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Abstract—Avionics Full Duplex Switched Ethernet (AFDX) is
a new data network standard for modern avionics systems. Avion-
ics systems are typical mixed criticality systems, where safety-
critical and non-safety-critical applications co-exist. Traditional
AFDX leverages best-effort redundant transmissions for flows to
improve the communication reliability, resulting in the increase
of end-to-end delays with weak reliability. In order to bridge
the gap between high reliability requirements and short end-to-
end delays, we propose a novel scheme, named HERSA (Holistic
End-to-End Redundant Scheduling on AFDX). The idea behind
HERSA is to leverage a differentiated transmission mode to
distinguish safety-critical and non-safety-critical flows, as well as
an efficient credit-based scheduling scheme to reduce the serving
size for each flow. The salient feature of HERSA is to obtain
O(1) complexity and offer the efficient end-to-end transmission
services and the guaranteed reliability. We implement HERSA on
a real test-bed. Experimental results demonstrate the efficiency
and efficacy of HERSA.

I. INTRODUCTION

Modern avionics architectures aim to support multiple
functions on a shared, single and fault-tolerant platform.
These functions have different levels of criticality and can
be classified into safety-critical and non-safety-critical. For
safety-critical systems, reliable real-time communication links
are essential, say Avionics Full Duplex Switched Ethernet
(AFDX). AFDX is a new data network standard building upon
the protocol specifications of IEEE 802.3 [1] and ARINC
664 [2]. It has been used in many state-of-the-art aircrafts,
such as Airbus A380/A350, Boeing 787, etc., and becomes an
important communication standard in avionics applications.

A standard AFDX system consists of avionics subsystems,
source/destination end systems and interconnect networks.
Avionics subsystems, such as the flight control computer and
the global positioning, indicate traditional avionics subsystems
on an aircraft. The interconnect networks generally consist of
a network of switches forwarding frames to their appropriate
destinations. The end systems provide an interface between
avionics subsystems and the interconnect networks to guar-
antee real-time and reliable data transmission by using Virtual
Links (VLs). According to the AFDX specification [2], we can
identify a VL by setting its 16-bit ID, Bandwidth Allocation
Gap (the minimum interval between two consecutive frames
in the VL) and the largest length of VL frames. In order to
guarantee transmission reliability, the AFDX network provides
redundancy management on VLs.

In modern avionics application, the amounts and types
of data to be transmitted significantly increase, while the

reliability requirements of these flows need to be guaranteed.
How to provide reliable and efficient communication for mixed
criticality systems has been a non-trivial and important prob-
lem. Specifically, we need to deal with two main challenges
in avionics applications.

Challenge 1: Best-effort Redundant Transmissions. The
design goal of an AFDX network is to offer high reliability
for data transmission. Hence, based on the standard AFDX
specification, the flows need to be redundantly transmitted to
protect the network from mechanical failures in a network [3],
[4]. Transmitting each frame in parallel over two independent
networks increases the transmission overheads. The redundant
management unit at the destination end system identifies and
deletes duplicate frames, which also increases the computation
complexity. Full redundant transmission for all mixed critical-
ity network flows consumes too much bandwidth. The traffic
congestion in practice exacerbates the bandwidth efficiency.
This causes longer latency for data transmission and increases
the possibility of overflows in the queue buffer. The reliability
goal in practice is difficult to achieve.

Challenge 2: Inefficient Scheduling Schemes. An AFDX
network contains multi-type heterogeneous flows with different
transmission requirements, such as avionics, multimedia and
best-effort data. Avionics flows involve flight-critical data,
thus requiring the highest reliable and real-time services.
Best-effort data traffics are related with non-critical avionics
applications, such as file transmission and data backup, thus
requiring the lowest reliable and real-time services. In a
practical avionics application, most frames in the avionics
flows are short frames [5] [6]. As a result, compared with
other heterogeneous QoS networks, short frames in the AFDX
network are preferred to send.

Traditional scheduling schemes, such as First-In-First-Out
(FIFO) [7] and Static-Priority (SP) [8] [9], are inefficient to
deal with heterogeneous flows since they heavily depend on
static “one-size-fit-all” schemes. Sorted priority schedulers,
such as Self-Clocked Fair Queuing (SCFQ) [10], transmit
packets in some priority order. Sorted priority algorithms
generally have good latency and fairness properties, but incur
high complexity due to the priority sorting process [11]. Real-
world environments need to design simple algorithms that
have a constant number of operations per packet transmission.
Round robin algorithms, such as Weighted Round Robin
(WRR) [12], Deficit Round Robin(DRR) [13] [14] [15], Elastic
Round Robin (ERR) [16] [17], Nested DRR (NDRR) [11],
etc., cyclically serve for different flows. Each flow is served
for up to a given quantum in per round. The round robin
algorithms, hence, have O(1) worst-case per packet complexity.978-1-4799-4852-9/14/$31.00 c© 2014 IEEE
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However, DRR has high latency and poor fairness when the
flows with different rate requirements are scheduled. NDRR
modifies DRR by leveraging multiple frames inside each DRR
frame, thus resulting in a lower latency bound. However, in per
inner round of NDRR, all flows receive the same amounts of
services in spite of their different QoS requirements. Moreover,
an avionics packet size is generally much smaller than the min-
imum serving size (i.e., a given quantum) in an inner round. If
the minimum serving size for avionics packets can be reduced,
the aggregated delay for all flows can be smaller, especially
for large amounts of simultaneously arriving avionics flows.

In order to address the above challenges, Holistic End-to-
End Redundant Scheduling on AFDX (HERSA) scheme offers
a differentiated transmission mode and smaller serving sizes to
alleviate the traffic congestion and reduce the queuing delays.
This paper makes the following contributions:

Guaranteed Reliability. Our scheme only transmits
safety-critical flows in a redundant manner, while other flows
are transmitted non-redundantly. Hence, the number of the
transmitted frames is significantly reduced and we obtain the
lightweight network load. Moreover, the non-safety-critical
flows cause less congestion, compared with the case in the
redundant transmissions. Therefore, the idea of differentiated
transmission mode helps provide the guaranteed reliability for
the mixed criticality network flows in the avionics applications.

Low End-to-End Transmission Latency. In order to meet
different transmission requirements from heterogeneous flows,
we design HERSA by providing a flow service proportional
to its guaranteed rate. In order to reduce the queuing delay of
each flow, in HERSA, we decrease the serving size of each
flow in each service opportunity by limiting the sum (in bytes)
of virtual packets. The virtual packet refers to the packet whose
length is multiplied by a factor that increases with the number
of transmitted packets. Hence, the service interval for each
flow decreases.

Prototype Implementation. To examine the performance
of our proposed scheme, we conduct simulations on a real test-
bed and evaluate end-to-end delays for heterogeneous flows by
using FIFO, DRR, NDRR and HERSA. All the settings and
configurations on the test-bed can simulate a typical AFDX
network. The results demonstrate the efficacy and efficiency
of HERSA.

The rest of the paper is organized as follows. Section II
presents the backgrounds in the differentiated transmission.
Section III presents a new switching algorithm, as well as
its latency bound and fairness. Section IV presents theoretical
analysis of the AFDX network performance based on the
HERSA. Section V shows the evaluation results and analysis
via a simulation prototype. Section VI presents the related
work. Section VII concludes the paper.

