users of
the router, we do not achieve the destred maximally fair allocation. The example in
Section 3.1 showed this when a resource has muitiple users with unequal demands. We
use an iterative algorithm (outlined briefly in Section 3.1) to achieve the maximally fair
allocation in detail.

The approach for determining the users for which the bit must be selectively set is
based on the principle that any left over cmpacity should be used by the other users
that may be abje to utlilize it. The router maintains a count of the number of packets
processed by it from each user. Let T = the time interval over which the connts are
maintained. From these counts, we may derive the demand that is placed on the ronter
by each user (in packets/sec.). The demand at the router for any user is hased nn
the allocation at the previous router. The selective feedback algorithm is invaked aniy
when the congestion detection mechanism indicates that the router is congested. This
algorithm is similar 1o that descibed in Secticn 2.3, except that it is now a distributed
algorithm instead of being performed by an omniscient observer. Each resource that
s managing its usage executes the algorithm independently. By using the hasic ron-
gestion avoidance algorithms followed by the transport entities the routers achieve the
correct level of traffic lowing through them to enable operation at the maximaily effi-
cient operating point. Given a different fairness definition {to only prevent starvation,
for example). we can translate it to an equivalent selective algorithm executed by the
routers.

Selective Feedback Algorithm

Let C*™*¢ = Knee capacity of this router {in packets sec.].

Let D, = demand of user 1 on router (packets.sec.|. 7 = 1. .n
Let n = number of users placing a demand on the router

14



The problem is to allocate a share of the capacity C' to each of the n users.
Let A, = allocation to user 1 by the router

Let C'= Remaining capacity of router that may be allocated.

Let § = set of remaining users to have their allocation determined.

Let A4y = Fair share of the resource’s knee capacity.

1. Compute the allocations A, onty if 3.1, D, > (knee

Otherwise, the allocation to all users equal their demands. ie., 4; = D,.
2. Initially, card{S) = n. {card(S) is the cardinality of the set 5)

Initially, ¢ = {hner

3.C=C- Fies A
4. Compute Aggr = C / card(S}

5. For each user € 5, whose D; < Ayuy, 288ign 4; = D,
Subtract the nllocation A; from C -ie,,C = C — A4,
Remove each of these users 7 from the set 5.

5. If no new allocations were made in step 5, stop.
Otherwise. repeat steps 2 through 5 until no new allocations are made in step 5
For each user j with D, > Ay, set bit on packets of user 3.

a
r

L.

This algerithm allocates the resources of each individual router to the nsers {sonurre-
destination pairs] that place a demand on it. All those users whose 1), - A will
be candidates for having their ‘congestion indication’ bit selectively set by this router.
The other users do not have their congestion indication bit set even though the rourer
is congested. This policy is implemented at every resource in the network to determine
who are the users that utilize a greater share than is allowed by the fairness criterion.
The ‘congestion indication’ bit is actually set only when the router is congested. as
determined by the ‘congestion detection” mechanism, thus achieving maximum eficiency
as well.

We have assumed that the user demands and the knee capacity of the routes are
known. We discuss these in the next subsections.
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4.2 Interval over which Demands are Estimated

In the algorithm described above, we had assumed a time interval T, for delermining
the demand D; from each of the users, in terms of the number of packets that each
individual router processes. The ‘congestion detection' mechanism, to detect that a
router is congested uses an adaptive averaging scheme at each individual romer [RJRT].
The averaging i also needed to generaie a consistent signal to all the users piacing a
demand on the router. The interval aver which the averaging takes piace at the router
is based on the time between regeneration points at the router. The regeneration point
we have chosen is the instant at which the router becomes busy after an idle time. Thus,
the averaging interval is the length of a (busy-+idle} period at the router. The router
may go through busy and idle cycles at an arbitrary rate, as a function of the number
of users placing a demand on it and their workload characteristics. We use this same
interval as the time interval T' to determine the demand by users on the router.

