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Abstract: In this paper, we are interested in real-time flows requiring quantitative and de-
terministic Quality of Service (QoS) guarantees. We focus more particularly on two QoS pa-
rameters: the worst case end-to-end response time and jitter. We consider a non-preemptive
scheduling of flows, called FP/DP*, combining fixed priority and dynamic priority, where
the dynamic priority of a flow packet is assigned on the first node visited by the packet in
the network. Examples of such a scheduling are FP/FIFO* and FP/EDF*. With any flow
is associated a fixed priority denoting the importance of the flow from the user point of
view. The arbritation between packets having the same fixed priority is done according to
their dynamic priority. A packet can be transmitted only if (i) there is no packet having a
higher fixed priority and (ii) there is no packet having a higher dynamic priority. A classical
approach used to compute the worst case end-to-end response time is the holistic one, but
it leads to pessimistic upper bounds. We propose the trajectory approach to improve the
accuracy of the results. Indeed, the trajectory approach only considers worst case scenarios
experienced by a flow along its trajectory. It then eliminates scenarios that cannot occur in
the network.
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case end-to-end response time, trajectory approach, deterministic guarantee.
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Temps de réponse pire cas de bout-en-bout avec un
ordonnancement FP/DP* non-préemptif

Résumé : Dans ce rapport, nous nous intéressons aux flux temps-réel nécessitant des
garanties quantitatives et déterministes de qualité de service (QoS). Nous étudions plus
particuliérement deux parameétres de QoS : le temps de réponse pire cas de bout-en-bout
et la gigue pire cas de bout-en-bout. Nous considérons un ordonnancement non-préemptif
des flux appelé FP/DP*, combinant priorités fixes et priorités dynamiques. La priorité
dynamique d’un paquet est assigné sur son premier noeud visité. Deux exemples d’un tel
ordonnancement sont FP/FIFO* et FP/EDF*. A chaque flux est associée une priorité fixe
représentant, du point de vue de l'utilisateur, le degré d’importance du flux. Les paquets
de méme priorité fixe sont départagés selon leur priorité dynamique.Un paquet peut étre
transmis uniquement si (i) il n’y a aucun paquet de priorité fixe plus élevée et (ii) il n’y
a aucun paquet ayant une priorité dynamique plus élevée. Une approche classique utilisée
pour calculer le temps de réponse pire cas de bout-en-bout est I’approche holistique, mais
celle-ci conduit & des bornes pessimistes. Nous proposons ’approche par trajectoire pour
améliorer la précision des résultats. En effet, ’approche par trajectoire ne considére que
les scénarios pire cas subis par un flux sur sa trajectoire. Cette approche élimine donc les
scénarios impossibles.

Mots-clés :  Ordonnancement par priorités fixes, qualité de service (QoS), approche
holistique, temps de réponse pire cas de bout-en-bout, approche par trajectoire, garantie
déterministe.
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4 Martin and Minet

1 Introduction

1.1 Context and motivation

In this paper, we are interested in applications that require deterministic and quantitative
guarantees of Quality of Service (QoS). Indeed, such applications need bounds on the worst
case end-to-end response times to have a behavior compliant with their specifications. Voice
over IP (VoIP) and control-command applications are examples of such applications. That is
why we focus on deterministic guarantees of end-to-end response times in a packet network.
We will show how to determine these times depending on the flow scheduling used in the
network.

With regard to flow scheduling, the assumption generally admitted is that packet trans-

mission is not preemptive. Moreover, Fized Priority (FP) scheduling has been extensively

studied in the last years [IJ, 2]. It exhibits interesting properties:

e The impact of a new flow is limited to flows having equal or lower fixed priorities;

e It is easy to implement;

o It is well adapted for service differentiation: flows with high priorities have smaller re-
sponse times.

In a network, several packets may have to share the same priority. For example when:

e The number of fixed priorities available on a processor is less than the flow number;

e The priority of a flow is determined by external constraints and cannot be chosen arbi-
trarily;

e Flows are processed by class of service and the flow priority is this of its class.

In this paper, we consider that such packets are scheduled according to their dynamic pri-
orities (DP) and unlike the state of the art, we account for this scheduling to compute the
worst case end-to-end response times. More precisely, we assume that packets are scheduled
according to the non-preemptive FP/DP* scheduling.

Definition 1 With FP/DP*, packets are first scheduled according to their fixed priority.
Packets with the same fixed priority are scheduled according to their dynamic priorities,
computed on the first node visited (expressed by the star in DP*).

Moreover, we assume that the dynamic priority of a packet, once assigned on the first node
visited, does not evolve with time. For instance, this priority can be based on the packet
arrival time or the packet delivery deadline, but not on the remaining laxity of the packet.

The use of the dynamic priority as a secondary scheduling parameter provides a better
service differentiation, accounting for the QoS requirements expressed by the applications.

INRIA



Non-premptive FP/DP* scheduling 5

Moreover, DP* does not require to synchronize all clocks in the network but only those of
ingress nodes, where dynamic priorities are assigned to flow packets.

Most famous FP/DP* scheduling algorithms are FP/FIFO* and FP/EDF*. It is important to
notice that with FP/DP*, the order of packet priority does not depend on the node consid-
ered: it is fixed.

In this paper, we show how to compute a bound on the end-to-end response time of any flow.
Our results on the worst case end-to-end response time obtained with Fp/DP* scheduling
can be used in various configurations:

e In a Differentiated Services architecture [3], several classes are defined, each class having
its own fixed priority. The highest priority class, that is the Expedited Forwarding (EF)
class, is scheduled Fixed Priority with the other classes. Moreover, if packets belonging to
the EF class need to be differentiated, dynamic priorities can be assigned to these packets.
Hence, FP/DP* scheduling can be used to provide the requested differentiation.

o In an Integrated Services architecture [4], a fixed priority and a deadline are assigned to
each flow. FP/EDF* scheduling can be used to provide shorter response times to high
priority flows and to flows with the same priority but with short deadlines.

e In an hybrid architecture, some flows are managed per class, whereas others are managed
individually.

In the three configurations mentionned, several flows can share the same fixed priority.
Hence the interest of Fp/Dp*.

