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. protocols mentioned earlier are all members of the
1. Introduction protocol family, they all possess these properties.

A computer networkonsists of a set of computers  To show the generality of the protocol family, we
interconnected via point-to-point bi-directional channelsshow that the above protocols in the literature
A flow in a computer network is a potentially infinite correspond to one end of the spectrum of the Universal
sequence of packets generated by the same source akifnestamp-Scheduling family, and that there is another
having the same destination in the network. end of the spectrum that is Worthy of attention but has

When a new flow wishes to join the network, thenot been investigated. _ o
network finds a path from the source of the flow to the =~ We adopt the following notation and definitiions.
destination of the flow. Then, the network reserves dVe say that a packetfisrwardedto the output channel
fraction of the bit rate of each channel along the pathvhen the first bit of the packet is transmitted by the
and assigns this rate to the new flow. Finally, theoutput channel. A packet hagitedthe output channel
source of the flow is given permission to generatdf its last bit has been transmitted by the output

packets at the rate reserved for the source. The chosghannel. A packet im the output channel if it has been
path and reserved rate of the flow remain fixedforwarded but has not yet exited the output channel.

throughout the lifetime of the flow.  clock real-time clock of the scheduler.

Due to the reservation of bandwidth, the network * N maximum number of flows allowed by the
can provide service guarantees to each flow, such as end- scheduler.
to-end packet delays, provided the rate of the flow does * C bandwidth (bits/sec) of the output channel.
not exceed the agreed-upon rate. * R.i reserved rate of flow i (bits/sec).

Each output channel of a computer is equipped with * queue.i queue of received packets of flow i.
a scheduler. From the input channels, the scheduler® P.i.n  nth packet received from flowi.
receives packets from flows whose next hop to the ® A.i.n time in the scheduler when p.i.n was
destination is the output channel of the scheduler. received (sec).
Whenever its output channel becomes idle, the scheduler® L.i.n  packet size of p.i.n (bits).
chooses a received packet and forwards the packet to the Lmax — upper bound on packet length over all

output channel. . flows. . . '
The scheduler maintains a separate FIFO queue for* P.i.n  time when the last bit of packet p.i.n exits
the received packets from each flow. We say that a flow the output channel (sec).
is activeif its queue in the scheduler is non-empty or if ~ Since all N flows share the output channel, the
a packet of the flow is in the output channel. following constraint is necessary.
Some scheduling protocols assign a timestamp to N-1
each incoming data packet, and forward these packets to fZOR-f < C @)

the output channel in order of increasing timestamp.

Examples of these schedulers are Virtual Clock  The timestamp T.i.n assigned to each data packet
[19,17,6], Weighted Fair Queuing[13, 14], Time-Shift p.i.n is calculated as follows.

Scheduling [2] and I_:rame-Based Fair Queuing [16]. The T.i.n := max(base, T.i.(n-1)) + L.i.n/R.i (2)

method used to assign timestamps to data packets differs

from one protocol to another. However, they all share a  In the above equation, the value of base is a non-
similar structure. increasing function. This function is protocol

In this paper, we reveal the strong relationshipdependent, and the choice for base distinguishes one
among these protocols, by defining a family of member of the protocol family from another. For
scheduling protocols, calledniversal Timestamp- €Xample, if base = A.i.n, then the resulting protocol is
Scheduling,and by showing that the above protocolsknown as Virtual Clock. , , ,
are all members of this family. ~ It can be easily shown by induction that in the

We show that all members of the protocol family Virtual Clock protocol, T.i.n equals the time at which
guarantee to each flow an upper bound on the dela--n would exit a dedicated output channel whose sole

similar to that of Virtual Clock scheduling. Since the input flow is flow i and the channel's rate is exactly
R.i. Furthermore, it has been shown that in Virtual



Clock, each packet exits the scheduler by the timé&me required for the virtual server to forward all the bits
indicated in its timestamp (plus the small constanin this interval is:
Lmax/C) [6,17]. Thus, the timestamp in the Virtual (5i : i0B: Ri)t -t)
Clock protocol may be viewed as an exit deadline, and - -
packets are forwarded in order of increasing deadlines. c

The above bound on the exit time is desirable, and  Note that this is similar to the way in which bits
we refer to it asate-proportional delay are forwarded by the virtual server used in Weighted Fair

