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_The transmission speed of the high-speed network is faster than the processing speed of the process. The -
process loses messages if the messages arrive at the process faster than the processing speed. In addition,
a group of the processes have to be cooperated by exchanging multimedia messages in the high-speed
network. Here, each process not only sends messages to multiple processes but also receives messages from
multiple processes in the group. In.the group communication, every process p; is required to receive all
the messages in some order like the causal one. In this paper, we discuss how to allocate the transmission
speed to the processesin the group so as to satisfy the quality of service (QoS) required.. .
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1 Introductlon

High-speed communication networks like ATM
networks {5] and gigabit local area networks [7]
“have been available now. Distributed applications

are realized by the cooperation of multiple pro-
cesses pi1, .. ., Pn Interconnected by the high-speed
com.mumcatxon networks. The transmission speed
of the network is faster than the processing speed
of the process p;. p; loses messages if the messages
“arrive at p; faster than the processing speed of
pi. Kinds of high-speed communication protocols
like XTP [3], VMTP.[2], NETBLT [4], RTP [13],

RTCP [13], and RSVP 18] are dJscussed so far. In
these protocols each process is assumed to send
messages to one .process or a.group of multlp]e
processes. In the one-to-one communication, the
papers, [2-4] discuss how to adjust the transmis-
sion rate of the sender so that the receivers could
receive all the messages. sént by the sender. In
the multicast communication [2], only one sender
sends messages to a group of multlple processes
like a collection of replicated servers. -

" In distributed applications like groupware [6]
" a'group G of multiple Jprocesses py,...,Pn are co-
operated to achiéve some objéctive by exchanging
- 'messages. Here, each process p; not only sends
messages to multiple processes but .also receives
messages from multiple processes in, G while one
sender sends, messages to.one or more than one
process.in the one-to-one and multicast communi-
cation. In the group communication, every

process p; is required to receive all the messages
sent to p; in G in some receipt order. Many pa-
pers [1,9,12,15,17] discuss kinds of group com-
munication protoco s which support a collection of
multiple processes with the causally [1,8] or totally
ordered delivery of messages. Nakamura and Tak-
izawa [11] discuss how to decide the transmission
rates of the processes interconnected by a high-
speed broadcast channel in the group so that the
total transmission rate of the channel can be fairly
shared by every process in G. However, only a sin-
gle stream is transmitted by each process in the
group and there is no relation among the streams.
In the multimedia applications, the processes
exchange multiple multimedia streams like voice
and image streams in G. The streams are re-
quired to be delivered to the destinations with
some quality of service (QoS). For example, a
voice stream has to be delivered in some'time'con-

- straint even if the someé data; i.e. frames- are lost.
In addition to supperting'each stream with some

QoS; there is some constraint on the QoS among

* the streams. For example, the transmissions of .

like voice and image streams have to be synchro-
nized, e.g. two streams are transmitted and re-

. celved at the same rate. It is critical for every

process to be able to receive multiple streams of.
messages sent by multiple processes so as to satisfy
the QoS constraints on the streams, e.g. transmis- -
sions of multiple streams are synchronlzed and to



increase the throughput of the system. In this pa-
per, we present a general model where each pro-
cess sends and receives multiple streams to and
from multiple processes, which are interrelated in
G. We discuss how to allocate the transmission
rates to the processes in G so that the constraints
and requirements on the streams are satisfied.

In section 2; we present the system model. In
section 3, we discuss how to control the transmis-
sion rates of the processes in the group. In section
4, we present the implementation.