However, a router may spend a considerable amount of time being busy hefore he-
coming idie. In that period, it may go from an ‘uncongested’ state to being ‘congested’.
If the averaging were performed strictly over (busy-+idle) cycles alone, we observed the
likelihood of the situation that a busy period persists, and the correction of the window
sizes of the users takes place too late |RI&7]. This same phenomenon is also nhserved
with the determination of the demands on the router. When the allocation is deter-
mined only at the end of a {busy+idle) cycle interval, those ‘candidate” users that are
selectively fedback to slow down may receive unfair treatment at the routers. Consider
the case when there are two users A and B placing a demand on router . A1 fime
T, user A may be placing a greater demand than it's fair share allows. As a resnlt of
‘selective feedback’, user A would get it’s ‘congestion indication’ bit set, while user B
will not have them set. User A would reduce the window while user B would increase
the window size. Let us assume that router R is busy for a ‘long” perind of time. If
the demands are not re-evaluated. then user A would continue to see the hits sot and
therefore reduce it's window size while user B would increase the window size. This
continues ti]l we find that B receives a much higher share of R’s capacity than is fair.
while A slows down and therefore receives a much lower share of R's capacity. The
policy would thus result in the allocation going to a fair one and ther subsequently
becoming unfair. Thus, we find that when the router is busy for a ‘long” time. there is
a need to re-evaluate the demands of the individual users.

As it is difficult to define what is a ‘long’ period of time, we adopt the same strategy
that we had earlier for the adaptive averaging. This is to determine the demands cver
the ‘previous” (busy~idie) cycle and then to add to this the demands over the portion
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of the ‘current’ busy cycle. The demands over the ‘previcus’ cycle are erased at the enl
of the ‘current’ (busy+idle) cycle.

4.3 Capacity Estimation

For determining the users that would have ‘congestion indication’ bit set, the scleetive
feedback mlgorithm used the ‘capacity’ of the router, which at the maximaliy efficient
operating point is the ‘knee capacity’. The 'knee capacity’ is the number of packets
that the router may process when it is operating at the ‘knee’, which however is not
known to the router apriori. This is typically less than the service rate of the rooter
(the ‘maximum capacity’ of the router). Instead of using a predetermined value for the
knee capacity of the router, we compute this value from the processing that is dane hy
the router itself.

Over each (busy-+idle) cycle interval, we know the number of packets that have
been processed by the router, as an aggregate value, summed across all the users of the
router. When the router is not congested, the number processed by the router wounld
be the number of packets that arrive at the router, since the throughput is not limited
by the service rate of the router. Under this circumstance, we find that the router does
not invoke the selective feedback algorithm. 1t is only when the router is congested that
we invoke the algorithm. When the router 15 congested, the average queue fength huilds
up. This means that the number of packets that the router processes during the perind
over which the gqueue length is estimated is litnited by the service rate of the rauter,
which i1s the ‘maximum capacity’ of the router. The ‘knee capacity’ of the ronter. 14 a
vaiue that is smaller than the maximum capacity, when the service time distribution
is anvthing other than deterministic. The throughput of the router if modeled az an
M /M1 server {Poisson arrivals. exponential service time), is half of the ‘maximum
throughput’ when it is operating at the knee. Since we do not know the distribution
of the inter-arrival and service times apriori, we use a factor to multiply the maximum
throughput estimated over a cvcle to deterrnine approximately the ‘knee capacity’ of
the router when it is operating at the knee. This factor. which we cali the ‘capacity
factor’ is clearly between 0 and 1. We find that the performance of the network. is
better with larger values of the capacity factor (close to 1). In the following. we study
the sensitivity of the performance of the network with varving values of the “capacity
factor’, primarily from the viewpoint of convergence of the performance of individual
users to fair values.
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4.3.1 Sensitivity to Capacity Factor in Capacity Estimation

The two characteristics that are relevant as far as the convergence of the network's
users to a fair value is the extent of convergence and the time to reach convergence.
The measure that appears most appropriate to study the convergence of the aigorithm
is the throughput of the different users, that share a common bottleneck.

The time delay for convergence is a complex {unction of the round trip delay, the
exvent of difference in the service times of the resources that are shared by the nsers,
the parameters of the increase and decrease policies and the signal filtering policies that
are adopled at the users.