. . . Queuing [14]. However, the behavior of both virtual

4. Universal Timestamp-Scheduling servers is quite different. In Weighted Fair Queuing,

We next define a family of scheduling protocols. timestamps are not assigned to bits. Therefore, if a flow
Each protocol in the family assigns a timestamp to eachas bits remaining to be forwarded, then bits from this
received data packet according to Assignment (2)flow will continuously be forwarded until no more bits
However, the protocols differ in their choice of baseof the flow remain. This is not the case in our virtual
function. We define upper and lower bounds for the basgerver, since if all the bits of flow i have timestamps
function, such that regardless of which value withinthat are greater than all the bits of flow j, then all the
these bounds is chosen, the protocol will have ratdits of flow j will be forwarded before any bit of flow i
proportional delay. We first introduce a few definitions. is forwarded.

We define the following:

4.1 Bit Timestamps e W.i last bit forwarded from flow i
Let b be a real number in the interval [0, L.i.n]. « T.i largest bit timestamp of flow i, i.e., T.i =
We define thebit timestamp[2] of "bit" b of packet T.i.n, where p.i.n is the last packet received
p.i.n as: from flow i.
T.in - (Lin - b)/R.i ®) » Z timestamp of the bit currently being served in

. L , the virtual server.
Thus, we assume bits are of arbitrarily small size, and a  Note that if W.i < T.i, there are still some bits
timestamp is assigned to each bit. In this way, if T.l.nfom flow i that remain to be forwarded. Thus, if there

were to correspond to the exit time of packet p.i.n fromg a1 i such that W.i < T.i, then Z is the minimum
a channel whose bandwidth is R.i, then bit b would eXityyer all these i, that is,

at the time indicated by (3) above. o . . .

Thus, the first bit of the packet has timestamp Z=(mini:W.i<T.i:W.i)
T.i.n - L.i.n/R.i, and the last bit of the packet hasOn the other hand, if there is no i such that W.i < T.i,
timestamp T.i.n. For convenience, we refer to thehen we asign to Z a value greater than the maximum
timestamp of the first bit as S.i.n, that is, over all timestamps, that is,

S.i.n = T.i.n - L.i.n/R.i Z>(maxi::T.i)
We say that bit timestamp té®ntainedby packet

p.i.n if a bit in the packet has timestamp t, i.e., &i.n 4.3 Computing the Base
t < T.i.n. Flow i contains timestamp t if some packet = We next defibe how is the value for base chosen.

of i contains t. We should choose a rangle of values than ensures the
rate proportional delay property is maintained, while at
4.2 Virtual Server the same time allowing a great deal of flexibility in the

The possible values for the base are derived fronchoice of values.
the behavior of a virtual server, which we describe next.  To ensure rate proportional delay, we associate with

The virtual server receives as input the same set afach packet p.i.n a deadline D.i.n, which is equal to the
flows as the scheduler, and has an output channel whomestamp the packet would receive under Virtual Clock
bandwidth is also C. In addition, each packet is assignestheduling. That is,
a timestamp using the Assignment (2). _ D.i.n = max(Ain, Di(n-1) + Lin/R.i

However, the virtual server is able to forward a bit ) )
at a time, rather than a whole packet at a time as done We will often need to refer to the deadline of the
by the scheduler. The virtual server forwards bits inPit of flow i whose timestamp is t. Thus, D.i.t, where t
order of increasing timestamp. Although the virtuallS @ timestamp, denotes the deadline of the bit of flow i
server is not implementable, its behavior can beévhose timestamp is t. Let imestamp t be contained by
computed by the scheduler, since the input flows oPacket p.i.n, and let bit b, b < L.i.n, be the bit of

both are the same. p.i.n whose timestamp is t. Then, D.i.t is defined as
Note that from the way in which timestamps arefollows.
assigned to bits, if the flows in set B contain all the bit D.i.t = D.i.n - (L.i.n - b)/R.i

timestamps in the interval [t, t'], and no flow outside of

B contain any bit timestamps in this interval, then thethe Thus, the deadline of a bit is simply the timestamp

bit would receive in a Virtual Clock scheduler.