1.2 Paper organization

The rest of the paper is organized as follows. Section B presents the problematic we are
interested in and defines the assumptions and models adopted in this paper. Section
briefly discusses related work in the computation of worst case end-to-end response time.
Section @lshows how to compute an upper bound on the end-to-end response time of any flow,
based on a worst case analysis using the trajectory approach. The algorithm to compute the
worst case end-to-end response time of any sporadic flow is given. An example gives results
obtained with this trajectory approach. Finally, we conclude the paper in Section Bl

2 Problematic

2.1 Assumptions and models

We investigate the problem of providing a deterministic end-to-end response time guaran-
tee to any flow in a distributed system. The end-to-end response time of a flow is defined
between its ingress node and its egress node. We want to provide an upper bound on the
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6 Martin and Minet

end-to-end response time of any flow. As we make no particular assumption concerning the
arrival times of packets in the distributed system, the feasibility of a set of flows is equivalent
to meet the requirement, whatever the arrival times of the packets in the distributed system.

Throughout this paper, we assume that time is discrete. Reference [5] shows that results
obtained with a discrete scheduling are as general as those obtained with a continuous
scheduling when all flow parameters are multiples of the node clock tick. In such conditions,
any set of flows is feasible with a discrete scheduling if and only if it is feasible with a con-
tinuous scheduling.

Moreover, we assume the following models.

Scheduling model

We consider that all nodes in the distributed system schedule packets according to the
FP/DP* algorithm. Moreover, we assume that packet scheduling is non-preemptive. There-
fore, the node scheduler waits for the completion of the current packet transmission (if any)
before selecting the next packet.

Network model

We consider a distributed system where links interconnecting nodes are supposed to be FIFO
and the network delay between two nodes has known lower and upper bounds: Lmin and
Lmaz. Moreover, we consider neither network failures nor packet losses.

Traffic model

We consider a set 7 = {71, ..., 7, } of n sporadic flows. Each flow 7; follows a path P; that is
an ordered sequence of nodes whose first node is the ingress node of the flow. This path is
assumed to be fixed. This can be obtained by source routing or MPLS. Moreover, a sporadic
flow 7; is defined by:

e T;, the minimum interarrival time between two successive packets of 7;;

e C!, the maximum processing time on node h € P; of a packet of 7;;

e J;, the maximum release jitter of packets of 7; at its ingress node. A packet is subject to
a release jitter if there exists a non-null delay between its generation time and the time
where it is taken into account by the scheduler;

e D;, the end-to-end deadline of 7;, its maximum end-to-end response time acceptable. A
packet of 7; generated at time ¢ must be delivered at t + D;.

INRIA



Non-premptive FP/DP* scheduling 7

2.2 Notations and definitions

We consider any flow 7;, i € [1,n], following a path P;. We focus on the packet m of 7;
generated at time ¢. Then, we denote:

e P;, the fixed priority of flow 7;;

e P;(t), the dynamic priority of packet m.

We recall that the dynamic priority of a packet, once assigned on the first node visited, does
not evolve with time. Moreover, we adopt the following assumptions.

Assumption 1 For any flow 7;, for any times to > t1 > —J; such that P;(t2) < Pi(t1),
then for any z € [Pi(t2), P;(t1)], 3 t3 € [t1,t2] such that Pi(ts) = z.

Assumption 2 For any flow ;, for any packets m and m' of 7; generated respectively at
time t and t' such that t' > t, we have P;(t) > P;(t').

We then define the three following sets:

b hpi:{je[lan]a PJ >Pi}§

L Spi:{je[lan]7 .7752, P]:PZ} ;

b lpi:{je [1,”], Pj <Pi}'

Therefore, if j € hp; (respectively Ip;), the fixed priority of flow 7; is higher (respectively
lower) than the fixed priority of flow 7;. If j € sp;, flows 7; and 7; share the same fixed
priority. In this case, packets are scheduled according to their dynamic priorities. We then
have to distinguish two kinds of flows: (i) flows that are able to generate packets with a

dynamic priority higher than this of packet m and (ii) flows that are not able to generate
such packets. Then, for any time t > —J;, we denote:

o spi(t) = {j € spi, P;(=J;) 2 Pi(D)} 5
o 5p;(t) = {j € spi, P;(=J;) < Pi(t)}-
Definition 2 Let m be the packet of any flow 7; generated at time t. For any flow 7;, if

J € spi(t), then G;;(t) denotes the time beyond which T; can no longer generate packets with
a dynamic priority higher than this of m, that is:

Vit € [-J;,Gi(t)], Pi(t") > Pi(t).

Assumption 3 For any flows 7; and 7;, j € sp;, for any time t > —J;, for any A € N,
Gj,i(t +A)< Gj,i(t) + A.
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8 Martin and Minet

For example, we get for any flow 7;, j € sp;(t):

e Gj;(t) =t if the scheduling algorithm is FP/FIFO*;
e G;(t) =t+ D; — D; if the scheduling algorithm is Fp/EDF*.

Both scheduling algorithms meet Assumption B

Hence, priority of packet m is higher than or equal to this of packet m' belonging to any
flow 7; and generated at time ¢’ if and only if:

P > P
or
P,=P; and Pi(t) > Pj(t').

We also denote:

o P; = [first;,last;], the path followed by flow 7;, with first; (resp. last;) the ingress node
(resp. the egress node) of the flow in the network;

o Pl = [first;, h] C P;, the path followed by flow 7; until node h. Notice that P/**' = P;;
e |P;|, the cardinal of path P;, that is the number of nodes visited by flow 7;;
e slow;, the slowest node visited by flow 7; on P;, that is: Vh € P;, Cfl"“”' > Ch;

h
e slow!, the slowest node visited by flow 7; on P!, that is: Vk € P}, Cflow" > Ck;
o first;;, the first node on path P; visited by flow 7;;
e first?,, the first node on path P} visited by flow 7;;

3
e last; ;, the last node on path P; visited by flow 7;;

h
VA

e slow; ;, the slowest node of P; visited by flow 7;, that is: for all node h € P; visited by

slow;,; h.
Tj, Cj ZCJ-,

e last?, the last node on path P} visited by flow 7;;

e slow?;, the slowest node of P} visited by flow 7, that is: for all node k € P} visited by
low”,
G o

e §;(t), the maximum delay incurred by the packet of flow 7; requested at time ¢ while

following path P; directly due to the non-preemptive effect;

e 6/(t), the maximum delay incurred by the packet of flow 7; requested at time ¢ while
following path P} directly due to the non-preemptive effect.

