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Abstract

A variety of packet scheduling strategies have been
proposed to guarantee the application’s end-to-end delay
requirements in real-time networks. The schemes, how-
ever, do not address specifically the mechanisms used
to assign a per-node delay or servicc rate in order to
meet the required end-to-end delay. In this paper, using
a methodology for computing feasible per-node delays
along a routing path, we describe different strategies to
assign a delay value for each node so that the end-to-
end delay requirement is satisfied. The performance of
these schemes for different network cnvironments is dis-
cussed.

1 Introduction

Support of multimedia applications often requires
that their performance requirements. in terms of delay
and jitter, be guaranteed. Several scheduling strategies
have been proposed to provide service guarantees for
real-time applications [6]. These schemes differ from
each other in the strategies they employ to enforce
rate control and in the policy they use to service pack-
ets. More recent schemes seek to maintain a high level
of fairness while reducing the complexity of emulat-
ing General Processor Sharing (GPS) scheduling policy
[4, 1, 3]. Very few of these schemes. however, address
the question of how to assign per-node delay values, or
equivalently service rates, to a new session to meet its
end-to-end delay requirements. An approach, proposed
by Parekh [5], computes the largest and smallest values
of ¢ that would ensure the worst case delay for the new
session and selects the midpoint of the interval result-
ing from these extreme points. It is clear. however, that
this strategy may not be inefficient.

This paper addresses the above issue and describes
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several strategies to assign a specific delay value for
each node along the routing path so that the end-to-
end delay requirement of the connection is satisfied.
The rest of the paper is organized as follows: In sec-
tion 2, a methodology for computing per-node delays is
presented {2]. In section 3. three per-delay assignment
strategies are described. In section 4, the performance
comparison of these schemes is presented. The last sec-
tion provides the conclusion of this work.

2 Per-Node
Methodology

Delay Computation

Consider a real-time channel characterized by its traf-
fic rate specification vector. (m, r, n), its maximum
end-to-end delay value, Apqr, and a level of traffic
guarantee «. The channel’s rate is specified based on
a Linear Bounded Arrival Process (LBAP) so that the
application’s long-term packet rate is %, where n is the
number of packets generated over r and m is the max-
imum burst size over any time interval. The value o
specifies the percentage of high priority traffic, relative
to the total amount of traffic, the application expects
to generate over a time interval of size r. This high
priority traffic provides the basic information to be de-
livered on-time for the application to operate properly.
Of the n packets which can be generated over r, at
most « - n are considered basic, while the remaining
(1 = a) - n packets are considered enhancement traffic.
Notice that [« - n] packets may be required to guaran-

tee that all basic traffic is transmitted reliably on-time
1

! The methodology presented in this paper does not specifically
depend on LBAP; other traffic specifiers can still apply. Further-
more, the parameter a may not be required by some applications
in which case it can be set to 1.
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Based on the traffic specification. the maximum num-
ber of packets, o;(t), generated by i over an interval of
size t can be expressed as:

oi(t) =m; + {i] - (1)

Ti

Let py = —EL, where P; is the packet size of channel ¢
and Ry the service at node k, represent the maximum
amount of service time required by a packet from i at
node k. The maximum amount of service time required
by ¢ over t is i(t) - uk. Furthermorc. the amount of
time required to service all BT packets generated over
an interval of size t can be expressed as:

Cix(t) = (m,- + L_i.l -1).;0,-) - Uk (2)

Notice equation (2) does not lead to the exact value
of Ci(t) when t is not an integral multiple of r;, but
rather provides an upper bound on the amount of BT
traffic generated by channel i over an interval t.

2.1 Processing and Buffer Capacity Model

The total processing capacity, P}. defines the max-
imum percentage of the processing capacity at node
k which can be used to provide guaranteed service
to real-time channels. At any time. an amount P
of the total capacity is allocated to support the real-
time requirements of the currently supported channels,
while an amount Py is reserved to account for the non-
preemptive aspect of packet transmission in communi-
cation networks. The excess capacity. P, is the per-
centage of the node’s total processing capacity which
can be allocated to support new network channels. At
any instant, P{ satisfies:

Pf = Pt— P8 - P (3)

Each node is also configured with memory to buffer
packets as they are queued for service. The total buffer-
ing capacity, B}, determines the total number of pack-
ets which can be queued at node k. At any time, Bf of
this total capacity is allocated to accept channels such
that no BT packets are dropped due to lack of buffer
space, while Bf represents excess buffers which can be
allocated to handle BT packets from future channels.

2.2 Scheduling Feasibility Tests

Given a set of N channels, with per-node delays,
61,6 < Sak--+ < 8Nk, and processing requirements,
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Cre(61,6). -+ Cni{dn,x), respectively, the feasibility
test derived for non-preemptive EDF and RM, FIFO
and GPS can be expressed in a general form as:

Cye{d1 s Cn (8 .
Crildre) oy Enalone) pe ey
Ok vk T 01,k

The term 6—11-: represents the amount of service rate
required to account for non-preemption. For an EDF
scheduler. the value of P} = 1, for a RM scheduler
Pl = N-(2% —1), and for GPS the upper bound reduces
to Ry.

