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Abstract—We propose AViAtion real-Time Adaptive Ring
(AVATAR) as a potential solution for the integrated commu-
nication infrastructure for future aero-engine control systems.
AVATAR features an Ethernet-over-WDM architecture. It em-
ploys Reconfigurable Optical Add/Drop Multiplexer (ROADM)
as node technology. Compared to existing serialized data bus,
e.g., Time-Triggered Protocol (TTP), AVATAR exploits multi-
wavelength and spatial reuse properties of an optical WDM
ring through sophisticated packet scheduling. To quantitatively
evaluate the advantages over existing avionic networks, and to
understand the architectural parameters of AVATAR, optimal
scheduling methods using Mixed Integer Linear Programming, as
well as a simple, near-optimal heuristic are presented. Numerical
results demonstrate the superiority of AVATAR, with a simple
two-channel configuration more than doubling the capacity of
TTP.

Index Terms—Aero-engine control network, Ethernet-over-
WDM, ROADM, real-time, avionics, scheduling, heuristic.

I. INTRODUCTION

THERE is considerable interest in exploring options to
deliver affordable, distributed, high-temperature-resistant

intelligent engine controls for gas turbine and aerospace ve-
hicle applications. The control architecture has to be robust
and scalable, provide lower life cycle cost, mitigate obsoles-
cence, reduce weight, support advanced control algorithms,
and create an “eco-system” that sustains future engine control
infrastructure. There are currently three options available:
(1) lightweight fiber optics, (2) wireless, and (3) distributed
control using databus. In this research, we are exploring fiber
optics in a distributed configuration.

Full Authority Digital Engine Control (FADEC) has evolved
over three decades and become the norm for aero-engine
control today. However, it is faced with major challenges
stated above. For instance, due to its centralized architecture,
every control element is connected with a dedicated copper
wire. This organization results in bulky wirings, especially
when newer functionalities are added, and significantly greater
complexity and weight are incurred. Stressing these emerg-
ing issues, the aero-propulsion community is undergoing a
paradigm shift to a more distributed and open system design
[1]. A distributed control architecture facilitates development
of non-proprietary control modules and draws out a sustainable
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evolution path for replacement of obsolete components. This
next-generation control system should employ a networking
infrastructure that lends itself well to desired features such
as light weight, high capacity, high reliability, modularity,
scalability, etc.

Optical Wavelength-Division Multiplexing (WDM) is a
promising technology to not only alleviate the emerging wiring
nightmare but to eradicate communication infrastructure ob-
solescence due to capacity exhaustion or control architecture
redesign [2]–[8]. The WDM platform can support a mix of
on-board signal rates and protocols originating from a large
set of data sources, connected by optical fiber, including both
analog and digital [6]. The economic benefits of WDM are
two-fold. First, WDM provides the ability to significantly scale
fiber capacity by multiplexing many optical channels along
a single fiber. Second, WDM enables a significant reduction
in the number, and cost, of Optical-Electrical-Optical (OEO)
translations used in the previous fiber optic technologies
in repeaters. Compared to copper, a fiber-based plant will
significantly lower the wiring complexity and weight. Also,
fiber optics may offer much higher operating temperature. It
was demonstrated in [9] the proof-of-concept for fiber optics
based gas sensing in a harsh environment.

We propose using a WDM ring to interconnect control
elements (controllers, sensors, actuators, etc), and support real-
time communications [2], [3]. The rationale of the choice
includes structural simplicity and scalability, self-healing, in-
herent support for distributed applications, etc. A good body
of research exists for the cost-efficient design of such net-
works. Reference [10] seeks to minimize Synchronous Op-
tical Networking (SONET) Add-Drop Multiplexors (ADMs)
usage at wavelength granularity assignment. The scheduling
of a uniform capacity, full-mesh overlay on WDM ring is
considered in [11]. References [12]–[16] studied the design
problem with traffic grooming, which is a mechanism to pack
connections of different bandwidth granularities onto channels
with full wavelength capacity. In particular, [16] [17] consider
the network setting where a single node is capable of electronic
switching and hence serves as a “hub”. For more detailed
review on grooming in WDM ring networks, please refer to
[18], [19].

