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The research on traffic control has not yet lead to a consensus on how to properly
allocate resources in ATM networks. There are consequently no practicable
methods available now when the initial deployment of ATM switches and terminals
is under way. Yet, many of the applications which motivate the deployment uses
multi-media and will thus require some degree of performance guarantees on the
information transfer. Here we suggest a readily applicable method for reserving
capacity in ATM networks. Cells using the reserved capacity may only depart at
fixed time-instances, and have reserved buffers in the network nodes. The scheme
gives a lossless performance, can be implemented with low complexity; it simplifies
the call acceptance and allows ““best effort" traffic to use slack in the reserved and
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The research on traffic control has not yet lead to a consensus on how to properly allo-
cate resources in ATM networks. There are consequently no practicable methods
available now when the initial deployment of ATM switches and terminals is under
way. Yet, many of the applications which motivate the deployment uses multi-media
and will thus require some degree of performance guarantees on the information
transfer. Here we suggest a readily applicable method for reserving capacity in ATM
networks. Cells using the reserved capacity may only depart at fixed time—instances,
and have reserved buffers in the network nodes. The scheme gives a lossless perfor-
mance, can be implemented with low complexity; it simplifies the call-acceptance and
allows “best effort” traffic to use slack in the reserved and all of the non-reserved

capacity.

1 Introduction

The asynchronous transfer mode (ATM) is the In-
ternational Telecommunication Union’s recom-
mended suit of protocols for broadband integrated
services digital networks. The mode combines the
circuit switched routing of telephone networks with
the statistical multiplexing of packet switching. This
is accomplished by establishing a connection (fixed
route) through the network before accepting any traf-
fic. The information is then sent in 53-octet long
cells. The switching nodes, which interconnect net-
work links, route the cells according to address in-
formation contained in their 5—octet headers. The
traffic on a particular link will consist of a random
mixture of cells belonging to different calls. The net-
work guarantees that all cells of a call follow the same
route and, hence, get delivered in the same order as
sent.

We will consider a network consisting of access and
network links. The access links connect terminals to
multiplexers (concentrators) and to demultiplexers;

the network links connect multiplexers, demultiplex-
ers and switches. The network structure is illustrated
in Fig. 1 for one way from terminal to terminal.

Fig. 1 The ATM network structure.
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It is possible that the aggregate capacity of the access
links of a multiplexer exceeds the capacity of the net-
work link (concentration). The statistical variations
of the arrivals may therefore lead to temporary over-
flow of the multiplexer queue even when the average
incoming rate is less or equal to the outgoing rate.
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When a connection is being established, the network
control chooses aroute over which the call can be add-
ed to obtain the capacity and quality required by the
user, without violating the requirements of existing
calls. The call is blocked if no such route is available.

The call-acceptance decision can be stated as fol-
lows. The average total capacity of N established con-
nections over a link may at most be equal to the link

capacity,

E [z oF (t):l < Cim - (1

i=

(E [-]is the expected value of the argument, C; (Dis
the time—varying capacity used by connection j, and
Cj is the link—capacity and therefore constant.) The
offered quality of service for the link (denoted Q) at
this load is at least as good as any user requires.
Hence,

Qune 2 max 0 , V)
where Q; is the required service—quality of connec-
tion j. Is it now possible to establish a new connection
over the link, so that

; 1SjSN+1
j=1

N+1

E [2 G (l):l < Cpy and Oy = max 07 (3)
The posed question is difficult to answer when the
traffic streams C; (¢) are stochastic processes [7]. The
user is therefore expected to characterize the traffic
and the expected quality of the call in some way that
the network controller can use for the call-acceptance
decision. The more precise the characterization is, the
better the network can be controlled. Improved con-
trol gives better utilization of the network resources
for a given quality level. The quality on alink is given
by the call with the most stringent requirement; all
other calls get the same level of service whether they
need it or not, as shown in Eq. (2). A call that requires
high quality may raise the quality level on all tra-
versed links and thereby cause the capacity on this
path to be meagerly utilized.

The traffic characterization is normally based on
some stochastic model of the particular source for
which the user has to estimate the parameters (like
peak and average rates). The model may be a poor es-
timate of the source’s actual behavior. Sources for
data and variable-rate coded video seem especially
problematic to model accurately (see [5] and [2]). It

Capacity reservation in ATM networks

may also be difficult for a user to assess the parame-
ters of the traffic before the call is initiated.

The question in Eq. (3) has to be answered positively
for all links along aroute in order to establish the con-
nection. Multiplexing may, however, modify the
characteristics of a flow so that it no longer is de-
scribed by the user—supplied model and its parame-
ters [1]. This exacerbates the call-acceptance
problem.

The expected quality of service for a callis hard to de-
fine quantitatively. The probability of cell-loss, the
maximum total transfer—delay and its variations are
frequently suggested quality criteria. Delay could be
mapped into loss if cells not delivered within a speci-
fied time-limit are considered to be lost. The proba-
bility of cell-loss will, of course, only be guaranteed
over an infinite call-duration and can thus not be veri-
fied by the users. There are indications that cell-loss
dueto transient phenomena might be orders of magni-
tude higher than the steady—state loss [1]. This means
the transient behavior of the network must be consid-
ered and that the loss-limits should be specified for
finite time-periods.

