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Abstract

Consider a network of computers interconneded by point-to-point communication channels.
Before generating network padkets, eat source in the network reserves a fradion of the padet
rate of each output channel in the path to its destination. We define a family of scheduling
protocols, called Universal Timestamp-Scheduling, to forward padkets in this network such that
all members of the protocol family provide the same upper bound on padket delay as Virtual
Clock scheduling. That is, the padkets from a source will exit the output channel of a computer
no later than the time they would exit an output channel whose rate equals the sources reserved
rate and whose input is exclusively the padkets from this ource The protocol family is called
universal becaise it encompasses a wide variety of protocols. To show this, we prove that many
scheduling protocols in the literature ae members of the protocol family, and thus provide the
above guarantee In addition, we show that the protocols in the literature have only considered
one side of the spedrum of possible scheduling protocols, and that there is another side of the
spedrum that deserves attention and remains to be investigated.

1. Introduction

Consider a computer network with point-to-point communicaion channels. Eadch output
channel of a computer is equipped with a scheduler. The input to the scheduler is a set of flows,
where ezh flow is a sequence of padets recived from some input channel of the wmputer.
When an output channel becomes idle, the task of its <heduler is to determine which received
padet should be the next one to transmit over the output channel.

A particular type of scheduling protocols, which we all guaranteed-rate schedulers, forward
padkets from each flow at a designated rate. Examples of these scheduling protocols can be



found in [18][20]. In al of these protocols, the sourceof aflow finds a network path that leads to
its desired destination. Then, the source notifies each scheduler in the path about its desired
padket rate. Each scheduler determines if it has enough avail able bandwidth in its output channel
to transmit the padkets of the new flow. The new flow is accepted if and only if al schedulersin
the path accept the new flow.

Due to the reservation of bandwidth, the network can provide quality of service guarantees to
eaxh flow, such as end-to-end padket delays. These service guarantees are of particular
importanceto real-time goplications, such asinteradive audio and video [9].

Some guaranteed-rate schedulers assign a timestamp to ead incoming padet, and forward
these padkets to the output channel in order of increasing timestamp. Thus, when a padket is
received, it is gored in a queue ordered by increasing timestamp. When the output channel
becomes idle, the padcket with the smallest timestamp is forwarded to the output channel.
Examples of these schedulers are Virtual Clock [6,17,19], Weighted Fair Queuing[13, 14], Time-
Shift Scheduling [2] and Frame-Based Fair Queuing [16].

The method used to assign timestamps to padkets differs from one protocol to another.
However, they all share asimilar structure. In this paper, we reveal the strong relationship among
these protocols, by defining a family of scheduling protocols, called Universal Timestamp-
Scheduling, and by showing that the &ove protocols are all members of this family.

The protocol family is based on simulating a virtual server. The virtual server assigns
timestamps to ead bit of a padet, and it forwards bits in increasing timestamp order. When a
flow becomes badklogged in the virtual server, the timestamp of its first bit is computed in
acordanceto the progressof the virtual server. The diff erence among the members of the family
isthe value dhosen for the initial timestamp.

We show that all members of the protocol family guaranteeto ead flow its reserved padket
rate. In addition, they guarantee a upper bound on the delay of each padket similar to the delay
bound in Virtual Clock scheduling. Finally, we show that the end-to-end delay of each padet is
also bounded. Since the protocols mentioned ealier are al members of the protocol family, they
all possessthese properties.

To show the generality of the protocol family, we show that the aove protocols in the
literature correspond to one end of the spedrum of the Universal Timestamp-Scheduling family,
and that there is another end of the spedrum that is worthy of attention but has not been
investigated. In this end of the spedrum, if aflow has not generated padets for a cetain amount



of time, the flow will try to redaim the bandwidth it has lost during its period of inadivity.
However, in doing so it will not infringe upan the basic deadli ne guarantees of other flows.

The organization of the paper is as follows. In Sedion 2, we present the general structure of
all members of the protocol family. In Sedion 3, we present the notation used to specify our
protocols. In Sedion 4, we introduce the concepts of bit timestamps and hit deallines, which are
the foundation of the virtual server. In Sedion 5, we present the Universal Timestamp-
Scheduling family of protocols. In Sedion 6, we prove the delay bound for all members of the
protocol family. The end-to-end delay of the protocol family is given in Sedion 7. In Sedion 8,
we show that existing protocols are members of the protocol family. Finally, in Sedion 9, we
present related work, and we discuss the end of the spedrum of the Universal Timestamp-
Scheduling family which remains to be investigated.

2. Basic Protocol Structure

In this paper, we present a family of scheduling protocols for a computer network. Before
doing so, we first present the structure that is common to all members of the family, and then in
later sedions we describe the diff erence between members of the protocol family.

A computer network consists of a set of computers interconneded via point-to-point bi-
diredional channels. A flow in a computer network is a potentially infinite sequence of padkets
generated by the same source and having the same destination in the network.

When a new flow wishes to join the network, the network finds a path from the source of the
flow to the destination of the flow. Then, the network reserves a fradion of the bit rate of each
channel along the path, and assigns this rate to the new flow. Finally, the source of the flow is
given permisson to generate padkets at the rate reserved for the source The dosen path and
reserved rate of the flow remain fixed throughout the lifetime of the flow.

Ead output channel of a computer is equipped with a scheduler, as shown in Figure 1. From
the input channels, the scheduler receives padets from flows whose next hop to the destination
is the output channel of the scheduler. Whenever its output channel becomes idle, the scheduler
chooses areived padket and forwards the padket to the output channel.

The rate at which the scheduler forwards the padkets of a flow must be bounded from below
by the reserved rate of the flow. To guaranteethis minimum padket rate, the scheduler assgns a
timestamp to ead reacived padket. The timestamp is a function (among cther things) of the
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Figure 1: A computer with two input channels and two output channels.

flow's reserved rate. The scheduler forwards the recaved padkets in order of increasing
timestamp.

We say that a padket is forwarded to the output channel when the first bit of the padket is
being transmitted by the output channel. We say a padket has exted the output channel if its last
bit has been transmitted by the output channel. We say a padket is in the output channel if it has
been forwarded to the output channel but has not exited the output channel.

The scheduler maintains a separate FIFO queue for the received padets from each flow. An
interval of time [t1, t2] is sid to be abusy period if the output channel is continuously sending
padkets throughout the interval, and the output channel is idle immediately before t1 and
immediately after t2.

We alopt the following notation:

* clock real-time clock of the scheduler.

*N maximum number of flows allowed by the scheduler.
C bandwidth (bits/sec) of the output channel.

*R.i reserved rate of flow i (bits/sec).

* queue.i queue of received padets of flow i.

* p.i.n nth padket recaved from flow i.

* Ali.n value of clock when p.i.nisreceived (seg.