INRIA
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Figure [ illustrates the notations of first;;, first;;, last;; and last;; (1) when flows 7;
and 7; are in the same direction and (2) when flows 7; and 7; are in reverse directions.

- first, ; last;
1

1) O  mam e —
I L e e/ LI =

! first,, last;,

- first, ; last,
% ——
L LS — S = L= T
last;, first,, d

Figure 1: Illustration of first; ;, first;;, last;; and last;;
Finally, we adopt the following notations:

e R;, the worst case end-to-end response time of flow 7;;

. Rf, the maximum sojourn time of flow 7; on node h;
first; __ i

o Jinl the jitter of flow 7; when entering node h. Notice that Jin? f
7 .] g K3

o Jout?, the jitter of flow 7; when leaving node h;
. Smin?, the minimum time taken by a packet of 7; to go from its source node to node h;
. Smaavzh, the maximum time taken by a packet of 7; to go from its source node to node h;

e W/ (t), the latest starting time on node h of the packet of 7; generated at time ¢;

o Mh(t) = ﬁfi"}?r)sti (M jenp;Usps(rutiy {C]’PI} + Lmin), where pre;(h) denotes the node

irst; j=first; ;

visited before node h by flow 7;.
We now recall the definition of the processor utilization factor for a set of flows.

Definition 3 For any node h, for any flow 1; visiting h, the processor utilization factor for
the flows belonging to any set S is denoted U%. It is the fraction of processor time spent by
node h to process packets belonging to S. It is equal to Zjes(C]’-L/Tj).

3 State of the art

To determine the maximum end-to-end response time, several approaches can be used: a
stochastic or a deterministic one. A stochastic approach consists in determining the mean
behavior of the considered network, leading to mean, statistical or probabilistic end-to-end
response times [0, [[]. A deterministic approach is based on a worst case analysis of the
network behavior, leading to worst case end-to-end response times [8, B]. In this paper, we
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10 Martin and Minet

are interested in the deterministic approach as we want to provide a deterministic guarantee
of worst case end-to-end response times for any flow in the network. In this context, two
different approaches can be used to determine the worst case end-to-end delay: the holistic
approach and the trajectory approach.

o The holistic approach [10] considers the worst case scenario on each node visited by a flow,
accounting for the maximum possible jitter introduced by the previous visited nodes. If no
jitter control is done, the maximum jitter will increase throughout the visited nodes. In this
case, the minimum and maximum response times on a node h induce a maximum jitter on
the next visited node h + 1 that leads to a worst case response time and then a maximum
jitter on the following node and so on. Otherwise, the jitter can be either cancelled or
constrained.

- The Jitter Cancellation technique consists in cancelling, on each node, the jitter of a flow
before it is considered by the node scheduler [9): a flow packet is held until its latest
possible reception time. Hence a flow packet arrives at node h+ 1 with a jitter depending
only on the jitter introduced by the previous node h and the link between them. As
soon as this jitter is cancelled, this packet is seen by the scheduler of node h + 1. The
worst case end-to-end response time is obtained by adding the worst case response time,
without jitter (as cancelled) on every node;

- The Constrained Jitter technique consists in checking that the jitter of a flow remains
bounded by a maximum acceptable value before the flow is considered by the node sched-
uler. If not, the jitter is reduced to the maximum acceptable value by means of traffic
shaping.

As a conclusion, the holistic approach can be pessimistic as it considers worst case scenarios
on every node possibly leading to impossible scenarios.

e The trajectory approach [I1] consists in examining the scheduling produced by all the vis-
ited nodes of a flow. In this approach, only possible scenarios are examined. For instance,
the fluid model (see [12] for aPS) is relevant to the trajectory approach. This approach pro-
duces the best results as no impossible scenario is considered but is somewhat more complex
to use. This approach can also be used in conjunction with a jitter control (see [I3] for EDF,
and [12] for aPs). In this paper, we adopt the trajectory approach without jitter control in
a distributed system to determine the maximum end-to-end response time of a flow.

We can also distinguish two main traffic models: the sporadic model and the token bucket
model. The sporadic model has been used in the holistic approach and in the trajectory
approach, while the token bucket model has been used only in the trajectory approach.

e The sporadic model is classically defined by three parameters: the maximum processing

time, the minimum interarrival time and the maximum release jitter, (see the traffic model
in subsection EZTJ). This model is natural and well adapted for real-time applications.

INRIA
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e The token bucket |8, [12, [13] is defined by two parameters: o, the bucket size and p, the to-
ken throughput. The token bucket can model a flow or a flow aggregate. In the first case, it
requires to maintain per flow information on every visited node. This solution is not scalable.
In the second case, the choice of good values for the token bucket parameters is complex
when flows have different characteristics. A bad choice can lead to bad response times, as
the end-to-end response times strongly depend on the choice of the token bucket parame-
ters [13, [4]. Furthermore, the token bucket parameters can be optimized for a given config-
uration, only valid at a given time. If the configuration evolves, the parameters of the token
bucket should be recomputed on every node to remain optimal. This is not generally done.

In this paper, we establish new results by adopting the trajectory approach with the sporadic
traffic model.

4 Worst case analysis

In this section, we determine the worst case end-to-end response time of any flow 7; by
applying the trajectory approach. For the sake of simplicity, we first assume that, with
regard to flow 7; following path P;, any flow 7, j € hp; U sp;, crosses path P; at most once.
We will see in subsection B how to remove this assumption.

Assumption 4 For any flow 7; following path P;, for any flow 75, j € hp; U sp;, following
path P; such that P; N P; # 0, we have:

o cither [first;;,last; ;] C P;
e or [last;;, first;;] C P;.

In other words, Assumption Blmeans that with regard to a flow 7, if any flow 7;, j € hp;Usp;,
after having visited a node belonging to P;, visits a node not belonging to P;, then 7; will
never visit a node belonging to P;.