Uncertainties in the information about a source’s be-
havior before and after multiplexing may require the
network control to over—allocate capacity in order not
to violate accepted quality contracts. The most care-
ful solution is to allocate capacity according to the
call’s maximum transmission rate. The peak-rate is
specified as the minimum inter—arrival time between
cells and are thus ratios of one cell per T'seconds. The
main disadvantage of peak—rate allocation is the low
utilization that follows. All connections must be
peak-rate controlled and surplus capacity is wasted
since statistical multiplexing is precluded.

Traffic control for ATM is a highly active research
field. Yet there is no clear indication that the sug-
gested methods for statistical multiplexing with qual-
ity guarantees are practicable [1][4][7]. This article
describes an alternative and readily applicable way of
reserving capacity for virtual circuits and paths in
ATM networks. The reserved capacity is carried with-
out loss in the network with regard to contention (bit—
errors might still occur). The left-over, non-reserved
capacity can be used by anyone as “best effort”” and
could also be allocated statistically with quality guar-
antees.

The call-acceptance problem, as stated above, is sim-
plified by bounding the flows deterministically and
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by defining the quality to be complete absence of
cell-loss. The method is based on a pacing-mecha-
nism, which controls the departure instances of the re-
served cell-stream, and on reserved buffers which are
guaranteed never to overflow.

The proposed method is developed to provide a ser-
vice with deterministic quality in addition to statisti-
cal guarantees. It may serve well for traffic that has
some performance requirements until the statistical
resource allocation methods can be put to practice.

2 The capacity reservation scheme

Connections which require reserved capacity are
treated separately from connections without reserved
capacity (so called “besteffort” traffic). The reserved
capacity could be a part or the full (maximum) capac-
ity needed by the call. Each of these two traffic classes
has its own buffers in the network nodes, as shown in
Fig. 2. The classes are separated by the addresses
(VCI/VPI). This article concerns primarily connec-
tions with reserved capacity. The cells in this class
could be given high or low priority, which is distin-
guished by the cell-loss priority (CLP) bitin the ATM
cell header.

Fig. 2 Separation of traffic classes into different FIFO-queues.

Connections with

‘ reserved capacity

Connections without
reserved capacity

Capacity is only reserved for the high priority cells.
The low priority cells may use left-over portions of
the reserved and non-reserved capacity but has no
guarantees against loss. Itis therefore up to the user to
decide how much capacity to reserve and how much
to vie for when a connection is requested. The surplus
traffic with low priority is allowed on a connection to
increase the flexibility—the reserved rate can be ex-
ceeded at own risk—and to better the utilization (eg,
when capacity is reserved but little of it used and there
is no “best effort’ traffic).

We define the reserved rate of a connection as the
number of cells, R, that may maximally be sent during
a window of W slots. The reserved rate may be any ra-
tio R/ W of the access-link’s capacity (R and W canbe
arbitrarily large). For example, a reservation of 750
kb/s gives a ratio of 3/8 over a 2 Mb/s link and 3/136
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over a 34 Mb/slink. The connections withoutreserva-
tions get full use of the remaining portion (W-R)/ W
of the link’s capacity. Cells are serviced from one
queue exclusively if the other is empty. Unused po-
tions of the reserved capacity is consequently not
wasted since it may be used by connections without
reservations.

If we assume N connections to a multiplexer and that
all access-links have the same capacity, then

N
RJ Rout
Cacc zl-w_l- B Cnd Wout ’ (4)
i=
(C,.. and C,,, are the capacities of the access and the
network links, respectively.) The departures of the
R.., cells may well be clustered within the W,,~win-
dow. The equation shows that

Wou < [ [ W, )

At each stage of multiplexing the values of
W... and R, for the outgoing stream may conse-
quently increase dramatically. (Equality is reached
when W,and W, are relative prime for all i # j.) Since
the cells may depart back—to—back, a higher value of
R, means that more buffer—space is needed to avoid
cell-loss. Also, if the connections with reservations
are served exhaustively before non-reserved traffic is
served, then the latter may be unduly delayed.

Multiplexing may thus severely increase the bursti-
ness of a traffic stream. There are two immediate solu-
tions to this problem, of which we have chosen the
latter. The first is to require W; = W.,, for all j. (This
is basically the approach of the Stop—and—Go scheme
[3].) If the value of Wis low, then the resolution of the
specified rates is limited (eg, none, half, or all of the
capacity for a two—slot window). When the value is
high, non-reserved traffic may still be considerably
delayed. We have instead chosen to alleviate the batch
arrival problem by enforcing an even distribution of
the cell departures within a window. Non-reserved
traffic will be served in between departures of re-
served cells.

The first issue is consequently to pace R cell-depar-
tures evenly during a W-slot window for arbitrary
values of R and W (R = W). The second issueis to de-
termine the queue sizes needed to guarantee an opera-
tion free from cell-loss.

The remainder of the paper is organized as follows.
Section 3 gives the pacing function with a suggested
software implementation. Section4 contains the buff-
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er dimensioning for multiplexers, demultiplexers and
switches. The single criterion is to ensure enough
buffers for paced traffic streams so that cell-loss is
avoided. Section 5 contains a discussion on delay
limits for the needed buffer—sizes. The call-accep-
tance for the connections with reservations is dis-
cussed in Section 6. In Section 7, we compare the
proposed schemes with two other schemes from the
literature. Section 8 concludes with a summary and
some remarks.