II. END-TO-END DELAYS UNDER DIFFERENTIATED
TRANSMISSION MODE

A. Redundant End-to-End Delays Analysis

In order to offer reliable services, AFDX provides a re-
dundancy scheme to protect the network against failures from
a network. The redundancy management is configurable. In a

redundant transmission manner, the same frame is transmit-
ted with identical sequence number through two independent
networks, e.g., networks A and B. Therefore, in general,
the destination end system will receive two copies of the
identical packet. The destination end system only accepts
the first valid frame and discards the redundant one. The
parameter SkewMax represents the maximum time between
two received copies. This value usually depends on the network
topology and should be provided by the network manager.

Let Dbefore be the delay before the packet arriving at the
destination end system. Before-destination delay Dbefore can
be split into three parts, including the delay at the source
end system, the delay on transmission links, and the delay
on switches, i.e., Dbefore = Dsource + Dtransmit + Dswitch.
Specifically, Dsource is the processing delay of generating
constrained flow at the source end system. It comes from
selecting the transmitted frame from a virtual link queue,
assigning the sequence number, duplicating the frame and
transmitting the frame and its copy on the physical links.
Dtransmit is the transmission delay over the links. We usually
treat it as a constant when the network configuration is deter-
mined. Moreover, Dswitch is the switching delay from source
to destination end systems. It can be divided into technological
delay and queuing delay. The technological delay is bounded
by a small constant for specified hardware capacity [18], and
the queuing delay depends on scheduling algorithms. In this
paper, we focus on the queuing delay.

Let Ddest be the processing delay at the destination end
system.

Corollary 2.1: The upper bound of the end-to-end delay
of a flow transmitting through an AFDX network redundantly,
Er(D), is given by

Er(D) =
{

D1
before + SkewMax + Ddest, if Δ2 > SkewMax

D2
before + Ddest, if Δ2 < SkewMax

where D1
before and D2

before respectively represent the before-
destination delays of original and redundant flows, Δ2 indi-
cates the arriving time difference of the two copies at the
destination end system, and SkewMax is maximum time
between receiving the two copies.

Proof: The upper bound of end-to-end delays rely on the
values of SkewMax and Δ2. If Δ2 is larger than SkewMax,
the first frame spends a Ddest for processing data and then
waits for a SkewMax to complete the end-to-end transmis-
sion. Otherwise, the end-to-end transmission completes when
the second frame is discarded and the upper bound is the
sum of before-destination delay of the redundant flow and the
processing delay at the destination.

B. Non-redundant End-to-End Delays Analysis

In a non-redundant transmission manner, a flow is transmit-
ted through either the network A or B. Hence, the destination
end system avoids de-duplicating copies.

Corollary 2.2: The upper bound of the end-to-end de-
lay of a flow transmitting through an AFDX network non-
redundantly, Enr(D), is given by

Enr(D) = Dbefore + Ddest.
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Proof: For a flow that is not transmitted redundantly, the
upper bound of the end-to-end delay can be split into four
parts: the delay at the source end system, the delay on the
transmission link, the delay on the switches, and delay at
the destination end system, i.e., the delay before the packet
arriving at the destination end system, as well as the processing
delay at the destination end system.

III. SCHEDULER DESIGN FOR HERSA

A. Scheduling Design

DRR is a popular Round Robin scheduler with O(1) com-
plexity. In DRR, each flow is assigned a quantum proportional
to its share of bandwidth. For each flow, a deficit counter
indicates the remaining quantum in the current round. In each
round, a flow can receive the amount of services up to the
sum of its quantum size and the deficit value. The latency and
fairness of DRR are not optimal.

To improve the latency of DRR, NDRR scheduler has been
proposed [11]. In NDRR, each outer round of DRR is split into
smaller inner rounds and a version of DRR is executed over
these inner rounds. During each inner round, the maximum
of services is the sum of the smallest quantum (the quantum
value of the flow with the lowest reserved rate) and the deficit
value. Since the smallest quantum is larger than or equal to
the maximum packet size, it is generally much larger than
the small avionics packet size. Furthermore, the heterogeneous
flows with the same minimum size decrease the quality of
service.

In order to leverage the input traffic pattern and decrease
the serving size of flows, HERSA splits each inner round of
NDRR into one or more smaller micro rounds. In each micro
round, the minimum serving size is related with the packet size.
Each flow has a credit counter (Allowance). At the beginning
of each micro round, Allowance is initialized to the smallest
quantum. The packet can be transmitted only if the packet
size is smaller than or equal to Allowance. After successfully
transmitting a packet, Allowance decreases by the virtual
size of the transmitted packet. The virtual size equals to the
real packet size multiplied by a factor that increases with the
number of transmitted packets. As a result, different flows have
various serving sizes in one service opportunity.

In the outer rounds, HERSA characterizes flow i by the
quantum Qi, the reserved rate ρi , the reserved quantum UQi,
and the weight ωi. The smallest rate of all active flows is
represented as ρmin. Qmin is the quantum value of the flow
with the lowest reserved rate. ωi is the weight assigned to flow
i, and is given by,

ωi =
ρi

ρmin
. (1)

Note that ωi ≥ 1. The quantum Qi in HERSA is given by,

Qi = ωiQmin. (2)

Three deficit counters, ODCi, IDCi and MDCi depict
the differences in the amounts of data actually to be sent, and
the amounts that should have been sent in each outer round,
inner round and micro round respectively. During each outer
round, the scheduler attempts to serve flow i with the quantum
of Qi. During each inner round, it tries to serve flow i with the

quantum of Qmin. During each micro round, the serving size
is related with packet sizes, and up to the quantum of Qmin.

In order to implement HERSA, we maintain three lists
of active flows, ActiveList(0), ActiveList(1) and ActiveList(2).
The flows in the ActiveList(0) have completed services for the
current outer round. ActiveList(1) maintains a list of flows
that have completed services for the current inner round.
ActiveList(2) maintains another list of flows that are served
in the current micro round.

The HERSA scheduler can be divided into three parts:
Initialize, Enqueue and Dequeue. In the Initialize process, all
of the deficit counters are set to 0. A flow whose queue is
empty and therefore is not in any of the three lists is called
an inactive flow. When an inactive flow i becomes active, it
should be added into the ActiveList(2) and UQi should be set
to (Qi − Qmin), while MDCi should be set to Qmin. This
process calls Enqueue routine. The Dequeue routine schedules
packets out of queues. The pseudo-code implementation of
Dequeue is shown as Figure 1.

The current inner round in progress ends when the Ac-
tiveList(2) becomes empty. In this case, if the ActiveList(1)
is not empty, all flows in the ActiveList(1) have to participate
in the next inner round. ActiveList(1) and ActiveList(2) are
exchanged. Otherwise, the current outer round in progress ends
and all flows in ActiveList(0) have to participate in the next
outer round. ActiveList(0) and ActiveList(2) are exchanged.
When the ActiveList(2) is not empty, HERSA serves the first
flow in the list, say flow i. When transmitting a packet from
flow i, the scheduler first checks whether the Allowancei

is larger than or equal to the virtual packet size. If so, the
packet is transmitted. MDCi decreases by the actual size (in
bytes) of the transmitted packet, while Allowancei decreases
by the virtual packet size. Otherwise, the packet can not be
transmitted and the current micro round service for flow i ends.
In this case, if MDCi is larger than or equal to the packet
size, flow i should be added to the tail of the ActiveList(2)
to participate in the next micro round. If the packet size is
larger than MDCi, but smaller than the sum of MDCi and
UQi, flow i ends the current inner round services. The value
of MDCi is assigned to IDCi to record the deficit quantum in
the inner round. Flow i is added to the tail of the ActiveList(1).

