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Abstract— In this paper, two novel scheduling algo-
rithms with low implementation complexity are investi-
gated. Most scheduling algorithms proposed so far usu-
ally involve a sorting operation with the complexity of
O(log N) per packet, where N denotes the number of con-
nections sharing the link. To solve this problem, we pro-
pose two new scheduling algorithms with the complexity
0O(1), implemented with only a single FIFO queue in the
output scheduler. The proposed scheduling algorithms
make use of the concept of gated scheduling, and thus
the schedulers are called Gated-Scheduling Servers (GSS).
The key contribution of the GSS algorithms is the suc-
cessful elimination of output sorter in their designs such
that the scheduling mechanism can accommodate large
number of flows. Both delay bounds and Fairness In-
dex for flows scheduled under these two algorithms are
validated with simulations.

I. INTRODUCTION

It is well-known that providing real-time and mul-
timedia communications over the Internet and high
speed LAN is a widely accepted trend. Many future
Internet applications are believed to be broadband and
rely on the ability of the network to provide Quality-
of-Service (QoS) guarantees. Conventionally, networks
have used First-Come-First-Served (FCFS) queues to
do packet scheduling at the switching nodes. However,
FCFS can not make certain quantitative commitments
regarding the QoS provision since it does not distin-

guish flows or classes of packets. Therefore, a network -

supporting multiple classes of services should employ
a more advanced scheduling mechanism than FCFS.
Currently, scheduling algorithms may be classified
as frame-based or sorted-priority-based[1]. In a frame-
based scheduler, time is split into frames of either fixed
or variable length. Reservations of flows are made
in terms of the maximum amount of traffic at which
the flow is allowed to transmit during a frame period.
The most famous example is weighted round robin
(WRR)[2]. On the other hand, within a sorted-priority
scheduler there is always a global variable, usually re-
ferred to as the virtual time, associated with the out-
going link being scheduled. When a packet arrives, it
is assigned a timestamp computed as a function of the
virtual time. Packets are then sorted based on their
time-stamps, and are transmitted in that order. The
most representative examples of the sorted-priority
scheduling algorithms are the General Processor Shar-
ing (GPS)[3]{4] and its extensions[5](6][7][8]. In gen-
eral, the frame-based scheduling algorithms are with
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large delay bounds, but their implementation com-
plexity can be relatively low. On the other hand, the
sorted-priority scheduling algorithms are with smaller
delay bounds but the implementation complexity is
usually high.

In the following, we make a brief comparison of
these scheduling algorithms in terms of complexity.
In frame-based scheduling algorithms, DRR (deficit
Round Robin)[9] and WRR are well-known to achieve
fair scheduling of bandwidth with only O(1) complex-
ity. However, it is noted that DRR and WRR have a
drawback that the end-to-end delay bound increases
with N, where N denotes the number of connec-
tions or flows sharing the link{10]. Many variations of
WRR try to reduce its scheduling delay. For example,
URR (Urgency-based Round Robin)[11] maintains a
urgency-indez table to determine the serving sequence,
but the complexity of maintaining the urgency-index
table is O(log N).

In contrast to the frame-based scheduling algo-
rithms, the sorted-priority scheduler usually has
smaller scheduling delay but with higher implementa-
tion complexity. The complexity of the sorted-priority
scheduler comes from two aspects: time-stamp cal-
culation and output sorting operations. For exam-
ple, the time required for selecting a packet to be
transmitted under WFQ is O(N). Recently many
other scheduling disciplines have been proposed to
try to reduce the computation complexity of the
virtual time function. These scheduling algorithms
include SCFQ (Self-Clocked Fair Queueing)[7], Vir-
tualClock[12}, FFQ (Frame-based Fair Queueing)(8],
etc. These algorithms successfully reduce complexity
to O(log N), which is the complexity of the output
sorter. LFVC (leap forward virtual clock)[13] achieves
O(loglog N) complexity with slight increase of the end-
to-end delay and unfairness. QLWFQ (Queue Length
Based Weighted Fair Queueing)[14] and BSW (Binary
Scheduling Wheels) [15] successfully reduce the com-
plexity to O(1), but their delay performance are sac-
rified. A detailed comparison of various scheduling al-
gorithms can be seen in [1].