3 Pacing cell departures

Let 7z(-) be a binary—valued function which is one for
reserved slots and zero for non-reserved slot during a
window W. Let i indicate a modulo-W counter, then
7(i) is given by

x(i) = I_(i+1)%_| - I_i%‘l. (6)

(|- ] denotes the integer—part of the argument.) The
function is illustrated in Fig. 3 for R=8 and W=13.

Fig. 3 The pacing function for R=8 and W=13
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One window—13 slots

201 2 3 4 56 7 8 9101120

The pacing can be easily implemented without multi-
plications, divisions or truncations, as shown later.
The distance between any two reserved slots is
< |w/Rr]. If a reserved slot has not been used then a
subsequent reserved cell can depart immediately; the
pacing is restarted atits departure. For example, R = /
and W = 3 would mean that cells would depart every
third slot. Suppose the first cell has departed and the
second cell comes four slots later, then it can depart
immediately, but a third cell could depart no sooner
than the third slot after the second cell. The pacing
hence controls the minimum distance between cells;
it does not enforce fixed departure instances for larger
inter—cell distances.
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The service algorithm for a multiplexer or switch out-
put is given by the following C—code. One pass
through the code schedules a full window (W slots).

start:

{

get_new_values () :
/* Update R and W if needed */

i=0; /* Reset window-counter */
do /* Start a new window. */
{

i += R; /* iR */

/* Is the integer-part of the ratio < 1? */
if (1 < W)
{
/* Try to send the next cell from the non-
reserved queue. */
if (!send_no_res())

/* send from reservation queue if the other
is empty and the first cell has low
priority {(not paced) */

send_res (ICLP};

}
else
/* Send the first cell from the reservation
queue (regardless of priority) */
if (send_res (CLP))
/* Remove the integer-part of the ratio */
i -=W;
else
{

/* Send from other queue, if empty */

send_no_res () ;

/* Compensate counter value */

i -= R;

}
}
while (i);
}

goto start;

/* Repeat until end of window */

ry

The  functions  “send no_res() and
“send_res ()" transmit the first cell in their re-
spective FIFO—queues and they immediately return
the value zero if the particular queue is empty. The
function “send_res ()" takes two parameter val-
ues: “CLP” is passed when the slot is reserved to in-
dicate that a high—priority cell at the head of the queue
may be sent; otherwise ! CLP” is passed and only a
cell with low—priority may be sent. The function
“get_new_values()” is just an indication that
R and possibly also Wneed to be changed whenever a
reservation has been added or cancelled. Note that the
counter may not exceed the value W by more than
R-1. Thus the compensation in the else-else
clause.

4 Dimensioning of reserved buffer-space

The pacing gives a deterministic bound on the arrival
process on each link. The needed buffer—space to en-
sure a lossless operation may thus be computed. The
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only uncertainty about the arrival processes is their
relative time—alignment at the inputs to a multiplexer
or switch. The worst case is when the reservation ra-
tios on all inputs are equal and the windows are per-
fectly aligned. The cells will then arrive at the same
time instances on all input links. The probability for it
to happen is low but the scheme is guaranteed to han-
dle even the worst case without loss.

MULTIPLEXING

The model of a multiplexer that we use is depicted in
Fig. 4. Assume that all links—incoming as well as
the outgoing—have the same capacity, that the traffic
on all connections is paced, and that their reservations
are fully used. The number of cells that have arrived
on input link j to the multiplexing buffer at a time n
during a window is given by

Fig. 4 A multiplexer with N input links.

1 RSV
2\ ﬂ(i)

R/W

1/ Rout
R w

L cells

R.
Bn) = |_(n +A)H | 1snsW O

where

0=s4;< I-%-l ®)

(-] denotes the integer next-larger than the argu-
ment.) The 4;’s are constant, integer slot-shifts and
determine the arrival time of the first cell in the win-
dow on each link. Note that

R.
Bn) = L”WJ 1 ©)

All rates R; are expressed over a common window
W= W,, = W, X.. W, for simplicity. The only ef-
fect of this is that the cell arrival pattern will repeat it-
self also within the window when R; and W have
common factors. The reservation—ratios are normal-
ized with respect to the link—capacities:

Rj i Rj (Cacc/cnzl) (Cf Eq (4))

The in and out flows must be equal when summed
over one window so that the finite multiplexing buffer
is guaranteed not to overflow. This means that for N
input links which carry reserved traffic, we have

N
R, = ZRJ- =W (10)

i=1
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and consequently
N
> B(W) — B (W) =0, an
j=1
where
Rou
B,.(n) = l-nWJ, 1l=n=<sW (12)

We have assumed 4., = 0 for the output link which
means that the first cell will depart at the latest time
possible (worst case). Given this, the maximum buff-
ering requirement is given by

1sMsW

N
L= max » B{M) = Bo.(M). (13)

Thus, to avoid cell loss there has to be atleast L loca-
tions reserved in the buffer for priority cells.

Proposition 1 The maximum buffering require-
ment for reserved traffic in a multiplexer is one cell-
position per input link, i.e. L = N.