Thus, in Virtual Clock, the deadline of a bit and itsfollowing, the expression "at time t" refers to the state
timestamp are equivalent. of the virtual server when variable clock has the value t.
Recall that base is computed immediately before Theorem 1 For any j, if W.j < T.j, then
assigning a timestamp to a received packet. We neXd.j.(W.j) = clock.
need to compute a value for base that will ensure rate
proportional delay in the virtual server. We later show  Theorem 1 states that each bit in the virtual server
that the same value for base will also ensure a ratexits before its deadline expires.
proportional delay in the scheduler. The packet scheduler will choose a value of base
Notice that all future bits received from any flow k equal to a possible value chosen by the virtual server.
will have a timestamp at least the value of base. Thu§ hus, both the packet scheduler and the virtual server
to guarantee that bit W.j of flow j exits by its deadline,will assign equal timestamps to the same packet.
we simply count, for each flow k, where WskW.j, Furthermore, the deadline of a packet in both the
the maximum number of bits that could have ascheduler and the virtual server are also the same. What
timestamp at most W.j that are yet to be transmittedremains to be shown is that the packet scheduler does
These bits are: have rate proportional delay, that is, that each packet
(W.j - max(W.k, base))-R.k will exit by its deadline plus a small constant, namely,

. . ) ) Lmax/C. To show this, we take advantage of the
To obtain the amount of time required to transmit thes@anavior of the virtual server.

bits, simply divide by C. The virtual server should have Ttheorem 2 In the packet scheduler, for all i and
enough time to transmit all these bits from every flow, pin< D.in + Lmax/C. ’

k before the deadline of bit W.j of flow j expires. Thus, ,’ B
the following predicate should always hold in the virtual
server..

We therefore conclude that the scheduler has rate-
proportional delay. Thus, when a new scheduling
Qj:Z<sW,j: protocol based on timestamps is designed, the designer
. < i - i— needs only to show that the protocol belongs to
(Zk Wk <W.j : (W.j - max(W.k.Z)) R k) <thBUYu\VepkalclDokestamp-Scheduling family of
C protocols, and as a corollary the protocol has rate-
4) dependent delay.

) 6. Existing Family Members
We refer to the above predicated asdhtety predicate.

We will later show that if the above predicate holds, it, " this section, we show the flexibility of our
family of Universal Timestamp-Scheduling protocols

continues to hold as bits are transmitted. Howeverb showina that manv schedulin rotocols in the
when packet p.i.n is received, if S.i.n < Z, then Z is y 9 y gp

; ! - ; iterature belong to the family. For each protocol, we
updated to S.i.n. The change in Z could invalidate th%‘éve a proof sketch that their choice of base satisfies the

safety predicate. Thus, we should choose a value of ba ; hus th f the famil
such that the safety predicate holds after p.i.n i ase predicate, and thus they are members of the family.

assigned a timestamp, ensuring the safety predica%e
holds atall times. We therefore choose a value of base
that satisfies the followinase predicate.

1. Weighted Fair Queuing
It is straightforward to show that the Weighted Fair
Queuing (WFQ) is a member of the protocol family. If
(Oj: base<s W.j: we simply always choose base = Z, we obtain WFQ as
Sk :W.k <W.j : (W.j—max(W.k,base)) [R.k)a result. Thus, WFQ satisfies the base predicate (from
( It JC ( ) )tr'é pgt OAL¢nmel aFkand is a member of the protocol
family.

)
6.2. Virtual Clock
In addition, we restrict the new value of base to be In Virtual Clock scheduling, the deadline of a
nondecreasing, and also, if bits remain to be transmittepacket is also its timestamp. It is easy to show that the
(i.e., B# empty), then base should be at most Z. Invalue of Z is at least the clock, as follows. Assunte Z
the next section, we show that if we choose base in thidock. Z increases at least as fast as real-time (Lemma
manner, the safety predicate holds at all times and thg), and thus Z clock is maintained if Z increases. If
virtual server has rate-proportional delay. the value of Z decreases, it is because a packet p.i.n was
received, and its S.i.k clock, and thus Z = S.i.m
clock after the packet is timestamped. Thus, we always
In this Section, we prove that both the virtual have that clock Z.
server and the Universal Timestamp-Scheduler have rate- We would like to show that the base predicate holds
proportional delay. We begin with a few lemmas. In theby choosing base = clock. Thus, we have base = clock