Remark 1 With regard to any flow 7; and any flow 7; € hp; U sp;, if Assumption [ is met
and first;; = first;;, then flows 7; and 7; visit their single common sequence of nodes in
the same order. Otherwise, flows 1; and 7; visit their single common sequence of nodes in
the reverse order.
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12 Martin and Minet

On Figure B if flow 5 belongs to hp; U sp1, Assumption His not met. We will see in Sec-
tion EE7 how to remove this assumption and extend our results to the general case.

Figure 2: Illustration of Assumption €

In this section, we show how to compute a bound on the worst case end-to-end response
time of any flow 7;. As said in the previous section, we adopt the trajectory approach [IT],
that consists in examining the scheduling produced by all the visited nodes of a flow. In
this approach, only possible scenarios are examined. For instance, the fluid model (see [12]
for aPs) is relevant to the trajectory approach. This approach produces the best results as
no impossible scenario is considered but is somewhat more complex to use. This approach
can also be used in conjunction with a jitter control (see [I3] for EDF, and [12] for GPps).

In the following, m denotes the packet of flow 7; generates at time t. We first evaluate
in Subsection E1] the impact of the non-preemption, that is the maximum delay incurred
by m while following its path due to the non-preemptive effect. Next, we compute in
Subsection B2 the latest starting time of packet m on its last node visited and then analyze
the mathematical expression of this latest starting time, that is an iterative expression.
From these results, we determine in Subsection B3 the kind of packets belonging to flow 7;
that lead to the worst case end-to-end response time. Indeed, we show that only packets
generated at specific times have to be considered. Finally, we establish the worst case end-
to-end response time of flow 7; in Subsection B4l and give the worst case response time
computation algorithm in Subsection

INRIA
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4.1 Non-preemptive effect

We recall that packet scheduling is non-preemptive. Hence, despite the high priority of any
packet m, released at time ¢, a packet with a lower priority can delay m processing due
to non-preemption. Indeed, if a packet m of any flow 7; arrives on node h while a packet
m' belonging to Ip; U 3p;(t) is being processed, m has to wait until m' completion. It is
important to notice that the non-preemptive effect is not limited to this waiting time. The
delay incurred by packet m on node h directly due to m' may lead to consider packets
belonging to hp; U sp;(t), arrived after m on the node but before m starts its execution.
Then, we denote: §;(t), the maximum delay incurred by packet m while following its path
directly due to the non-preemptive effect.

Property 1 Let 7;, i € [1,n], be a flow following path P; = [first;,...,last;]. When flows
are scheduled FP/DP*, the mazimum delay incurred by the packet of T; generated at time t
directly due to flows belonging to lp; U 3p;(t) meets:

6l(t) < max (0 ;MAX jetp; usp;(t) {C}Ci”ti} - 1)

firstj ;=first;

+ Z hepP; IMaAX 0 yMaX jeip; Usp;(t) {C;l} -1 ;ymax jEIP; USH; (t) {th} -1 N
h#first; firstj ;=h he(first; ;,last; ;]
firstj j#first; ;

i(h
1y - | max  jew;uss;0) {C;l} - wae (h) + Lmaz — Lmin ,
he(firstj ;,last; ;]

First; j=first; ;

where  max (t){CJh} =0iflp; Usp;(t) =0 and 1, =1 if Ip; Usp;(t) # 0 and O otherwise.
JElp; Usp;

Proof: By recurrence on the number of nodes visited. On the first node visited, Property [
is true. Assuming that Property [l is true at rank h. We prove it at rank A + 1. Let us
consider packet m of flow 7; generated at time ¢. Due to the non-preemption, on any node
h € (first;,last;), a packet m' belonging to a flow 75, j € Ip;Usp;(t), can delay the execution
of packet m if m arrives on node h while m' is being processed. Then, we have to distinguish
three cases:

e Node h is the first node of P; visited by 7; (first;; = h). Hence, the maximum delay
incurred by m directly due to flow 7; meets: CJ’-’ -1

e Node h is not the first node of P; visited by 7; (h € (first;;,last;;]) and first;; #
first; ;. Hence, the maximum delay incurred by m directly due to flow 7; meets: CJ’-‘ -1

e Node h is not the first node of P; visited by 7; (h € (first;;,last;;]) and first;; =
first; ;. Packet m' leaves node pre;(h) at the latest at time W™ (" (¢). Then, packet m/
ends its processing on node h at the latest at time W2 ") (t) + Lmaz + C}. As packet m
arrives on node h at the earliest at time W™ " (¢) + c? "¢i(h) | Lmin, the maximum delay

K3
incurred by m directly due to flow 7; meets: max (0 ;CF = CF e 4 Lmaz — Lmin).

Moreover, C? < max;ep, usp, (1 {C) }- Hence the property. [ ]
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4.2 Latest starting time computation

We consider any flow 7;, ¢ € [1,n], and focus on the packet m of 7; generated at time t. We
assume that flow 7; follows path P; consisting of ¢ nodes numbered from 1 to q. As we con-
sider a non-preemptive scheduling, we are interested in determining the latest starting time
of packet m processing on its last node visited. Unlike the holistic approach, the trajectory
approach is based on the analysis of the worst case scenario experienced by packet m on
its trajectory and not on any node visited. The strategy is to move backwards through the
sequence of nodes m traverses, each time identifying preceding packets and busy periods
that ultimately affect the delay of m. We proceed in that way till finally at node 1, the very
first packet f(1) to affect the delay of m is identified. Thereafter, the worst case delay is
estimated from the time that f(1) enters the domain to the time that m exits the domain.
This, when subtracted by the difference between the arrival times of m and f(1) to the
domain, yields the worst case delay for m.

To compute the latest starting time on node ¢ of packet m, we focus on the busy period
of level corresponding to m priorityﬂ in which m is processed on node g. Let bp? this busy
period. We define f(q) as the first packet processed in bp? with a priority higher than or
equal to this of packet m. Due to the non-preemption, this packet can be delayed by at
most one packet with a priority less than this of packet m.

As flows do not necessarily follow the same path in the network considered, it is possible
that packet f(g) does not come from node ¢ — 1. We then define p(q — 1) as the first packet
processed between f(q) and m such that p(¢ — 1) comes from node ¢ — 1. Packet p(q¢ — 1)
has been processed in a busy period of level corresponding to m priority on node ¢ — 1. Let
bp?—! this busy period.