Proof

N
= BM) — B, (M
L lé‘}f’s‘wj; (M) — Bou(M)

it R; R +--*R
_ SNt L N
= 2 | br+a)r| - | it ]
= {use Eq. (9) with equality}

N | MR, MR MR

- i A S uioeht SFIN iy’
—N+1211v?§ijII_WJ I_W+ WJ
= “.‘11 + ceray] =z la] +-- lan]. Va; = 0]

=N (140

The queue has consequently to have at least N cell
locations dedicated to reserved traffic. Low—priority
cells are not accepted into the queue whenever the
number of free queue—spaces is below that.

Fig. 5 Transient behavior at anoverload situation: low—priority
cells are initially accepted into the buffer; as itfills up, less of them
getadmitted. Eventually the bufferis constanilyfilledto thethresh-
old with high—priority cells.

Low-priority cells

High-priority cells

The total amount of arriving high—priority and low-
priority cells might exceed the reserved output capac-
ity. Remember that the reservation is only for
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high—priority cells. As Fig. 5 illustrates, both types of
traffic may initially be accepted (1). Eventually the
queue is filled up to the threshold and low-priority
cells are no longer allowed entry (2). The reserved
buffer—space can hold all arriving high—priority cells
(3). Still, the buffer level might occasionally go be-
low the threshold and a few low—priority cells get ac-
cepted. This, in turn, leads to a higher number of
high-priority cells kept in the queue (4). When sta-
tionarity is reached, the queue is constantly filled to
the threshold with high—priority cells (5). High—
priority cells are then accepted without loss but all
low-priority cells are discarded.

The multiplexing will not maintain the pacing of the
individual input streams. Consider the (worst) case
when, say, R; = W-N+Iland R = ... =Ry = . Ifthe
first cell on each input line arrives at the start of a win-
dow, and lines 2 to N get serviced before line 1, then
all cells that arrived on line 1 will depart back to back.
They will consequently need to be paced again after
the aggregate flow has been demultiplexed, as will be
analyzed next. This issue is illustrated in Fig. 6.

Fig. 6 Multiplexing may destroy the pacing of an input stream.

DEMULTIPLEXING

A demultiplexer takes an aggregate input flow and
splits it into several output flows (of which each may
still be an aggregate of connections). The demulti-
plexed flows may have any arrival distribution of
cells within a window. In the worst case they will be
clustered, as shown in Fig. 6, and thus require buffer-
ing and pacing. This cannot be done before the demul-
tiplexing, so called input buffering (Fig. 7). The
reasonis that the pacing will greatly limit the through-
put of the system through "head of the line” blocking.
The worst case appears when cells destined to an out-
put arrive as a contiguous pair: the first cell departs
immediately, the second is delayed for half a window.
More precisely, the minimum throughput (given full
load to the demultiplexer) is

_ 2
Qmin = TWETTT 15)
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This assumes that the window is short, [w/2] < N(Nis
the number of output ports). Due to the throughput li-
mitation, we will only consider output buffering, after
the demultiplexing (Fig. 7).

The bound on the buffer space for the output lines of a
demultiplexer, needed to evenly pace the output flows
without overflow, is given below. There are two
cases: a dedicated buffer on each output line, and a
common buffer to be shared by all output lines.

Fig. 7 Demultiplexer architectures.

Inpur buffer

Output buffers

Physically separate buffers, or
logical queues in shared memory

Proposition 2 The maximum buffering require-
ment for reserved traffic in a demultiplexer is

L= [¥] cells per output line.

Proof

After the demultiplexing, the clustered cells will in
the worst case arrive according to the cumulative
function

n, 1=sn<sR
B (n) = [R, R<n<sW (16)

and will depart evenly paced as
= R 17
B, (n) I.(" +A)WJ, 1=snsw (D
where we choose 4 = 0 to delay the first cell depar-
ture maximally. The maximum buffering is then giv-
en by

L = max B, (M) — B, M) (18)
1sMsW

which reaches its maximum at M = R since B;, in-
creases faster than B,,; up to that point (since % <1).

So, we have
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0SRSW w

L= max {R - %] } (19)

The real-valued function x - ’&—2, has its maximum at
x = % and the value at that point is %—’. However, Ris a
positive integer and the maximum is therefore at
R=|¥]| (oratr = [¥]since the functionis symmet-
ric). We then have that

-] | 1E%] - 1100

To see this, let W = 4w, + 2w, +w, where w, €N
and w,, w, € {0,1}. For any value of W, not divisible
by 4, we get that

2wy + W
2wy + Wy — —Z—WO—I- Sswy,+ 1. (21)':]
2+ 2wyt wy

If we have N output lines with a buffer each, the total
requirement is simply L = N[W/4]. A more efficient
way of utilizing the buffer—space is to share it among
the output lines.

Proposition 3 The maximal need of shared out-
put buffers is L, = |N/2|([W/N] + 1) cells in total.