2 System Model

A distributed application is realized by the co-
operation of multipl]: processes pi, ..., Pn. A group
G is a collection of py, ..., pa, ie. G = {p1,
...; Pn}. First, G is established among p;,...,pn.
Then, the processes exchange messages with only
the processes in G, respectively. Messages can
be delivered in the same causal order as received
in G [1,9,12,15,17]. In this paper, we assume
that the processes are interconnected by the high-
speed point-to-point channels. G is logically con-
sidered to support every pair of processes p; and
p;j with a reliaII))Ie, bidirectional logical communi-
cation channel (p;,p;} [Figure 1]. p; and p; can
exchange messages through the channel (p;,p;).
p; and p; can reliably deliver messages to one an-
other in the sending order, i.e. FIFO order with-
out any message loss by using the channel (p;, p;).
We first assume that every pair of channels {p;, p;}
and (pn,pr) are independent. That is, the trans-
mission rate of (p;,p;} is independent of how con-
gested (pn,pr) is. If multiple processes share one
physical channel like the Ethernet, multiple log-
ical channels are not independent. In order to
make the discussion simple, we first make the as-
sumption. Then, we extend the discussion to more
ge}rlleral cases where the channels are dependent on
others.

, <B, B>
high-speed network

Figure 1: System configuration.

Each channel (p;,p;) in addition supports p;
and p; with the high-speed data transmission of
messages. The transmission speed of the channel
{s, p,'%is faster than. the processing speed of p; or
pj- pj loses messages due to:the buffer overrun if
the messages arrive at p; from p; faster than p;
could receive even if the channel (p;, p;} itself is
reliable. Hence, p; has to transmit messages to
pj at such a fast rate that p; can receive all the
messages without the overrun. This is the rate-
based flow control [3, 2,4]. Rk

Each process p; sends data to other processes
in the group G. A unit of data exchanged between
the processes is referred to as a stream. For ex-
ample, suppose that four processes p;, p;, p, and
pr communicate with each other. Here, suppose
that p; sends two streams, i.e. video stream V;
and image stream I; to p; and p; in G. p; sends
a voice stream V; to p; and py. pr sends a voice
stream Vi to p;. Here, p; receives V; and I; from
p; and Vi from p; while sending V; to p; and py.
Thus, each process p; not only sends but also re-
ceives one or more than one stream to and from
other processes in G. In addition, some streams
may be related in applications. For example, p;
is required to receive Ij from p; and Vi from py
at the same rate. That is, the transmissions of I;
and V3 are required to be synchronized.

A message is a unit of data transmitted in the

-network. p; decomposes a stream issued by the

application process to a sequence of smaller mes-
sages [Figure 1]. p; sends messages decomposed
from the streams to the network. p; constructs the
streams from the messages received in the network
and then delivers the streams to the applications.

3 Trahsmission and Receipt Rates
3.1 Massage rates

Each logical channel {(p;, p;} in the network sup-
ports p; and p; with the high-speed transmission
of messages. ﬁere, the transmission speed of the
channel is faster than the receipt speed of the pro-
cess. Fach process p; in the group G receives
messages if the messages arrive at p; at a slower
rate than p; could receive. Here, let mazRR;(2)
be a maximum receipt rate of p; at time t. We
assume that mazRR;(t) is an invariant constant
mazRR;. p; can receive at most marRR; mes-
sages per a time unit. Let RR;(t) be a receipt
rate of p; at time ¢, i.e. how many messages p;
receives per a time unit at ¢. That is, p; receives
RR;(t) messages per a time unit at . Here, RR;(t)
< mazRR;. .

pi sends messages to the processes py,...,pn in
G. TR;(t) denotes a transmission rate of p; at
time ¢t. That is, p; sends TR;(t) messages per a
time unit at . Let marT R; be a maximum trans-
mission rate of p; which is time-invariant. Each
message is destined to the destination processes,
not necessarly all the processes in G. 'p; sends
TR;;(t) messages among TR;(t) messages to each
pj att (j =1,...,n). If p; sends no message to
pj, TRi;(t) is 0. Thus, T'R;(t) is given as follows:

o TRi(t) = TRx(t) +.+ TRin(2).

mazT R;;(t) is a maximum transmission rate of p;
to p; att. Here, TR;(t) < marT R;(t) and TRy;(t)
< maxTR;;(t) < mazTR;(t).