We then define f(q — 1) as the first packet processed in bp?~! with a priority higher than
or equal to this of packet m. And so on until the busy period of level corresponding to m
priority on node 1 in which the packet f(1) is processed (see figure Bl).

1A busy period of level £ is defined by an interval [t,#') such that ¢ and #' are both idle times of level £
and there is no idle time of level £ in (¢,¢'). An idle time ¢ of level £ is a time such that all packets with a
priority greater than or equal to £ generated before ¢ have been processed at time t.
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1 | [ fn | | p(1) | [0 Packets with a priority 2 m priority
] Packets with a priority < m priority
z [ [ [ [ p@ | \ [ pti) |
h [\ [f(hy | [ p(h) |
p(h-1)
g-1 [ 1 [Hg-1)] [pla-1)] [ | \ [p(g-2)]
q [ | fla) | \ [ plg-1) | [ m

Figure 3: Response time of packet m

For the sake of simplicity, on a node h, we number consecutively the packets processed after
f(h) and before p(h) (with p(q) = m). Hence, on node h, we denote m' — 1 (resp. m' + 1)
the packet preceding (resp. succeeding to) m'. Moreover, we denote a”, the arrival time
of packet m' on node h and consider the arrival time of packet f(1) in node 1 as the time
origin (a}(l) = 0). By adding parts of the busy periods considered, we can express the latest
starting time of packet m in node g, that is:

the processing time on node 1 of packets f(1) to p(1) + Lmaz

+  the processing time on node 2 of packets f(2) to p(2) + Lmas — (a}) — %)
+

+ the processing time on node g of packets f(q) to (m —1) — (aZ(q—n - a‘}(q))

+  0;(t), the maximum delay incurred by m directly due to the non-preemptive effect.

We can notice that on any node h € P;, if there exists no flow 7; such that h = first;;,
then p(h — 1) = f(h) and so a}y, ;) — a},y = 0. In other words, if p(h — 1) # f(h), then
there exists a flow 7; such that h = first;;. In such a case, by definition of p(h), all the
packets in [f(h), p(h—1)) cross path P; for the first time at node h. We can then act on their
arrival times. Postponing the arrivals of these packets in the busy period where p(h — 1) is
processed, would increase the departure time of m from node gq. Hence, in the worst case,
p(h) = f(h+ 1) on any node h € P;. Thus, we get:

g [f(ht1) N
W,lq(t) = Z C‘r(g) — C,lq + (Sz(t) + (q — ].) - Lmaz.
h=1 \g=F(n)

Notice that Z%Zl(zg (:thE,lL; Cf(g)) — C represents the maximum delay incurred by m due
to packets with a priority higher than or equal to this of m. We now evaluate the term:
X = 2%21(25(:’?2;13 Cﬁ(g)). By definition, for any node h € [1, slow;), f(h + 1) is the first
packet with a priority higher than or equal to this of m, processed in bp"t' and coming
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16 Martin and Minet

from node h. Moreover, f(h + 1) is the last packet considered in bp”". Hence, if we count
packets processed in bp" and bp"t!, only f(h+ 1) is counted twice. In the same way, for any
node h € (slow;, q], f(h) is the first packet with a priority higher than or equal to this of m,
processed in bp" and coming from node h — 1. Moreover, f(h) is the last packet considered
in bp"~1. Thus, f(h) is the only packet counted twice when counting packets processed in

bph—! and bp". Hence, X is equal to:
slow;—1 [ f(h+1)—1 f(slow;+1) q f(h+1)
h h Low; h h
> Y Crg+Clymmy |+ D0 G+ ) > Clgy + Clisamy
h=1 g=1(h) g=F(slow;) h=slow;+1 \ g=f(h)+1
nodes Vfotde before slow; node‘;low,- nodes visiteé after slow;

Moreover, for any node h € [1,q], for any packet g visiting h, the processing time of g on

slow,(g),;

node h is less than or equal to C' . Then, as packets are numbered consecutively from

7(9)
f() to f(g+ 1) = m, we get inequation (1). In addition, by considering that on any node

h € [1, slow;) (resp. h € (slow;, q]), the processing time of packet f(h + 1) (resp. f(h)) on
node h is less than or equal to max;cpp,usp; (t)u{z'}{C’]’-l} and in the worst case, f(h+ 1) is a
packet coming from node h, we get inequation (2).

h=1 9=F(h) g="F(slow;) h=slow;+1 \ g=f(h)+1 9=F(1)

slow;—1 [ f(h+1)—1 N f(slow; +1) slow: q f(h+1) N m slows
> X Clypl+ X G+ X > Clg| < X ooyt (1)

slow;—1 q

q
ch + ch < max ch 2
Z, CGoeent 2 Crgey S % Jf-"":’”““f(-”‘i{”{ i} (2)
hslow; Ffirstj j=Ffirst; ;

By (1) and (2), we get:

m q
slowr(g),i h
X < ¥ Oy + X, max {0}
=f(1) h=1 JEhP; S_Pz(') {i}
) hslow; firstj j=Ffirst; ;

The term X corresponds to the maximum delay incurred by m due to packets belonging to
slow-(g),i .

flows having a priority higher than or equal to this of m. The term Z;”: £1) CT(g) is
maximized when the workload generated by such flows is maximum. An upper bound on X

is given in Lemma [l

INRIA
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Lemma 1 Let m be the packet of flow ; generated at time t. When flows are scheduled
FP/DP*, the maximum delay incurred by m due to packets having a priority higher than or
equal to this of m is bounded by:

last; ; last; s Firsty s Firsty s +

Z 14+ W, 7 (t)=Smin; ' —M 7 (t)+Smaz; T J; -CSlowj’i
Eh T; J
Jehpi

i ; +
. last; ; last; ; First; s first; s

N - mm(cj,,-(t); W, ()~ Smin, ’-")7Mi J ()4 Smaz] T 40 oolows

4 T; i

JEspi(t)

t+J; . (1slow; h
+(1+ [ SE]) ot 2 max {Ch)
nep; JERPiUsp;(t)U{i}

hetslow; Jimstji=firsty;

Proof: Considering a packet m of flow 7; generated at time ¢:

e Packets of flow 7;, j € hp;, can delay m if they are generated at the earliest at time
first; ; first; ; last; j

O Firats ;) — Smazj — J;j and at the latest at time W, (t) - sz‘ni-“t"’j;

e Packets of flow 7;, j € sp;(t), can delay m if they are generated at the earliest at time
a;z;j.tr';;’j) —Smaw;"s“’j —J; and at the latest at time min(G, ;(t), W;**" () —Sminé-as“’j )

o Packets of flow 7; can delay m if they are generated at the earliest at time —J; and at the
latest at time ¢.