The quantum of service in the next inner round can have
a min{UQi, Qmin} compensation. If the packet size is larger
than the sum of MDCi and UQi, the scheduler ends the
current outer round services for flow i and adds flow i
to the tail of ActiveList(0). The sum of MDCi and UQi

is assigned to ODCi to record the deficit quantum in the
current outer round. The next outer round obtains a Qi service
compensation, UQi hence becomes Qi. At the beginning of
the first micro round in the next outer round, HERSA adds
min{UQi, Qmin} to MDCi and reduces UQi by the same
value.

To select the next packet to be transmitted, it is unnecessary
for HERSA to sort or search process. In HERSA, the number
of operations needed to select the next packet is a constant.
Hence, the work complexity of the HERSA scheduler is O(1).
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Dequeue Algorithm
while TRUE do

if SizeOfActiveList(2)==0 then
if SizeOfActiveList(1)>0 then

MoveActiveListF romTo(1, 2);
else

if SizeOfActiveList(0)> 0 then
MoveActivelistF romTo(0, 2);

end if
end if

end if
if SizeOfActiveList(2)> 0 then

i = HeadOfActiveList(2);
RemoveheadOfActiveList(2);
Allowancei = Qmin;
count = 0;
repeat

Transmitpacket(Queue(i));
count + +;
Allowancei− = count ∗ LengthOftransmittedPacket;
MDCi = MDCi − LenthOftransmittedPacket

until IsEmpty(Queue(i)) == TRUE) or
Allowancei < (count + 1) ∗ LenthOfPacketAtHead(i)
if IsEmpty(Queue(i) == TRUE then

MDCi = 0;
IDCi = 0;
ODCi = 0;
DecrementSizeOfActiveList(2);

else
if UQi + MDCi < LengthOfPacketAtHead(i) then

AddQueueToActiveList(0);
IncrementSizeOfActiveList(0);
DecrementSizeOfActiveList(2);
ODCi = MDCi + UQi;
IDCi = ODCi;
UQi = Qi − min{UQi, Qmin};
MDCi = IDCi + min{UQi, Qmin};

else
if MDCi > LengthOfPacketAtHead(i) then

AddqueueToActiveList(1);
IncrementSizeOfActiveList(1);
DecrementSizeOfActiveList(2);
IDCi = MDCi;
UQi = UQi − min{UQi, Qmin};
MDCi = MDCi + min{UQi, Qmin};

else
AddQueueToActiveList(2);

end if
end if

end if
end if

end while

Fig. 1. Dequeue algorithm.

B. Latency Bound of HERSA

In order to analyze the performance of HERSA, we derive
its upper bound on the scheduling latency. Let ODCi(k) be
the deficit quantum of flow i following its k-th outer round.
IDCi(k, s) is the deficit quantum of flow i following the s-
th inner round inside the k-th outer round. MDCi(k, s, u) is
the deficit quantum of flow i following the u-th micro round
on the s-th inner round inside the k-th outer round. (k, s, 0)
represents the beginning of the first micro round in the (k, s)-
th inner round. Since MDCi obtains a compensation at the
beginning of a new inner round, the equation is

MDCi(k, s, 0) = IDCi(k, s − 1) + min{UQi, Qmin}. (3)

(k, 0) represents the first inner round inside the k-th outer
round. Note that IDCi(k, 0) = ODCi(k − 1).

The bytes sent by flow i during the (k, s, u)-th micro round,
Senti(k, s, u), is given by,

Senti(k, s, u) = MDCi(k, s, u − 1) − MDCi(k, s, u). (4)

Note that u ≥ 1.

The bytes sent by flow i during the (k, s)-th inner round,
Senti(k, s), is given by,

Senti(k, s) = Qmin + IDCi(k, s − 1) − IDCi(k, s). (5)

Note that s ≥ 1.

The bytes sent by flow i during the k-th outer round,
Senti(k), is given by,

Senti(k) = ωiQmin + ODCi(k − 1) − ODCi(k). (6)

Note that k ≥ 1, ODCi(0) = 0.

Corollary 3.1: For all i, the following representation holds
for each execution of HERSA: 0 ≤ ODCi(k) < m, 0 ≤
IDCi(k, s) < m, 0 ≤ MDCi(k, s, u) < m + Qmin, where
m represents the biggest size in bits of those packets that are
actually served.

Proof: Initially, ODCi(0) = 0 , IDCi(0, 0) = 0
MDCi(0, 0, 0) = 0. ODCi(k) only changes its value when
flow i completes the k-th outer round of service. The outer
round ends when the sum of UQi(k) and MDCi(k) is less
than the length of the packet to be transmitted. Since the
packet length is no larger than m, naturally ODCi(k) is less
than m. Likewise, we obtain that IDCi(k, s) is less than
m. MDCi(k, s, u) changes its value when the (k, s, u)-th
micro round ends. In one service opportunity, at least one
packet can be sent in each service opportunity since Qmin is
larger than the maximum packet size, i.e., Senti(k, s, u) > 0.
According to Equations (3) and (4), the maximum value of
MDCi(k, s, u) should be MDCi(k, s, 1), which is less than
Qmin + m.

Let τi be the time instant that flow i becomes active and
coincides with the beginning of some outer round k0. Let
τ

(k,�ωi�,last)
i be the time instant that flow i receives the last

micro round on the (k, �ωi�)-th inner round of service. �ωi�
means the minimum integer that is larger than or equal to
ωi. Let Senti(t1, t2) be the amount of service received by
flow i during the time interval (t1, t2). At the time instance
τ

(k,�ωi�,last)
i , let G0 denote the set of flows in the AtiveList(0).

Let G1 and G2 represent the set of flows in the ActiveList(1)
and the ActiveList(2) respectively. Flow i is not included in
any of the three lists.

In order to achieve the worst-case scheduling latency, we
assume that all n flows are active in the time interval of
(τi, τ

(k,�ωi�,l)
i ) and flow i is the last to receive services in a

micro round.

Theorem 3.2: The HERSA scheduler belongs to the class
of Latency-Rate servers, with an upper bound on the latency,
Θb

i for flow i, given by,

Θb
i =

1

r
(
∑

j∈G0

{ωjQmin} +
∑

j∈G1

{�ωi�Qmin} +
∑

j∈G2

{�ωi�Qmin})

+ (
1

r
− 1

ρi
)(Qmin − m + 1) +

1

r
(n − 1)(m − 1)

+ (
1

r
− 1

ρi
)(�ωi� − 1)Qmin) + (

1

r
− 1

ρi
)(Qmin − m + 1).
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Proof: Let t(k−1) be the time to indicate the completion
oft the (k + k0 − 2)-th outer round. To analyze the latency
bound, the first step is to obtain an upper bound on the size of
the time interval (τi, τ

(k,�ωi�,last)
i ). The time interval can be

split into the following two sub-intervals:

1) (τi, tk−1): The sub-interval includes (k−1) outer rounds
starting at round k0. Let W be the sum of all the flow weights
and r be the link rate. Summarizing Equation (6) over all n
flows and over (k − 1) outer rounds beginning with the outer
round k0, we obtain

tk−1 − τi =
W

r
(k − 1)Qmin

+
1

r

n∑
j=1

{ODCj(k0 − 1) − ODCj(k0 + k − 2)}.