Both characteristics of convergence are impacted by the determination of the ea-
pacity of each individual router - in particular for the routers that are congested. As
part of the ‘selective feedback’ mechanism, the router estimates its ‘knee capacity’' o
be used by the selective feedback algorithm. The algorithm chooses the users that have
their ‘congestion indication’ bit set. If the router is congested {i.e., the average queue
length is greater than 1), then the number that has been processed is the service rate
of the router, The knee capacity is estimated using a ‘capacity factor’ - ¢f, to multiply
the service rate (the number of packets that have been processed in that cvele). The
capacity factor determines the number of users that selectively have their ‘rongesiing
indication’ bit set. We studied by simu}ation, the sensitivity of the performance of the
window and throughputs of the individual users to the value of the ‘capacitv factar
Figure & and Figure 7 show the throughput of multiple users with the values of 1he
‘capacity factor’ ( ¢f ) being 0.5 and 0.9. These curves are for the configuration of user
A going over 2 hops and user B going over 10 hops shown in Figure 2. Comparison
of the two figures shows that a smaller ¢f improves the throughput of the user A who
goes over a smaller number of hops. As we incfease cf, the throughput of the nser B
increases, at the expense of the other user. One possible explanation for this is that
when any one of the routers is congested, a lower ¢f results in both of the users being
targeted to have their ‘congestion indication’ bit set. As a result, the user going through
a smaller number of hops (user A) would experience & better throughput at the expense
of the user going over a larger number of hops (user B). Since that user obtains a smaller
amount of the router’s resources. a very low estimate of rhe knee capacity would mean
that user B would also have become a candidate, unlike the situation when the knee
capaciry 1s estimated properly. A larger capacity factor ¢f doesn’t set the congestion
indication bit for user B earlier than essential.
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4.4 Modifications for an Overloaded Resource with Varying ITndivid-
ual Users

When a resource is overloaded (busy, with no idle period at all), for an extended period
of time, the selective feedback algorithm deals with the situation of allocating a fair
share of the resource among the users who place a load on it. However it only knows
the demands of individual users from the Lime Lhe current busy period started [ the
busy period is caused by a small subset of users, who continuously place a demand
on the resource, the accumulated demands of these users would tend 1o dominale any
load placed by new users that arrive a long time period after the busy period began.
The new users that arrive have to place a load on the resource for a sufliciently long
period belore they become candidates for having their congestion avoidunee it set by a
congested {and overloaded) router. Thus, new users have their individual window sizes -
grow to a large extent before they place a large enough demand. As a result, the new
users are not selected to have their congestion indication bit set. although the router is
overloaded and all of the users shouid in {act have their congestion indication bit set so
that all their window aizes are further reduced. The router operates bevond the knee.
as defined {or maximal efficiency, for a significant period of time.

This limits the dvnamic range of the selective feedback algorithm. There are srveral
alternatives to solve the problemn posed by such a situation. One is to have & linnt on
the time during which demands are retained, even though the router continues 1o he
husy. Another 1s 1o not have selective feedback when we have the ronter idennify thai
it is in such & situation. One over-riding cousideration we have 1s Lo introdiee as few
parameters as possible. particularly when the parameter may be highlyv configurarion
sensitive. This reason made us rule out the choice of a time interval te drop information
regarding user demands.

'
The modification we have adopted to the basic selective feedback™ alzorithm ix 1
have an over-riding policy which turns off the selection mechanism when we are hevond
the dynamic range of the selective feedback algorithm. This means that when a rourer
ts overloaded bevond a certain point {we have found thar a threshold value nf 2 for the
average queue size is a reasonable point). the algorithm followed by the router is 1o =et
the bit on all the packets that pass through it. rather than performing it celorrively,

The modification limits the capability of the network to be selective when o inree
number of users are consistently congesting the nerwork resources. but still aperates the
network close to the maximally efficient operating point. while not being as fair a< wonld
be 1deal under these extreme circumstances. We show thie behavior of an averloaaed
network with this modification in place in Section 3.6.
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5 Simulation Results