In view of above mentioned research results, via ei-
ther the frame-based or the sorted-priority approaches,
to design a scheduling algorithm with both low com-
plexity and low delay bound is not a trivial task. How-
ever, such scheduling mechanisms are especially de-
sired in high-speed next generation networks where dif-
ferent Quality of Services are to be supported. Thus,
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in this paper, we propose a new scheduling discipline,
called Gated-Scheduling Server (GSS), which does not
need output sorting circuits- and hence becomes ca-
pable of supporting extreme large number of connec-
tions. Two versions of GSS algorithms are proposed
and both provide tight delay bounds. The organiza-
tion of the rest of the paper is as follows. In section
2, GSS algorithms are presented. Section 3 describes
the simulation results. Finally, conclusions and future
work are presented in section 4.

II. GATED SCHEDULING SERVER

In this section, two gated-scheduling server (GSS)
algorithms, Simple-GSS (S-GSS) and Enhanced-GSS
(E-GSS), are proposed.

For the description of S-GSS and E-GSS algorithms,
we still make use of the framework established by
the Generalized Processor Sharing (GPS)[3][4] and
Weighted Fair Queueing (WFQ){5]. GPS and WFQ
are characterized by positive real numbers ¢,, ¢o, ...,
én. For any flow ¢ backlogged in the interval (7,1} and
for another flow j under GPS or WFQ, the following
relation holds(3]

P

S,'(T,t) ¢i
Si(mt) 2 ¢;’ @

where n is the total number of backlogged flows, and
Si(7,t) is the serviced workload for flow ¢ during [r,t).

In [10] and [16], Stiliadis explain the framework
of scheduling algorithms from another point of view,
called potential. If P;(t) denotes the potential of flow
i at time ¢, then, during any interval (r,t] within a
backlogged period for flow i, its potential function is
defined as

i=12,..,n,

Pi(t) - Pi(r) =

i @)
where ); is the guaranteed service rate of flow 4, and
Wi(r,t) is the workload of flow ¢ during [7,t). Under
such definition, the potential of a flow then reflect its
urgency for service capacity. In order to keep track of
the progress of the total workload of the scheduler, the
system potential is some function of Py (t—), ..., Pn(t—),
and t. If the potential of a newly backlogged flow is
estimated higher than the potential of the flows cur-
rently being served, the former may have to wait for
one or more packets to be transmitted from each of
the other flows before it can be served. Therefore, the
complexity of a scheduling algorithm is determined by
the computing procedures of the system potential. In
the following, we adopt the concept of system poten-
tial in GSS algorithms for its simplicity in notation and
easy characterization of the system behaviors.

Wi(r, 1)
i

A. Description of S-GSS Algorithm

Without loss of generality, one could assume flow ¢
becomes active at time ¢; — A, A > 0, and the whole

system become busy at time 0. Denote P;(¢;) and P(t;)
as the flow potential of flow 7 and the system potential
at time t;, respectively. One can easily derive the sys-
tem potential at at time ¢; + 7, P(¢; + 7), under fluid
GPS system as

T

P(t;+ 1) =3
' EjEB(t.-) Aj

P(t:) + (3)

()

where A; is the reserved rate of flow j. Note that,
in (3), the system backlogged set B(t;) has to be un-
changed during the interval [¢;,t; + 7).

The objective of any scheduling algorithm, including
the proposed GSS algorithms, is to achieve properties
of GPS. Ideally, the following scheduling goal should
be achieved:

P(0) 0,

Pi(ti +7) P(ti+ 1) = P(t;) + (5)

r

ZjEB(t.-) /\J ’
for any > 0.

A key feature of the GSS algorithms is that the sys-

tem potential at time ¢; + 7 is “predicted” at time ;,
using backlogged set B(t;), as

r
ZjeB(t,') Aj .

Therefore, the workload during the interval [¢;,¢; + 7)
can be determined via

P(ti+7)2 P(t:) + (6)

T

VVi(ti,ti'i'T) =X\ P(ti)+ m

— Pi(ts)] -

(M

In order to reduce the implementation complexity,
we re-calculate (7) at the starting epoch of fixed time
intervals, which are called the refreshing-periods. The
beginning time points of each refreshing-period are
called refreshing-points. Therefore, the workload that
can be transmitted during the interval [t;,t; + T),
Wi (t;,ti + T), is calculated as follows:

+

T
PIRRY '

JEB(ty)
(®)

Wi(ti,ti+T)=min{ T, [ X;| P(t:) = Pi(t:) +

where (z)* represents x for z > 0 and 0 for z < 0.
The pseudo code of S-GSS algorithm is shown in Fig.
1 and briefly described as follows.