2) (tk−1, τ
(k,�ωi�,last)
i ): In this sub-interval, we consider

flow i, as well as flows in the sets G0, G1 and G2.

Flows belonging to the set G0 have completed the (k0+k−
1)-th outer round. The total bytes sent by these flows during
the sub-interval are∑

j∈G0

Sentj(tk−1, τ
(k,�ωi�,last)
i ) =

∑
j∈G0

{ωjQmin}

+
∑

j∈G0

{ODCj(k0 + k − 2) − ODCj(k0 + k − 1)}.

Flows in the set G1 have completed the �ωi�-th inner round
of service inside the (k0+k−1)-th outer round. The total bytes
sent by these flows during the sub-interval are

∑
j∈G1

Sentj(tk−1, τ
(k,�ωi�,last)
i ) =

∑
j∈G1

{�ωi�Qmin}

+
∑

j∈G1

{ODCj(k0 + k − 2) − IDCj(k0 + k − 1, �ωi�)}.

Flows in the set G2 have completed the (k0 + k −
1, �ωi�, last)-th service opportunity. Since the last inner round
may get a compensation less than Qmin, using Equations (4)
and (5), we obtain

∑
j∈G2

Sentj(tk−1, τ
(k,�ωi�,last)
i )

≤
∑

j∈G2

{�ωi�Qmin} +
∑

j∈G2

{ODCj(k0 + k − 2)}

−
∑

j∈G2

{MDCj(k0 + k − 1, �ωi�, last)}.

The total bytes sent by flow i during the sub-interval are
given by

Senti(tk−1, τ
(k,�ωi�,last)
i )

= (�ωi� − 1)Qmin + ODCi(k0 + k − 2)

− IDCi(k0 + k − 1, �ωi� − 1) + L(i),

where L(i) represents the bytes sent by flow i during the
micro round one through last on the (k0 + k − 1, �ωi�)-th
inner round, which is given by, L(i) = MDCi(k, �ωi�, 0) −
MDCi(k, �ωi�, last). Since the (k, �ωi�, last)-th micro round
is the last service opportunity on the (k, �ωi�)-th inner round,
MDCi(k, �ωi�, last) must be less than m. Hence, we have

L(i) ≥ MDCi(k, �ωi�, 0) − m + 1 ≥ Qmin − m + 1.

Note that ODCi(k0−1) = 0 since flow i becomes active at
the k0-th outer round, according to Corollary 3.1, summarizing
all active flows over the two periods, we obtain

τ
(k,�ωi�,l)
i − τi ≤
W

r
(k − 1)Qmin +

1

r

∑
j∈G0

{ωjQmin}

+
1

r

∑
j∈G1

{�ωi�Qmin} +
1

r

∑
j∈G2

{�ωi�Qmin}

+
1

r
L(i) +

1

r
(�ωi� − 1)Qmin

+
1

r
(n − 1)(m − 1) − 1

r
IDCi(k0 + k − 1, �ωi� − 1).

(7)

During the time interval under consideration, flow i re-
ceives services over (k − 1) outer rounds, (�ωi� − 1) inner
rounds and last micro rounds,

Senti(τi, τ
(k,�ωi�,l
i ) = (k − 1)ωiQmin + ODCi(k0 − 1)

− IDCi(k0 + k − 1, �ωi� − 1) + (�ωi� − 1)Qmin + L(i).
(8)

Note that the reserved rates are proportional to the weights,
using Equations (7) and (8), we obtain

Senti(τi, τ
(k,�ωi�,l)
i ) ≥ max

{
0, ρi

(
τ

(k,�ωi�,l)
i − τi

− 1

r
(
∑

j∈G0

{ωjQmin} +
∑

j∈G1

{�ωi�Qmin}

+
∑

j∈G2

{�ωi�Qmin}) − (
1

r
− 1

ρi
)(Qmin − m + 1)

− 1

r
(n − 1)(m − 1) − (

1

r
− 1

ρi
)Qmin

− (
1

r
− 1

ρi
)(�ωi� − 1)Qmin

)}
.

(9)

The latency bound reaches the upper bound when IDCi(k0+
k − 1, �ωi� − 1) = m − 1 and L(i) = Qmin − m + 1.

It is proved in [19] that the latency bound of a scheduler
can be determined by considering only those periods during
which a flow is continuously active. From the Lemma 7 in [19],
we know that HERSA is a Latency-Rate server with a latency
less than or equal to Θb

i given by,

Θb
i =

1

r
(
∑

j∈G0

{ωjQmin} +
∑

j∈G1

{�ωi�Qmin} +
∑

j∈G2

{�ωi�Qmin})

+ (
1

r
− 1

ρi
)(Qmin − m + 1) +

1

r
(n − 1)(m − 1)

+ (
1

r
− 1

ρi
)(�ωi� − 1)Qmin) + (

1

r
− 1

ρi
)(Qmin − m + 1).

Theorem 3.3: For any execution of the HERSA scheduler,
the inequality FM < M + 2m holds, where M is the size of
the largest packet that may potentially arrive.

Proof: FM is defined to be the maximum value of
FM(t1, t2) over all the possible executions of the fair queue-
ing scheme and all possible intervals (t1, t2) in an execu-
tion [13]. FM(t1, t2) is the maximum of (Senti(t1,t2)

ωi
−
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Sentj(t1,t2)
ωj

), over all pairs of flows i, j that are backlogged in
the interval (t1, t2)[13]. Since HERSA works in rounds, time
here can be measured in terms of rounds.

For any time interval (t1, t2), during which flow i receives
the (x1, y1, z1)-th micro round of service starting from the
(x0, y0, z0)-th micro round, we derive

Senti(t1, t2) = (x1 − x0)Qi + (y1 − y0)Qmin

+ MDCi(x0, y0, z0 − 1) − MDCi(x1, y1, z1)

≤ (x1 − x0)Qi + (y1 − y0 + 1)Qmin + m.

(10)

For a flow j in the set G0, the minimum bytes sent from
flow j are

Sentj(t1, t2) = (x1 − x0 − 1)Qj + (ωj − y0)Qmin

+ MDCj(x0, y0, z0) − ODCj(x1 − 1)

≥ (x1 − x0 − 1)Qj + (ωj − y0)Qmin − m.

(11)

As Qi

ωi
= Qj

ωj
= Qmin, using Equations (10) and (11), we

derive

|Senti(t1, t2)
ωi

− Sentj(t1, t2)
ωj

| ≤ Qmin + 2m. (12)

The Equation follows due to ωi ≥ 1 and ωj ≥ 1.

For the flow j in the sets G1 and G2, |Senti(t1,t2)
ωi

−
Sentj(t1,t2)

ωj
| ≤ Qmin + 2m.