*L.i.n padet size of p.i.n (bits).

* Lmax upper bound on padet length over all flows.

*E.i.n time when padket p.i.n exits the output channel (seg).



When a scheduler receives a padket from a flow, the padet is assgned a timestamp, and
stored in the FIFO queue of the flow. When the output channel becomes idle, the scheduler
examines the timestamp of the padet at the head of each queue, and chooses the padet with the
smallest timestamp. This padket is dequeued and forwarded to the output channel.

The goal of the scheduler isto forward the padets of each flow i at an average rate of at least
R.i. Sinceall N flows share the output channel, the following constraint is necessary.

N-1
Zst(: (1
<

The timestamp T.i.n assigned to ead padket p.i.n is caculated as follows.

Tin:=Sin+LinRi )

In the @ove eguation, S.i.n = T.i.(n-1), and its exad value is protocol dependent; the doice of
S.i.niswhat distinguishes one member of the protocol family from another.

For example, if we dwoose for Si.n the value max(A.i.n, T.i.(n-1)), then the resulting
protocol is known as Virtual Clock. It can be easily shown by induction that, in the Virtual Clock
protocol, T.i.n equals the time & which p.i.n would exit an output channel whose sole input flow
isflow i and the channel'srate is exadly R.i.

Furthermore, it has been shown that, in Virtual Clock protocol, each padet exits the
scheduler by the time indicated in its timestamp (plus the small constant Lmax/C) [6,17]. Thus,
the timestamp in the Virtual Clock protocol may be viewed as a bound on the eit time of a
padket.

The &ove bound on the eit time of a padket is desirable, since the bound depends lely on
the reserved rate of the flow. Thus, the padkets of a flow will not experience large delays at a
scheduler unlessthe sourceof the flow exceeds its reserved padket rate.

If ascheduling protocol has the same upper bound on exit time & the Virtual Clock protocol,
we say that the protocol has rate-propationd delay.

Other timestamp protocols have different choices for the value of S.i.n, and thus the
timestamps assigned to the padkets are different than the timestamps assgned in Virtual Clock,
and the timestamps may no longer be viewed as an exit dealline. Nonetheless many of these
protocols have rate-proportional delay, i.e., their upper bound on the &it time of a padket is at
most the upper bound on the it time of the same padket in Virtual Clock scheduling.



3. Protocol Notation

In this sedion, we present our notation to formally specify scheduling protocols, and we use
the notation to specify the basic protocol structure of the previous sction.

We define the behavior of a scheduler processby a set of global constants, a set local inpus,
a set of local variables, and a set of adions. Actions are separated from each other with the
symbol [, using the following syntax:

begin action[] action|. . .[] action end

Eadh adion is of the form guad — command A guard is either a boolean expression
involving the local variables of its process or a recave statement of the form receive p.i.n. A
command is constructed from sequencing (;), conditional (if fi), and iterative (do od) constructs
that group together skip, assignment, and forward statements of the form forward p.i.n. Similar
notations for defining network protocols are discussed in [11] [12].

An adion is sid to be enalded if its guard is either a boolean expresson that evaluates to
true, or areceive statement of the form receive p.i.n, and there is a padet that may be received
from some inpu flow.

An exeaution step of a protocol consists of choosing any enabled adion from any process
and exeauting the adion's command. If the guard of the chosen adion is a receive statement
receive p.i.n, then, before the adion's command is exeauted, the flow number of the padet is
stored in variable i, and the padket number is gored in variable n.

Protocol exeaution is fair, that is, ead adion that remains continuously enabled is eventually
executed.

On occasions, we make use quantifications of the form:

(O x: R(X) : B(x))

Above, [0 is a ommmutative and associative binary operator, such as max, min, X
(summation), O (conjunction), or [I(disjunction). R(x) is a function defining the range of values
for the dummy variable x, and B(x) is a function defining the value given as an operand to [J.
For example,

(Minx:1<x<3:x?9)

denotes the minimum of 12, 22, and % . If the range of the dummy variable x is omitted, all
values in the type of x are included.



process Scheduler

constants
N . integer /¥ maximum number of flows */
C : real [* rate of output channel */
inputs
R . real [* reserved rate of flow i */
variables
queue.i . packet sequence /* padet queue of flow i */
T.i.n . real [* timestamp of padket p.i.n */
clock . real [* red-timeclock */
idle . real [* finishing time of current padket transmisson */
begin
receive p.i.n = compute S.i.n;
T.i.n:=S.i.n+L.i.n/Ri;
enqueue(queue., p.i.n)
I

clock = idle O(0j :: queuej # empty) -
p.i.n := dequeug(queue);
forward p.i.n;
idle:=dock + L.i.n/C

I

clock <idle . clock := advance(clock, idle)

0
clock = idle (0 :: queue.j = empty) -
clock := advance(clock, «)
end

Figure 2: Scheduler Process

We ae now realy to present the ade for the scheduler process which is given in Figure 2.
We model the real-time clock with a variable of type real. This variable isincremented at certain
points in the mde to represent the natural progression of real-time. We make the simplifying
asumption that exeauting an adion takes zero time.

In the first adion, a padket is recived, its timestamp is computed, and it is appended to the
gueue of its flow. The second adion is enabled when the output channel is idle and there is a
non-empty queue. If thisisthe cae, function dequeue(queue) finds the padket whose timestamp
is the smallest, and removes it from the queue of its flow. This padket is then forwarded to the
output channel.
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Figure 3: Timestamps contained by each padet

In the third adion, if the output channel is not idle, then the clock may be advanced, but not
beyond the time when the output channel becomes idle again. This is necessary to ensure that
when the channel becomes idle ayain the next padet will be sent immediately. In this adion,
function advance(clock, idle) chooses any value in the interval (clock, idle] to represent the
normal advancement of the clock.

In the final adion, if the output channel isidle and all queues are empty, then the clock may
advance its value without any constraints.

4. Bit Timestamps and Deadlines

In this sedion, we broaden the ancept of padket timestamps to bit timestamps [2], that is, we
define atimestamp to ead bit of a padet, and the timestamp of the padket is the timestamp of
the last bit of the padket. Also, we asociate adealline to ead bit of a padet, and the dealline
of the padket is the dealline of the last bit of the padket.

4.1 Bit Timestamps

We next introduce the concept of bit timestamps [2]. We aume that bits are of arbitrarily small
size, and a timestamp is defined for ead bit as follows. Let b be areal number in the interval [0,
L.i.n]. We define the bit timestamp of "bit" b of padet p.i.n as:

Si.n+bRi 3)

Thus, S.i.n isthe timestamp of the first bit of the padket (b = 0) and T.i.n is the timestamp of the
last bit of the padket (b = L.i.n). Inthisway, if at time S.i.n the padket is given to a constant rate
server with rate R.i, then bit b of p.i.n exits the server at the time indicated by (3) above.