Several characteristics of the overall congestion avoidance policy were studied through
simulation. We first consider the characteristics of fairness in the service offered 1o
the users by the network when the users are using different paths. We may =tndy
this by considering the overall throughput achieved by the users. Let us first ook at
& configuration where two users share a common bottleneck, but have different path
lengths. All the routers have the same service time of 2 units, while the users have a
norainal service time of 1 unit. This configuration (we shall call this configuratinn 1} s
shown in Figure 2. User A goes over 2 hops, while user B has a longer path of 10 hops.
Let us ohserve the throughput of the overall system and the individual nsers. as shownom
Figure 5. User A initially sees a higher throughput. The initial difference in thranghpits
15 because ol the delay involved in the routers (and particularly the bottlencek) to
determine the fair allocation and communicate it Lo the users. Furthermore, there are
considerable differences in the delays in feeding back the signal to the two users. This
impacts the frequency of update of the window size by the users. User A (going over
the shorter hops) receives the feedback eatlier compared to user B and therefore. in the
initial phase, increases the window size more rapidly than user B, Also, since the optimal
window size for user A is smaller than for user B (it is clear in this simple configuration).
user B would wait for the acknowledgement of a larger number of packets than user AL
between updates. This can be seen in the figure showing the behaviour of the windim

sizes of user A and B in Figure 4. Ag¢ time progresses. with both the neers actne, e
throughput of user A reduces and that for user B increases, to the point wiere tie
converge.

We tested the ‘selective feedback’ scheme that we propose in this report for a variety

of configurations and number of users of the network. The sequence of tests nndes1aken
is described in [JR8T'.

5.1 Efficiency and Fairness

The first case we constdered was to confirm that the scheme continued to work efficient s

when the users of the network shared the same path. which was the assumption we had
made in the basic scheme proposed in RJ&T,. We use a path of non-homogeneans romiers
in the network, including a satellite link in the path {we called it the MDI conficuration
in JR8T1). We find that the 'sclective feedback’ scheme continues to maintain e

optimal window size for the network, as we had seen in the original scheme. Thie o=
because of the fact that when all the users are sharing the same path. all of the users are



either candidates for setting the ‘congestion indication’ bit ar all of them are net Thos,
we continue to operate at the efficient point. Introduction of the ‘selective feedback’
does not adversly impact the performance of the network with all the users sharing (he
same path.

The next case we studied was the situation where instead of the two users using
identical paths, only some part of each individual path are shared. We nse ronfipuea-
tion 1, shown in Figure 2 to illustrate most of the features of the 'selective ferdback’
mechanism. The service times of all servers in the network are 2 unitz cach. The twn
hops used by user A are shared between the two users. The optimal operating pont is
such that the throughput of each of the users through the shared servers are identical
(since these are the bottlenecks in the configuration). Figure 5 shows the graph of the
throughput of the two users, varying with time.

Consider the issue of efficiency first. The throughput of user A {(using the shori
path) increases rapidly to the optimal value of 0.25, while the throughput of nser T}
Increases more gradually, and reaches its value of 0.25 at a later point. This is because
user A updates the window more frequently and reaches it’s optimal point earlier. while
the initial increase of the window of user B is slower, since its round trip delay is larger.
When the bottleneck server reaches its optimal operating point, user A is using a larger
share of the server’s resources compared to user B. User A reduces its window while
user B increases the window, until the two users reach a point of sharing the resource
equally. We therefore achieve the goal of having the throughputs reach the maxirally
efficient operating point,

The second issue is of fairness. Initially, the thronghput for the individual users ape
at an unfair value, as the users going through multiple hops take longer to have the
throughput build up. As we progress in time, the throughputs build up till we converse
to a fair value. We therefore also see that the scheme achieves the maxtmally fair value
as well.

5.2 Robustness of the Scheme

The service time of the packets at each server is assumed to be praportional tn the packe:
size. We have studied the operation of the scheme for different packet =ize disiritniiine
including exponential and uniform distributions, Figure 8 shows the behaviar of the
throughput of the individual users. with an exponential packet size distribution for rhe
same configuration described earlier with two users. We find that the thronghpur of
the two users reach a fair value. in about the same time as we saw with deterministic



packet size distribtions.

Figure 9 shows the behavior of the throughput of the individual users, with a nni-
form packet size distribution. The results appear to be similar to that seen with the
exponential packet size distribtion.

5.2 Response to Transients

One very important and necessary characteristic of a congestion avoidance scheme is the
ability to respond to transient changes in the network. Transients may be with respeet,
to changing number of users of the network as well as changes in the confipnraiion or
service characteristics of the servers in the network.