pi receives messages from multiple processes
while sending messages to multiple processes in' G.
Here, let 6;; denote the propagation delay from a
process p; to p;. Assume that &; = 8;; for every
pair of p; and p; in G and &;; is time-invariant. p;
receives messages at time ¢ which p; has sent to
pi at.t — &;;. Hence, totally TR;1(t — 6;1) +...+
TRin Et — 8in) messages arrive at p; at time ¢ [Fig-
ure 2]. AR;;(t) is an arrival rate showing how
many messages arrive at p; from p; per a time



unit at ?. Let AR;(t) be an arrival rate of p; at t
which is given as follows:

o ARi(t) = ARn(t) + ...+ AR;u(t).
o AR;j(t) = TRy(t — &;).

If AR;(t) £ mazRR;, p; receives all the mes-
sages sent to p; from the processes in G. That
is, RR;(t) = ARi(t). Otherwise, p; loses some of
the messages sent to p; due to the buffer overrun,
i.e. RRi(t) < AR;(t). mazRR;;(t) is the max-
imum receipt rate of p; from p;, ie. RRy;(t) <
mazRR;;(t). mazRR;1(t) + --- + mazRRin(t)
< mazRR;. If AR;;(t) > maczRR;;(t), RRi;(t)
= maxRR;;(t). Here, p; loses AR;;(t) — RR;;(t)
messages at t. In this paper, we make a following
assumption on how many messages are lost due to
the overrun.

[Assumption] If AR;;(t) > mazRR;;(t), p; loses
AR;;(t) — mazRR;; messages sent by p; per a
time unit at time ¢. 0

pj P p;

TRji(t- 8j)

~——_

ARi(t)

Figure 2: Arrival rate.

This assumption means that each p; can receive
mazRR;;(t) messages from p; at every time .
That is, RRi;(t) = mazRR;;(t) if ARi;(t) >
mazRR;;(1). Li;(t) is AR;;(t) — mazRR;;(2) if
AR;;(t) > mazRR;;(t). A loss rate L;(t) shows
how many messages per a time unit are lost by
pi- Eventf AR,-(tf < mazRR;, L;;(t) may not be
zero. For example, p; decides the maximum re-
ceipt rate maz RR;; (1) of messages from p;. Here,
I..-‘,-f(t]?1 > 0if AR;;(t) > RRi;(t). Li(t) is defined
as 1o.

OwWSs: )
3 L,'(t) = L,‘l(t) + -4 L,'n(t).

Even if RRi(t) < mazRR;, L,-(t%lmay not be zero
since L;;(t) > 0 for some j. Each p; receives mes-
sages-from p1,...;Pn -at the receipt rate RR;(t)
at time t as presented here. RR;;(t) is a receipt
rate of p; from p;. That is, p; receives RR;;(2t)
messages from p; per a time unit at ¢.

o RR(t) = RRy(t)+ ...+ RRin(t).

pi control the receipt rate RR;;(t) for p; by giving
some part of maz RR; to mazRR;;(t). Let L;;(t)
denote a loss rate of messages which p; loses from
p; at 1.

AR;j(t) — mazRR;;(t)

Lij(t) = 1fAR;; (1) > mazRR;;(t)

0 otherwrse.

Let mazRR be mazRR; +..4+ mazRR,.
mazRR is named a total capacity of the system.
At most marRR messages can be transmitted at
the same time in the network. Let totalTR(t) be
a total transmission rate of the system at time
t. In the system, totalTR(t) shows the amount of
messages which all the processes are transmitting
at time ¢. Let totalARgt) be a total arrival rate
of the system at ¢. totalAR(t) shows the number
of messages which are arriving at the processes in
G at t. Let tatalRR'(t? be a total receipt rate of
the system at t. Totally tofalRR(t) messages are
received by the processes in the system at t.

e totalTR(t) = TRy(t) + - - + TRn(2).
o totalAR(t) = ARy (t) + - -+ AR,(2).
o totalRR(t) = RRy(t) + - -+ RR.(t).

totalR R(t) shows the throughput of the system at

_t. Here, totalRR(t) < mazRR and totalRR(t) <

totalAR(t). Let totalL() be a total loss rate of
the system at t.

o totalL(t) = Ly(t) + - -+ Ln(2).