As (i) the maximum workload generated by any flow 7; in the interval [a,b] on node h is
equal to (1+ [(b—a)/T;]) - C} and (i) aff(;s;’si - M]3 (1), we get the lemma. [ |
Property 2 Let m be the packet of flow 1; generated at time t. When flows are sched-
uled FP/DP*, then Wil“t" (t), the latest starting time of packet m on its last node visited, is
bounded by:

last;

. ast; : irst; s irst; s +
W, ()= Sminy M) () 4 Sman] T 40 slow; ;
> o[1+ T O

J
JEhD:

min<G< (1) wiestii (t)ismz'nl.asii’j)7M:fi7'stijj (t)+smaw_-firsti’j s + .
+ Z 1+ 3,i\t) 5 Wy fi - i i J . Cs ow;,;
j€Espi(t) { ! J
+ (1 + [H]_"—LJ) . Cflow" _ Céasti + > max {CJh} +4;(t) + (|Pi| — 1) - Lmae.
B hEP; jERP;Usp; (t)U{i}

hetslow; Firstji=firsti;
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18 Martin and Minet

Proof: By lemma [l and Property [l |

The expression of time W/*** (t) is recursive. Let us consider the following series for any
node h € P;:

WO = % o (1 ) ot

1/
J€ERP;Usp;(t)

+ Z kePh ma;Xlehpzu‘spl(t)U{z} {C } Ch +(5h(t) + (|’Ph| — 1) Lmaz

k;éslaw fn‘st —_fn*st
+
tast! zast?j firsth ' fzrsth ) n
h (g+1) _ w; (t) Smm I —M; (t)+Smam +J; slowy ;
4% ® = > |1+ T - C;
Jj€hp;
lasth . lasth | th rsth +
min (c,-,j(t); w, g (q)(t)fsm;nj“ ”>7Mf"s i (t)+5mam Bi g, lowh
+ 1+ 7 -Cj i
J€spi(t) !

- () o

2

+ Z keph ma/XJthlU.sp,L(t)U{ } {C } Ch + 5h(t) + (|Ph| — 1) Lmaz.

11‘3'! = 1'r'st
k#slowh f =f

To prove the convergence of W} (t), established in Condition [l we have to consider the set
S;, that is the set of flows 75, j € hp; Usp; U{i}, crossing directly or indirectly flow 7;. More
formally, we proceed as follows to determine the set S;:

Si= {Ti};
o S =8;U{r,j € hp; U sp;,7; crosses directly 7;};
o S;=8;U{m, k € hp; Usp;,3r; € S; such that 7, crosses directly 7;}.

Condition 1 Let m be the packet of flow 1; generated at time t. Let S; be the set of flows
Tj, § € hpi Usp; U {i}, crossing directly or indirectly flow ;. When flows are scheduled

FP/DP* and max;jes, {3 renp,usp; C,:low’“’j /Ti} < 1/2, the series W!*%(t) is convergent.
The solution is equal to W ' (t).
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Proof: We prove by recurrence the following property:
slowy,;

if maxjes; {2 kenp,usp; Cr [Tk} < 1/2, we have for any flow 7; € S; and for any time ¢:

o Wh(t) < X/(1-2-U)
o Smacy® < X/(1—2-U)+Jj

where X = max;es; {X ZkethUSpJ (t)(l + 2z Jk) . Czlowk,j + Aj (t)},

t+J ySlow; hl _ l_astj ) 1-1)- Lnaz
A]( ) (1 + [ J) Cj + h;j kEhpjgslsl;'}((i)U'{j} {Ck} C] +5‘7(t)+(|P‘7| 1) L
htstow; Jivsty j=firstjy,

slowy ;
and U = manESi{Ekehij,qu Ck . /Tk)}'

Indeed, for any flow 7; € S; and for any time ¢ > —J;, the series W; bast; (t) is non-decreasing

as the floor function (| |) is non-decreasing. Moreover, at rank 0, we have: tht] 0)( t) =

S kenps vy Co oot + Ay < Xj. As X; < X and U < 1/2, W5 (1) < X/(1 - 2- ).
In the same way, Smwl“tf © _ i“;gi‘:if )(C" + Lmaz), that is less than or equal to

X/(1=2-U)+J; + cj.‘”t:.

We now assume that the property is true until rank ¢ and prove it at rank q + 1.

last; 1 (q) last; p first; p first; 3 (q) +
last; 1 w, & t)—Smin,, ik _p 2E () +Smaz N +J [ .
WjasJ(fH‘ )(t)= Z 1+ { j (t)— Tzk (t) k k .Czowk,]
kEhp;
. last; y, (a) lastj j, First; first; p (a) +
min _7 k(t) W (f) sznk 7Mj (t)+Smaz +J
slowr,;
+ Z 1+ Th Ck
kEsp;(t)
+A; (t).

As for any z € R*, |z| < z and for any (a,b) € N*, min(a;b) < b, we get:

last; 3, (q) fwst & (@)

last; (g1 W, ik (t)+S J» +J, 1 .