According to the operation required within each
time slot, the pseudo code of S-GSS algorithm is de-
signed to include four major parts: the cell-receiving
part, the cell-transmitting part, the cell-moving part,
and the flow-refreshing part. These four procedures
operate in parallel. When a cell arrives, it will be put
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in the corresponding flow queue. If a new flow is ac-
cepted by the system or an existing flow becomes ac-
tive from idle at time ¢, system potential P(t) and the
backlogged set B(t) will be recalculated and updated.
The flow refreshing procedure is triggered at the same
time. In the flow refreshing part, the system proces-
sor computes the workload of the target flow, e.g., flow
i, during the interval [t,t + T). The calculated work-
load W; will determine the transmission rate that flow
queue ¢ adopts to move its cells to the output buffer.
The resulting cell moving rate is W;/T. The system
processor will also arrange the next refreshing event
which occurs at t +T. Each time a cell of flow queue
i is moved to the output buffer, the condition that
whether the number of cells, being moved to the out-
put buffer, exceeds the workload W; will be examined.
If the condition is true, flow queue i will stop moving
cells to the output buffer.

In the cell transmitting part, the output link trans-
mits cells with its wired speed, as long as any cell re-
sides in the output buffer. Once flow 7 becomes idle,
i.e., no cell of flow 7 presented in the scheduler, system
potential P and the backlogged set B will be recalcu-
lated and updated by the system processor.

B. Fairness Indez of S-GSS Algorithm

The original definition of Fairness Indez can be seen
in [7]. In this paper, the definition of Fairness Index is
extended from that in [7] and re-defined as follows.

Definition 1: Assume two flows i, j are always back-
logged after time 7. Denote T as the refreshing period,
W, (t1,12) as the workload of flow r during the interval
[t1,t2), and A, as the normalized service offered to flow
r. Then the Fairness Index of the scheduling algorithm
is defined as

Wi(ti, t; + T) _ Wj(tj,tj +T)
xT AT

FRI £ max

| ©)
where ¢; and ¢; satisfy 7 < ¢; < t; < t; + %, and,
without loss of generality, A; < A;.

According to Definition 1, the fairness index of the

S-GSS algorithm is derived in the following theorem.
_ Theorem 1: The Fairness Index of S-GSS algorithm
is

FRI mi {l 2 1 1-{- ! + ! 2
= ing — —— -1, — 4+ —/—— + — - 2,
)\,")\,'-’-)\j V! Ai 4 A AT
1
I g (10)

Xi+A; T
The proof of Theorem 1 is described in the Appendix.

C. Enhanced Gated-Scheduling Algorithm

Although the above scheduling algorithm simplifies
the implementation complexity, but its worst case de-
lay bound is quite large. In this section, we propose a
modified scheduling algorithm which is a little more
complex than the original scheduling algorithm but
whose delay bound is small.

In the enhanced algorithm, when a flow i is accepted
or becomes busy at time ¢;, the flow processor not only
calculates the workload offered to flow i but also re-
calculates the workload of the flow which has been
granted maximum workload before ¢;. Assume that
the flow ¢ is accepted or becomes busy at time ¢; and
that flow m is with maximum workload at ¢;. Then at
time t;, the workload of flow i, W;(t;,; + T), is calcu-
lated via (8). At the same time, the normalized service
rate and the workload of flow m is updated. Although
a sorter is needed to choose the flow with maximum
workload, but the sorting procedures are required only
when a new connection is admitted, rather than per-
formed in each time slot. Hence, the operation speed of
the sorter is no longer the bottleneck of the scheduler.

Because the service amount updated via E-GSS al-
gorithm is more accurate than the original algorithm,
hence the fairness and the delay bound will be better.
However, if we consider the worst case performance,
the flow may be not updated by other flows. There-
fore, the worst case Fairness Index remains unchanged.

II1. SIMULATION ANALYSIS

In this section, simulation results are presented to il-
lustrate delay and fairness performance of the GSS al-
gorithms. The performance metrics adopted in the ex-
periments include average delay, maximum delay and
Fairness Index experienced by individual traffic flows.
In this simulation, we assume an ATM network en-
vironment, although the GSS algorithms can also be
applied to variable-length packet, such as IP.

scheduter

Fig. 2. The token-bucket shaped source mode! of the simulation
experiments.