5.3.1 Response to Service Time Transients

Let us consider the response to transients in network service characteristics first. Fig-
ure 10 shows the behavior of the throughput with time, when the service time of the
bottleneck router changes from its original service time to twice jts value. We holieve
that this transient would reflect situations such as a nerwork reconfiguration and change
Lo an aliernate path.

In the simulation. users start. up mitially on an idle netwark  After <ome time b
elapsed, measured in the number of packets that are transmitied relative 1o the tobl
number to be sent during the period, the bottleneck service time increases 1o iwice
its vaiue. Finally, during the third and fina! phase, the service time of the bottleneck
goes back to the original value. The throughputs of the individual users increase in the
beginning as the users enter the network and increase their window size according (o
the increase policy. In this example. even before the two users reach a fair vaine 1 he
transient occurs, causing the decrease in the throughput, refiected more prominentiy
for the user going over a fewer number of hops. Also shown in the curve is the averall
throughput. which also reduces. During the transient. we see a consistent decrease
the throughtput, primarily because the throughput is a time average statting at T=0,
The instantaneous throughput levels off for the two users after a rapid decrease Tt

by the service time of the bottleneck. At the end of the transient. the thronghipui of
the two users start 1o increase back to their new target values. The window sizes alen
recover to their original values. Notice that the rwo users de not finish as close (o earh

other as ir the example without the transient, primariiy because the users did nal have
the opportunity to reach a fair value before the transient cccured.

[
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The example shows that the scheme is responsive 1o the Transients i the serviee

time of the servers in the network.

5.3.2 Response to Transients in Number of Users of Network

We show in Figure 11 the behavior of the window size when there is inttially one user who
achieves steady state and subsequently another user joins the network. The transient
change in the load on the network shouid result in the allocation of the resources of
the network also changing. The new user progressively gets a greater share of the
resources, until all the users have a fair share of the resources. We find that ultimarely,
the steady state window size of the two users reaches a lair value. This is cloarer, wlhen
we look at the behavior of the Lhroughput, shown in Figure 12, which shows that (he
two throughputs of the users reaches equal values, after beginning at different values.
These tests show that the scheme responds to the typical transients that are lseen in @
computer network.

5.4 Starting at an Arbitrary Window Size

An important characteristic of any dvnaric scheme is the need to be able to converen
to the correct values irrespective of the starting point. We test the convergence of the
congestion avoidance scheme by aliowing users to start at arbitrary inhiind valoes for he
window size. The Figure 13 shows the behavior of the window size of the two nsers for
our configuration 1. when the users start at a window size of 32. We find that both the
users receive congestion indication bits which are set so that they consistently reduce
their window sizes until their window sizes reach the optimal value. Figure 14 shows
the behavior of the throughput for this case as well. We find. as we wonld expert that
the two users have unequal throughputs to start with. But as rhev reduce their windom
sizes, and reach a steady state. they also reach a fair value relative to each other.

5.5 TUser Bound Configuration

Annther test rhat the dvnamic scheme needs 1o satiefy i= the rase where the thronehpoe

and hence the window size is limited by a user bottleneck. To test this we use confie-

uration I once again. The difference here from the previously chosen canfiguraiion 1=
1

that the users have twice the service rime of the routers. Figure 13 shows the foehavior
of the window size. The individual user windows increase initially. starting from the
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itntial value of 1, as the network leeds hack information indicating that Hos nos con-
gested. When the throughpul out of the users (and hence the corresponding window
size) reaches the point where it is limited by the service rate of the individual nsers,
the window size does not increase anymore, even though the network is not congested.
This demonsirates the capability of the scheme to adjust to bottlenecks at the uzers as
well as the network.