Most of the previous work focused on scheduling of phys-
ical network resources for circuit services. Some work on
packet scheduling in a WDM ring considered only slotted time
and uniform packet lengths (and thereby greatly simplified
the problem along the time dimension). Our work jointly
considers scheduling of physical resources in the time domain
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Fig. 1. Aero-engine control with shared communication infrastructure [1].

for real-time, variable-length packets in a WDM ring, given
the network configuration.

Researchers have also studied scheduling problems in a
sensor network context. For instance, a foundational study on
divisable load scheduling is presented for linear networks in
[20]. It jointly considers the scheduling of computation and
communication resources, and gives the analytically-tractable,
closed-form solution of optimal schedule. Some later studies
advanced the theory by considering time-varying computation
and communication speed, as well as with stochastic work-
loads [21], [22]. In contrast, our study looks at scheduling
of non-divisable packets over a full-fledged optical commu-
nication infrastructure that interconnects avionic sensors. The
problem, due to its different set of assumptions and network
settings, is analytically intractable and thus leads to a different
solution technique.

This study has merits in following three aspects. (1) Traffic
engineering: given a network configuration, we would like to
load-balance the known a priori real-time traffic over different
wavelength channels. (2) Network engineering: to accommo-
date new engine functionalities coupled with increasing traffic
volume, we need to re-distribute the load in the network,
with minimum upgrade to the network. (3) Network design:
the optimal schedules that we obtain under different network
configurations can be used to guide the choice of design
parameters.

The rest of the study is organized as follows. Section II
details AVATAR architecture in light of traditional data bus
network. The scheduling problem in AVATAR is formulated
as an MILP in Section III. A fast and near-optimal heuristic
is presented in Section IV. Numerical results of optimal
scheduling and heuristic are shown in Section V. Section VI
concludes the study.

II. NETWORK ARCHITECTURE

A. Distributed Aero-Engine Control

A typical control system consists of a controller, sensors,
and actuators, together forming a closed loop. In a centralized
FADEC architecture, all control loop closures are done at the
designated site hosting FADEC. Distributed control is a mech-
anism for the proper implementation of systems engineering

processes in aero-propulsion engine systems. The distributed
control architecture is inherently more powerful, flexible, and
scalable than a centralized control approach. In the long term,
businesses can achieve greater efficiencies and expect higher
rates of return on investment by implementing this technology.

The potential benefits of a “distributed architecture” can be
accrued only if the building blocks of this architecture are truly
modular and generic, so that they can be used in multiple
applications without any changes. Contrary to aggregating
control computations at one node, such architecture distributes
the control law processing burdens throughout the network, at
various “smart nodes”.

The successful realization of such a distributed smart-node-
based control system would provide significant modularity
and scalability benefits to the distributed platform, and permit
an affordable expansion of an existing FADEC or flight
control system, or the assembly of a new system with these
generic reusable smart nodes, as shown in Fig. 1. Furthermore,
the distributed architecture would greatly reduce the system-
wide impact of each and every obsolescence issue, or new
technology-driven update cycles. Another significant conse-
quence of this “distribution” of I/O among the smart nodes
would be the reduction of the “heat load” on the remaining
“central” FADEC, which in turn would increase its reliability,
and enable the development of the next generation of smaller
FADECs, with reduced thermal load and greater opportunity
for throughput capacity expansion. In this work, we develop
for distributed control a new communication architecture using
fiber optics with a WDM platform to communicate with the
sensors/actuators and smart component nodes.

B. Existing Network Architecture
1) Time-Triggered Protocol (TTP): One relatively-mature

and widely-deployed architecture to support real-time avionic
applications is the Time-Triggered Architecture (TTA), the
original design and development of which date decades back.
A fault-tolerant global time base is critical in time-triggered
operations. It is used to specify the interfaces among the nodes,
to simplify the communication and agreement protocols, to
perform prompt error detection, and to guarantee the timeliness
of real-time applications [23]. There are two classes of Time-
Triggered Protocol (TTP), TTP/A and TTP/C, both of which
use Time Division Multiple Access (TDMA) scheme for
collision-free channel allocation. Messages, once injected into
the channel, are broadcast to all end hosts. Thus, TTP is
a deterministic communication protocol. TTP/C is now in
industrial use in the aerospace sector, e.g., a number of on-
board control systems in Airbus A380 and Boeing 787 aircraft
are communicating by TTP [24].