5. Upper Delay Bound



< Z. Furthermore, since the deadline of a packet is alsg

its timestamp, for any j, where basg, . New Family Members
D.j.(W.j) - clock = W.j - clock= (3 k : W.k< W,j: All timestamp protocols in the literature ensure
W.j - max(clock, W.k)-R.k)/C that base increases at least as fast as real-time. It is

. . believed in the literature that increasing the base at least
sche-l;jhulilisr1, t?seabr?\Se?n?)reerd(l)??;]ee ?;rlrc]j”s and Virtual CIOC‘%S fast as real-time is necessary to provide rate-
9 y: proportional delay [19,15]. However, we have shown in

6.3. Time-Shift Scheduling thdlzlt.paper tthat Ith|_s |sh_nﬁttrl]1egessaélly thetqase. In

In Time-Shift Scheduling, base is defined as2¢%ON: Protoco's In WRIC e base does Not increase

follows. Assume we receive a packet at time t, and thﬁs fast as real-time have not been investigated in the

last packet received previous to t was received at time t; terature, and we believe they are worthy of
fivestigation.

t <t. Let base” be the value of base at time t'. At timé In the above protocols. if a flow has not aenerated
t, base is assigned the value max(base” + t {in)$ pri ' X gene
where Sin is the minimum of all S.in for all packets packets for a certain amount of time, the flow will try
. nin " P to reclaim the bandwidth it has lost during its period of
p.i.n that have not been forwarded to the output chann activity. However, in doing sé@ will not infringe
and also the packet currently in the output channel,,, he pasic deadline guarantees of other flows
Thus, base increases with real time, and may be thoug P For example, consider a protocol in which the
OL asd:';m aﬁjust?ble Cloﬁk' that qtr;l 0ccaslons "JUMPGajye chosen for base is always the smallest value
ahead” to the valuen§in when possible. possible that satisfies the base predicated. In this case, if
_Itis easy to show that at any time i < Z. 3 flow has not generated packets for a certain amount of
This is because the virtual server always forwards th@me, the flow will try to reclaim the bandwidth it has
smallest bit first. Furthermore, Z increases at least agst during its period of inactivity. However, in doing
fast as real-time (Lemma 1). Thus, bas& always soit will not infringe upon the basic deadline

holds. guarantees of other flows

Thus, we always have that base increases at least as |f we assusme that the source of flow has paid
fast as real-time and is always at most Z. Any schedulahoney for its reserved bandwidth, it is sensible to
that chooses a base that satisfies these two propertiesgissume that the source would like, if possible, to
called a rate-proportional scheduler (RPS) [15,16]recapture some of the bandwidth it did not use during a
ThUS, the Time-Shift scheduler is a RPS. We neXberiod of idleness. Other protoc0|s' such as
show that all RPS's belong to our protocol family, by[20,14,2,16], distribute the unused bandwidth among
showing that the value chosen for base satisfies the bagg flows which still have packets to be transmitted, and
predicate. _ ) do not allow a source that has been idle for some time

If we think of base as an adjustable clock,to recuperate its unused bandwidth. Which of these two

think of the timestamp of a packet as a pseudo-deadlinghoices is more approriate will depend on the nature of
that is measured with respect to the value of base. It e applications supported.
easy to verify that this is at most the deadline as  Computing the minimum value of base that
originally defined. l.e., if a received packet is given asatisfies the base predicate takes O(n) time. It would be
true deadline D seconds greater than the real time cloclteresting to obtain protocols which approximate the
then the pseudo-deadline (i.e.. the timestamp) given tgalue of base with lower complexity, such as O(log(n))
the packet is at most D seconds greater than the value @he, in the same way that approximations to Weighted

base. . o . Fair Queuing [2,16] compute the base in O(log(n)) or
In the virtual server, for any flow j with W.j > 2 O(1) rather than O(n).

base, the pseudo deadline is W.j, and thus the sum of all
bits of all flows with timestamps from base up to W.j8. End-to-End Delay Bound

is at most (W, - base)-C (from (1)), and this divided by cqnsiger a network path from a source to its

C is at most W.j - base, and hence the base pred'caﬁ‘%stination, and let the number of hops in this path be
holds with respect to the pseudo-deadline. Since the regl'| ot R pe the rate reserved for the flow. Furthermore,
deadline is at least the pseudo-deadline, the basgqme each of the computers uses a scheduling
prgdlcate h-olds, and all RPS.SChedl.JIerS belong to tI]S’rotocol that has the rate-proportional delay property. In
Universal Timestamp-Scheduling family. [1,3], it has been shown that, for a source whose flow
of packets is constrained by a leaky bucket of size B and

6.4. Frame-Based Fair Queuing . rate R, the end-to-end delay of a packet of this source
Frame-Based Fair Queuing was proposed in [16]has the following upper bound

and shown to be a RPS. Therefore, it also belongs to
our family of Universal Timestamp-Scheduling B/R + (K-1):(L/R + lmaxC)
protocols.