5.8 Behavior in an Overloaded Network

.
This test relates tc the behavior of the scheme when the number of users is substantially
larger thau the aggregate optimum window size of the network., We use o dhilleren
configuration here than the one used 1n the previous experiments. Tlas bad 4 ronters
with different service times of 2, 3, 4 and 5 relative the user’s service tines. There
were 9 users which started placing a load on the network in a staggered fashion. with
each user sending 1000 packets. We find that as long as the number of users were loss
than the optimal window size which ia around 3.5, the osciliations that we typicelly
observe are in place. As we increase the number of users on the network. the basic
selective feedback algorithm fails to accomodate such a wide dynamic range of loads
on the network. When the network becomes overloaded. each of the individnal ronters
see a prolonged busy period. As new users come on to the network. the neers that
have already been on the network have a larger accumulated demand. compared to fhe
new user's demands. Thus, the new users have Lheir individual window <izee rrom 1
a large extent before they place a large enough demand to be chosen by tie seicriive
feedback algorithm. As described in Section 4.4, we have a modification which 1~ 1o
have an over-riding policy which turns off the selection mechanism when a router is
overloaded beyvond a certain point {we have found that a threshold vaine of 2 for 1he
average queue size is a reasonable point). Figure 16 shows the behavior of the windou
size with @ users {or this ND® configuration. cperating under selective fesdha~x with
the modification in place. We find that we still have one user who experiences deiav
in receiving the feedback signal. which results in that user being allowed 10 inrrensn
the window size bevond the optimai point {in this case 1t would be 1} before havine
the congestion avoidance bits set. We feel that the extent to which this pehavior is
sub-optimal is limited. and therefore. the modification being adopted 15 saitsiacinrs



6 Areas for Further Study

6.1 TRouter Based Approach

In this section. we discuss some of the related characteristics of the selective foedbarck
scheme. Further work is needed to examine Lthese properties and evaluate guantitanively,
their effect.

In a hostile environment, with nor-cooperating users, selective feedback can play
a useful part. When users who do not cooperate and continue to use an unfair share
of their resources, the netwark server that is congested may selectively provide poarer
service to those guilty users. For example, the server may drop packets of those asers
who persistent|y use a larger share of a congested server. Another advantage s that snch
poorer service need to be provided enly when the user is contributing to the congestion,
and even then, only as a penaity,

In a connectionless network, adhereing to the principles of layering, only the source
and destination addresse are visible at the router. This implies that fairness is provided
only across source-desithation pairs and not logical links as would be ideal. As a result,
if a user were to attempt to obtain more than his fair share of the netwark s reconirene,
this may be achieved by setting up more logicai links. Thus. it i now the responsibiliy of
the end systems to provide the control 1o avoid such counter measures adopted by nsers,
We believe that these policies may be incorporated 1 the {low control mechanicnis a1
the end svstems

Another consideration to keep in mind is the additional overhead that is imposed
on the router to perform the selective feedback algorithm. First, there is the rosr of
locking up the source and destination addresses. 1n the normal forwarding of 1he packer .
the destination address is the only one that is looked up. As a result of the selective
feedback. we need to look up the source address as well. The demands are maintained
at each router, by having a small table indexed by the source-destinarion address pair.
The size of the table is determined by the maximum number of source-detinatian pairs
{users) that would be piacing a demand on the router during a busy period. If the tabie
overflows. then we would no longer be fair to the rest of the users. This means thar we
have a tradecf] berween the number of users that we wonid like each ranter 1o jv Jypes
across versus the size of the table and the cost of iook-ups on that table. This i= nne
possibility for minimizing the overhead of selective feedback.

Another means t¢ recuce the overhead of the selecive feedback argorithn: = to exeen
the algorithm periodically. Updates to determine who are the users [source-desiination

2
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pairs) that are nsing an unfair share of the server's resources s currently heing performed
on every packet arrival, in synchreny with the update to the averaging algorithm. We
believe that this update need not be performed at such a frequency, as a menns of
mitigating the cost of this seiective feedback. We may be able 1o perform such an
update every n packets. Clearly, once every cycle is insufficient, since we see that a long
busy period with selective feedback can lead to unfairneas again. This is hecasse n user
who is receiving the selectively set ‘congestion indicavion” bit would reduce Liie windew
while others would increase the window. Thus the user may be forced to continue Lo
reduce the window resulting in providing very little {and unfair share) of the congesied
server’s resources to this user if the busy period continues for very long. Therefore,
updating the decision to select the users thatl have their congestion indication Lt we
may done once every n packels al the server, where n has to be determined.

