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Routing Performance in Air Traffic Services
Networks

Thomas Rausch, Heimo Zeilinger Andreas Kaindl
Institute of Computer Technology Frequentis AG
Vienna University of Technology Vienna, Austria
Vienna, Austria Email: Andreas.KAINDL@frequentis.com

Email: {rausch,zeilinggr@ict.tuwien.ac.at

Abstract—Fixed alternative routing algorithms are currently  tional Civil Aviation Organization (ICAO) proposes the daj
used for call establishment in voice communication systemef signaling standard ATS-QSIG [2] as replacement for legacy
air traffic services. Under certain conditions, the standadized 55104 signaling technologies [3]. ATS-QSIG is a functiona
routing scheme create suboptimal routing decisions. A sinlp file of th vate si i t Number 1 (PSS1) [4
extension of the currently used algorithm prevents routes rom profile of the private signaling .sys eml umber 1 ( ) [ ]'.
being selected during call setup, if the particular route ha The protocol standard PSS1 is a suite of standards for pri-
recently been used for an unsuccessful call setup. The modifi vate branch exchanges (PBX) in integrated services digital
cation solves the stated routing problem and its performane is networks (ISDN). Hence, both PSS1 and ATS-QSIG refer
compared with other dynamic algorithms. to concepts and the terminology found in ISDN. However,

. INTRODUCTION ATS-QSIG implements only a subset of the functionality of

The paper discusses characteristics of certain dynamie rdg>S1 while adding several supplementary services spdigifica
ing algorithms and their applicability to a specific commudeveloped for the requirements of air traffic services lia# c

nication system which is used for ground-to-ground Voiogiorityinterruption and call intrusion. In contrast tadtfitional
communication in air traffic services (ATS) networks. Ragti TUlly connected cores of circuit switched telecommunivati

in these circuit switched networks is currently performed p€WOrks, ATS-QSIG infrastructures were generally budni
fixed alternative routing (FAR) algorithms with a predefine}ims‘e'y meshed topologies, that in general corresponds to
order of direct and alternative routes. That simple alpent 9€0graphical conditions of a particular region. A link cistss
however suffers from a specific problem which decreases M%ually_of several 64kBit/s lines W'th_ a QQaVa”te_ed quall_ty
number of successfully established calls when experigncifii Service. The data rate of these links is multiplexed in
multiple simultaneous failures. Beside evaluation ofefiint tré€ voice and one signaling channel. Signaling messages f
routing strategies, the authors present a simple exterdian establishing voice communication paths between sender and
FAR algorithm which solves the stated problem and attemg€Stination are created on a circuit-switched basis viaiyop

to satisfy the stringent requirements of dynamic routingin h_op rquting. PSS1 and ATS-QSig defin_e state machines and
traffic services networks. signaling messages used for call establishment.

Dynamic routing algorithms have been used in telecom—ATSTQS|G definesasimpl.e mechgrjism for avoio!ing i.nfinite
munication networks for a long time [1]. Many conceptuall}POPS in case of weak routing decisions under situations of
different classes of routing algorithms with varying dtries multiple failures. Similar to the t|me_—to-I|ve field for lex- _
and characteristics have been developed. While the imp36f Protocol packets, ATS-QSIG defines the so-called transi
of dynamic routing algorithms has declined during the la§Punter (TC), which is part of the initial signaling message
decade due to emerging packet switched technologies whigh® TC counts the number of network nodes passed through
demands for different routing requirements, the incrapsifuring call setup. If the number exceeds a particular value,
demand for traffic engineering and quality of service forend@ntamount to reaching the maximum path length, the call is
to-end communication in these networks led to a recurren&@darded as lost and cleared. The value of the transit counte

of these traditional concepts. is network specific and basically depends on the network
The paper illustrates the performance of different dynam‘i’dameter-

routing algorithms in loosely meshed topologies by the rsean The struct_ure.of ATS networks fundamentally differs from
of simulation. A simplified model of the communicatiorf€lecommunication networks. ATS networks are smaller and

network is used to create data for different algorithms argfovide only a few air traffic controller access to the networ
parameters. Another |mp_ortant dlf_fere_r_me is the generous capacity 0$A1_'
networks. Since availability is of major importance for air
Il. TECHNOLOGICAL REQUIREMENTS ANDRESTRICTIONS  traffic services, sufficient network capacity is providedtpe
Communication networks for air traffic controls demanaith peak loads under normal network operation. That means
in particular for simple and reliable solutions. The Ingrn ATS networks are designed to be non-blocking.



unsuccessfully. However, shifting the responsibility tiher

‘g parts of the system increases their complexity, although th
’ problem is basically caused by the localized attitude of the
fixed routing decision with insufficient information about

remote link outages.