Proof

Assume that the shared buffer is first filled with the
cells for output 1 and then by the cells for output 2 and
so forth. The departures are spread over a window W
on each of the outputs. We then have

B, =|a+dE] 1snsw @

and the number of cells departed on output i is
Bw=|a-6) a5 (23)

The function (+)* = max{0, -} and @ is the smallest
integer such that

i=1
B, (61‘ )= ZR’ (Ro = 0). (24)
=0

This means that enough cells have arrived at time @;
to fill the quotas of the previous outputs. The output
rate is below or equal to the arrival rate for the entire
window and the highest accumulation of cells in the
buffer occurs when they arrive at the maximal rate.
The number of cells which have arrived is therefore
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B, (n)=n, 1 =n<W. The accumulation of
cells in the buffer is thus

N
L, = max B, (M) — > B, (M. (25)

i=1

B;, grows at least as fast as Zi B, for all n and the

highest number of cells in the buffer is reached at the
end of the input window,

Given that ', x; = 1, the real-valued function
XX, + - (4 xy_y) xy has its maximum at

xp=-+-=xy=1/N (ﬂTg’f__lxlngxx = X, which

is easily generalized inductively). This means that the
minimum in Eq. (26) is attained when all R, = W/N
and integer. We then get

B Lo+ 1) -

Fo(E-oLa)

since |jW/N?] + (N —j) W/N?*] = (W/N) — 1 for
integer ratios W/N. When the right-hand side of (27)
is substituted in to Eq. (26), we find that the needed
buffer-space is bounded by

= (T +)

It should be noted that the pacing for an output link is
only needed when the flows later are going to enter a
multiplexer. A receiving terminal may, however, han-
dle the arrival of clusters of cells. Pacing and buffer-
ing can then be avoided for the final demultiplexer in
a network configured as in Fig. 1.

@7

28)0

SWITCHING

A switch can be viewed as a stage of demultiplexers,
one per input, followed by a stage of multiplexers,
one per output. The buffers could be placed before the
demultiplexers (input buffers), after the demultiplex-
ers but before the multiplexers (central buffers), or af-
ter the multiplexers (output buffers). These cases are
illustrated in Fig. 8. Analogously to the reasoning
against input buffers for a demultiplexer, with the
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throughput given in Eq. (15), only the latter two cases
will be considered here.

Fig. 8 The alternatives for buffer placement in swilches.

M1

Input buffers

Central buffers

Output buffers

Physically separate buffers, or
logical queues in shared memory

Central buffering after the demultiplexing will sim-
ply require N times the buffer—space needed for a
single demultiplexer. Buffers shared across all N2
lines is the same case as the shared output—buffer cov-
ered below.

When the buffering is done at the multiplexing (the
switch outputs), it is assumed that there is no pacing
of the flows after the demultiplexing. The arrivals can
thus be clustered. The amount of reserved space for
dedicated buffers is derived first, and the amount
when apool of memory is shared among the outputs is
determined after that.

Proposition 4 The maximal need of output buff-

ersperportis L = W — I-%I] N> 1.

Proof
The worst case is when all inputs simultaneously

have cells destined to the same output port. The buffer
will then get the highest momentary load:

nN, 1 < n < |R/N]
Bi(n) = { R [RIN| snsW @9)

The output will be serviced, according to

By = [+ HE| 1<snsw GO
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Again, 4= 0is chosen to delay the first cell departure.
The buffer requirement is as stated in Eq. (18). The
maximum is found at M = [R/N] (not at |R/N|) and is

L=maxR——I_|-%-I-RWJ. (31)

There are two cases to consider: N> Rand N<R. The
first case is L = W1 (and L = R for R < W) since
[R/N] = 1. For the second case we notice that the real—

. 2 .
valued function x — & has maximum at x = % and

for the integer function, the maximumis at & = | 2|
(for N = I we get the demultiplexer case of Eq. (20)).
However, R < Wso, for N > 1, we get

w
r=w-[§].
The last switch—case to consider is when all the output
buffers are shared. Although the in and out flows are
balanced there can be a temporary storage of cells in
the buffer to time-shift the input processes: picture
that all inputs first deliver cells only to the first output
then, when its quota has been delivered, to the second
output and so on. Then itis clear that initially only the
first output will service traffic since the other outputs
do not have anything to deliver. (This is when the
buffer is initially empty; in the following windows
there will be cells to service from previous windows,
which means that the output windows have been
shifted in respect to each other.) We then have:

(32) O

Proposition § The maximum number of cell
locations in a block of memory used as shared output

queues in a switch is Ly = [gJ W+ 1)

Proof

The aggregate arrival process from all N inputs to the
shared buffer is given by

N

B, (n) = z I_(n +Aj)—l;—j-l ,1sn<W, (33

j=1

where 0 < 4; < [W/R;]. We will assume that the
destinations of the cells are such that R; cells are deliv-
ered to output { before any traffic is going to output
i+ 1. The number of cells served from outputiis given
by Eq. (23).

The highest accumulation of cells in the buffer occurs
when they arrive at the maximal rate, and each output
gets W cells consecutively. The number of cells serv-
iced by output i is thus
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Bw=(n- [SRY] )*. (34)

The maximal amount of buffering is reached at the
end of the window:

N
L, = max NW — ZBi (W)

=1 (35)
-] - o= 03]
Note that
[J}V-V'l + [SAL;VJ?V—V] <w+1 (36

With N = 2n; + ng (n; € X, ny € {0,1}), we
get

] -+ [or- i -
(ny + ng — )W+ 1) =

nw 1 _ 0D
o= [55575] -
W+ 1) ny.
The maximum in Eq. (35) is then
L=|¥w+n. @80

Many modern ATM switches combine input queuing
with the more efficient output queuing. The buffer re-
quirements for reserved traffic in this case have al-
ready been derived implicitly through the previous
cases. The output queues buffer batches of cells for
the pacing to avoid head—of—the-line blocking, while
the input queues time—shift the arrival processes.