2) Time-Triggered Ethernet (TTE): Later efforts aimed at
provisioning real-time and non-real-time services over one
single, coherent communication architecture, Time-Triggered
Ethernet (TTE) [24], [25]. The TTE framing complies with
standardized raw Ethernet messages. It distinguishes time-
triggered (TT) messages from event-triggered (ET) messages
by the Type Field. ET messages receive best-effort service, a
standard service provisioned by traditional Ethernet. By con-
trast, TT messages are characterized by temporal determinism
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(a) (b)

Fig. 2. (a) A/D model, A: add, D: drop; (b) CDC model, TX: transmitter,
RX: receiver.

and strict priority over ET messages. The two message classes
are identical in frame structure and addressing conventions.
The only difference is in the control imposed by a TTE
switch. The TT messages are forwarded at scheduled slots, and
preempt, if any, ongoing ET message transmissions. Regular
ET messages, together with preempted ones, use Carrier Sense
Multiple Access with Collision Detection (CSMA/CD). Thus,
ET messages receive non-deterministic services.

3) Aeronautical Radio, Incorporated (ARINC) 825: AR-
INC 825 specifies Controller Area Network (CAN) connectors
and wiring considerations, and is a form of a communication
bus network [26], which has been identified by airframers as
an important baseline network for aircrafts. It is also based on
CSMA/CD [27], and thus is non-deterministic. ARINC 825
adopts a similar access control scheme as TTE, namely, higher
priority messages preempt the transmission of lower priority
messages. In this way, CD is arbitrated by message priority.
Higher priority traffic thus receives time-triggered, scheduled
services as in TTP. ARINC 825 is considered by some to be
an ideal data bus, since it offers many advantages such as low
implementation cost, maximum interoperability, configuration
flexibility, good error detection, and optimal bandwidth. The
ARINC 825 standard was driven by Boeing and Airbus and
defines communication standard for airborne systems using
CAN. Data rates supported by ARINC 825 data bus are: 1000
kbit/s, 500 kbit/s, 250 kbit/s, 125 kbit/s, and 83.333 kbit/s.

C. WDM-Based AVATAR Architecture

We propose AViAtion real-Time Adaptive Ring (AVATAR) to
be a potential solution for the integrated communication in-
frastructure for a future aero-engine control system. AVATAR
employs an Ethernet-over-WDM architecture. It is constructed
by Reconfigurable Optical Add/Drop Multiplexers (ROADMs)
interconnected via multi-wavelength fibers. We consider two
ROADM architectures in this study, the traditional Add/Drop
pair (A/D) model and the newer Colorless, Directionless,
Contentionless (CDC) model, abstractions of which are shown
in Figs. 2a and 2b, respectively. Each ROADM is equipped
with a number of tunable transceivers (add/drop pairs). In the
A/D model, the transmitter (add) and receiver (drop) of the
same transceiver are tuned together in a pair-wise fashion, in
other words, coupled. The CDC model, on the other hand,
decouples the transmitter and receiver, such that they can be
tuned independently to different wavelengths, see Fig. 2b.
Thus, CDC model is more flexible. Dashed boxes indicate

Fig. 3. Estimated traffic volume of the distributed aero-engine controller in
Fig. 1 [1].

the positions transceiver pairs can tune to, while solid boxes
indicate the positions the transceivers are actually parked
on. For example, in Fig. 2a, the add/drop pair is parked on
w3, and hence the incoming traffic is dropped from w3, and
outgoing traffic is added onto w3. In Fig. 2b, the transmitter
and receiver can be tuned to different wavelengths, viz., the
receiver is parked on w2 while the transmitter on w3. Under
this configuration, incoming traffic is dropped from w2 while
outgoing traffic is added onto w3. Express wavelengths are
those that bypass a node, e.g., w1, w2 in Fig. 2a and w1 in
Fig. 2b. In this study, we assume an ideal tuning model, that
is, transitioning from any configuration of the transceivers and
express wavelengths to another can be done with negligible
tuning delay. Although packet-level fast tunable lasers are not
yet commercially available, this ideal tuning model focuses
our study on balanced resource investments (wavelengths and
transceivers), and design of intelligent scheduling schemes.