The efficiency E(t) of the system at ¢ is defined
to be totalRR(t) / totalL(t). The larger E(2) is,
the more efficient the system is.

3.2 Stream rates
Each process p; sends k; (> 0) streams S}, ...,
S¥ in the group G at the same time. Messages

decomposed from each stream S} are transmit-
ted do the destinations at some transmission rate
TR (t) (h = 1,..,k;).

o TRij(t) = TRY(t) +---+ TRE ().

ARN(Y) = TR} (t — ;) which is the arrival rate
of S¥ from p; to p;. Let RR}‘,-‘(t) denote a receipt
rate of messages of S} which p; receives from Pj
at t. mazRRJ;(t) is the maximum receipt rate of
RR}(t), ie. RRE(t) < macRRY(t). Let L(1)
be a loss rate of messages in S}‘ which p; loses
from p; at ¢.

© AR;i(t) = ARL(t) + -+ + AR (t).

o RR;i(t) = RRL(t) + -+ RR} (1)

o Li(t) = LL(t) +- -+ LH ().

o LK(t) = ARN(t) — RRL(t) (h=1,--- k).

Here, even if RR;;(t) > ARj,‘(t), Lj;(t) > 0if p;
loses messages of some S}, i.e. L;"-(t) = ARK(t) -



mazRR}(t) > 0. Even if RR;i(t) < mazRR;;(t),
Lj;(t) may not be zero.

Let |S?} be a volume of S}. Suppose that p;
starts to transmit messages of St to p; at time
t; and ends up at i, ie. " RRE(t + 6i;)dt

|SP|. If p; loses some messages of SP sent
by Di, p. retransmits p; the messages lost by p;-

Here, f TRE(t)dt > |SP|. Let ATR]; be an
average tra,nsmlssmn rate of S", le. ATR?J- =
t’ TRE (t)dt/(tg —t1). Let ARR be an average
,1e ARR, IS"]/(tz—-tl)
Each process p, can control the transmission of
SP by giving TR? (t) p; controls the recelpt of S}
by glvmg marRR (t)

:eeelpt rate of S,

Figure 3: Transmission and receipt rates.

3.3 ' Fairness

The system has to f rm'ly support the processes
in the group G = {pi,-- -, ps } With the data trans-
mission. First, let us consider the transmission
rates of the processes. Suppose that p; and p;
would send messages. Suppose that there are two
systems T} and T, which support G with different

rate-based flow control strategies. Let TR(k)(t)
be a transmission rate of p; by the system Tj
at time t. T} is defined to be more fair than
Ty on the transmission rates of p; and p; at t
if |FR(V() - TRV < |TRP(1) - TR (1),
Here, let VTR(k)(t) be the va.nance of TR(k)(t)
TR(k)(t) in the system T

[Deﬁmtxon] A system T} is more fa.zr than Ty
on the transmission rate at tlme tiff VTRD(t) <
VTRA(t). o

In the most fair system, every process p; transmits

messages at the same rate, i.e. TR;(t) = TR;(t)
for every pair of p; and p;.

Here, let VRR®)(t) and VL*)(t) be the vari-
ances of the receipt rates and the loss rates of the
processes in the system T} at ‘time t.