We say that bit timestamp t is contained by padket p.i.n if a bit in the padket has timestamp t,
l.e,, Si.n<t < T.i.n. Flow i contains timestamp t if some padket of i containst.



For example, consider Figure 3. Inthis figure, the timestamps of the first and last bits of each
padet are indicated by a vertical line. In flow 1, for its first padet, p.1.0, the timestamp of its
first bit is 1 and the timestamp of its last bit is 3. For the second padket, p.1.1, the timestamp of
its first bit is 3 and the timestamp of its last bit is 4, and for the third padet, p.1.2, itsfirst bit has
timestamp 6 and its last bit has timestamp 9. Thus, all timestamp values from 1 upto 4 and from
6 upto 9are contained by flow 1. Also, no flow contains timestamp 5.

4.2 Bit Deadlines
To ensure rate proportional delay, we asciate with each padet p.i.n adeadline D.i.n, which
is equal to the timestamp the padket would receive under Virtual Clock scheduling. That is,

D.i.n:= max(A.i.n, D.i.(n-1)) + L.i.0/R.i

Therefore, a padket scheduler has rate-proportiond delay if the exit time of each padket p.i.nis
at most D.i.n plusasmall constant.

We will often neeal to refer to the dealline of the bit of flow i whose timestamp is t. Thus,
D.i.t, wheret is a timestamp, denotes the deadline of the bit of flow i whose timestamp ist. Let
timestamp t be cntained by packet p.i.n, and let bit b, 0 < b < L.i.n, be the bit of p.i.n whose
timestamp ist. Then, D.i.t is defined as follows.

D.i.t = max(A.i.n, D.i.(n-1)) + b/R.i

That is, the dealline of a bit is simply the timestamp the bit would receive in a Virtual Clock
scheduler. Thus, in Virtual Clock, the deadline of a bit and its timestamp are equivalent.

5. The Universal Timestamp-Scheduling Family

In this sedion, we define a family of scheduling protocols, which we name Universal
Timestamp-Scheduling protocols. Each protocol in the family assigns a timestamp to eadh
received padket acording to Assignment (2), and forwards the padets in order of increasing
timestamp. However, the protocols differ in their choice of S.i.n. In this ®dion, we define
bounds on the possible values used for S.i.n. Regardless of which value is chosen within these
bounds, the scheduling protocol will have rate-proportional delay.

To represent the entire behavior of the protocol family, we define a predicate that must be
satisfied by the value chosen for S.i.n. We later show that the protocols of Virtual Clock,
Weighted Fair Queuing, Time-Shift Scheduling, and Frame-Based Fair Queuing choose values



for S.i.n that satisfy this predicate, and thus, all these protocols are members of the protocol
family.

The possible values for S.i.n are derived from the behavior of a virtual server, which we
describe next.

5.1 Virtual Server

The virtual server recives as input the same set of flows as the padket scheduler, and
forwards the padets of these flows to an output channel whose bandwidth is also C. In addition,
each padket is asggned a timestamp. The virtual server also assigns timestamps to padets using
Assignment (2).

The diff erence between the padket scheduler of the previous sdion and the virtual server is
that the virtual server is able to forward a single bit at a time, rather than a whole packet a a
time. The virtual server forwards bits in order of increasing t timestamp. Although the virtual
server is not implementable, its behavior can be computed by the scheduler, becaise the input
flows of the virtual server are also the input flows of the scheduler.

Let [t, t] be a interval such that, if a flow contains a bit timestamp in this interval, then the
flow contains all timestamps in thisinterval; i.e., no flow partially contains the timestamps in this
interval. Let B be the set of flows that contain all the bit timestamps in this interval. From the
way in which timestamps are assigned to bits, the time required for the virtual server to forward
al the bits in thisinterval is:

(Y i:ioB:Ri)dt-t)

C

Note that this is similar to the way in which bits are forwarded by the virtual server used in
Weighted Fair Queuing [14]. However, the behavior of both virtual servers is quite different. In
Weighted Fair Queuing, timestamps are not assigned to hits. Therefore, if a flow has bits
remaining to be forwarded, then bits from this flow will continuously be forwarded until no more
bits of the flow remain. This is not the cae in our virtual server, becaise if all the bits of flow i
have timestamps that are smaller than all the bits of flow j, then all the bits of flow i will be
forwarded before any bit of flow j is forwarded.

Since bits are forwarded in increasing timestamp order, we define the following.
e W.i timestamp of the next bit to be forwarded from flow i

10



*T.i largest bit timestamp of flow i; i.e., T.i = T.i.n, where p.i.n is the last padket
received from flow i.
oZ timestamp of the next bit to be forwarded by the virtual server.
*F.i.n time when the last bit of p.i.n exits the virtual server.
If W.i < T.i, there ae some bits from flow i that remain to be forwarded. If W.i = T.i, al bits
from flow i have been forwarded. Thus, if there is an i such that W.i < T.i, then Z is the
minimum over all thesei, that is,

Z=(mini:W.i<T.i:W.i)
On the other hand, if thereis no i such that W.i < T.i, then we assign to Z a value greder than the
maximum over all timestamps, that is,
Z>(maxi::T.i)

We next give asmall example of the behavior of the virtual server. Assume the virtual server
has an output channel bandwidth of 10 bts/sec and threeflows, where R.0 = R.1 = 2.5 hits/sec
and R.2 = 5 hitg/sec Flows 0 and 1 have two padets ead, and flow 2 has a single padket. The
size of each padets is 100 bts. The timestamps contained by each flow are shown in Figure
4(a). For the first padket of flow 0, itsfirst bit has timestamp 0sec and its last bit has timestamp
40 sec, and for the seacond padket of flow 0O, the first bit has timestamp 40 sec and the last bit
has timestamp 80sec. The timestamps of the padets of flow 1 are the same & those of flow 0.
The single padket of flow 2 has a timestamp of 20 sec. for itsfirst bit and a timestamp of 40 sec
for itslast hit.

The behavior of the virtual server is shown in Figure 4(b). Fromtime O upto time 10, the bits
from flow 0 and flow 1 with timestamps O upto 20 are transmitted over the output channel, for a
total of 50 kts from each flow. Thus, at time 10, W.0 = 20, W.1 = 20, and Z = 20. At time 10,
the first bit of the packet from flow 2 begins to be transmitted, since the timestamp of this bit is
also 20. Thus, for the next 20 seconds, the virtual server transmits the bits with timestamps 20 up
to 40 from all three flows, and the last bit of the first padket of ead flow exits at time 30.
Therefore, at time 30, W.0 = 40, W.1 = 40, W.3 = 40, and Z = 40. Then, since only the second
padkets from flow 0 and 1 remain, these padkets are transmitted duing the next 20 seconds.
Hence, at time 50, W.0 = 80, W.1 =80, W.2 =40, and Z > 80.