A closer look at the delay bound characteristics re-
veals that. the characterization of the smallest feasible
delay bound, d; i, of channel i at node k, for a fixed
amount of buffers, becomes a factor of node k’s excess
processing capacity. Similarly, the characterization of
the largest feasible delay bound, D;j, of channel 7 at
node k, is directly correlated to the buffering capacity
of the node.

Smallest Feasible Delay Value Computation

Based on the maximum workload, C; x(t), required
by a new channel i over a potential delay bound ¢, the
exact criterion for the new channel to be accepted at
node k, without violating the delay requirements of cur-
rently supported channels. can be expressed as:

Cix(b1x) -, Cnx(dng) ¢ |
kL] L ENRONE) o pe
Ok + Nk = * min (814, t)

. (5)

Substituting 9—'%& by its packet workload based value,

results in :

mi + [r‘—'] S nQ;

; < PF - S . S (6)

min (01,k, 1)

P

where, P{ = Pj — (Sulual ... Guallun)),

[ SNk
denotes node k’s excess processing capacity, while

mi+[&]-n.a, . .
+ represents the processing requirements of

channel i over a delay t. The value ¢ = d;, for which
the equality holds, specifies a lower bound on delay val-
ues node k can offer to ¢, based on k’s current excess
capacity and #’s requirements.

Largest Feasible Delay Value Computation

The upper bound delay, D;x, represents the maxi-
mum fotal delay a BT packet from i can be delayed at
node k such that k provides loss-free BT service to 1,
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without violating the buffer requirements of previously
established channels. This delay value can be computed
based on the current excess buffer capacity of node k
which verifies: can be expressed as:

By + By + -+ By < Bp, (7)

where B; i denotes the number of buffers allocated to
channels 1 < j < N to guarantee none of its BT pack-
ets are dropped. Since “early packets™ from i may be
queued for up to d; x—1 units, before they become eligi-
ble for service, and for no more than d; 4 units of time
in the BT service queue, the maximum amount of time
a packet from 7 can be queued at & is (d; k-1 + dix)-
Consequently, the number of buffers. B; ., required to
ensure a BT loss-free service to i can be expressed as:

Sik—1+ ik
Ty

By =m; + [ W 0. (8)

Combining equations (7) and (8) results in:

Sik—1+ 6;
m; + [ s 1r~+ ,’k-lnia:' <Bi~(Bix+-+Bng).

1

(9)

A legitimate value for D;x can then be expressed as:

Dy = LI [Bf — m; — nja;). (10)
Ny Qg

3 Flexible Delay Assignment Strategies

The methodology described above provides a lower
and upper bounds on the feasible delays of a given chan-
nel at a given node. In the following. schemes for a
per-node delay assignment are discussed.

3.1 Optimal Delay Assignment

Consider a new connection request. characterized by
its end-to-end delay requirement, D,. over a routing
path of length N. Let p; be the load at node ¢, along
the path, just before the new connection request arrives.
Furthermore, let w be the amount of work requested by
the new connection and L; < A; < ;. the delay that
node i can provide to the new connection; L; and [/;
represent the minimum and maximum delays currently
feasible at node i, respectively. In order to achieve a
balance between the amount of resources used at each
network, the optimal delay assignment problem can be
formalized as follows:
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N
Minimize: Z(Pi +1/4;), (11)
i=1
N
Subject to: ZO} =D, andl; <6 <w;, (12)
=1

where §; = Ajfw, D = D¢fw, l; = L;/w, and u; =
Upjw,fori=1,---,N.

3.2 Optimal Algorithm (Opt) Basic Steps

The Opt algorithm ensures that when accepted, a
new connection induces the smallest possible increase
in the network load. The input parameters of the algo-
rithm are the load, p;, the delay bounds, {; and u;, for
each node i, along the routing path, and the end-to-end
delay requirement, D, of the new connection. The basic
steps of the algorithm can be described as follows:

1. If Ef\zl l; > D then reject the new connection re-
quest and exit.

2. Set LF=UF=0{ and calculate £ = D/N.

3. Compute LBV={i: [; > £ & i ¢ LF U UF} and
UBV={i: u; <€ & i¢ LF U UF}.

4. While LBV U UBV # § do {

e From the sets LBV and UBYV, choose the
set of nodes, MAXBYV whose violated bounds
(lower or upper) have the maximum deviation
from &.

e For each node belonging to MAXBYV, fix the
delay at that node to its I; or to its wu;,
depending on whether the node belongs to
LBV or UBV, respectively. Add nodes from
MAXBY to LF and to UF such that LF=LF U
{i:i€ LBV and i € MAXBV} and UF=UF
U {i:i€ UBV and i € MAXBV}.

e Recalculate ¢ = (D -
Yievrpw)/(N-|LF | —|UF|).

e Compute LOV={i: |; < £ & i € LF} and
UOV={i: u; > ¢ & i € UF}.

e While LOV U UOV # 0 do {

— From the sets LOV or UOV (only one
of them is nonempty at a time), choose
the set of nodes, MAXOV whose violated

fixed bounds (lower or upper) have the
maximum deviation from £.