When Qmin is set to M, we derive FM ≤ M + 2m. The
fairness of the HERSA scheduler is identical to that of the
NDRR scheme[11].

IV. AFDX COMMUNICATIONS BASED ON HERSA

In HERSA, we distinguish safety-critical flows from non-
safety-critical flows in avionic applications using different
transmission modes. To guarantee the communication reliabil-
ity of the safety-critical flows, we transmit them redundantly.
To reduce the network load, we transmit non-safety-critical
flows through either networks A or B. In order to show the
advantages of HERSA, we compare HERSA with the NDRR
scheduler that schedules full redundant flows in the same
applications.

Assumption 4.1: There are N flows in the AFDX network,
among which ns flows are safety-critical. Each network has n
switches with the same capacity and configuration.

A. Safety-critical Flows

For a safety-critical flow i, its end-to-end delay bound is
related with the arrival time difference on the two networks and
the system parameter SkewMax. The value of SkewMax is
the number of switches crossed by the transmitted frames and
usually provided by the system administrator. The arrival time
difference is equal to the before-destination delay difference.

In this paper, we make use of leaky bucket function as
arrival curve, i.e., α(t) = σi + ρit, where σi is the burst and
ρi is the rate. From the Theorem 4 in [19], the maximum
switching delay Dn

i of flow i in a network of latency-rate
servers, consisting of n servers in series, is bounded as

Dn
i ≤ σi

ρi
+

n∑
j=1

Θj
i , (13)

where Θj
i is the latency bound of the j-th switch in the

network for flow i.

In HERSA, for safety-critical flows, the original frames are
transmitted through the network A, while the redundant frames
are sent through the network B. There are n1 and n2 flows on
the networks A and B respectively. ωnsafe is the total weight
of the non-safety-critical flows. On the network A, l1 flows
have weights smaller than ωi, and the sum of their weights is
ωl1

i . On the network B, l2 flows have weights smaller than ωi,
and the sum of their weights is ωl2

i . Using the Theorem 3.2
and Equation (13), the switching delay difference of flow i on
the two networks is bounded by

Di
switch2 − Di

switch1 = n{1

r
Qmin(ωl2

i − ωl1
i )

+
1

r
Qmin�ωi�(n2 − n1 + l1 − l2) +

1

r
(n2 − n1)(m − 1)},

(14)

where Di
switch1

and Di
switch2

are the switching delays on the
original network and the redundant network respectively. Let
Δ1 be the transmission interval between the original frame
and its redundant copy at the source end system bounded by
0.5ms. The arrival time difference Δ2 in HERSA is given by,
Δ2 = Di

switch2
− Di

switch1
+ Δ1. This arrival time difference

indicates the principles for flow configurations: The number of
non-safety-critical flows and the sum of their weights on one
network should be approximate to those on the other network.
Otherwise, safety-critical flows wait long for the arrival of
their copies. The possibility of overflows and the computation
complexity hence increase at the end system.

Let D′i
switch1

and D′i
switch2

be the switching delays on the
networks A and B respectively in the NDRR scheduler. It is
proved in Ref. [11] that the NDRR scheduler has an upper
bound on the latency Θi for flow i given by,

Θi =
1

r

∑
j∈Gover

{ωjM} +
1

r

∑
j∈(n−Gover )

j �=i

{�ωi�M}

+ (�ωi� − 1)M(
1

r
− 1

ρi
) +

1

r
(n − 1)(m − 1)

+ (m − 1)(
1

ρi
− 1

r
).

(15)

The switching delay difference is zero when the two networks
transmit the same flows. Therefore, the arrival time difference
in NDRR is only related with Δ1.

If Di
switch2

− Di
switch1

+ Δ1 < SkewMax, the end-to-
end delays of transmitting any packet of flow i under both
schemes come from the redundant network. Note that safety-
critical flows are transmitted in a redundant manner in HERSA,
their delays at the source/destination end systems and on the
links are the same as those in the NDRR scheduler. The end-to-
end delay difference ΔEr between HERSA and NDRR hence
is equal to the switching delay difference, and is given by,

ΔEr = D′i
switch2 − Di

switch2

= n{1

r
M

ωl1
i − ωl2

i + ωnsafe

2
+

1

r
(m − 1)(N − n2)},

where ωl1
i − ωl2

i depicts the difference of the weights of
non-safety-critical flows on the two networks. The weights
difference is smaller than the sum of weights of all non-safety-
critical flows on the two networks, i.e., ωl1

i −ωl2
i +ωnsafe > 0.

In addition, from the definitions of m, N and n2, (m−1)(N−
n2) > 0, we determine ΔEr > 0.
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If Di
switch2

− Di
switch1

+ Δ1 > SkewMax and Δ1 >
SkewMax, the end-to-end delays in HERSA and DRR come
from the original network. According to Corollary 2.1, the
end-to-end delay difference is given by,

ΔEr = D′i
switch1 − Di

switch1

= n{1

r
M

ωl2
i − ωl1

i + ωnsafe

2
+

1

r
(m − 1)(N − n1)} > 0.

If Di
switch2

− Di
switch1

+ Δ1 > SkewMax, but Δ1 <
SkewMax, the end-to-end delays in HERSA and NDRR
come from the original network and the redundant network
respectively. Since the delay difference at the source end
system is Δ1, the end-to-end delay difference is given by,

ΔEr = D′i
switch1 − Di

switch1 + Δ1 − SkewMax.

When n{ 1
r M

ωl1
i −ωl2

i +ωnsafe

2 + 1
r (m − 1)(N − n2)} >

Skewmax−Δ1, the end-to-end delays of safety-critical flows
under the HERSA scheme turn out to be much shorter than
those under the NDRR scheme.

B. Non-safety-critical Flows

In HERSA, for a non-safety-critical flow j, it is transmitted
only on the network A. There are lj1 flows whose weights are
smaller than ωj on the network A, and the sum of their weights
is ωlj1

j . On the network B, lj2 flows have weights smaller than
ωj , and the sum of their weights is ωlj2

j . The switching delay
Dj

switch1
of the flow j, is given by,

Dj
switch1

=
σj

ρj
+ n{1

r
Mωlj1

j +
1

r
�ωj�M(n1 − lj1 − 1)

+ (
1

r
− 1

ρj
)(M − m + 1) +

1

r
(n1 − 1)(m − 1)

+ (
1

r
− 1

ρj
)(�ωj� − 1)M}.

In NDRR, the end-to-end delay of the flow is related with
Δ1 and SkewMax. The switching delay of the flow j on the
original network, D′j

switch1
, is given by,

D′j
switch1

= n{1

r
M(ωlj1

j + ωlj2
j ) +

1

r
�ωj�M(N − lj1 − lj2 − 1)

+ (
1

r
− 1

ρj
)(M − m + 1) +

1

r
(N − 1)(m − 1)

+ (
1

r
− 1

ρj
)(�ωj� − 1)M} +

σj

ρj
.

Note that the frames of the flow are not duplicated at the
end systems in HERSA, the delays at the source/destination
end systems are shorter than those in NDRR. According to
Corollaries 2.1 and 2.2, we obtain

ΔEr > D′j
switch1

− Dj
switch1

+ min(Δ1, SkewMax)

= n{1

r
Mωlj2

j +
1

r
M�ωj�(N − lj2 − n1)

+
1

r
(m − 1)(N − n1)} + min(Δ1, SkewMax) > 0.