Worst case for the output queues is when the cells ar-
rive in batches to the outputs and consequently need
pacing. The case is the same as for demultiplexers in
Proposition 2 and the cells must be transferred to the
output buffers to avoid “head of the line” blocking.
This means that the outputs need either [W/4] cells
of buffer-space each, or |N/2]([W/N] + 1) cells of
shared buffer—space.

The worst case for the input queues is the one consid-
ered above in Proposition 4. Each input queue must
consequently have L = W — [W/N] cells of reserved
spaces (Eq. (32)). To see this, assume that all inputs
receives W/N cells for the first output, then W/N to the
second, and so on. If we first serve input 1 for W/N
slots, then all other inputs are blocked. We can then
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serve bothinput 1 and 2 for the next W/N slots (input 1
sends to output 2, and 2 sends to 1). Eventually we
have an arrangement where all inputs are serviced at
full rate (input 1 sends to output N, 2 to N-1 and so
on). The input—buffer with most contents will contain
almost a full window of cells.

The output-buffers may allow N cells to be trans-
ferred per slot until filled. This means that
LN/2]([W/NT + 1) cells may move directly from
the inputs to the shared output buffer. This amount
may be subtracted from the needed input buffers and
the requirement in then roughly L = W — (3W/2N).

5 Delay

There are applications which require a bounded trans-
fer delay. Video—data, for example, may be trans-
ferred over a network for instantaneous viewing and
require timely delivery to be displayed in a perceptu-
ally continuous sequence. Audio has similar require-
ments and in both cases they result from the
isochronal sampling rate that has to be maintained at
the receiver.

Queueing delays in the network vary dynamically
from cell to cell for a given route and must conse-
quently be equalized before audio and video streams
canbe played—out. It is possible to limit the delay—jit-
ter in the network, to remove it from an arriving cell
stream at the ATM adaptation layer or at the applica-
tion layer. Jitter control in the network comes at a cost
which is either high minimum delay or more complex
scheduling. Since not all applications require jitter—
free service, we find that jitter removal is better done
at the application layer where the bit-stream can be
synchronized to the end—device [6].

Some delay variations are in our scheme removed by
the buffering and pacing at the demultiplexers. The
variations depend partly on the surplus traffic with
low priority which uses the unused portions of the re-
served capacity. These variations may be bounded by
the amounts by which the buffer-sizes exceed the
limits derived in the propositions.

There are also bounds on the maximal transfer delay
from microphone and camera to loudspeaker and
monitor when the audio and video are part of an inter-
active conversation or conference. Delay limits for
conversational applications are set by human percep-
tion and determine when the delay starts to impede
the information exchange. The limits follow those for
voice conversations (ITU-T G.114: no impact below
100 ms and serious impact above 400 ms). There are
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other applications for which delay matters; distrib-
uted computing and interactive games are two exam-
ples. There are, however, no clear guidelines to
follow concerning the maximum permissible delay
for such applications.

The maximum queuing delays for the capacity reser-
vation scheme are as follows. The maximum multi-
plexing delay for a paced input stream with reserved
rate R;/Wis

Dy = I-%‘I . (39)

A switch or demultiplexer output with reserved rate
R/W has maximum delay

D =W~ [E]. (40)

N is the number of inputs that send traffic to the con-
sidered output (always one for a demultiplexer).

The minimum delay is determined by the possible
shift between the locations of reserved slots on an in-
putlink and an output link. Itis zero if a cell candepart
at the same time as it is being received (so called ‘cut—
through’), and cannot, in any case, exceed [W/R] cells.

There is an engineering trade—off in determining the
maximal length of W between needed buffer-space
and maximally incurred delay on one hand, and li-
mitations in the granularity of reservations on the oth-
er. A limit of 1000 slots would mean that a switch
with 16 ports would need roughly 8000 cells of buff-
ers—pace totally, and that the delay could be 2.6 ms at
150.3 Mb/s port-rate (net rate of an SDH STM-1
channel). Reservations could be made in increments
of 150 kb/s. This indicates that a lack of buffer-space
in a switching—chip might be the main restriction on
the length of W.

The limit on W need not be uniform throughout the
network. A long window may be needed at the net-
work access to match closely the capacity that is actu-
ally reserved to the requested reservation. The
maximal length could be shorter in the network where
the reservation ratio is for an aggregate of connec-
tions.

6 Call-acceptance

The goal with the proposed traffic control is to simpli-
fy the call-acceptance decision, formulated in Eq.
(3). The complexity of the acceptance procedure is
greatly reduced by the deterministic upper—bounds
on all traffic streams and by presetting the quality—
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level for all calls to absence of cell-loss. The call-ac-
ceptance is thus reduced to finding a path where the
unreserved portion of capacity is larger than the ca-
pacity request of the call.

Although decision to accept or reject the establish-
ment of a new connection is quite simple and could be
taken fast, there is still delay incurred by updating the
parameter values in all pacers along the route of the
connection. We therefore sketch a speedier proce-
dure.

The network controller reserves some portion
Ryes./Wres. of the capacity on each network link
(possibly different for each one). This capacity is not
wasted since any surplus capacity may be used by oth-
er connections (as described in Sec. 2).