Wjas ] (q )(t) S kEhp:U:sp.(t) (1 + J T k> . Cl': OWk, j + A](t)
j i

As the property is true at rank ¢, we have:

last; (q+1 2. e . lowy, ;
Wjas i (g )(t) S 132).([] R Z ka + Z 1 + %) ) CZ OWp,j + Aj(t)
kEhp;Usp;(t) kEhp;Usp;(t)

< 2% U+X = X/1-2-0).
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20 Martin and Minet

In the same way, we have:
Smaslf ™ 41— ma, (W77 01) — g4 €7
<max (WD)~} < X/(1-2-U)+J;

Hence, for any flow 7; € S; and for any time ¢t > —J;, the series W]l-a“j (t) is non-decreasing
and upper bounded, that is convergent. |

4.3 Set of times to be tested

The worst case end-to-end response time of packet m of flow 7;, generated at time t, is equal
to: WYesti () 4+ Cl*%% —¢. The worst case end-to-end response time of flow 7; is then equal to:
R; = math_Ji{Wil“St" ) + Cf‘”t" —t}. In order not to test all times ¢t > —.J;, we establish
the following lemma.

Lemma 2 When flows are scheduled FP/DP*, for any flow 7; following a path P;, for
any time t such that 3p,(t) = 0, we get: W} (t + Blow) < Wlesti(t) + Bslow, with

low; ;
B;slow — ZthpiUSpiU{i} [Bflow/Tj] . C; owj, .

Proof: We consider the series W' () and prove this lemma by recurrence. For any time ¢
such that 3p;(t) = 0, we have: Va € N, sp;(t + o) = sp;(t) and 3p;(t + @) = 0. Then,
we get: V¢ such that 3p;(t) = 0, Va € N, 8;(t + @) = &;(t). Moreover, V¥ (a,b) € R,
la+b| < |a] + [b]. Hence, on node first;, we have for any time ¢ such that sp;(t) = 0:

o o slow | 7. - i
Wifzrst, (0)(t+B:iglow) — Z ijv.'rst1+(1 + \‘t+B,Ti +JlJ)'C{WS'SZ—C{WStI-}—(Si(t+Bflow)
JERD; Usp; (t+Bo™)

B‘.Lglaw

< Z iji’l‘sti + (1 + \‘%J ) _Cif’i’l‘st," + ’VT—‘ ‘CifiTSti _C,Lf’irsti +61 (t)

Jj€hp;Usp;(t) ‘
i . 1 ii
As .{Bflow/T"] (O] < Bflow =3 jenpusmugn B¢ /T - €7, we get:
Wiflmti (0) (t + Bflow) < Wif“““iii (0) (t) + Bf!ow‘

We now show that if the recurrence if true at rank ¢, then it is true at rank ¢ + 1. Indeed,
for any time ¢ such that 5p;(£) = 0, W74 (47D (¢ 4 gslow) s equal to:
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Wlfn-st (q)(t+3310w) Smi funst,+s f1rst,L+J + firats
> o1+ T - Cj

Jj€hp; !

; stowy . yFitsti (@, pslow i direts first; +

min (G, i (t+B51°); W] (t+B51°)— Smin] "' ) 4 Smaal i 4 First;

+ > 1+ = -G
i€spi(t+BgIo)

J

slow 7. — -
+ (1 + LwJ) . szw”l _ Cif““Siz +5i(t+B$low)_

First; (q)  first; fzrst +
w; t Smm. *4+Sm T . i slow
< ¥ <1+{ O Sming, J )-Cf”“’+ > [—BTJ ] -Cfirsti

j€hD; 7 jEhp;
+ ¥ 1+rm(c““) WL O Smin T ) 4 Smas [T 4 J+ st
j€spi(t) T j
slow slow . .
+ . Z(t) BTJ —‘ Cfm"st, + (1 + \‘H-J J) szrst, + "B —‘ _Cq:fwst,- _Cq:fzrst,- +6¢(t)
JESP;
. slow
< WifWSti (Q)(t) + Z ’VB —‘ wa‘st,
J

J€hp;Usp; (t)U{i}
S Wifi”‘ti (a) (t) + B’?lou).

Hence, W/% (t 4+ Bglow) < W% () 4 Bglow. We now assume that property is true on
any node visited between node first; and pre;(h), with h € P;, and prove that it is true on

node h. Indeed, th © (t) is equal to:

slow t+Bfl°w+J1’ slow?
£ o (e )

J€RpP;Usp; (t+B5low)

lasth
+ X weph MAXenpapaansiowogy 105} —Cit 0 A0 (#) + (P! = 1) - Lmas

ks#slowh first j=first; ;

J€hp;Usp;(t)

< 5 C;low n (1 n V+J J) _Cslow1 4 "BS“'“’" _C;slow?

+ Z k;ej)h MaX jehp;Usp; (t)U{i} {C } ClaSt’ +5h( ) (l’p[b| B 1) .
k;éslaw first; ;=Ffirst; ;

1 slowz 1 _
As [BIY[Ti] - G < BI™ = ¥ jenpuspsvutir]
ih(O) (t + Bflow) < th (0)( ) Bflow.

Bslov /Ty -C;lowj”', we get:

We now show that if the recurrence if true at rank ¢, then it is true at rank ¢ + 1. Indeed,
for any time ¢ such that sp;(t) = 0, th (q+1)(t + Bglow) is equal to:
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h h - ah coh +
! last; firstd . Firsti .
v 1+ w2t @y pstowy g SR oM (14 B3 ) 4 Smas P 4 Cslow;‘)i
jeh T I
jEhD;

. zast? . lastf . Firsth .
min| G ; (¢+B§°Y); W; EN (t+Bs °%)=Smin; 7 —M; I (t+B3 °¥)+Smas;
1+

+ 2

Firsth
L) +J]

Tj
j€sp; (t+Bslow)

2

n (1 n \‘H-Bflcw"“]iJ) . Cslow?
T; i

h
+ X keph MAX eny,ysp; (t4+B8310w)u{i} {C]k} - Célwti + 60 (t + B*°¥) + (|PF| — 1) - Lmaa.
k;éslowlh first; —fzrstz i
From Assumption B G;i(t + Bf'®) < G;.i(t) + B'o®. Moreover, ¥ (a,b) € RY", [a+b] <
la] + [b]. Hence, Wlh (a+1) (t + B'°v) is less than or equal to:

lasth . (q) lasth Firsth . Firsth +
w, “? —Smin, 0 —M,; * Smaz, RS l slow
(v [P st ennf | ) o [
j€hp; I jE€hD; !
asth irs irsth +
mln( et w, q)(t)—Smin; t"’)—Mf i”(t)+smamf t”+JJ- lowh -
+ > |1+ T ;N
Jj€sp; (t)
Bflf’“’ . slow;-L,i ( \‘t+.] J) . slow? "Bfl‘”"—‘ i slow?
+j€§i(t) T W C; +(1+ C, + =5 C;
1
+ 2 keph MAXjenp;Ueri(nUii} {cF} - C(m’ + 88 (t) + (IPP] — 1) - Lmaa.
ktalowh First; j=first; ;
slow low™ .
< w0+ s [EE] G = w0 B,
j€hp;Usps (UL} 1 7
Hence, for any time ¢ such that 3p;(t) = 0, W/**% (¢ + Bglow) < W} (t) + Bslow. [ |
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4.4 Worst case end-to-end response time