Zz’eu‘li
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~ For each node belonging to MAXOV, un-
fix the delay at that node from its /; or
from its u;, depending on whether the
node belongs to LOV or UOV, respec-
tively. Accordingly, update LF or UF so
that LF=LF - {i: / € LOV and i €
MAXOV} or UF=UF - {i: i€ UOV and
i € MAXOV}.

— Recalculate ¢ = (D Yierrli
Yievpw)/(N-|LF |- |UF|).

— Recompute LOV and UOV.}

e Recompute LBV and UBV.}

5. The final delay distribution is as follows: For V i
€LF, 4 =l;,forVi€e UF, 6, = v and for Vi ¢
NBV, §; = €. » o

3.3 Load Balancing (Heu-LB) and Equi-
Partitioning (Heu-D/N) Heuristics

In the following section, we discuss two heuristics
which can be used to assign per-node delays to new
connection requests along a routing path. The first
heuristic, Heu-LB, attempts to balance the load along
the routing path. It achieves this goal by computing an
initial delay values &;’s which is proportional to the re-
spective loads of the nodes along the path and then ad-
justing these values such that they lie within the lower
and upper bounds of the feasible delays at each node,
while satisfying the end to end delay requirement of the
new connection.

The second heuristic, Heu-D/N. uses an equiparti-
tioning based approach, similar to the Opt algorithm,
to compute initial per-node delay values and then ad-
just these values to meet the lower and upper bound
constraints, as well as the end-to-end delay constraint
of the current connection request. 'I'lhe basic steps of
the algorithms can be described as follows:

Heu-LB Heuristic:

1. for i=1 to N

o z;=Max( (i * D)/ =N 1), i) (lo = 0.0)
o y;=l;+ abs(ui— (I; +1i-1)

e §;=min( z;,¥i )
2. for i=1to N

o while §; > u; »
- &=l + (6 - 1;)/2.0

3. while Z,{il&- >D
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o fori=1to N
— &=l + (8 - 1;)/2.0 &

Heu-D/N Heuristic:
1. for i=1 to N

o x;=max(D/N, {;) {lo = 0.0)
o yi=li+ abs(1t,~— (l; + 11'._1))

e O;=min(z;, y;)
2. for i=1 to N

e while §; > u;

— 5,':1,' + (J, - l,)/QO
. N -
3. while ._,6; > D

o for i=1to N
- 6,-:[; + ((5, - [,)/20 <>

4 Simulation Results and Analysis

A simulation experiment was carried to compare the
performance of the proposed delay assignment strate-
gies, namely Opt, Heu-LB and Heu-D/N. The simu-
lation results were obtained for the static and dynamic
model. In the Static model. the connections last for the
lifetime of the simulation experiment, while in the dy-
namic model, the connections are characterized by their
average interarrival rate and accepted connections last
only for an average service time.

Figure | shows the average number of connections
accepted against the number of connections generated
for the Opt algorithm and the two heuristics, assuming
a static model. As expected, at low network load, the
number of accepted connections increases rapidly with
the number of connections generated for the network
resources are mainly unused.

However. since the accepted connections last for the
duration of the simulation the amount of free resources
is reduced considerably over time. This in turn reduces
the rate of acceptance of new connections and causes
the curves to converge when the network load becomes
high.

Figure 2 depicts the average percentage increase in
the number of channels accepted by Opt and Heu-D/N
over Heu-LB, as the average arrival rate of the connec-
tions varies. assuming a dynamic model. The results
show that Heu-LB performs better than Opt (by less
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Figure 1: Average Ratio of Successful Connections

than 0.5%) and Heu-D/N (by less than 1%) at low ar-
rival rates. As the network load increases, the perfor-
mances of Opt and Heu-D/N exceed those of Heu-LB
by 5% and 4.5%, respectively.

The same reasoning used for the analysis of the static
model behavior can be applied to explain the behavior
observed in in the case of the dynamic model. The
increase in the average throughput with the average
arrival rate is more pronounced in Hen-LB than in Opt
and Heu-D/N at low arrival rate (low network load).
Opt and Heu-D/N, however, perform better than Heu-
LB at higher arrival rate (high network load).

5 Conclusion

In this paper, we proposed a methodology to compute
feasible delay values for different classes of scheduling
strategies. We also described an optimal algorithm and

_ two heuristics which can be used to assign feasible de-
lay values so that a specific objective is achieved. A set
of simulation experiments were developed and used to
compare the performance of each scheme. The results
show that the optimal algorithm result in higher con-
nection acceptance ratios than the two other schemes.
For lightly loaded networks, however. the results show
that the computational complexity of the optimal al-
gorithm may not be warranted and simple heuristics
usually lead to highly acceptable results.
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Figure 2: Average Percentage Acceptance Increase
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