6.2 Transport-based Alternative

Another approach to achieve the global efficiency and fairness criterion is based on
modifying the increase and decrease algorithms in the transport entities; we call this
approach transport-based approach. For the transport-based approach, the requirement
for the network to generate feedback is the same as in [TRB7!. [RJI8TL. Therelore the
network can be kept simpler in its role of providing feedback, without having 1o rocormze
addresses as in the seleciive {eedback case. 1t is entirely the responsibility of the eliens
of the network (i.e. transport connections) to regulate their flow rates o aclieve ofliciem
and fair use of the network.

At this time, we have not been able to design an algorithm based on this approach
that can be proved to converge to the desired optimal operating point and can he
demonstrated 1o be reasonable for implementaidn. Thus we have chosen the welactive
feedback scheme. Below. we will describe the basic approach. some algarithme wo
considered. and discuss some of the issues still to be addresses te make it a feasible
solution.

- 6.2.1 Description of Basic Algorithm

The pasic algorithm is similar te that outlined in RJ87.. The difference is that here
we explicit]ly implement an mechanism for the purpose of achieving equal throughnar
rates for all transpert connections sharing the same hottieneck. The transport b~
approach can pe desccribed be concentrating on a set of transport connection=s shanng
the same bottleneck. as follows:



pairs) that are using an unfair share of the server’s resources is currentiy hemng perfornied
on every packet arrival, in synchrony with the update to the averaging algorithin. We
believe that this update need not be performed at such a frequency, as a means of
mitigating the cost of this selective feedback. We may be able 1o perform such an
update every n packets. Clearly, once every cycle is insufficient, since we see that a long
busy period with selective feedback can lead to unfairness again. This is hecause a neer
who is receiving the selectively set ‘cungestion indication’ bit would reduce the window
while others would increase the window. Thus the user may be forced to continue to
reduce the window resulting in providing very little (and unfair share) of the congesied
server's resources to this user if the busy period continues for very long. Therefore,
updaling the decision to select the users that have their congestion indication b s
may done ouce every n packets at the server, where n has tu be determined.

6.2 Transport-based Alternative

Another approach to achieve the global efficiency and fairness criterion is based on
modifying the incresse and decrease algorithms in the transport entities; we call this
approach transport-based epproach. For the transport-based approach, the requirement
for the network to generate feedback is the same as in [JR87], 'RJ8T!. Thercfure 1he
network can be kept simpler in its roie of providing feedback. without having 1o recaenize
addresses as in the selective feedback case. It is entirely the responsibility of the elionis
of the network (i.e. transport connecrions) to regulate their flow rates (o achibewe eifieien
and fair use of vhe network,

At this time, we have not been able to design an algorithm based on this approach
that can be proved to converge to the desired optimal operating point and can be
demonstrated to be reasonable for implementaidn. Thus we have chosen the sejective
feedback scheme. Below. we will describe the basic approach. some algoritine w.
considered. and discuss some of the issues still to be addresses te make it a feasibie
solution.

- 6.2.1 Description of Basic Algorithm

The basic algorithm is similar to that outiined in RJ87 . The difference is that here
we explicitly implement an mechanism for the purpose of achieving equal thronghpns
rates for all transport connections sharing the same bottlensck  The transpori-ive. |
approach can be desceribed be concentraling on a set of iransport connecuions shaning
the same bottleneck, as follows:



1. The boltleneck network resource gives the same feedback to all transport eonnee-

tions sharing it;

2. Fach transport connection calculates the current throughput rate at window ud-
justment epochs;

3. All transport connections applies the same increase 'decrease algorithm to adypst
its new throughput demand (ot allocation} for the next cycle.

4. A new window size is approximately calculated according to the new throughput
rate,

Guaranteeing the same leedback Lo the transport cennections relies an the same
router policies in the original [eedback scheme.

The calculation of the current throughput rate can be accomplished in a number
of different ways. The straight forward way is toc measure the time interval between
window adjustments, Ty,, and record the number of packeta transmitted during this
interval, ¥w (with window size W). Then the throughput

iz the eflfecuive current resovrre allocation at the bhottdencek. Sinee 70 nan Tove wone
randomness associated with it. independent of congestion conditions, it 1s appropriato in
filter it (by using for example the exponential averaging in roundtrip titne calcnlations).
Most transport protocels make some time measurements for each connection. for exam-
ple the roundtrip delay or interpacker time. It is thus possible. as an implementation
optimtzation. to base the throughput calculation aon such time measirements. <aving
the need {or additional time measurements.