In contrast to the single-channel broadcasting method in
TTP, AVATAR exploits multi-channel access and spatial reuse
in a WDM ring. Over the segment between a source and
a sink, we schedule a wavelength and a continuous time
interval to transmit sensor/actuator messages packaged in
Ethernet frames. By carefully assigning a wavelength and a
time interval to each Ethernet frame, we can achieve both real-
time requirement (dictated by bounded delays) and efficient
channel utilization.

III. PROBLEM STATEMENT

In a fully-distributed aero-engine control system, control
law processing and loop closure are expected to be performed
at various nodes in the network instead of at one designated
node as in FADEC architecture. Therefore, we assume a
general traffic model that allows communication between any
node pairs. As mentioned earlier, network traffic is expected
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Fig. 4. Four-node ring with four packets to schedule.

to be Ethernet frames (also called packets in this paper),
packaging data from/to sensors/actuators. In a closed-loop
engine control system, it is safe to assume that traffic exhibits
determinism, that is, the time evolution of the traffic can be
predicted. As shown in Fig. 3, network traffic is periodic
and specified by source, destination, and total message bits,
that is, the amount of data (measured in bits) generated per
update interval. In real-time control, it is required that all
analog channels are sampled simultaneously to avoid phase
lag during the digitization process, implications of which
are estimated by assuming that delivery of messages from
all control elements (even those used at lower update rates)
occurs within the span of the fastest update interval of the
system [1]. For each message, we need to assign a continuous
wavelength, a transmitter at source, a receiver at destination,
and a continuous time interval in which those resources are
available to carry out the transmission.

In TTP architecture, when the aggregated traffic volume
increases, e.g., new control elements (nodes) are added, it is
inevitable that all the nodes need to upgrade their operating
line rate. In AVATAR, however, leveraging the flexibility of
ROADM, we can progressively deploy more transceivers and
light up new wavelengths as needed, without replacing the
Ethernet card at each node with higher line rates. Thus,
the scheduling intelligence is to most efficiently pack those
messages onto wavelength channels in a “load-balanced” way,
such that the multi-channel advantages are properly exploited.
We adopt finish time, the length of the payload, as the
performance metric.

A. Illustrative Examples

We show using the example in Fig. 4 the impacts of different
resource configuration and scheduling on the finish time.
Consider a four-node WDM ring. A traffic request is specified
by source node ID, destination node ID, and kbits/update (total
message bits). Let the update rate be 100 Hz [1].

We first schedule the packets sequentially and get a trivial
solution that gives the upper bound of the finish time, as in
Fig. 5a. In this case, required line-rate≥11 kbits×100 Hz=1.1
Mbits/sec while wavelength 2 sits idle. All transceivers are
parked on w1 throughout the entire update interval (a frame).
This naive serialized scheduling is effectively TTP.

Schedule 2, Fig. 5b, is optimal under this resource con-
figuration, namely, 2 wavelengths and 1 transceiver at each
node. Note that we parallelized messages r3 and r4 to reduce
the finish time. In this case, required line-rate≥10 kbits×100
Hz=1 Mbits/sec, and transceivers at nodes 1 and 4 need be

(a)

(b)

(c)

Fig. 5. Frame schedule with different sophistication and resource configu-
ration. (a) Serialized schedule (TTP). (b) Two wavelengths, 1 transceiver at
each node. (c) Same as (b) with 1 additional transceiver at nodes 1 and 4.

tuned to wavelength 2 at time 5 for the transmission of r4.
Note also that the transceivers are the limiting resources that
cause the under-utilization of wavelength resources.