This equation proves that the end-to-end delays of non-safety-
critical flows in HERSA are also shorter than those in NDRR.

In summary, the HERSA scheme is more efficient than the
traditional NDRR scheme that schedules full redundant flows.

TABLE I. THE NUMBERS OF HETEROGENEOUS FLOWS (VLS) UNDER

DIFFERENT BAG VALUES.

BAG (ms) No. of Avionics No. of Multimedia No. of Data
2 75 10 5
4 120 30 10
8 260 70 15
16 80 200 140
32 50 240 170
64 10 30 180

128 5 20 80

V. PERFORMANCE EVALUATION

In this section, we present the experimental results from
the implementations of multiple schedulers, including FIFO
(baseline), DRR, NDRR and HERSA, to schedule heteroge-
neous flows. Current AFDX protocol only supports the FIFO
scheduling scheme.

The experiments are configured according to the specifi-
cations of AFDX networks [2]. The experiments evaluate the
end-to-end delays of different scheduling schemes. Figure 2
shows the network configuration for the experiments, which
include 10 source end systems, 1 destination end system and
4 switches. In order to make meaningful comparisons, we also
implemented FIFO, DRR, NDRR and HERSA. We use 16-bit
values as virtual link IDs in the entire AFDX network for the
Ethernet frames.

A. Experiment Setup

In the experiments, we use three types of heterogeneous
flows, i.e., avionics, multimedia (video & audio) and best-
effort data, to evaluate the end-to-end delays under our scheme.
Tables I and II demonstrate the Bandwidth Allocation Gap
(BAG) and frame sizes of the three flows. These settings come
from a synthetic scenario to simulate a real AFDX network.
All links are set to 100Mbps. All BAGs are smaller than 128ms
and most frames are shorter than 1000 bytes according to the
AFDX specification [2] and the experiences from real-world
environments [20]. In general, avionics VLs demonstrate the
heaviest workloads among the three flows.

S1

S3

S2

S4

E1
E11

Avionics

E2Data

E3Data

E4Data

E5Video

E6Video

E7Data

E8Data
E9Video

E10Avionics

Fig. 2. An AFDX prototype configuration.

We evaluate end-to-end delays of heterogeneous flows that
are periodically generated. In the context of HERSA design,
the “periodicity” is interpreted as a period for transmitting a
periodic message. The experiments define the periodicity to be
40ms. In this way, periodic flows with BAGs smaller than 40ms
can be replayed every 40ms. We replay other flows in the time
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TABLE II. THE NUMBERS OF HETEROGENEOUS FLOWS (VLS) UNDER

FRAME LENGTH VALUES.

Frame Length (bytes) No. of Avionics No. of Multimedia No. of Data
0-100 275 5 10

100-200 145 10 20
200-400 130 25 30
400-600 20 70 140
600-800 15 80 150

800-1000 10 235 130
>1000 5 175 120

interval of their own BAG values. The experiments leverage
different amounts of the transmitted VLs to show variable
loads. The BAG values are from 2 to 128 with exponential
growth of 2.

B. End-to-end Delays

Figure 3 shows the experimental results when executing
FIFO, DRR, NDRR and HERSA for scheduling avionics,
multimedia (video & audio) and best-effort data. Except
HERSA, other schedulers transmit redundant heterogeneous
flows. HERSA only redundantly transmits avionics flows due
to their high reliability requirements. The end-to-end delays
are evaluated with the increased numbers of VLs. These
scheduling schemes cause different end-to-end delays due to
their different scheduling strategies for heterogeneous flows.
HERSA obtains the best performance since it can significantly
alleviate the network congestion and decrease re-transmission
probability.

For different scheduling schemes, we observe that the delay
of FIFO is the longest while that of HERSA is the shortest.
FIFO produces on average 4.72 times longer delay than
HERSA. FIFO equally treats heterogeneous flows that have
different deadlines of hard real-time transmission, which leads
to the longest delays among the schedulers. DRR scheduling
algorithm obtains smaller latency since it uses different quanta
to differentiate heterogeneous flows. Compared with DRR,
NDRR leverages a nested set of multiple frames inside each
DRR frame, thus resulting in a significantly lower latency
bound, while maintaining the O(1) complexity and fairness
as DRR. Unlike them, HERSA obtains the smallest latency.
The reason is that it has smaller service unit, which can be
adjusted according to the input traffic lengths.

For scheduling heterogeneous flows, the evaluation of end-
to-end delays involves in avionics, multimedia (video & audio)
and best-effort data VLs. Their performance depends upon
frame sizes and the scheduling scheme. First, as shown in
Figure 3(a), we observe that the average and maximum la-
tencies in avionics flows are respectively 6.1ms and 11.7ms in
HERSA, 21.2ms and 26.3ms in NDRR, 28.3ms and 41.8ms in
DRR and 38.5ms and 55.2ms in FIFO. The HERSA scheduler
can guarantee the hard real-time and reliability requirements
for avionics flows.

Moreover, as shown in Figure 3(b), the average and maxi-
mum latencies of multimedia flows are respectively 7.5ms and
12.8ms in HERSA, 27.8ms and 38.7ms in NDRR, 36.2ms and
55.6ms in DRR and 47.6ms and 74.1ms in FIFO. HERSA
delivers substantial performance improvements due to its par-
tially redundant transmission policy and shorter service oppor-
tunity gap. The amounts of the transmitted multimedia flows
in HERSA decrease, and in the meantime these heterogeneous

flows do not need to wait for their redundant copies in the
destination end systems, thus significantly reducing the end-
to-end delays.

In addition, as shown in Figure 3(c), the average and
maximum latencies of data flows are 11.5ms and 20.3ms in
HERSA, 33.7ms and 50.9ms in NDRR, 49.8ms and 68.2ms in
DRR and 60.3ms and 91.7ms in FIFO. Compared with FIFO,
DRR, and NDRR, the end-to-end latency of the data flows
in HERSA is also much shorter. The reason is that HERSA
alleviates the number of data to be re-transmitted, and further
mitigates network congestion.

Figure 4 shows the end-to-end delays of transmitting
redundant flows for all schedulers. Compared with partially
redundant transmission, we observe that the delays increase.
Specifically, for avionics flows, the average and maximum
delays are 42.2ms and 60.5ms in FIFO, 30.6ms and 51.8ms in
DRR, 25.3ms and 32.6ms in NDRR, and 6.8ms and 15.6ms in
HERSA. The reason is that redundant transmission for avionics
flows causes heavier network load, thus aggravating network
congestion.

Moreover, as shown in Figure 4(b), the average and maxi-
mum latencies of multimedia flows are respectively 8.1ms and
18.6ms in HERSA, 30.2ms and 47.4ms in NDRR, 39.5ms and
62.9ms in DRR and 53.2ms and 79.7ms in FIFO. HERSA de-
livers substantial performance improvements due to its shorter
service opportunity gap.

In addition, as shown in Figure 4(c), the average and
maximum latencies of data flows are 12.8ms and 28.2ms in
HERSA, 36.6ms and 58.2ms in NDRR, 52.7ms and 81.6ms
in DRR and 71.3ms and 101.2ms in FIFO. Compared with
FIFO, DRR, and NDRR, the end-to-end latency of data flows
in HERSA is also much shorter. The reason is that HERSA
reduces the minimum service size, thus decreasing the waiting
delay for all flows.