There are several intuitive options how to solve this prob-
lem. Thus before discussing the improved algorithm, the
next chapter defines the scope of the application domain and
discusses different solutions and their relevance forraffit¢
services.

Main Route for
Destination D
not Available

on Node B

Alternative Route for
Destination D
not Available
on Node B

Main Route for
Destination D
is Available

on Node A -*" Alternative Route for

Destination D I11. CONSTRAINTS FORROUTING ALGORITHMS
Available on Node A

Certain concepts of different routing algorithms seem to

, ] ) ) ] provide an immediate solution for the routing problem de-
Fig. 1. Exemplary problem of fixed alternative routing (FAR)ATS-QSIG.

Although a path between network node A and node D via node Gaitable, Scm_)e_d in the previous chapter. However, the Impact Oﬁml"t_
the FAR forces A to route a call to network node B, where thé cah not  decisions on the performance of the overall communication

be routed any further. system implies several restrictions. The functional resui
ments for ATS networks and the commitment to ATS-QSIG as
signaling standard complicates the use of several algosith
The ATS-QSIG standard suggests a simple, but stable fixgdd technologies.
alternative routing algorithm. For every destination, atity ~ The FAR algorithm which is currently used bases all deci-
table defines one direct route, which is always chosen dfons on a manually configured, predefined lists of preferred
sufficient resources are available, and up to 5 alternatires  routes for every destination. The claim for simplicity ihits
which are tried consecutively if the direct route cannotsedi  the implementation of a highly dynamic algorithm which peri
The priority interruption concept of ATS-QSIG furthermoredically exchanges routing information. The researchetfoee
provides the ability to cope with prioritized call attempts focused on the extension of the currently used functionalit
the direct route for a particular destination is not avddab For eva|uati0n' all routing a|gorithms have been imp'e_
due to congestion on the link, the routing algorithm attesnpinented in a discrete event simulator. The model uses a efetail
to interrupt some low priority call on the direct route befor gescription of the state machines with 7 of the most importan
routing the call along an alternative route. Besides rgutalls  signaling messages of ATS-QSIG to maintain connections
over the link from which the call was received, there are ngetween sources and destinations. The main purpose of the
further rules implemented in the routing algorithm. simulator is to perform tests of the routing capabilities of
One benefit of the implemented routing scheme are fast caifferent algorithms. Test data was created by simulatiorsr
setup times. Every network exchange can easily determée #f 100.000 calls for 10 and 20 different network loads forteac
subsequent network node and is exempted from performiggorithm. Every point in the resulting graphs (as e.g. Fégi
complex route calculations. Furthermore no routing infarm represents the mean of independent 8 simulation runs.
tion must be exchanged between network nodes, since the
routing tables are manually configured and do not chanfe Dynamic Exchange of Routing Information
dynamically in response to particular network conditioFisis One possible solution for the problem illustrated in Figlire
determinism however also leads to problems under situstids the mutual exchange of routing information. If networldro
of multiple failures. A would be aware that routing towards node D from node B is
As shown in Figure 1, the routing algorithm, which is sugnot possible, it would send the call immediately to node C. So
gested by the ATS-QSIG standard, creates suboptimal gutinhy not simply disseminate routing information in the netko
decisions when several network links fails. If, as illuggthin about the state of the links or other potential problems?
the example in Figure 1, the direct route leads to a networkBesides the low data rate of 16 kBit/s for the transmission,
node where neither direct nor alternative routes can be uselbich must be shared with all other signaling messages,
for routing the packet further towards its destination, ¢ inevitably timing constraints and delays, prevent medfuihg
is cleared. If the link conditions do not change, any followi exchange of routing data to create a decentralized global
call attempt will be cleared in the same manner, since thardormation base about the status of the network. In general
is no dynamic mechanism in the routing algorithm preventintgere are two different causes which hinder a node from
the network node from using its preferred direct route. sending a signaling message to a particular neighbor: link
The impact of this problem on the overall system ifailures and link congestions.
diminished by solving it on other network layers. E.g. if Link failures are rare events and network operators are
call establishment fails, the voice application autonafyc responsible for building their network from an infrastuuret
redials the same number several times or external dial-which is able to cope with several error conditions. If a link
connections are established after the first call setup textes fails, it takes a small period of time until the connection is



operational again, either by repair or by diverting conioest F
onto different on lower physical layers.