In Schedule 3, Fig. 5c, we try to better utilize the wavelength
resources by introducing one more transceiver at node 1 and at
node 4, so that we can parallelize more packet transmissions
and further reduce the finish time. Note that an additional
transceiver eliminates the contentions between r4 and r1,
r2 respectively at nodes 4 and 1, and thereby increases the
utilization of wavelength resources. In this case, required line-
rate≥6 kbits×100 Hz=0.6 Mbits/sec, so we can assign the
additional transceiver at nodes 1 and 4 to r4, and no transceiver
reconfiguration is needed.

Thus, by careful scheduling and balanced resource config-
uration, we can reduce the line rate from 1.1 Mbits/s→ 1
Mbits/s→ 0.6 Mbits/s in this example. We develop below
a Mixed Integer Linear Program (MILP) to obtain optimal
schedules for general resource configurations and traffic.

B. Problem Formulation

Given:
- K: number of packets.
- N : number of nodes.
- W : number of wavelengths.
- Pi: number of transceivers at each node.
- (sk, dk): source/destination pair of kth packet, hereafter

referred to as k.
- hk: packet length of k.
Binary variables:
- λkw: 1 iff wavelength w is assigned to k.
- tkwp: 1 iff the transmitter of transceiver p at node sk is

assigned to k and operates on wavelength w.
- rkwp: 1 iff the receiver of transceiver p at node dk is

assigned to k and operates on wavelength w.
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Continuous variables:
- l(k): launch time of k.
- F : finish time.
Constraints:
1) Wavelength/tranceiver assignment: For each packet, that

is, ∀k ∑
w

λkw = 1 (1)∑
p

tkwp = λkw,∀w (2)∑
p

rkwp = λkw,∀w (3)

2) Link-conflict set constraints: Two connections overlap-
ping on links have to be either time-disjoint or wavelength-
disjoint. Let Cl = {(k, k′)} be the link-conflict set, that is,
∀k, k′, if k and k′ share at least one link, then (k, k′) ∈ Cl,
and vice versa. Thereby, for all such pairs, we enforce time-
disjointness or wavelength-disjointness. That is, l(k) + hk ≤
l(k′) or l(k′) + hk′ ≤ l(k) or λkw + λk

′

w ≤ 1. We translate the
logical OR correlated constraints to a set of AND correlated
linear constraints: ∀(k, k′) ∈ Cl,

l(k) + hk − l(k′) ≤M · xkk′ (4)
l(k′) + hk′ − l(k) ≤M · xk′k (5)

λkw + λk
′

w + xkk′ + xk′k ≤ 3 (6)

where M is a large number, and xkk′ is binary and forced to
1 if k finishes after k′ starts.

3) Source/destination conflict set constraints: Two connec-
tions sharing the same source/destination have to be either
time-disjoint or transceiver-disjoint. Let Ci

s and Ci
d be the

source/destination conflict set at node i, respectively. If k
originates/terminates at node i, then k ∈ Ci

s/d. Applying the
same technique as before, we have ∀i,∑

w

tkwp +
∑
w

tk
′

wp + xkk′ + xk′k ≤ 3,∀k, k′ ∈ Ci
s (7)∑

w

rkwp +
∑
w

rk
′

wp + xkk′ + xk′k ≤ 3,∀k, k′ ∈ Ci
d (8)

where xkk′ is defined the same as in Eqs. (4) and (5).
4) Pairing-conflict set constraints: This constraint only

applies to the A/D model. In the formulation for the CDC
model, this set of constraints is removed. We define pairing-
conflict set Ci as, ∀k, k′, iff k originates at node i and k′

terminates at node i, (k, k′) ∈ Ci. For such pairs, we have to
ensure that, at any point of time, add/drop of the same pair
are parked on the same wavelength1, that is, ∀i, p,∑

w

(tkwp ∨ rk
′

wp) + xkk′ + xk′k ≤ 3,∀(k, k′) ∈ Ci (9)

Objective: The objective is to minimize the finish time, i.e.,

Minimize: F = max
k
{l(k) + hk}

1The OR clause in Eq. (9) can be linearized by the following generic
technique. A∨B is replaced by a new binary variable C, and two additional
constraints are added, i.e., C ≥ A+B

M
and C < A+ B + 1, where M is a

large constant.