11
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5.2 Virtual Server Specification

We next present the specification of the virtual server, which is given in Figure 5. There ae
four new variables, StartS, Z, B, and upd

StartS is a lower bound on the value chosen for S.i.n. Z is the timestamp of the next bit to be
transmitted, and B is the set of flows which still have bits to be transmitted and whose next bit to
be transmitted has timestamp equal to Z.

12



process Virtual Server

constants
N :integer /* maximum number of flows*/
C . real [* rate of output channel */
inputs
R.i : real [* reserved rate of flow i */
variables
T.i.n . real [* timestamp of padket p.i.n */
T.i : real [* largest timestamp of flow i */
W.i . real [* timestamp o next bit to be transmitted of flow i */
Z . real [* next bit timestamp to be transmitted */
B . set of integer [* set of flows whase next bit will be transmitted next */
upd . real [* timestamp where the membership in B changes */
clock . real [* red-time clock */
StartS . real /* low bourd for S.i.n*/
begin
receive p.i.n - if W.i=T.i.(n-1) - chooseS..n;
W.i:=Si.n;
update StartS
0 Wi<Ti(1) - Sin:=Ti(n1)
fi
T.i.n:=Si.n+L.i.n/Ri;
T.i:=T.i.n;
Z:=(mini:W.i<T.i:W.i);
B=set{i|W.i=ZOW.i<T.i};
upd:=min{ (mini:iOB:T.i),(Mini:i OBOW.i <T.i:W.i)}
0
Z <upd . Z := advance(Z, upd);
clock :=dock + (Zi:i OB : (Z-W.)R.)/C;
dofor eachi OB
W.i:.=Z
od
0
Z = upd - B:i=set{i | Wi<T.iOW.i=(mini:W.i<T.i: W.)};
if B=empty - Z:=advance((maxi :: T.i), o)
0 Bzempty - Z:=(mini:W.i<T.i:W.i);
upd:=min{ (mini :i 0B : T.i),
(mini:iOBOW.i<T.i:W.i)}
fi
0
Z>(maxi:Ti) o clock := advance(clock, )
end

Figure5: Vir{%al Server




Variable upd (update) contains the timestamp such that when Z = upd, the membership in set
B changes. Thiswill occur when either aflow i in B does not have any more bits to transmit, or a
new flow i should be alded to B. Thus, updis the minimum of two values. the minimum of all
T.i for eadhi in B, and the minimum of W.i such that i isnot in B and W.i < T.i.

The specification consists of four actions.

In the first adion, a padet is recived. Before assigning a timestamp to the padet, the value
of S.i.n is computed, and the lower bound StartS is updeted (in the next sedion, we explain in
detal how S.i.n is computed and how StartS is updated). After the padket is assigned its
timestamp, Z, B, and updare recomputed because their values may have changed.

In the second adion, if there ae ill bits to be forwarded from the flows in B without
causing a dhange in the membership of B, i.e,, if Z < upd, then we abitrarily choose how many
more of these bits to transmit. Thus, Z is updated acordingly, and the amount of time needed to
transmit these bits is added to the clock.

In the third adion, if the membership of B is about to change, i.e., if Z = upd then it is time
to updhte B. If the new value of B is empty, then there ae no more bits to transmit, and Z is set
to avalue greaer than the maximum of all bit timestamps. If B is not empty, then Z and updare
recomputed.

In the last adion, if there ae no more bits to transmit, the clock is advanced an arbitrary
amount of time.

5.3 Computing the Starting Timestamp

What remains to be defined for the virtual server is the way in which S.i.n is chosen. If bits
from flow i remain to be forwarded (W.i < T.i), then S.i.n is assigned T.i.(n-1). On the other
hand, if no bits remain to be forwarded (W.i = T.i), then there is ome flexibility in the doice of
S.i.n.

We would like to identify a range of values for S.i.n such that choosing any one of them
ensures rate proportional delay for the virtual server. This range of values should be & large &
possible, to provide the flexibility to represent many protocols in the literature a members of our
protocol family.

We neead to compute avalue for S.i.n that will ensure arate proportional delay in the virtual
server at the bit level. That is, ead bit should exit the virtual server by the time indicated by its
bit deadline.

14



To guarantee that a bit from flow j with timestamp W.j exits by its dealline, we simply
count, for ead flow k, where W.k < W.j, the maximum number of bits that could have a
timestamp at most W.j and are yet to be transmitted. These bits are:

(W.j - max(W.k, Z))R.k
To obtain the amount of time required to transmit these bits, simply divide by C. The virtual
server should have enough time to transmit all these bits from every flow k before the deadline
of bit W.j of flow j expires. Thus, the following predicae should always hold in the virtual
server:.
dj:Z2<sWj:

(Y k:wk<w,j :(wg - max(W k, 2)) [Rk) <D.j.(W.j) - clock @

)
We refer to the aove predicated as the safety predicate. We will |ater show that if the above

predicae holds, it continues to hold as bits are transmitted, and thus, ead bit exits no later than
its dealine.

However, assume padket p.i.n is recived, and no more bits remain to be transmitted from
flow i. If S.i.n is chosen such that S.i.n < Z, then Z is assgned S.i.n. This change in Z could
invalidate the safety predicae. Thus, we redrict the value chosen for S.i.n such that the safety
predicae holds after p.i.n is assgned a timestamp. This will ensure that the safety predicae
holds at all times.

In addition, we restrict S.i.n to be at least T.i.(n-1), to prevent bits from different padkets
from having the same timestamp.

We next present an example to illustrate the safety predicate. Assume we have threeflows, i,
J, and k, where R.i = R.j = Rk = 100hits/sec, and C = 300 bts/sec. Initially, W.i, W.j, W.k, and
Z are al zero. Also, assume for simplicity that all padkets are of size 100 hts and initially clock
=0.
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Figure 6

At time 0O, three padets are recaeved from flow i. The virtual server chooses S.i.0 = 0, and
thus, the last padket receives atimestamp equal to 3, and recaves a dealline also equal to 3. This
isindicaed in Figure 6(a). It takes one seaond for the virtual server to transmit all three padets.
After transmitting the last bit, Z = 3 and clock = 1.

Then, when clock = 1, four padkets are received from flow j. Note that S.j.0 may be assgned
zero without violating the safety predicate. Thus, assume we doose S.j.0 = 0. The last padet of
j receives a timestamp of 4 and a dealine of 5, as wown in Figure 6(b). The virtual server takes
1 1/3 sec to transmit these padkets. After transmitting the last bit, Z = 4 and clock = 2 1/3.