In contrast to physical link outages the durability of rogti
problems due to congested links is much more transient. Link
congestion is not supposed to occur very frequently under
normal operation due to sufficient network capacity in ATS
networks. However, in combination with solitary link fai@s
and the resulting decrease of network performance, transie
congestions may occur more common. Calls in air traffic L]
services usually last for some 10 to 15 seconds. So even if
occasionally a link is not available due to some short terﬁﬂﬁ’(‘s
overload conditions, after a very short period of time, ¢hisr
a high probability that the routing algorithm will be able to

use that particular link again. Crankback is a potential solution for the stated problem
For routing algorithms which permanently exchange infojn ATS-QSIG networks. However the algorithm introduces
mation about network status, both link failure and congesti much complexity into the communication systems. Whenever
may cause routing updates to be distributed within the whadeankback is used during call setup, more network resources
network. For long-term link failures this may make sense. Fare consumed for a short time due to dead end paths. A lower
the more common short term congestions, the costs, in terfifmber of available channels for other calls might hinder
of network resources, for distributing the routing updates  further calls from being established successfully.
too expensive. A similar problem occurs when routing paths along alterna-
Beside timing constraints for distributing routing updatetive routes in general. Every time a call cannot be forwarded
within the network, it is also important to consider the conmpn its direct route, the routing algorithm is forced to ebib
putational time of a routing algorithm necessary to deteemicalls over an alternative route. However, alternative path
a correct route. Since call setup times are crucial, longydel are in general longer compared to connections along direct
caused by routing updates and complex route calculatiofgths. The augmented resource consumption may increase
can not be tolerated. The magnitude of delays caused &hgestion on these evasion links even further. It depends o
dissemination of routing updates is however much largem théhe network layout, how often links are congested and how
reasonable route calculation. Currently, the routing &lgm  many failures a network is able to cope with.
guarantees a simple worst case delay by providing a listef se The increased resource consumption of dead end paths when
eral routes which are probed in sequence, without intereriysing crankback is, because of their transient nature, imarg
with any adjacent nodes or complex route calculation.  compared to the fraction caused by the increased path length
The installation of a separate infrastructure which hamdlgue to longer alternative routes. However, using crankback
routing updates is, because of the resulting additionabca® always incorporates alternative routes, since the direates
option. Routing algorithms which exchange informationatbo have been unavailable before.
network states among each other are currently state of thedne possibility to damp the effects of crankback is to restri
art in packet switched networks. Any explicit transmisstdn the number of nodes where crankback is used. On the one hand
routing data in ATS-QSIG networks increases the complexitliis decreases the network load, since fewer potentiabath
of the application running on the network exchanges. Theggaluated during call setup. On the other hand, the prababil
systems however shall stay simple and understandable. f®kuccessfully find a path also drops. In the simulation, the
air traffic services networks which use ATS-QSIG, algorishmransit counter of ATS-QSIG indirectly restricts the maxim
which base on the global exchange of routing data aren@mber of times, crankback is used for a single call.
suboptimal solution. However further research on locdlize For this paper several values for the maximum crankback at-
routing updates is currently under way. tempts are tested. All routing algorithms benefited fronmgsi
crankback as illustrated in Figure 1. However the diffeemnc
B. Crankback : 7 . .
how many times crankback is allowed in a single call are
Another potential solution for the routing problem depittenegligible. The tests were performed with the network depic
in Figure 1 is the use of crankback. Crankback describpsrigure 3 which consists of 10 nodes. Crankback increases
the ability of a network to reissue a failed call attempt on gye amount of successfully established calls. The nextosect

preceding network node: If a network node cannot route a cglscusses further network parameters which were evaltiated
any further due to insufficient link capacity or link failsigthe  their applicability in ATS networks.

call is cleared and a corresponding messages is sent back to

the source of the call. Under the use of crankback, a pregedfn- Usage of Popular Network Parameters

node can reattempt to forward the call on another, prewousl Dynamic alternative routing (DAR) is a dynamic routing

not chosen route. The idea is to simply search for more thatlyorithm which is similar to the FAR algorithm recommended
one path, if one particular route leads to a dead end. by ATS-QSIG. DAR uses, except for the direct route, one

3. The loosely connected 10 node network used for thelaion. All
provide the same data rate.
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Fig. 2. FAR with crankback outperforms FAR without crankbat a loosely meshed network. The illustrated numbers haen lzalculated for the network
displayed in Figure 3. The x-axis of the diagram represdresetwork load. On the very left, the network is already redital, however nearly zero calls were
lost. By further increasing the network load, the rate ofefhicalls raises. The parameters CB1 to CB4 indicate themmaxi number of times crankback is
used for a single call setup.