IV. PROBLEM COMPLEXITY AND HEURISTIC APPROACH

We have derived and solved the model for optimal real-
time service scheduling in AVATAR using a peer-to-peer traffic
model. However, the MILP model does not scale well as the
problem size grows. An alternative approach is to devise a fast
and near-optimal heuristic to tackle the problem.

A. Problem Complexity

We outline reductions from Multi-Processor Scheduling
(MPS) and Circular-Arc Coloring (CAC) problem, respec-
tively, to show our problem is NP-hard, and to shed light into
the problem’s nature. We reduce the MPS problem with T
tasks to schedule on M independent processors to a special
case of our problem, where W = P = M , and there are
T packets to be scheduled, and they all initiate, traverse the
whole ring, and terminate at the same node. The CAC problem
can be reduced to another special case where W = P = 1,
and the circular arcs become packets with length 1.

B. Heuristic Design

Now that we understand the problem complexity, we resort
to a heuristic algorithm to tackle the general version of the
packet-scheduling problem. The heuristic is devised to be
simple, fast, near-optimal, and readily applicable to dynamic
scenarios, wherein online scheduling of randomly-arriving
packets or circuit connections is needed. With these design
imperatives in mind, we propose an Earliest Finish-time, Least
Variance (EFLV) heuristic to schedule packets one-by-one.

EFLV assigns resources based on current network state. We
first introduce some variables to capture the network state:

- E(w, i): earliest time to transmit a packet that bypasses
node i on wavelength w.

- Ti(w, p)/Ri(w, p): earliest time the transmitter/receiver
of transceiver p can be used to transmit a packet from/to
node i on wavelength w.

We elaborate on the algorithm only for the A/D ROADM,
since the CDC model requires only minor modifications.
Similar to Multi-Processor Scheduling, packets are first sorted
in decreasing order of packet length, and then processed
one by one. For each packet, EFLV assigns a wavelength,
a transmitter/receiver at source/destination respectively, and a
continuous time interval. According to the principle of earliest
finish time, EFLV seeks to assign wavelength that allows
earliest start of the packet transmission, that is,

l(k) = min
w
{min

p
Tsk(w, p),min

p
Rdk

(w, p),max
i
E(w, i)}

(10)
where i’s are the nodes bypassed by packet k. The time
interval allocated is [l(k), f(k)], where f(k) = l(k) + hk.
The wavelength that gives the minimum l(k) is assigned to
packet k.

Least variance, on the other hand, implies assigning the
transmitter/receiver that, while not exceeding l(k), differs least
from l(k), that is,

argmax
p
{Tsk(wk, p) ≤ l(k)} (11)

argmax
p
{Rdk

(wk, p) ≤ l(k)} (12)
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where wk is the wavelength determined in Eq. (10). The
intuition is that, when multiple transceiver pairs are available
for the earliest packet transmission, it is desirable to spare
those “less loaded” pairs for future allocation, since transceiver
resource is relatively scarce.

Following the resource allocation, we need to update
E(w, i), Ti(w, p), and Ri(w, p) accordingly. Updates are
detailed as follows, ∀i along the path from sk to dk:

E(wk, i) := f(k) (13)
Ti(wk, p) := max{f(k), Ti(wk, p)}, i 6= dk,∀p (14)
Ri(wk, p) := max{f(k), Ri(wk, p)},i 6= sk,∀p (15)

Source has some additional updates:

Tsk(w, pk) := max{f(k), Tsk(w, pk)}, ∀w (16)
Rsk(w, pk) := max{f(k), Rsk(w, pk)},∀w 6= wk (17)

Destination is updated similarly. Note that, for the CDC model,
transmitter and receiver are decoupled, so we do not need to
update the receivers at the source or the transmitters at the
destination. The overall algorithm is summarized below.