Next, three padkets are received from flow k, and then one padket is received from flow i.
The value of zero isno longer valid for S.k.0. This is because the timestamp of the first bit of the
next padket of i is 3, and there is not enough time to transmit all bits of flow k with timestamps O
to 3 before the deadline of the next bit of i, which also equals 3, expires. Namely,

(W.i - max(W.k, 0))[RK/C = (3- 0)100300=1 > D.i.(W.i) - clock = 3- 7/3=2/3
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In fad, the smallest value possible for S.k.0 that satisfies the safety predicae is one. Thus,
asuime we choose S.k.0 = 1. Thus, the timestamp of the last padet of k is 4, itsdealineis5 1/3,
the timestamp of the padket of i is4, and itsdealline is also 4.

A padket scheduler belongs to the Universal Timestamp-Scheduling family if it assgns to
S.i.n a value gual to the value dosen by the virtual server. It can be shown that the two
restrictions given ealier on the value chosen for S.i.n will ensure rate-proportional delay in the
virtual server. However, they do not ensure that the packet scheduler will have rate-proportional
delay. To acaomplish this, we will require the following additional restriction on S.i.n.

We define anon-deaeasing lower bound on the value of S.i.n, called StartS. The value
chosen for S.i.n must be & least StartS. After W.i is asdgned S.i.n, StartS is updated. Its new
value is the smallest value, no smaller than the previous value of StartS, such that

(O):StartS<W.,j :

(3 ke Wk < W.j (W] -C max(W.k, Start9) [R.k) < Dj.(W.j) —clock (5)

)
That is, if any future padkets are given bit timestamps whose values are & least StartS, then all

bits currently in the virtual server will exit no later than their deadlines.
The &ove predicate is known as the start predicate, becaise it gives a lower bound on the
starting value of the timestamps of a flow.
Notice that (4) is the same & (5) if we replace Z by StartS. Thus, we will |ater show that
StartSis always at most Z.
In summary, we have threerequirements for the value chosen for S.i.n:
a) T.i.(n-1) < S.i.n.
b) StartS< S.i.n.
¢) The safety predicate holds after the padket receives its timestamp.
We will show in a later sedion that these requirements guarantee that the padket scheduler
also has rate-proportional delay.

6. Upper Delay Bound

In this sedion, we prove that both the virtual server and the Universal Timestamp-Scheduler
have rate-proportional delay. We first addressthe virtual server, and then the padket scheduler.
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6.1 Delay Bound of The Virtual Server

We begin with a few lemmas. In the following, the expression "at time t" refers to the state of
the virtual server when variable clock has the valuet.

Lemma O - After itsfirst padet is reaived, ead flow i will always contain all timestamps in
theinterval [W.i, T.i].

Proof

The proof is by induction over the padket number of flow i. For the base @se, p.i.0 is
received and after it is timestamped, W.i = S.i.0 < T.i.0 = T.i. When W.i increases, it is not
increased beyond T.i, and T.i does not change until the second padket is received. Thus, flow i
contains all timestamps in the interval [W.i, T.i].

For the induction step, assume after p.i.(n-1) is received, flow i contains all timestamps in
[W.i, T.i.(n-1)].

If W.i <T.i =T.i.(n-1), then S.i.n isasggned T.i.(n-1), and afterwards, W.i < T.i.(n-1) = S.i.n
< T.i.n = T.i. Hence, from the induction hypothesis, flow i contains all bit timestamps in the
interval [W.i, T.i].

If W.i = T.i, then after p.i.n is timestamped, W.i = S.i.n < T.i.n = T.i, and hence, flow i
contains all bit timestamps in the interval [W.i, T.i].

Furthermore, W.i will not increase beyond T.i, and T.i does not change until the next padet
isreceived. Thus, the theorem holds.
¢

Lemmal- Lett <t, and let Z' and Z be the values of Z at times t' and t, respedively. If
during the time interval [t' , t], the virtual server has bits to forward, and Z does not deaease,
then

t-t <2-2
Proof:

Consider the second adion of the virtual server, which is where the clock is advanced when
the server isnot idle, and consider the second assignment in this adion.

clock :=dock + (Zi:iB: (Z-W.)R.i)/C
At this point, eaty W.i hasthe value of Z'. Thus, we have,

clock :=dock +(Zi:10B: (Z-Z)R.)/C

18



From Relation (1),

(Ci:i0B:(Z-Z)Ri)/C=(Zi:i0B:RI)Z-2Z)C<CZ-Z)C=2-2

Thus, the value of Z increases at least as fast as the value of clock.

Lemma 2

a) Assime W.i =Z < T.i and D.i.(W.i) = clock. Then, aslongas W.i = Z < T.i holds (i.e., as

long as Z increases monotonically and flow i has bitsto send), we have D.i.(W.i) = clock.

b) If for some @mnstant s, W.i < s< T.i, then eventually s< W.i.

Proof

a) From Lemma 1, if Z increases monotonically, it increases at least as fast as red-time.
Hence, W.i increases at least as fast as red time. From the definition of bit timestamps, if flow i
contains all timestamps in the interval [t', t], then those bits corresponding to these timestamps
are adly (t - t')[R.i bits. Thus, since the dealline of a bit is the time & which the bit exits a
constant rate server withrate R.i, then D.i.t - D.i.t' >t - t'.

Note that as long as W.i = Z < T.i, flow i contains the timestamp W.i as Z increases. Thus,
from the &ove, D.i.(W.i) aso increases at least as fast as red-time, and D.i.(W.i) = clock
continues to hold.

b) To increase W.i beyond s, the virtual server transmits bits whose timestamps are & most s.
These bitscan be @ most (Z j :: R.jS) = (2] :: Rj)[S8< CIS bits, which take a most s oonds to
forward. Hence, within at most s ssoonds W.i will increase beyond s.
¢

Lemma 3 - If before exeauting the first adion, StartS < Z, and also, the safety predicae is
true, then, after exeauting the first adion, StartS < Z, and the safety predicae remains true.

Proof

First, we must show that there is at least one value of S.i.n that can be chosen such that:
T.i.(n-1) < S.i.n, StartS < S.i.n, and the safety predicae holds after p.i.n is timestamped. We then
have to show that after StartS is updated, StartS< Z.

If W.i <T.i, then Sii.n is assigned T.i.(n-1). In this case, the safety predicate sill holds since
neither W.i nor D.i.(W.i) have changed. Furthermore, when StartS is updated, StartS cannot be
greder than Z, because StartS < Z held before the adion is exeauted, and (5) holds if we replace
StartS by Z.
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If W.i =T.i (i.e,, W.i = T.i.(n-1)), then consider asggning to S.i.n the max(T.i.(n-1), Z).
Regardlessof which of these two valuesis gredaer, W.i = S.i.n after exeauting the adion.

If T.i.(n-1) £ Z, Si.nischosento be Z. It is easy to chedk that the safety predicae still holds,
since max(Z, W.i) = max(Z, S.i.n) does not change, and D.i.(W.i) = D.i.(S.i.n) = clock. Since
StartS < Z before exeauting the adion, StartS < S.i.n, and since the safety predicae continues to
hold, StartS < Z after StartSis updated.