preferred alternative route which is always used for rautira call from being successfully routed on an alternative link
if no channel is available on the direct link. If this prefedr any more. Also insufficient link capacity on alternative tesi
alternative is not able to route a call too, alternative issgn caused by TR would prevent links from being chosen. Though
randomly out of a pool of all alternative links. If the callrca the network performance benefits under overload situgtions
be routed along this previously selected route, it becomes high network load would further increase the problem degict
new preferred alternative. The routing algorithm introgsic in Figure 1. Another problem is that voice communication
two interesting features: non-determinism for alterratioute systems in air traffic services are quite small compared to
selection and sticking to this decision as long it is ableowsteé large telecommunication networks. Depending on the actual
a call successfully. structure of the network, the capacity on each link is gdhera
DAR has been developed for fully connected telecommuréw. So the question arises what is a reasonable number for
cation networks [5][6]. Though the basic algorithm perfsrmreserved trunks in networks with a low number of channels
well under regular network conditions, it experiences or@n every link.
potential flaw under high load situations. This conceptual As illustrated in Figure 4 DAR performs well in fully
problem can however be diminished easily by introducing @nnected networks. Actually DAR with trunk reservation
network parameter that limits the use of non-direct traffic cenabled performs excellent in these networks. However alue t
direct connections. Under high load situations, the direstes the randomness of route selection the results in genersélpo
are not able to carry all traffic, thus more calls are routadeshed networks are worse compared to FAR (see Figure 6).
over alternative routes. In fully connected networks,rakiéive The problem of DAR in non-fully connected networks is, that
routes are always longer than the direct routes. Massive uke selected routes do not consider the direction where the
of alternative routes decreases the network capacity durthdestination is located. Routing to random alternativesigui
This results in even more direct routes getting occupigbe performance of DAR with and without the usage of trunk
with alternative traffic. There is however a simple and stabteservation. In fully connected networks, establishindsazn
concept called trunk reservation which prevents this sitha randomly chosen alternative routes is not a problem, sitice a
Trunk reservation (TR) damps the effects of massive atodes are immediate neighbors. In general topology nesyork
ternative routing under high load conditions by granting the direction of alternative routes is an issue.
small amount of link capacity exclusively to calls alongedir

routes [7]. A very small fraction of about 5 to 10 percent of IV. PROHIBITIVE ROUTING
all channels on a link is sufficient for stabilizing the netkwo
performance even under high network loads. Dynamic exchange of routing data is no useful option

TR is currently not implemented in any form whatsoeveor ATS networks. The loosely meshed characteristics ibhib
into ATS networks. One problem with simply applying TR tdDAR from being as effective as in fully connected networks.
ATS networks is, that preventing a call at a certain node inTdhough crankback provides a potentially good solution for
meshed network would decrease the rate of successfully-esthe problems illustrated in Figure 1, an implementatioro als
lished calls under high load situations. Failures and cstagke incorporates major changes, not necessarily limited to the
links would not be the only possibility anymore that hinderouting subsystem.
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Fig. 4. DAR benefits from trunk reservation in a fully conregtinetwork with 10 nodes. The impact of crankback for DAR isgimal. DAR without trunk
reservation performs better than FAR, yet comparable.