Algorithm 1 EFLV
Initialize all E(w, i), Ti(w, p), Ri(w, p) to 0.
Sort the packets in decreasing order w.r.t. hk.
while List not empty do

1. Pick the first packet, calculate l(k) in Eq. (10), assign
wavelength, transceivers according to Eqs. (10)-(12).
2. Update E, T , R according to Eqs. (13)-(17).
3. Remove the packet from list.

end while
Output max{l(k) + hk} and the wavelength, transceiver
assignment for each packet.

V. RESULTS AND DISCUSSIONS

We start with a small network with low traffic, namely, a 8-
node ring with 20 packets to schedule, to verify the mathemati-
cal model and performance of the heuristic. Later, the resource
tradeoff is more comprehensively demonstrated on a larger
network with 16 nodes and 1,000 packets to schedule. The
number of optical nodes is expected to be significantly lower
than the actual number of various onboard sensors/actuators
for two reasons: 1) optical ring architecture rarely deploys
more than 16 nodes, 2) each ROADM is connected with a
cluster of collocated sensors/actuators, delivering aggregated
control traffic. In addition, packet lengths are not subject to
standard Ethernet frame length constraint.

The first set of evaluations are conducted on a 8-node ring.
The total number of node pairs are 28. 20 is thus a reasonable
number to simulate the aggregated traffic. When all packets
are transmitted in parallel, the schedule length achieves the
minimum, i.e., the finish time of the longest packet trans-
mission maxk hk = 9. A serialized schedule has length
of 109 in the single-channel time-triggered architecture. We
compare the scheduling performance under different network
configurations determined by the number of wavelengths per

Fig. 6. Comparison of optimal schedule length as a function of P .

TABLE I
MILP SOLVING TIME

network configuration run time
W = 1, P = 1 5168.45 sec
W = 3, P = 1 11616.82 sec
W = 5, P = 2 17836.86 sec
W = 8, P = 3 172984.09 sec

link and transceivers per node, and the ROADM technology.
Then, we verify the EFLV heuristic against the optimal MILP
solution. Finally, we evaluate the design tradeoffs using EFLV
on a 16-node network.

A. MILP Results for Small Network Example

The mathematical model we proposed in this paper nicely
captures the various dimensions, namely, time-domain conti-
nuity, wavelength continuity, transceiver tunability, into one
integrated scheduling formulation. Due to the complexity of
the problem itself, solving the MILP by the usual branch-
and-bound method to search through the solution space is not
scalable as the problem size increases. Here, we report for
several problem instances, in Table I, the MILP solving time
using ILOG CPLEX 9.0 on Intel(R) Quad Core i5 CPU at
3.20 GHz with 8 GB memory.

In Fig. 6, we fix the number of wavelengths to W = 16, 8,
and draw finish time as a function of P . In all four cases,
we observe a decrease of finish time as P increases, which
corresponds with the general intuition that “more resources
render better performance”. For illustration purposes, we take
a closer look at the case of A/D ROADM with 16 wavelengths.
When P = 1, the wavelength resource is over-provisioned.
Lack of transceiver resources limits the packets from tapping
into the wavelength capacity. When we increase P to 2, finish
time is significantly reduced, by about 50%. As P further
increases, we see an amortized gain as the wavelength has
become the limiting resource. In other words, wavelength
resources are saturated after a certain point.

CDC ROADM renders better performance compared to A/D
ROADM under the same resource configuration. In addition,
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Fig. 7. Comparison of optimal schedule length as a function of W .

(a) F as a function of P . (b) F as a function of W .

Fig. 8. Comparisons of EFLV and optimum: A/D ROADM model.

the scheduling performance using CDC ROADM converges
faster to the lower bound limited by number of transceivers
(Fig. 6) or number of wavelengths (Fig. 7). The decoupling
of transmitter and receiver in CDC architecture translates to
better utilization of transceiver and wavelength resources.