For different scheduling policies under the same scenario,
we observe that the delay of HERSA is the shortest while that
of FIFO is the longest. FIFO fails to serve for different flows
with different quanta, thus leading to the longest delays among
the scheduler. The DRR scheduler allocates large quanta to
high-rate flows, which leads to low-rate flows waiting long
for one service opportunity. Compared with DRR, NDRR
leverages a smaller inner round, in which a flow can receive
one service opportunity, hence improving the low-rate flows’
performance. However, the minimum serving size in one inner
round is still too large for small size packets. HERSA takes
advantages of input traffic and reduces the minimum serving
size for all the flows, especially for flows containing small
packets. Since a large fraction of packets in avionics flows
can be short, HERSA effectively reduces the queuing time for
all flows.

C. Retransmission Rate

The number of retransmitted data is an important metric
to evaluate the end-to-end transmission performance. In order
to provide efficient reliability, data are generally retransmitted
when packet loss or timeout occurs. The fault model refers to
the international standard IEC61508 [21], which can identify
various levels of integrity or system reliability. In each level,
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Fig. 3. End-to-end delays of heterogeneous flows under HERSA, DRR, NDRR, and FIFO schedulers.
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(c) Data flows.

Fig. 4. End-to-end delays of fully redundant flows under multiple schedulers.

this standard describes the probability of system-level failure
in time unit. Moreover, in the context of AFDX design, the
probability of failure pi of each flow i can be computed from
the sizes of the flows (i.e., SIZEi) and bit error rates.

Figure 5 shows the retransmission rates for scheduling
avionics flows and the data loss rate for scheduling multimedia
and best-effort data flows. The retransmission and data loss
rates can be interpreted as the same semantics to evaluate the
transmission performance. Avionic flows use retransmission
and other flows use directly data loss in the end-to-end
transmission.

We observe that compared with FIFO, DRR, and NDRR
schedulers, HERSA can significantly reduce retransmission
rate, i.e., 3.6% for avionics flows, and decrease the data loss
rate, i.e., 5.2% for multimedia and data flows. The reason
is that it decreases the service unit using the input traffic
characteristics and allows each flow to receive service as soon
as possible, which shortens the end-to-end delays substantially.
HERSA hence decreases the number of time-out packets and
the possibility of overflow in the queue buffer. Moreover,
HERSA also reduces the number of packets waiting in the
queues of intermediate switches, hence mitigating packet loss.

VI. RELATED WORK

Mixed-criticality systems in avionics application bring new
challenges to the AFDX network communications.

Scharbarg et al. [20] analyze the real-time of AFDX net-
works upon switches that run FIFO queuing. The result shows
that FIFO scheduler couldn’t support heterogeneous flows
successfully since multiple flows share queues identically.
Bauer et al. [9] get the end-to-end delay bound of static priority

scheduler by applying trajectory approach. However, both
FIFO and static priority scheduler fail to support heterogeneous
flows well. In order to support multiple flows transmission,
the authors in [22] try to combine static priority and weighted
round-robin to improve schedulability. Likewise, Li et al. [23]
propose the scheduling policy of fixed priority combined with
Round Robin (FP-RR) to improve the transmission delay. Hua
et al. [6] select modified deficit round robin scheduler to
better serve heterogeneous flows. In order to further improve
the transmission efficacy, they simplify the de-duplication
operation at the end destination system[4].

Rao et al. [24] apply TDMA crossbar real-time switch
architecture into the AFDX network designment and derive
the end-to-end delay bounds using network calculus. Henri
Bauer et al.[25] focus on AFDX switch outports backlog
evaluation using trajectory approach. Their work shows that
smaller buffer size can be used in each AFDX switch outport.
Trajectory approach [26] is also used to measure the end-
to-end delay besides three common methods, i.e., network
calculus, model checking and queuing networks simulation,
in the AFDX systems.

The work reviewed above focus on how schedulers help
improve the end-to-end delays of heterogeneous flow. Unlike
their work, our work observes the traffic transmission modes
in the AFDX network, and demonstrates that the differenti-
ated transmission mode contributes to reduce the end-to-end
delay while still guaranteeing the reliability. Furthermore, our
proposed algorithm efficiently schedules heterogeneous flows,
while incurring low complexity.
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Fig. 5. Transmission performance of heterogeneous flows.

VII. CONCLUSION

In order to improve the latency in the avionics network
for the mixed criticality systems, we propose an efficient
and novel scheme, HERSA, to address the problems of data
transmission and inefficiency scheduling. HERSA uses a dif-
ferentiated transmission mode and an efficient scheduler to
schedule heterogeneous flows. We obtain the tight latency
bound and fairness of HERSA by theoretically analyzing the
working principle of switches. With the latency bound of
HERSA scheduler, we study the end-to-end delays for mixed
criticality flows using the Latency-Rate servers. Moreover, we
implement HERSA on a real test-bed. Experimental results
demonstrate the efficiency and efficacy of our proposed scheme
and show that the performance improvements come from better
scheduling and a light-load network configuration.

REFERENCES

[1] H. Frazier, “The 802.3z Gigabit Ethernet Standard,” IEEE Network,
vol. 12, no. 3, pp. 6–7, May/June 1998.

[2] ARINC664, “Aircraft Data Network, Part 7 Avionics Full Duplex
Switched Ethernet (AFDX) Network,” ARINC 05-005/ADN-39, 2005.

[3] J. Yao, G. Zhu, X. Liu, and A. Jou, “Optimal bandwidth allocation
for non-critical traffics in afdx network,” Proc. IEEE Conference on
Industrial Electronics and Applications, pp. 1727–1733, 2012.

[4] Y. Hua and X. Liu, “Scheduling Heterogeneous Flows with Delay-
Aware Deduplication for Avionics Applications,” IEEE Transactions on
Parallel and Distributed Systems, vol. 23, no. 9, pp. 1790–1802, 2012.

[5] H. Charara, J.-L. Scharbarg, J. Ermont, and C. Fraboul, “Methods for
bounding end-to-end delays on an AFDX network,” Proc. Euromicro
Conference on Real-Time Systems, 2006.

[6] Y. Hua and X. Liu, “Scheduling design and analysis for end-to-end
heterogeneous flows in an avionics network,” Proc. INFOCOM, 2011.

[7] M. Boyer and C. Fraboul, “Tightening end to end delay upper bound
for afdx network calculus with rate latency fifo servers using network
calculus,” Proc. WFCS, 2008.

[8] F. Ridouard, J.-L. Scharbarg, and C. Fraboul, “Probabilistic upper
bounds for heterogeneous flows using a static priority queueing on
an afdx network,” Proc. IEEE International Conference on Emerging
Technologies and Factory Automation, pp. 1220–1227, 2008.

[9] H. Bauer, J.-L. Scharbarg, and C. Fraboul, “Applying Trajectory ap-
proach with static priority queuing for improving the use of available
AFDX resources,” Real-time systems, vol. 48, no. 1, pp. 101–133, 2012.

[10] S. J. Golestani, “A self-clocked fair queueing scheme for broadband
applications,” Proc. INFOCOM, 1994.