Asaume now Z < T.i.(n-1) = W.i. Thus, S.i.n is assgned T.i.(n-1), and W.i does not change.
Also, becaise Z < T.i =T.i.(n-1), there is another flow j, where Z = W.j < T.j, and thus Z does
not change value. Finally, if the safety predicae holds, it isimpossible for Z < W.i if the dealine
of bit W.i has expired. Thisimpliesthat D.i.(W.i) does not change. Since none of W.i, D.i.(W.i),
or Z changes, the safety predicae still holds. Furthermore, since the safety predicate holds and Z
does not change value, StartS < Z still holds when StartSis updated.
¢

Lemma 4 - If the safety predicate holds before exeauting the seaond, third, or fourth adion,
then the safety predicae will remain true dter exeauting the adion.

Proof

In the second adion, some bits are forwarded. Also, variables Z, clock, and every W.i in B
areincreased acordingly.

In the safety predicate, consider any flow j. We ae required to show that

(3 k: Wk < W.j:(W.j-max(Wk,2)) [Rk)
C

<D.j.(W.j) —clock

If before the adion is executed, W.j < Z , then W.j < Z after exeauting the adion, and we
have no proof obligation for j.

If before the adion is executed, W.j = Z, we have two choices. If W.j = T.], thenj isnot in B,
and after the adion isexeauted, W.j < Z, and thus we have no proof obligation for j. If Z = W.j <
T.j, then after the adion is exeauted, Z = W.j < T.j, and the left hand side of our obligation is O.
Notice that the left hand side is always at least zero, thus, since the predicate held before the
adion is exeauted, D.j.(W.J) = clock before exeaution. From Lemma 2(a), D.j.(W.j) = clock
continues to hold after the acion is executed.

Finally, if Z < W.j before the ation is exeauted, then j is not in B, and after the exeaution,
Z<W.j. Thus, W.j and D.j.(W.]) did not change. Let us look at the dhanges to the left and right
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hand sides of our proof obligation above. The left hand side deaeases since Z increased, and the
right hand side deaeases since clock increases by

(Y k:koB:Rk){Z-2)

C

where Z' is the value of Z before the exeaution. Consider any flow k, and see how much both
sides change due to k.

If k isin B, then k's contribution to reducing the left hand side is (Z - Z")[(R.k/C, which isthe
same & k's contribution to the increase in the clock, so both sides remain balanced.

If k is not in B, then k does not contribute to changes to the right side. Also, W.k does not
change, and we have two cases.

a) if Z' < WKk, then upd < W.k, and Z cannot increase beyond W.k, and max(W.k, Z)

remains the same, so the left side does not change.
b) if W.k < Z', then the left side reduced by (Z - Z")[R.k/C without any contribution to the
right side, so the predicate mntinues to hold.

Consider now the third adion. It does not change any W.i, but it may increase Z. Notice that
increasing Z preserves (5), so the safety predicae continuesto hold.

The last action increases the clock, but only if there ae no bits to transmit, in which case Z >
W.i for al i, and the safety predicae holdstrivialy.
¢

Corollary 1 - At al times, the safety predicae istrue and StartS< Z.

Proof

From Lemma 3, the first adion preserves StartS < Z and the safety predicae. From Lemma
4, the remaining adions preserve the safety predicae. Since Z increases and StartS remains
constant in these adions, then StartS < Z isalso preserved by these adions.
¢

Theorem 1 For any j, if W.j <T.j, then clock < D.j.(W.)).

Proof

Aslong as W.j < T.j we have, from the definition of Z, Z < W.j. From Corollary 1 and (4),

(3 k: Wk < W.j:(W.j-max(Wk,2)) [Rk)
C

<D.j.(W.j) —clock

SinceZ < W.j, the left-hand-side is always at least zero, and thus clock < D.j.(W.)).
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Theorem 1 states that ead bit in the virtual server exits before its dealline expires. Let us
now examine the behavior of the padket scheduler.

6.2 Delay Bound of Packet Scheduler

A Universal Timestamp-Scheduler is a padket scheduler that chooses a value for S.i.n equal
to the value of S.i.n in the virtual server. Thus, both the padket scheduler and the virtual server
will assign equal timestamps to the same padket. Furthermore, the dealline of a padket in both
the padket scheduler and the virtual server are also the same. What remains to be shown is that
the padket scheduler has rate proportional delay, that is, that ead padket will exit by its dealline
plus a small constant, namely, Lmax/C. To show this, we take advantage of the behavior of the
virtual server.

Lemma 5 - Let t, t < A.i.n, be the latest time when all padket queues of a Universal
Timestamp-Scheduler are empty. If, from time t up to time E.i.n, the scheduler only forwards
padkets with timestamps at most T.i.n, then

E.i.n<F.i.n

Proof

Since the input flows of both the virtual server and the padket scheduler are the same and
their output channel's have equal rate, then the times when all queues are empty coincide in both
systems. Thus, at timet, the virtual server has no more bits to forward.

At time F.i.n, A.i.n < F.i.n, the virtual server has forwarded all bits with timestamps at most
T.i.n. If Fi.n < E.i.n, this implies the padket scheduler has forwarded at least one padket with
timestamp at most T.i.n, other than p.i.n, to the output channel before F.i.n, and not al bits (if
any) of this padket have been forwarded by the virtual server by time F.i.n. Let p.j.m be the first
of these padkets to be forwarded by the padket scheduler.

Consider the arival of p.j.m. It cannot be that A.j.m < F.i.n, because by time F.i.n the virtual
server forwarded all bits with timestamps at most T.i.n, and we ae given that T.j.m < T.i.n and
F.i.n < F.j.m. On the other hand, F.i.n < A.j.m is impossible, since p.j.m is forwarded by the
scheduler before F.i.n. Thus, p.j.m cannot exist, and E.i.n < F.i.n.
¢

Theorem 2 - InaUniversal Timestamp-Scheduler, for al i and n,

Ei.n<D.in+ Lma/C.
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Proof

Consider the latest timet, t < A.i.n, such that the padket scheduler had all padet queues
empty, or it forwarded a padket with atimestamp greaer than T.i.n.

If t corresponds to when the queues were empty, then from Lemma 5, E.i.n < F.i.n, and
from Theorem 1, E.i.n< F.i.n<D.i.n.

If the time rresponds to when a padket with greaer timestamp was forwarded, then
note that at time t there ae no padkets with timestamps smaller than T.i.n. Thus, all padkets with
timestamps smaller than T.i.n that are forwarded before p.i.n will arrive after timet.

Consider the virtual server when p.i.n is received and is assgned a timestamp. From
Corollary 1, after the first adion is exeauted and from the definition of Z, StatS<Z < W.i <
S.i.n.