Fig. 2 shows the token-bucket shaped source model
throughout the simulation experiments, where each
flow is an ON/OFF source that continuously gener-
ates cells at the link rate during an ON-period and
generates no cell during an OFF-period. Both the ON
and OFF periods of the traffic source follow the Pois-
son distribution; the mean duration of the ON period
of each flow was set to 100p; cell times, and the mean
OFF duration is 100(1 — p;) cell times, where p; is the
arrival rate of flow ¢. Before each flow enters the ATM
switch, it is shaped through a token-bucket regulator,
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variable definition:
P: system potential;
Pi: flow potential of flow i;
Pprev: previous updated system potential;
fprev: previous system potential updating time;
B: flow backlogged set;
T': refreshing period;
W;: workload of flow i;

PP,
update backlog set B;
refresh_flow(i,);

queue; «— queue;+ 1;
put cell p into flow_queue i;

move.cell_to_output_buffer(i)

queue;: total queue length of flow i in the scheduler; {

#;: last refreshing-time of flow i;
.1+ cell moving rate of flow i to the output buffer;
calculate_system_potential()

'NV

P Pprev+ B2

P Zeﬂ}\rr
Pprev  P;
tprev & 1,

keep Pprey and tprev;
main()

while (1){
t = system time;
if (cell.arrived==TRUE){
p=arrived cell; -
receivecell(p,f);

}

if (output_buffer'=EMPTY){
p = HOL cell of output buffer;
transmit_cell(p,r);

while (cell_moving_event_occurs==TRUE){
i = operated flow;
move._cell_output_buffer(it);

while (flow_refreshing_eventoccurs==TRUE){
i = refreshed flow;
refresh_flow(is);

}

receive_cell(p,r)

i + classify(p);

/* determine to which flow cell p belongs */

if (queue; == 0){ /* if flow i is idle */
calculate_system.potential(z);

Fig. 1.

where the token generation rate is the average cell ar-
rival rate of the flow. Since our interest is in evaluating
the delay in the scheduler rather than the effect of the
input burstiness, the bucket depth, o;, is selected as 2
for each flow.

In the simulation experiment, 25 flows share the
same outgoing link. In this simulation experiment, the
refreshing periods of two GSS algorithms are set as 20
slot times, and the total simulation time is 4 x 10° slot
times. In order to simplify the presentation of simu-
lation results, 25 flows are classified into five groups,
where two of them, 4 flows, are misbehaving groups,
attempting to transmit more than their reservations.
Detailed information of each group is shown in Table
I. Fig. 3 shows the average delay with 99% confi-
dence intervals of four scheduling algorithms. In this
scenario, it is observed that WFQ still has the small-
est scheduling delay. This is achieved by the cost of

p =HOL cell of flow.queue i;

extract p from flow_queue i;

put p into output buffer;

Wi Wi—1;

if (W #0)
schedule.next.moving event(i, [t + 1/r]);
I* schedule next moving event of flow i */

transmit_cell(p,r)

i « classify(p);
7* determine to which flow cell p belongs */
queue; — queue;— 1;
extract cell p from output buffer and transmit it;
if (queue; == 0){ /* if flow i is idle */
calculate_system_potential(z);
W; + 0; /* reset workload of flow i */
cancel_next_refreshing_event(i);
1% cancel the next refreshing event of flow i */
update backlog set B;
}

refresh_flow(i,r)

{
update backlog set B;
calculate_system_potential(r);

. N T *
W,«—mm{T,[ N — H
Pi ¢ Pit+Wifhi;

=W/T;
keep i, P and F;;
schedule_next cell_.moving event(i,t + 1);
1* schedule the next cell moving event of flow i
which occurs at time t + 1 */
schedule next refreshing._event(i,t + T);
1* schedule the next refreshing event of flow i */

}

The pseudo code of S-GSS algorithm.

high implementation complexity. We also can observe
that average delays of two GSS algorithms are simi-
lar to that of SCFQ. The maximum scheduling delays
of four scheduling algorithms experienced by each flow
are shown in Fig. 4. From Fig. 4, we can observe
again that SCFQ and two GSS algorithms all have ex-
perienced almost similar maximum delays.

In order to examine the carried workload in details,
we present the average and 99% confidence intervals of
- the normalized workloads of four misbehaving flows in
Table II, where the normalized workload is defined as
Lk t"' 4T . We also list the Fairness Index for WFQ),
SCFQ S- GSS and E-GSS. It is easy to verify that the
normalized workload of fluid GPS|[3] corresponding to
this scenario is 1.0167, which means each misbehaving
flow can obtain 1.0167 times its reservation in prac-
tice. From Tab. II, we could observe that the fairness
achieved by our two GSS algorithms is close to those
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Fig. 3. Average scheduling delay with 99% confidence intervals
of four scheduling algorithms.

of WFQ and SCFQ.