[11] S. S. Kanhere and H. Sethu, “Fair, efficient and low-latency packet
scheduling using nested deficit round robin,” Proc. HPSR, 2001.

[12] M. Katevenis, S. Sidiropoulos, and C. Courcoubetis, “Weighted round-
robin cell multiplexing in a general-purpose atm switch chip,” Selected
Areas in Communications, vol. 9, no. 8, pp. 1265–1279, 1991.

[13] M. Shreedhar and G. Varghese, “Efficient fair queuing using deficit
round-robin,” IEEE Transactions on Networking, vol. 4, no. 3, pp. 375–
385, 1996.

[14] H. M. Chaskar and U. Madhow, “Fair scheduling with tunable latency:
a round-robin approach,” IEEE/ACM Transactions on Networking,
vol. 11, no. 4, pp. 592–601, 2003.

[15] L. Lenzini, E. Mingozzi, and G. Stea, “Tradeoffs between low com-
plexity, low latency, and fairness with deficit round-robin schedulers,”
IEEE/ACM Transactions on Networking, vol. 12, no. 4, pp. 681–693,
2004.

[16] S. S. Kanhere, H. Sethu, and A. B. Parekh, “Fair and efficient packet
scheduling using elastic round robin,” IEEE Transactions on Parallel
and Distributed Systems, vol. 13, no. 3, pp. 324–336, 2002.

[17] S. S. Kanhere and H. Sethu, “Low-latency guaranteed-rate scheduling
using elastic round robin,” Computer Communications, vol. 25, no. 14,
pp. 1315–1322, 2002.

[18] Y.-C. Jenq, “Performance analysis of a packet switch based on single-
buffered banyan network,” IEEE Journal on Selected Areas in Commu-
nications, vol. 1, no. 6, pp. 1014–1021, 1983.

[19] D. Stiliadis and A. Varma, “Latency-rate servers: a general model for
analysis of traffic scheduling algorithms,” IEEE/ACM Transactions on
Networking, vol. 6, no. 5, pp. 611–624, 1998.

[20] J.-L. Scharbarg, F. Ridouard, and C. Fraboul, “A probabilistic analysis
of end-to-end delays on an AFDX avionic network,” IEEE Transactions
on Industrial Informatics, vol. 5, no. 1, pp. 38–49, 2009.

[21] Function safety of electrical/electronic/ programmable electronic safety-
related system, IEC 61508, http://www.iec.ch.

[22] M. Boyer, N. Navet, M. Fumey, J. Migge, L. Havet, and T. Avion-
ics, “Combining static priority and weighted round-robin like packet
scheduling in AFDX for incremental certification and mixed-criticality
support,” Proc. EUCASS, 2013.

[23] J. Li, H. Guan, J. Yao, G. Zhu, and X. Liu, “Performance Enhancement
and Optimized Analysis of the Worst Case End-to-End Delay for AFDX
Networks,” Proc. GreenCom, 2012.

[24] L. Rao, Q. Wang, X. Liu, and Y. Wang, “Analysis of TDMA crossbar
real-time switch design for AFDX networks,” Proc. INFOCOM, 2012.

[25] H. Bauer, J. Scharbarg, and C. Fraboul, “Worst-case backlog evaluation
of avionics switched ethernet networks with the trajectory approach,”
Proc. Euromicro Conference on Real-Time Systems (ECRTS), pp. 78–
87, 2012.

[26] H. Bauer, J. Scharbarg, and C. Fraboul, “Improving the worst-case delay
analysis of an afdx network using an optimized trajectory approach,”
IEEE Transactions on Industrial Informatics, vol. 6, no. 4, pp. 521–533,
2010.

2014 IEEE 22nd International Symposium of Quality of Service (IWQoS)

197



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /blex
    /blsy
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /Cmb10
    /CMB10
    /Cmbsy10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /Cmbx10
    /CMBX10
    /Cmbx12
    /CMBX12
    /Cmbx5
    /CMBX5
    /Cmbx6
    /CMBX6
    /Cmbx7
    /CMBX7
    /Cmbx8
    /CMBX8
    /Cmbx9
    /CMBX9
    /Cmbxsl10
    /CMBXSL10
    /Cmbxti10
    /CMBXTI10
    /Cmcsc10
    /CMCSC10
    /Cmcsc8
    /CMCSC8
    /Cmcsc9
    /CMCSC9
    /Cmdunh10
    /CMDUNH10
    /Cmex10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /Cmff10
    /CMFF10
    /Cmfi10
    /CMFI10
    /Cmfib8
    /CMFIB8
    /Cminch
    /CMINCH
    /Cmitt10
    /CMITT10
    /Cmmi10
    /CMMI10
    /Cmmi12
    /CMMI12
    /Cmmi5
    /CMMI5
    /Cmmi6
    /CMMI6
    /Cmmi7
    /CMMI7
    /Cmmi8
    /CMMI8
    /Cmmi9
    /CMMI9
    /Cmmib10
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /Cmr10
    /CMR10
    /Cmr12
    /CMR12
    /Cmr17
    /CMR17
    /Cmr5
    /CMR5
    /Cmr6
    /CMR6
    /Cmr7
    /CMR7
    /Cmr8
    /CMR8
    /Cmr9
    /CMR9
    /Cmsl10
    /CMSL10
    /Cmsl12
    /CMSL12
    /Cmsl8
    /CMSL8
    /Cmsl9
    /CMSL9
    /Cmsltt10
    /CMSLTT10
    /Cmss10
    /CMSS10
    /Cmss12
    /CMSS12
    /Cmss17
    /CMSS17
    /Cmss8
    /CMSS8
    /Cmss9
    /CMSS9
    /Cmssbx10
    /CMSSBX10
    /Cmssdc10
    /CMSSDC10
    /Cmssi10
    /CMSSI10
    /Cmssi12
    /CMSSI12
    /Cmssi17
    /CMSSI17
    /Cmssi8
    /CMSSI8
    /Cmssi9
    /CMSSI9
    /Cmssq8
    /CMSSQ8
    /Cmssqi8
    /CMSSQI8
    /Cmsy10
    /CMSY10
    /Cmsy5
    /CMSY5
    /Cmsy6
    /CMSY6
    /Cmsy7
    /CMSY7
    /Cmsy8
    /CMSY8
    /Cmsy9
    /CMSY9
    /Cmtcsc10
    /CMTCSC10
    /Cmtex10
    /CMTEX10
    /Cmtex8
    /CMTEX8
    /Cmtex9
    /CMTEX9
    /Cmti10
    /CMTI10
    /Cmti12
    /CMTI12
    /Cmti7
    /CMTI7
    /Cmti8
    /CMTI8
    /Cmti9
    /CMTI9
    /Cmtt10
    /CMTT10
    /Cmtt12
    /CMTT12
    /Cmtt8
    /CMTT8
    /Cmtt9
    /CMTT9
    /Cmu10
    /CMU10
    /Cmvtt10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Dcb10
    /Dcbx10
    /Dcbxsl10
    /Dcbxti10
    /Dccsc10
    /Dcitt10
    /Dcr10
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomDGR-Bold
    /NimbusRomDGR-BoldItal
    /NimbusRomDGR-Regu
    /NimbusRomDGR-ReguItal
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SimSun-PUA
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