From the definition of StartS, Relation (5) holds after exeauting the adion, and recll that
StartS is non-deaeasing. Thus, all future bits to be forwarded (whether they have been received
already or not) with timestamps at most W.i take no more than D.i.(W.i) - A.i.n (clock = A.i.n)
seoonds to transmit. From the definition of the deadline of a bit, and since flow i contains all bit
timestamps in the range [W.i, T.i.n] (Lemma 0), then D.i.n =2D.i.(W.i) + (T.i.n - W.i).
Furthermore, due to (1), al bits (from any flow) with timestamps in the range [W.i, T.i.n] take at
most T.i.n - W.i seaonds to transmit. Thus, starting at time A.i.n, all bits (whether received or
not) to be transmitted by the virtual server with timestamps at most T.i.n take a most D.i.n -
A.i.n seconds to transmit.

Let Y bethe set of padkets with timestamps at most T.i.n (including pi.n) received after t and
forwarded by the scheduler up until p.i.n is forwarded. From time t up to time A.i.n, some of the
bitsin Y may have been transmitted by the virtual server. The remaining kits of Y are mntained
in the clculation above made & time A.i.n. Thus, starting at time t, the virtual server has enough
time to transmit all bitsin Y before the deadline of p.i.n expires. Since the virtual server and the
padket server have an output channel with rate C, the padket scheduler has enough time also.

However, since d timet a padet is being transmitted with timestamp greaer than T.i.n, by time
D.i.n + Lmax/C the scheduler will transmit all bitsin'Y.

¢
We therefore mnclude that any Universal Timestamp-Scheduler has rate-proportional delay.
Thus, when a new scheduling protocol based on padet timestamps is designed, the designer
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neals only to show that the protocol belongs to the family of Universal Timestamp-Scheduling
protocols, and as a rollary the protocol has rate-proportional delay.

7. End-to-End Delay Bound

Consider the network path of a flow from its urceto its destination, and let the number of
schedulers in this path be K. Let R be the reserved rate of the flow. Furthermore, assime eah of
the computers uses a scheduling protocol that has rate-proportional delay. In [1, 3, 10], it has
been shown that, for a source whose flow of padkets is constrained by a le&ky bucket of size b
and rate R, the end-to-end delay of a padket along its path is at most

bR + (K-1)[{L/R) + KL max/C)
In the &ove, L is the maximum padket size of the flow, and Lmax is the maximum padket size
allowed along the path.
Since all protocols in the Universal Timestamp-Scheduling family have rate-proportional

delay, then a source whose network path consists of schedulers of this family has the &ove
upper bound on end-to-end padet delay.

8. Existing Family Members

In this sedion, we show the flexibility of our family of Universal Timestamp-Scheduling
protocols by showing that many scheduling protocols in the literature belong to the family.

Asaume the padet scheduler chooses S.i.n as follows:

Si.n:=max(V, T.i.(n-1)) (6)
where V is a value that increases at least as fast as red-time. That is, if a some point in time,
V - clock = a, for some mnstant a, then thiswill continue to hold forever. Furthermore, assume
we ae given that V < Z always holds. We next show that if thisis the cae, the value of S.i.n is
the same & in the virtual server.

We begin with alemma.

Lemma 6 - Consider a flow i and padket p.i.n, such that W.i = T.i when S.i.n is received.
Asaume the virtual server choaoses S.i.n to be contained in the range [T.i.(n-1), max(Z, T.i.(n-
1))]. (i.e., eliminate the restriction of the safety predicate and StartS). Then, if the padet
scheduler chooses S.i.n acording to (6), then this is also a possible choice of S.i.n in the virtual

server.
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Proof

Consider first when W.i < T.i. In this case, the virtual server has no choice axd assgns S.i.n
= T.i.(n-1). SinceV < Z < W.i, thenV < T.i = T.i.(n-1), and S.i.n = T.i.(n-1) also in the padet
scheduler.

Consider now when W.i = T.i. If V < T.i.(n-1), then the padket scheduler assgns S.i.n =
T.i.(n-1), which is valid also in the virtual server. If T.i.(n-1) <V, then S.i.n =V in the padket
scheduler. SinceV < Z, then V isavalid choiceof S.i.n in the virtual server.
¢

We thus have that the timestamps chosen by the padket scheduler may also be chosen by the
virtual server.

SinceV increases as fast as real-time, the timestamp of a padket may be viewed as a pseudo-
dealling, i.e., a padket should exit the scheduler before V reades a value greder than its
timestamp. It is easy to show by induction that, after padket p.i.n is timestamped, for any bit
timestamp t contained by p.i.n,

t-V <D.i.t- clock (7

Furthermore, since V increases at least as fast asthe clock, the &ove always holds.

We next show that choosing S.i.n as in (6) ensures that the safety predicate holds and that
StartS < S.i.n. Thus, any padet scheduler choasing S.i.n as in (6) above is a member of the
Universal Timestamp-Scheduling family.

Theorem 3 If a padcket scheduler assigns timestamps according to (6), then S.i.n satisfies all
three onditions required by the virtual server.

Proof

We have shown in Lemma 6 that the padket scheduler and the virtual server will choose the
same value of S.i.n if we eliminate the restriction of the safety predicae and StartS. What we
show next is that these two restrictions are also satisfied if we choose S.i.n acording to (6).

We have to show that the value chosen for S.i.n isat least StartS, and that the safety predicate
holds afterwards. To do so, we dso show that StartS <V always holds. Notice that V is non-
deaeasing, and StartS increases only in the first adion. Thus, assume StartS < V, and consider
the first adion.

Asame the received padet is assgned its timestamp and StartS has not been updated.
Consider any j, where W.j = V. From Relations (1) and (7),
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(5 K: WK <W,j: (W.j- max(V, WK)RK/C) < (W.j-V)T/C=W.,]-V <D,.(W.j) - clock

Therefore, in Relation (5), if we replace StartS by V, then the relation still holds. Because of
this, and because StartS < V before exeauting the adion, then the value of StartS after the adion
isat most V.

Also, since V < Z, then Relation (5) with StartS replaced by V is gronger than the safety
property, and the safety property also holds.

Finally, sinceS.i.n := max(V, T.i.(n-1)), and StartS < V, then StartS< S.i.n.

We therefore have that S.i.n satisfies all threerequirements of the virtual server.

Consider for example the cae of the Virtual Clock protocol [19]. In this case, the value of V

is simply chosen to be the red-time clock, that is, V = clock, and Relation (6) above reducesto
S.i.n := max(clock, T.i.(n-1))

Thus, in this case, a = 0. What we neal to show is that V < Z. This is easily shown as
follows. Because the sum of the reserved rates of al the flows is at most the caacity of the
output channel of the virtual server, the rate of increase of Z is at least the rate of increase of the
real-time clock. Furthermore, when Z is deaeased, it is set to S.i.n, where p.i.n is the latest
padket recaved. Finally, from the a&ove relation, S.i.n = clock, and hence Z > clock.