To accept a call, the network control has to find aroute
to the destination such that on each link

R"¢'I~ ch‘ chs‘
Wreq. + —W: = Wre:. ' (41)

(The ratio denoted ‘res.’ isthereserved, pre—allocated
portion of the link’s capacity; ‘ex.’ is the existing,
used part of that capacity and ‘req.” is the requirement
of the new call. ) If the inequality holds for all links on
the route, then the call is accepted and the used capac-
ity is updated:

&x_' “« i&x_ + an' .
Wreq.

We Wa

(42)

The call could be blocked if no such route exists. The
pre—allocated capacity could alternatively be updated
on one path, according to

Rns. -— Rru. + x

Wrz.s'. Wrc.s'. Wrz.s' . ’ (4 3)

for some integer #, so that Eq. (41) now can be met.

The increment of the pre—allocation in Eq. (43) may
be done in anticipation of new connections to avoid
blocking. When the connection-request of a rejected
call is retried, there might in the meantime have been
an up date in the reservations so that the call can be
accepted. The pre—allocated capacity could of course
be reduced if only a small portion of it is used, and no
drastic increase is anticipated. (Increasing the ratio on
one link normally implies that the ratio has to be low-
ered on another link entering the same multiplexer.)

The pre—allocation lowers the need for parameter up-
dates in the pacers since most new calls may be han-
dled according to Eq. (41). The update of R, /W, in
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(42) is only done at the network controller (the pacers
operate with R s /W p.s.). The time to setup a connec-
tion may thus be reduced, especially if the route par-
tially uses a virtual path since that eliminates updates
of address—tables in the switches.

The proposed procedure disassociates the call-accep-
tance decision from the actual reservation of capacity
in the network. The time—consuming decision of how
to balance loads over the network does not have to be
determined each time a connection is requested.

7 Comparison with other schemes

There are two proposals for scheduling with deter-
ministic performance guarantees in the literature that
have received much attention: Packet-by-Packet
Generalized Processor Sharing (PGPS) by Parekh
and Gallager [8][9], and Stop-and-Go Queuing by
Golestani [3]. We describe the two proposals briefly
and point out any kinship to our proposal. (The reader
is referred to [7] for a more extensive survey of tech-
niques for providing quality guarantees.)

PGPS works as follows for ATM. A cell arriving at a
switch is stamped with the time it would complete
service according to Generalized Processor Sharing
(GPS). The cells are scheduled to be transmitted in or-
der of increasing time-stamps. The GPS assumes
traffic and service rates to be infinitely divisible. Each
connection has an associated weight ®; which guar-

antees a portion equal to @,/ ", &, of the total capac-

ity (the sum is over all connections on the link). When
a connection does not use its allocation, the slack may
be shared by the queued flows according to their
weights. A “best effort” traffic class is assigned a
weight and treated like any other flow.

The idea is to emulate a system where each flow has
its own dedicated queue that is serviced at the allo-
cated rate. Performance guarantees are possible for
flows that are controlled by leaky—buckets at the net-
work ingress. The papers give delay-bounds and
buffer-bounds for both single-node and multinode
networks.

Although PGPS gives tight buffer and delay bounds,
we have nevertheless decided against using itbecause
of the limited scalability of its realization. The com-
plexity of implementation increases with the number
of connections. There has to be one logical queue
(linked-list) for each connection to hold the cells
scheduled for departure. The scheduling decision re-
quires computation of the completion time for each
cell, and may therefore not scale well with increased
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link—capacity. The list of time-stamps for the cells
awaiting service must be searched to insert the stamps
of newly arrived cells. Most switches route cells ac-
cording to physical port addresses added to the cells.
The separation of flows would, however, require the
switches to examine the VCI and VPI fields inside the
cells. Note also that the weights for all links along a
chosen route must be recomputed when a new con-
nection is accepted.

The method we have proposed is akin to the Stop—
and—Go queueing suggested by Golestani [3]. Stop—
and—Go relies on a framing strategy: A connection is
restricted to send at most B cells of data in a period of
length T seconds (a frame in the author’s terminolo-
gy). The frame-length is the same throughout the net-
work. A cell arriving in frame i at a node will not be
serviced until the start of the next frame, i+ 1. The ser-
vice is consequently not work—conserving. The
delayed service ensures that the flow does not get
more clustered in the network. Note the difference to
our capacity reservation scheme which does not have
afixed frame—size. Instead it has windows which may
be different for each link, depending on the total ca-
pacity and portion of reserved capacity.

The minimum and maximum queuing delays are no
more than H x T seconds apart, for a route H hops
long. The jitter is tightly bound within 27 The frame—
length thus determines the worst—case delay through
the network. A small T gives a low delay, but limits
the granularity of the capacity allocations which is
one cell per frame. It may be alleviated by allowing
multiple frame-lengths at the cost of increased com-
plexity. There is one buffer needed per frame-length
in every multiplexer and every port of a switch. Traf-
fic belonging to a short frame is given non—preemp-
tive priority over traffic in longer frames. We believe
the pacers in our scheme to be simpler to implement
than the servers for multi—frame Stop—and-Go, and
we only require two buffers, one per traffic class.

Best effort traffic in Stop-and—Go may be serviced
during the periods when controlled cells wait for the
next frame to commence and receives a service which
clusters the cells at the end of the frames. This may
make the traffic more bursty and worsens its delay
and loss performance.