Once the throughput rate is calculated. an appropriate increase decrease algorithm
can be applied to adjust the rate A accordine to the feedback 6.

Anew = f1400)

The choice of such an increase:decrease aigorithm that leads to fatrness as well as
efficiency is detailed in CJ8T . In our expenimenrarions, we have used o0 sipinies
additive increase and multiplicative decrease aigorithm for f{}).



Finally the calculation of the new window size can be done by using the reverse
mapping that we used for calculating the throughput rate from the current window
size. Suppose the new allocated throughput is A,,, and assume the new interval time
is approximately the same as the current interval time. Thus the new window is '

Whew = AnewTuwa

6.2.2 Issues Need to Be Addressed

While the transport-based approach is attractive considering its simplicity in the router
policy, there are a couple of major issues that require further studijes:

1. The analysis in [CJ87] assumes that all the clients (transport conrnections) make
their adjustments synchronously. In other words, all connections sharing the same
bottleneck must adjust their windows and allow some time for the result to be
observed, before they all adjust again; and so on. It is not clear how this synchro-
nization is best achieved, The simple method amounts to making the frequency of
window adjustments conmensurate to the lengthiest roundtrip delay time. This
would severely compromise the convergence time of the algorithm. The nonlinear
algorithms described in [CJ87] are less stringent on this synchronous adjustment
requirement. But they typically require careful setting of more parameters based
on network speed and size, thus making the algorithm more configuration depen-
dent.

2. In [RJ87] the increase policy uses an incremental amount of 1 for adjusting the
window size. This increase increment has some concrete meaning in terms of re-
source consumption. In order for the trafisport-based algorithm to be effective, it
is necessary to select an incremental rate for the increase policy that is conmen-
surate to the network configuration. Specificly, this incremental rate should be a
small fraction of the bottleneck resource’s throughput. If the incremental rate is
too high, then we suffer from more burstiness and oscillatior; if the incremental
rate is too low, we would reduce to the orginal scheme of increase window by one,
I This sensitivity to parameter value compromises the configuration independency
goal,

These issues require further studies to make the transport-based approach attrac-
tive.

'This assumes that we make the minjmum increase to be one in window size



Fl

7 Conclusions

In this paper, we have studied the binary feedback scheme introduced in [RJ87| in.
greater detail, with regard to fairness of the allocation of resources to users, The scheme
proposed in [RJS87] uses a feedback mechanism to indicate to users of the network {users
being transport level entities) whether the network is congested or not. An assumption
made in the analysis of the scheme was that all users shared the same set of network
resources, i.e., routers. When the users do not share the same set of routers, the scheme
proposed in [RJ87| does not result in a fair allocation of the netwaork resources.

In this paper, we began by defining a generalized goal for fairness in the allocation
of resources, where users share arbitrary sets of resources in the network by using a
constructive algorithmic definition. We then considered two alternative schemes for
achieving the goal. The first requires that transport entities modify their increase
algorithms to account for the differences in the paths that are shared by users. The
second requires that routers selectively feedback the congestion aveidance information to
the users (transport entities). Based on engineering considerations, detailed in Section
4, we have adopted the alternative in which routers selectively feedback the congestion
information.

The selective feedback algorithm implemented by the routers distinguishes between
the different source-destination pairs, in providing fair allocation of the resources of the
network. We described the selective feedback alogrithm and the scheme to estimate
the dernands of the users of the network on each individual router. We also introduce
another parameter, called the capacity factor, that is needed to estimate the knee-
capacity of the router from the measured number of packets processed by a congested
router. We studied the sensitivity of the performance of the network, both in terms of
efficiency and fairness, to the capacity factor and recommend a value close to 0.9, The
interval over which the demands were estimated was using the same adaptive averaging
algorithm that was used by the congestion detection mechanism.

We also presented simuiation results indicating that the behavior of the scheme was
acceptable under a variety of network conditions, including transient changes in network
or load characteristics, overloading of the network and behavior under different service
time distributions for packet sizes.
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Figure 1: Non-selective bit setting - unfairness with different paths

Figure 2: Example General Topology with 2 source-destination pairs: Configuration 1.
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