In the above, L is the maximum packet size of thd2]
flow, and Lmax is the maximum packet size allowed
along the path.

Since all protocols in the Universal Timestamp-
Scheduling family have the rate-proportional delay[3]
property, then a source whose network path consists of
schedulers of this family has the above upper bound on
end-to-end packet delay. [5]

9. Related Work

For a more detailed description of other work, see
[ISDN??7]

The family of Rate Proportional Servers, which wel6]
briefly mentioned in Section 6.3 above, was originally
defined in [15]. It defines a spectrum of scheduling
protocols, with Virtual Clock in one end of the
spectrum and Weighted Fair Queuing in the other end dfl
the spectrum. In this paper, we have shown that the
spectrum is much broader than this, and that the
property of the base value increasing at least as fast as
real-time, which is called a "fundamental" property inl
[15], is not necessary for rate-dependent delay.

In addition, in [15] it is claimed that a packet in a
Rate Proportional Scheduler will exit by the time thel14]
same packet will exit the corresponding virtual server
plus Lmax/C, i.e., P.i.n< F.i.n + Lmax/C. This is
definitely the case for the case of Weighted Fair
Queuing, as shown in [14], but we next give a counter-

Cobb J., Gouda M., El-Nahas A., "Time-Shift
Scheduling: Fair Scheduling of Flows in High-
Speed Networks"Proc. of the IEEE Int'l Conf.
on Network Protocols]1996.

Cobb, J., "Flow Theory and The Analysis of
Timed-Flow Protocols", Ph.D. Thesis, The
University of Texas at Austin, May 1996.
Figueira N., Pasquale J., "Leave-in-Time: A New
Service Discipline for Real-Time
Communications in a Packet-Switching Data
Network", Proceedings of the 1995 SIGCOMM
Conferencep. 207.

Figueira N. R., Pasquale J., "An Upper Bound on
Delay for the Virtual Clock Service Discipline",
IEEE/ACM Transactions on Networkingpl. 3,
No. 4, Aug. 1995.

Ferrari D., Verma D., "A Scheme for Real-Time
Channel Establishment in Wide-Area Networks",
IEEE Journal of Selected Areas in
Communication8(4):368-379, April 1990.

] Keshav S., "A Control Theoretic Approach to

Flow Control", Proceedings of the 1991 ACM
SIGCOMM Conference.

Parekh A. K. J., Gallager R., "A generalized
Processor Sharing Approach to Flow Control in
Integrated Services Networks: The Single Node
Case",|IEEE/ACM Transactions on Networking,
1(3):344-357, June 1993.

example for the case of Virtual Clock. Thus, the claim(15] Stiliadis D., Varma A., "Rate Proportional

in [15] is incorrect.

10. Summary and Concluding Remarks

We have defined a new family of Universal
Timestamp-Scheduling protocols, where each memb
of the protocol family is guaranteed to satisfy the rate-
proportional delay property. Thus, when a protocol
designer wishes to show that a new timestamp protocih]
satisfies the rate-proportional delay property, he/sh
needs only to show that the protocol belongs to the
family of protocols. This is done by showing that the[18]
base value satisfies the base predicate.

We have so far consider only the case of rate-
proportional delay. It would be interesting to determine
if a similar family of protocols may be obtained that 19]
have more flexible delay assignments. That is, thé
contribution to the end-to-end packet delay from each
hop in the path to the destination is not forced to be
L/R. This is known as rate-independent delay. Example&o]
of protocols with rate independent delay include [8,5].

In addition, more investigation is needed on
protocols which allow flows to recuperate part of their
unused bandwidth during short periods of inactivity.
Some issues to investigate are practical applications and
efficient ways to implement these protocols.
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