Property 3 When flows are scheduled FP/DP*, if ma)(je‘gi{ijkehpJ Slow" I Ty} < 4

Usp;
then the worst case end-to-end response time of any flow 7; is bounded i)y

Ry = max, (g, 10, pyiow) {Wlam( ) = t} + C{*Y, with:

last; ; last; ; First; first; +
. w; 7 ()= Smin; —M; i (t)+Smaa; * d 4 low;. ;
Wit = ¥ (1 + { = gt

J
JERD:

+
last; last; first; Jirst;,
min( i) W T (4) = Smin, J) —M; T () Smae 4T slow; ;
3,
v 1+ - c;
j€spi(t)

+ (1 + [ﬁ—LJ) LCplowi _ glasti 3 max {C]h} +0;(t) + (|P;| — 1) - Lmaa,
v hep, J€hpiUsp;(t)U{i}
h#slozu firstj j=Ffirst; ;

fiw the first time t such that 3p;(t) = 0 and B{lov =Y Bgtow /Ty] - C’;lowj”'.

JjE€hp:Usp; U{i} [

Proof: From Property ] Condition [l and Lemma [ |

4.5 Computation algorithm

To compute the worst case end-to-end response time of any flow 7; when Assumption Hlis met,
we apply the following algorithm: (i) we first determine the set S; of flows in hp; U sp; U {i}
crossing directly or indirectly flow 7;, that is any flow 7; belongs to S; iff j € hp; Usp; U {i}

and 7; directly crosses 7; or a flow 7, € S; (ii) we then initialize for the iteration ¢ = 1

the value of Smazf irst, (q) for any flow 7, € S; and for any flow 7; crossing 74: we have

SmamjfZTStk’J 1) = fbre}gf;fjt’“ ’)(Ch + Lmaz), (iii) we proceed iteratively:

g=0
Repeat
q=q+1
for any flow 7 € S;
for h = firsty to lasty
if (h = lasty) or (EITJ crossing 7 such that h = lasty,; or h = preg(first;)) then
compute W} (t) using Smaz(q) for any flow 74, € S;
if 35 such that h = preg(first; ) then
Smaa:iwﬂj’k (q + 1) = maxt(W,f(t) — t) + C,’CL + Lmaz
if h = lasty then compute Ry, = max:(W{(t) —t) + C}
Until (374 € Si, Rx > Dg)
or (V1 € 8;, Vh = prep(first; i), Smazf”‘gtj *lg+1) = Smaszu] *(q))
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4.6 Example

In this subsection, we give an example of bounds on the end-to-end response times of sporadic
flows, when these flows are scheduled according to FP/EDF*. We consider that the network
meets: Lmaz = Lmin = 1. Moreover, we assume that: 7 = {7, 7, 73,74, 75}. All these flows
have a period equal to 36 and enter the network without jitter. The maximum processing
time of any packet of flow 7; on node h € P; is assumed to be equal to 4. Moreover, for any
flow 7;, we have D"*% = | D,;/|P;|]. Table 2 gives the fixed priority and the end-to-end
deadline of each flow.

Table 2. Priorities and end-to-end deadlines

T1 T2 T3 T4 T5
[P [10 [ 10 | 11 |11 [ 12
| D, [ 47 [ 50 [ 44 [ 45 | 39

The path taken by each flow is defined as follows:

L4 Pl = {1a33435} 5

e Py =4{9,10,7,6} ;

o P3=1{2,3,4,7,10,11} ;

o Py=142,3,4,7,10,11} ;

o Py =1{2,3,4,7,8}.

Applying Property Bl we obtain Table 3 giving the worst case end-to-end response times.

Table 3. End-to-end response times of sporadic flows

T1 T2 T3 T4 T5

| Ri |31 ]39[46 48]33

4.7 Generalization

Property Bl giving the worst case end-to-end response time of any flow 7; following path P;,
can be extended to the general case (i.e. by removing Assumption H). To achieve that, the
idea is to consider any flow 7; crossing path P; after it left P; as a new flow. We proceed by
iteration until meeting Assumption @l We then apply Property Bl considering all these flows.

Decomposition example In Figure Bl to compute the worst case end-to-end response
time of flow 7;, flow 7; has to be decomposed in three flows to meet Assumption H, that is:

e 71, following path Pj; = [1,2,3];
e 7js, following path Pj, = [4,5,6];
e 7,3, following path P;3 = [7,8,9].
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Figure 4: Decomposition of flow 7; to meet Assumption Hl

Then, each of these three flows crosses path P; only once. It is important to notice that the
release jitter of flow 7;5 is equal to the output jitter of flow 7;; on node last;; ; = 3 plus
Lmaz — Lmin. In the same way, the release jitter of flow 73 is equal to the output jitter of
flow 7j2 on node lastjs ; = 6 plus Lmaz — Lmin.

5 Conclusion

In this paper, we have shown how to obtain new results for non-preemptive Fixed Priority
scheduling in the distributed case, assuming that flow packets sharing the same fixed priority
are scheduled according to their Dynamic Priorities assigned on the first node visited. Such
a scheduling is called FP/DP*. Examples are FP/FIFO* and FP/EDF*. We have presented
the trajectory approach taking into account the worst case scenario experienced by a flow
packet on its trajectory, unlike the holistic approach that considers the worst case scenario
experienced by a flow on each visited node. Based on this worst case analysis, deterministic
guarantees on the end-to-end response time and jitter can be granted to any sporadic flow
in the network.
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