[Definition] T} is more fair than T on the receipt
rate and loss rate iff VRR((t) < VRR(z)(t) and
VLO(t) < VLE)(2), respectively. O

* rate requirement QRJ;

3.4 Satisfiability

Distributed applications specify requlrements
on the transmission rates of messages in the group

G. Let QR?j be a transmission requirement for a
stream S} sent by p; to p; which shows-how many

messages of S} per a time unit to be transmitted
from p; to p;. QR” isa transn'ussmn requirement
of messages sent by p; to Bi-

* QR;; = QR};

In addition, there is a transmission requirement
among the streams S? and .5’,'5. Suppose that S?
and S' are sent to p;. For example, applications
require that p; receive the messages of S} and S !
at the same rate, i.e. QR QR,” p; may
be requlred to receive S} three times faster than
S, ie. Q‘] = 3Qu Thus, the relation among
the streams SP,. S' is represented by the re-
lation among the receipt rates Qfy, ..., Q};. The
satisfiability S'Q,J (t) of the system is defined to
be TR} (t)/QRY(t). The bigger SQL(t) is, the

more sat.lsﬁed p; is for SP. 5Q;;(t) and SQ;(t)
are defined as follows:

L SQ'] (t) - (SQu(t) +--+ SQ1 ‘(t))/k
o 5Qi(t) = (SQu(t) + - + SQin(t))/n.

Let SQj; and SQ; be averages of SQ;;(t) and
S5Q;(t), respectively.

4 Rate Contrdl

We discuss how to allocate the transmission
rates to the processes pi, ..., p, in the group G.
Each p; sends multiple streams S}, .S' to mul-
tiple destination processes while ; p, ‘receives multi-
ple streams from multiple processes in.G. In this
paper, we consider the following requirements:

i+ QRE.

" (1) . Transmission rate.

(2) Synchronization among streams:

4.1. Transmlssmn rate

" Each process, p; sends a stream S} to the des-
tination processes in'G. For each stream S} and
each destination process p;' of 5!, a transmission
is speciﬁed. pi is required
to send SP to p; at a transmission rate TRA(t) >
QRE;. p; has to decide TRMtY = TRY(t) + -+ +
TR.Z‘ () so as to sa.tisfy the following constraints:

o Tk TRh(t) < mazTR;.

o TR;;(t) < ma:cRR_,‘(t) for every destmatlon
_process p;.

, each p; sends
t -for every S
Di receives the tra.nsm]s—

Before sending streams S},.
the requlrements QR,I, . Q
tO P1y---3Pn I

. sion requltements from all-the processes, i.e:

{QR;-,,lj,h = 1;...,n, I = 1j...,k;}..-Based on
the rate requirements obtained, p; decides T'R;;(t)
for each p; and Sh.



(1) ¥ 1., QRij < maxRR; for pj, p; sends mes-
sages of the stream 5P to p; at a transmission
rate TRY(t) = QRJ. pj receives the mes-
sages of S} from p; at a receipt rate RRJ;(1)
= QR,’;

(2) Otherwise, the transmission rate of p; has to

be changed as follows:
If Y7 .QR; > mazRR;, TR;(t) =

QR}‘J. x(mazRR; /Z?:lQRU)‘

In (2), some messages of some stream are lost by
p; due to the overrun. Bach stream S} has a prior-
ity w(SP) given by p;. If p; losses messages of Sk,
p; reduces the receipt rate of the lower-priority
stream S to give more rates to RRY(t). Here,

suppose that messages are lost by p;, L;»',. > 0.
(1) ¥ RRj(t) 2= ARj(t), some parts of
RR;-‘,»(t),‘..,RR;’; (t) are moved to RRX(t)
if 7(S*) < =(SF). That is, RR}(t) =
RRY(t+6) + o and RR}}(t+6) = RR}(t) —
ax so that RRJ(t) > ARJ(t). Here, o = o
+ - + oy, and oy > ayp if 7(SH) < 7(S]).
(2) If RR;(t) > AR;(t), some parts of
RRI(t),..., RR}3(t) are moved to RR};(t) if
n(S}) < m(SP), ie. RRY(t+6) = RR(1)
+ o and RR}’,‘-(t +8) = RR;’;(t) — ap. Here,
a=a1 + -+ an and g > op if 7(SP*) <
n(Si)-
4.2 Synchronization
Some streams transmitted are interrelated.
First, p; has to send messages of each stream Sj
to each p; so that p; could receive all the messages
of S? as presented in the preceding subsection. In
addition, we have to consider the relations among
the streams. For example, suppose that p; sends
two streams, i.e. voice stream S} and image one
S? to p;. p; is required to receive the messages
of S} and S? in a synchronous mode. That is, it
is required that RR} (1!2l / RR}(t) be invariant for
every time t. In another example, suppose that
p; and p send streams S and Sy to p;, respec-
tively. p; has to send S; and Sy in a synchronous
mode if S; and S are related. Thus, each p; has
to send messages to the destination processes so
as to satisfy the requirements. There are the fol-
lowing cases [Figured]:

(1) p; sends asteam S? to py,...,pn in G [Figure
4(1)]. For every -pair of destinations p; and
pi of St TRE(t) = c;xTRY,(t) where ¢,
is a constant.

(2) p; receives streams from ps,...,pn in G [Fig-
ure 4(2)]. Suppose that p; receives a stream
Sk from p; and S| from pr, RE}(t) =
bjx x RRL;(t) where bjj is a constant.

In (1), if ¢;z = 1, p; sends the messages of S}

to every destination p; at the same transmission
rate. If there is no relation between p; and pz, p;

¢y @)

Figure 4: Related streams.

can transmit-messages of S} top; and px at dif-
ferent transmission rates TR (t) and TR}, (1) so
that TR (t) < mazRR; and TR}; () < mazRR;.
In (2), if bjz = 1, p; has to receive the mes-
sages of S? ‘and S, at the same receipt rate, i.e.
TRE(t) = TR}, (t). Here, p; receives the messages
in a synchronous mode. If the overrun occurs in
the receiver process, the transmission rate is de-
creased so as to satisfy the constraints (1) and (2).

Every process p; negotiates with the other pro-
cesses before transmitting the messages of the
stream. Each process p; first sends the trans-
mission requirement QR? = (@QRY,---,QRE) to
all the processes p1,...,pn in Gﬁ)efore sending
the messages of a stream SP. The requirement
QR; includes QR} for each destination p;. QR
also includes the inter-stream requirement in from
(QRL, QRh,, ch,). On receipt of QRY from p;, p;
decides the maximum receipt rate mazRRJ; for
SP. If there is no conflict among the stream re-
quirements in pj, ma:tRR;-',- = QR:-‘J-‘ Otherwise,
p; has to do the negotiation with p; and the pro-
cesses with which p; is communicating.

5 Implementation

The algorithms for allocating the transmission
rates to the processes p1,. . ., pn 1n the group G are
implemented in Sparc workstations intercorrected
by the fast Etherenet 100baseTX [Figure 5], where
each p; is in one station. FEach process p; has
four modules A4;, V;, WB;, and GR;. The mod-
ules A;, Vi, and WB; are application interfaces
for audio, visual, and whiteboard media, respec-
tively, of p;. A;, Vi, and W B; send and receive au-
dio, visual, and whiteboard streams, respectively
to the other processes in G. GR; is a module of
the group communication protocol [15-17). GR; is
composed of two modules, a group agent AG; and
a data transmission module TR;. AG; does the
negotiation with the agents in the other processes
in G to allocate the transmission rates to the pro-
cesses. TR; sends audio, video, and whiteboard
streams to each destination at the rates obtained
by the negotiation of AR; module. TR; also re-
ceives the streams from the other processes at the
rates negotiated. T'R; sends and receives the mes-
sages at the rates allocated by AG, and delivers

" the messages in the causal order.



L or | Lo 1]
| stationi - | - stationj
lOObaseTX

Figure 5: System model

8 Concluding Remarks

The traditional rate-based flow control schemes
discuss how one process sends messages to one des-
tination process or multicasts them to a group of
multiple processes. In the group communication,
each process not only sends messages to multlple
processes but also receives messages sent by multi-
ple processes in the group. In this paper, we have
presented the general models of the group com-
munication where the processes transmit multiple
streams of multimedia data which are interrelated.
In addition, we have discussed how to allocate the
transmission rates to the processes in the group.
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