A network operator may initially want to offer com-
munication services with deterministic guarantees
and best effort. Then gradually, further traffic classes
may be introduced with statistical guarantees that re-
place the mere best—effort service. This might prove
itself difficult with Stop—and—Go: the bursty service
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that uncontrolled traffic gets exacerbates the already
hard task of offering statistical guarantees. To avoid
this problem, our capacity reservation scheme re-
quires reserved cells to be evenly paced. This gives
non-reserved connections a smooth service which
would allow statistical guarantees to be offered in
addition to the deterministic one.

The smooth pacing also reduces the needed buffer
space from roughly 3W cells per output for Stop—and-
Go to W72 cells in our case. Golestani states that a
buffer of length 3 X T, X Cyy Dbits is enough to
avoid 10ss (T, is the longest of the frame lengths)

and one may take W = Z,S_?,)(_;C’—g‘l to make the compar-

ison. Buffer—space may be severely restricted when a
switching element is implemented as a single or as a
few VLSI-chips. Tight bounds are thus of merit.

8 Summary and final remarks

We have presented a capacity reservation scheme for
ATM networks. A reservation ratio of R/W of alink’s
capacity means that R cells may maximally be sent
over a window of W slots. The cell departures are
spaced evenly over the window. Since all flows are
thus bounded, the minimum buffer—sizes could be de-
termined to ensure that reserved traffic does not suffer
from cell-loss due to multiplexing overloads.

ATM has since its conception been intended to offer
statistical multiplexing with quality guarantees. It
may now seem a step backwards to propose a capacity
reservation which enforces a deterministic service
rate for a source. First, it should be kept in mind that
the reservations do not preclude the use of statistical
multiplexing. Second, statistical multiplexing is not
an end in itself. Its prime motivation has been to effi-
ciently use the network capacity, a resource which
now appears less scarce. Consider instead some of the
advantages with capacity reservation over statistical
multiplexing with quality guarantees:

e Implementation with low complexity

e Straight—forward call-acceptance procedure
e Loss—free operation with bounded delay

e High utilization of network capacity

e Sound basis for charging

The pacing function is performed per link and not per
virtual circuit. The complexity of the implementation
is thus independent of the number of simultaneously
open circuits. The dual-buffers for the two traffic
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classes may be logical queues in shared memory, or
accomplished by multiplexer or switching circuits
operating in parallel, with the pacer as the arbiter.

Since the buffers are separate, they may be dimen-
sioned differently. The buffer for connections with
reservations must have a size in accordance with the
limits previously derived. Any additional space
should be included only if the delay limits allow it.
Best effort connections, without reservations, could
instead be given ample buffer—space to minimize the
probability of cell-loss.

The user may send any amount of surplus traffic over
the connection at own risk. Only the reserved amount
of capacity is guaranteed. The surplus is allowed to
soften the limit of the reservation at temporary capac-
ity peaks. The reservations can use all of the net-
work’s capacity, if need be, but the reservation
scheme allows “‘best effort” traffic to use slack in the
reserved capacity and all of the non-reserved capac-
ity. The network may therefore be well utilized. Note
that the paced service of reserved traffic gives a
smooth service and—in the absence of statistical
guarantees—a truly best effort service to non-re-
served traffic. In addition, the scheme does nothinder
statistical guarantees to be given for the the unre-
served part of the network’s capacity.

The charge for a call may be based on the amount of
reserved capacity, its duration and, possibly, the
length of the route. Cells with no priority that are sent
in addition over the connection would not be counted.
This basis is more attractive than the charge after be-
havior (peak-to—mean ratio) that may result from the
statistical traffic control.

The capacity reservation is most suited to near iso-
chronal sources which have predictable rates. The
performance guarantees are also most valuable for
such sources, which include most video and audio
sources, since the needed real-time delivery makes
retransmission infeasible. Data, on the contrary, is
commonly offered a “best effort” service and thereli-
ability is added by retransmission at the transport 1ay-
er. This service is offered by the non-reserved part of
the network in the proposed scheme. Note, however,
that the simplified call-acceptance procedure may al-
low sufficiently fast connection establishment to han-
dle transfer of bulk—data, such as images.

Another use is to overlay TCP/IP on ATM. Since the
retransmission unit is a packet but the loss unit is a
cell, there is a risk that the network delivers cells but
few complete packets [10]. The system may then be
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unstable: cell-loss gives retransmissions which in
turn increase the load and potentially also the cell-
loss. A reservation for TCP/IP traffic would ensure
that loss in the system would only be at the packet—
level in the routers that are interconnected by the
ATM-network. A similar use is to reserve capacity
for signalling channels so that necessary commands
may be get through even during periods of conges-
tion.

The criticism given by Lea [4] of the pretension to of-
fer statistical multiplexing in ATM with performance
guarantees is convincing and forms the justification
for our proposal of deterministic service and quality.
Also the study of statistical multiplexing done by Bo-
nomi et al. [ 1] reveals the challenges offered by multi-
plexing of heterogeneous sources, by transient
behavior and difficulties in characterizing flows after
multiplexing.

The described procedure for capacity reservation is
intended to be a practicable method for traffic control.
We have strived for simplicity of implementation and
deterministic quality guarantees. Much of this is en-
abled by the slot-like operation of ATM, with its
fixed—sized cells which simplifies scheduling. We
have also attempted to give the non-reserved traffic a
smooth and truly best—effort service, without delays
due to reserved traffic, which ensures that statistical
guarantees may be offered in the future.
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