The simulation results of delay and fairness verify
the point we make in the beginning of the paper that
GSS algorithms achieve similar, even better, perfor-
mance to SCFQ with much lower implementation com-
plexity. This property makes the GSS algorithms ca-
pable of accommodating large number of flows in very
high speed networks.

Reserved Arrival
Group ID | Flow ID | g 4oigeh | Rate
0 0-1 0.05000 0.1000
1 2-6 0.05000 0.0498
2 7-8 0.04000 0.1000
3 9-16 0.04000 0.0398
4 17-24 0.03125 0.0312
TABLE I
DETAILED FLOW INFORMATION.
k4 — —
Qmupt =— e
Qroup2 -
Sroup
80
L)
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5
&
5
£
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I
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Fig. 4. Maximum scheduling delay experienced by three groups
of flows.

IV. CONCLUSIONS

In this paper we first propose the S-GSS algorithm.
The S-GSS algorithm does not need any sorter, there-

fore, the output buffer is sufficient to be implemented
with a simple FIFO queue. Hence, different QoS re-
quirements, even with large number of connections,
can be supported by the S-GSS algorithm. Then, we
show that the fairness is achieved and delay is bounded.
Because, under some special arrival pattern, the maxi-
mal delay of S-GSS is very large, we modify the S-GSS
algorithm and propose E-GSS algorithm to provide
smaller maximumdelay. Although a sorter is needed to
choose the flow with maximum workload, but the sort-
ing procedures are required only when a new connec-
tion is admitted, rather than performed in each time
slot. Hence, the operation speed of the sorter is no
longer the bottleneck of the scheduler. In the simula-
tion, the performance of two GSS algorithms are ex-
amined by applying the token-bucket shaped ON-OFF
traffic sources. The results are compared with WFQ
and SCFQ. The simulation results show that though
two GSS algorithms perform slightly worse than WFQ,
but they are comparable to SCFQ. Hence, GSS al-
gorithms are able to achieve similar performances to
SCFQ via much lower implementation complexity.

In summary, the key contribution of the S-GSS and
E-GSS algorithms is the elimination of output sorter
in their designs while the scheduling mechanism can
still accommodate large number of flows. Although
the current model in the simulation assumes ATM as
the transport technology, it is still possible to achieve
similar performance and large switching capacity with
other protocols, such as IP. Only a small part of these
GSS algorithms, namely the move procedure in their
pseudo codes, needs to be modified.

We believe there are other scheduling approaches
that are capable of handling large number of flows,
without involving sorting procedures. But factors such
as the FIFO constraint, Fairness Index, and delay per-
formance requirements will still affect the design direc-
tion of scheduling algorithms. And this should open an
interesting area for further investigation.
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APPENDIX
I. PrRooF oF THEOREM 1

Accordlng to the definition, the flow potential of flow
1 at time ¢; is

- T
Pi(ts) = P(t) = Pt = T) + e————. (1)
EreB(t.'—T) Ar
But the real system potential is
| P(t;) = P(t; — T) + P(Tt; = T), (12)

where P(T|t; — T') represents the increment of the sys-
tem potential during the mterval [t — T t;). Hence,
we have

P(t;) — Pi(t:) - VP(T.l)t,- ~7) - -E—E—l;{—_;)—/\ (13)

Because flow ¢ and flow j are both always back-
logged, the following relation holds:

/\i—i—/\js Z Ak <1
keB(t)

t>r, (14)

where the whole system become busy at time 7. There-
fore, we have

T
T<PTW-T)< NN (15)
and
T T
T< < . (16)
LreBti-) M T A+
Hence, the following inequality can be obtained
2T - Sy SR+ T) - Piles +T) < ’\':'\j -T. (7
Combining with (8), we have
max{0,2)\,-T - M— - l}
Ai +Aj
. 2T
< Wi(ti,ti + T) < min {T, -/\—1_4'_)\]- - )\;T}(.lg)

Then, one could derive

ax{ 1 ————2 2 ! —————l ——1
maxd —— 1 = e 9 e
X! X+ 250 A Ai+A; AT

3 1 Wilti, ti+T)  Wit;,t;+T)
3',\.-+,\,»'I\T’.F}— xXiT - JA,»T <
1 2 1 1 L
mm{ )‘+/\J 7/—\:+——>“+’\j+3‘—ﬁ—y
S
X+ T
Because r; < 7, one can easily simplify (19) as
VV,‘(ti,t,' +T) _ Wj(tj,tj +T)
XT AT
< min ! 2 1 L 4 ! + L 2
X’ /\+/\ AN N+ NT T
3 1
oy 3+AT} (19)
which leads to eq. (10). Q.E.D.
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