Therefore, V = clock < Z at al times, and from Theorem 3, Virtua Clock belongs to the
Universal Timestamp Scheduling family of protocols.

Showing that Weighted Fair Queuing [13, 14] belongs to this family is also easy. In this case,
we doose V to be equal to Z at all times, hence V < Z trivially holds. We need to show that V
increases at least as fast as red-time, but as we agued above, since the cgacity of the virtual
server is not overallocated, Z (which equals V) increeses at least as fast asred-time.

Finally, we would like to show that Time-Shift Scheduling [2] belongs to this familty of
protocols. In Time-Shift Scheduling, V is adually an adjustable clock, which increases at the
same rate & any real-time clock, except that on special ocasions its value is adjusted forward, as
follows. Let Sy, be the minimum value of all the S.i.n values of all padets currently in the
gueue (including the one airrently in transmisson). Whenever the scheduler deteds that V <
Shin, It SEESV = Shin.

From the definition of V, V increases at least as fast as real-time. The only thing we neeal to
show isthat V < Z a all times. We have shown ealier that Z increases at least as fast as red-
time. Thus, aslong asV is not adusted forward and Z is not deaeased, V < Z holds.
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When Z isdeaeased, is becaise anew padket p.i.n isreceived with S.i.n < Z. The new value
of Z will be S.i.n. From the timestamp formula, S.i.n >V, and hence, the new valueof Z>V.

When V isincreased, it's new value is Sqyin. Thus, we only need to show that Sqyin < Z. Thisis
easy to see because the virtual server forwards bits in increasing bit timestamp order, while the
padket scheduler forwards bits in increasing paket timestamp order. Therefore, the minimum bit
timestamps in the padket scheduler are always at most the minimum bit timestamps in the virtual
server.

Hence, from Theorem 3, Time-Shift scheduling belongs to the Universal Timestamp
Scheduling family.

In [15], it was own that Frame-Based Fair Queuing has properties similar to those needed
for Relation (6), and the agument is not repeded here.

Therefore, for all of these protocols, rather than proving diredly that they have the rate-
proportional delay property, which may not be an easy task, one simply needs to prove that they
belong to the Universal Timestamp Scheduling family, and the rate-proportional delay property
of the protocol becomes an immediate corollary of this proof.

9. Related and Future Work

All protocols in the literature that assign timestamps to padkets and exhibit rate-proportional
delay compute timestamps acording to some virtual function V defined in (6) above. Function
V has the restriction that it must always increase & fast as red-time, and it must be & most Z.
Protocols in the literature differ from one another in their specific choiceof V.

For ead flow i, let p.i.n denote the padket at the head of its queue, and let S.i denote S.i.n.
Also, let Syin denote the minimum of all the S.i such that the queue of flow i is not empty in the
padket scheduler. In[2, 3], we have shown that, if we choose V to incresse d least asfast asreal
time, and do not allow V to lag behind Syin, then al protocols which choose V in this range have
rate-proportional delay.

In[15, 16], it was $own that the values of V can be extended to include Z. Thus, any value
of V that increases as fast as real-time and is at most Z, as required in (6) above, guarantees rate-
proportional delay. To show this, the aithors of [15, 16] present a virtual server similar to the
one we presented in this paper.

In this paper, we have significantly extended the spedrum of protocols that satisfy the rate
proportional delay. To do so, we defined a virtual server that in addition to taking into
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consideration the timestamp of a padet, it also takes into consideration the deadline of a padet.
Furthermore, we extended the concepts of padket timestamps and padket deallines to include bit
timestamps and hbit deallines. Most importantly, we have eliminated the virtual function V, and
we defined a weak safety predicae that must be satisfied by the initial timestamp S.i.n to
guaranteerate-proportional delay.

Due to the wedness of the safety predicate, a broad range of values are possible for S.i.n.
For example, we have shown that S.i.n does not neeal to increase & fast as real-time. To seethis,
simple take alook at the example in Sedion 5.3. Here, the values chosen for S.j.0 and Sk.0 are
much smaller than real-time. In addition, it is easy to obtain examples in which S.i.n is given a
value greaer than max(Z, T.i.(n-1)) without violating the safety property. Finally, if a protocol
uses a virtual function V, once apadet p.i.n receives an S.i.n value greder than T.i.(n-1), then
no other padket p.j.m reaived after p.i.n can reacive an S.j.m value less than S.i.n. This,
however, is possible to do without violating the safety predicate, and thus the virtual function V
IS an unnecessary restriction.

Therefore, we have defined a much broader spedrum of possible values for S.i.n than those
allowed by (6). This allows the protocol designer a greder flexibility in choosing S.i.n, while &
the same time preserving rate-proportional delay.

In particular, in the same way that a myriad of protocols which increase S.i.n at least as fast
as real-time have been developed, we believe that there is also a myriad of protocols in which
S.i.n does not increase as fast as real-time that may be developed, and are worthy of
investigation.

For example, consider a protocol in which the value dhosen for S.i.n is always the smallest
value possible that satisfies the safety predicate. In this case, if a flow has not generated padets
for a cetain amount of time, the flow will try to reclaim the bandwidth it has lost during its
period of inactivity. However, in doing so it will not infringe uponthe basic deadine guarantees
of other flows.

If we assume that the source of the flow has paid money for its reserved bandwidth, it is
sensible to asume that the source would like, if possible, to recgture some of the bandwidth it
did not use during a period of idleness Other protocols, such as [2, 14, 16, 20Q], distribute the
unused bandwidth among the flows which still have padkets to be forwarded, and donot allow a
sourcethat has been idle for some time to reauperate its unused bandwidth. Which of these two
choices is more gpropriate will depend on the nature of the goplicaions supported. For
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example, in mobile computing, a user may bewmme disconneded from the network due to the
unreliable wirelesslink, not because the user isidle. In this case, the user may want to reauperate
as much of the bandwidth it failed to use while disconnected, without violating the deadlines of
other users.

Computing the minimum value of S.i.n that satisfies the safety predicate takes O(N) time. It
would be interesting to obtain protocols which approximate this value with lower complexity,
such as O(log(N)) time, in the same way that approximations to Weighted Fair Queuing [2, 16]
compute the value of S.i.nin O(log(N)) or O(1) time rather than O(N).

We have so far consider only the cae of rate-proportional delay. It would be interesting to
determine if a similar family of protocols may be obtained that have more flexible delay
assignments. That is, the contribution to the end-to-end padket delay from each hop in the path to
the destination is not forced to be L/R. This is known as rate-independent delay. Examples of
protocols with rate independent delay include [5,8].
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