In Fig. 7, we show the interaction between finish time
and number of wavelengths, while fixing the number of
transceivers per node. P is set to 1 and 2, since in avionics
application, a node is not foreseeably to equip more than 2
transceivers. The same observations can be made as in Fig.
6. It is worth noting that, even with a conservative resource
configuration (W = 2, P = 1), which is equivalent to a dual-
channel TTP with spatial reuse, AVATAR is able to achieve a
decrease in finish time of over 65%, i.e., from a single-channel
TTP to AVATAR with two wavelength channels.

B. Evaluation of EFLV Scheduling for Small Network

We evaluate the performance of the EFLV heuristic in light
of the optimal scheduling generated by solving the MILP.
Results for A/D and CDC ROADM model are shown in
Figs. 8 and 9, respectively. In particular, Fig. 8(a) draws the
comparison by varying P , while Fig. 8(b) of varying W .
The EFLV heuristic in most cases gives optimal or close-
to-optimal scheduling. The one exception lies in the case of
P = 1. Scheduling performance in this case is largely limited

(a) F as a function of P . (b) F as a function of W .

Fig. 9. Comparisons of EFLV and optimum: CDC ROADM model.

Fig. 10. EFLV scheduling using A/D ROADM.

Fig. 11. EFLV scheduling using CDC ROADM.

by transceiver resource. It is intuitive that constrained resource
configuration requires more scheduling sophistication.

C. Heuristic Solution for Large Network Example

Due to the high computational cost of solving the MILP for
our problem and near-optimality of EFLV scheduling, we use
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EFLV to draw finish time as a function of both wavelengths
(1 ≤W ≤ 64) and transceivers (1 ≤ P ≤W ), shown in Figs.
10 and 11, for a 16-node ring with 1,000 packets to schedule.
For lack of field data, we adopt a probabilistic traffic model
for the general peer-to-peer, distributed system where traffic
is uniformly distributed among all possible source-destination
pairs. With serial scheduling in TTP architecture, the finish
time is given by

∑
hk = 5369. In the performance charts,

we see that both ROADM models exhibit largely the same
resource tradeoff. And the observations accord with the MILP
results. The peaks of the 3-D surface for both models are
of case W = 1, P = 1. In this case, AVATAR is reduced
to single-channel TTP with spatial reuse. The finish time
decreases by about 20% to 4601. In this base case particularly,
the CDC model is equivalent to the A/D model. Significant
reduction in finish time is observed with immediate increase of
resources to the base case. Further increase of resources results
in an amortized gain. CDC model generally outperforms
the A/D model under same resource configurations for its
additional flexibility of transceivers. With the same number of
transceiver pairs at each node, CDC model can better utilize
the wavelength resources. In effect, the finish time converges
at higher number of wavelengths. From a design perspective,
investing in W = P is almost always a bad choice. The finish
time, for a given number of wavelengths, usually converges
at a much lower count of transceivers. Not only design, but
upgrade can also benefit from these performance charts. For
example, given a budget and resource price model, multiple
resource upgrade combinations are possible. A simple decision
could be the one that yields the steepest descent of finish time.

VI. CONCLUSION

We proposed AVATAR based on an optical WDM ring as
a future promising aero-engine control network architecture.
Sophisticated packet scheduling schemes were developed to
exploit the vast capacity provided by WDM technology to
support real-time avionic services. The scheduling problem
was first abstracted as an MILP for two different ROADM
architectures, namely, Add/Drop pair (A/D) model and Col-
orless, Directionless, Contentionless (CDC) model. The CDC
ROADM architecture removes the pairing constraint and re-
sults in a more relaxed formulation. A simple scheduling
heuristic Earliest Finish-time, Least Variance (EFLV) was also
proposed to tackle the problem. EFLV was shown to achieve
near-optimal scheduling in both ROADM models.

The superiority of AVATAR over Time-Triggered Protocol
(TTP) architecture in avionic application was demonstrated
conceptually and quantitatively via extensive numerical eval-
uations. Even with very conservative resource configuration,
AVATAR was shown to achieve more than 65% temporal
efficiency compared to TTP (i.e., more than twice of the traffic
can be accommodated). Tradeoffs between spatial resources
(wavelength and transceivers) and temporal performance (fin-
ish time) were captured in the numerical diagrams to consult
the design parameter selection of AVATAR.
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