This paper therefore presents another solution for thengivexactly where the problem occurred. No such information is
problem. A routing algorithm which prohibits routes fronpart of the standard clearing messages.
being chosen for a short time if a previous call attempt for ATS-QSIG however provides the possibility to add small
a particular destination has recently failed. The alganiis amounts of diagnostics data to every clearing message.e-enc
called prohibitive routing. The paper also describes ondeno more comprehensive information than the solitary cleaseau
ate variant called enhanced prohibitive routing algoritBoth  can be transmitted backwards to the source node. The pro-
are extensions to the FAR scheme and therefore maintain eigitive routing algorithm uses that diagnostics data fans-
direct route and a list of alternatives. ferring information whether or not to prohibit particulautes
The basic idea of prohibitive routing is to avoid the selatti at preceding nodes. Only nodes close to the origin of the
of routes which have recently been part of unsuccessful cplioblem restrict the usage of routes. This increases tla tot
attempts. In ATS networks it seems rational that the roudlng number of available paths between originating and terrimigat
gorithm prohibits the use of routes which experienced teants node.
failures, since most calls have a short duration and splitar Besides this incorporation of auxiliary routing data, the
peak loads will not last for long. Permanent connections gecond mechanism, that prevents too many routes from being
potentially longer calls are statically incorporated irttte panned, defines a threshold for the maximum number of
network configuration. prohibited routes on every node. Every time the routing
Without the use of crankback, prohibitive routing does natlgorithm prohibits the use of a route due to another failed
immediately produce better results for a single call. Th&,fir call establishment, the node evaluates whether there idre st
unsuccessful call creates a clearing message which caumdficient available routes present. If the maximum numlfer o
the prohibitive routing algorithms in all nodes to evaluatbanned routes is exceeded, the route which has been pezhibit
whether or not to prohibit the selection of a particular eoutfor the longest time, will become available again. Differen
Without the use of crankback, that first call is cleared. Bwalues how long a route stays prohibited have been evaluated
all subsequent calls with the same destination which are s€@urrently this prohibitive time (PT) is equal on all nodeglan
shortly after the first unsuccessful call, will be routedfetif has been set to 7 for the simulation.
ently, since some routes are closed by the routing algorithm Figure 5 illustrates the behavior of prohibitive routingttwi
Prohibitive routing solves the problem described in Figlire two examples. For simplicity, assume that fixed routingeabl
by temporarily altering the routing tables. of the example have been configured using a shortest path
In order to prevent the prohibitive routing algorithm fromalgorithm.
banning too many routes, two different mechanisms applg. On An extension of the basic algorithm, the enhanced pro-
simply considers where the call setup has failed, while thgbitive routing, attempts to minimize network usage iuait
other prevents that all or too many routes become unavailakjons when the call success rate is decreasing becausetof hig
Every clearing message contains some information abagtwork load or link failure. It works in principle like the
the reason why the call has been cleared. ATS-QSIG differaegular prohibitive algorithm for normal network situat&
tiates 32 different clear causes for regular and abnornibl cahe only difference is the existence of a ring buffer which is
clearing. Nodes in the path which evaluate the clear caussed to record the success rate of the last n calls. A flag in
know why call setup has failed, however they do not knothe buffer indicates whether a call has reached its degtimat
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Fig. 5. Two examples for prohibitive routing: (a) On the lsftle, node A (1]
initiates a call to destination E. Node D is not able to rot¢all any further
and initiates call clearing. By processing the receive@ralg message, node
C prohibits, for a short time, future calls with destinati&rrom using the link
to D. Since there is one route (G) available to route callsctviiome from
B onward to E, node C removes the routing data from the clgamessage
before forwarding it to B. Node B simply continues call ciagr Consecutive
calls from A to E will be routed via node C and G. (b) The secoxaneple
illustrates the case when at node C no other route is avaifabldestination
E. Imagine link C-G experiencing some transient overloddasion. Since
immediately routing back on the incoming link is not allowed prohibits
the use of the route to D, but does not remove the diagnostits fiom
the clearing message. This causes node B to evaluate thegdaata of the
clearing message and to prohibit the route to C. Consecuéille from A to
node E will be routed via node B and F.

(2]

(3]

[4]

(5]

or no route has been found. 6]

When, at a particular node, the number of unsuccessful call
attempts is increasing above a certain level L, the node orﬂ}}/
uses those alternative routes which length results in ghtts
are at most of the length of the direct route. The length of
direct and alternative routes is calculated when settinghep
routing tables at start up.

The idea is, that in a situation of low network performance,
any additional, unnecessary load will further deterioridie
situation. Instead of reserving a lot of the precious nekwor
resources by using long alternative routes a call is onlyecbu
over the direct route or over a short alternative route.

V. CONCLUSION AND FURTHER WORK

The paper compares the performance of several dynamic
routing algorithms and their parameters in the applicagicra
of air traffic services networks. Communication systemscihi
implement the routing algorithm proposed by the signaling
standard, suffer from performance penalties when multiple
failures simultaneously occur in the network. The authors
suggest an extension for the currently used FAR algorithm
which restricts route selection for a short time for future
calls when the route has participated in an unsuccessful cal
establishment.

FAR algorithm performs well under high load situations.
DAR performs poor in loosely meshed networks, especially
when used in combination with trunk reservation. The result
of DAR might benefit when alternative route selection is not

based on independent random values, but reflects the struc-
ture of the network to some extent. The prohibitive routing
algorithm, which is able to solve the problem illustrated in
Figure 1, and FAR, without the use of crankback, deliver
comparable results. Since the implementation of crankback
in ATS networks includes complex modifications on several
system layers, prohibitive routing seems to be a reasonable
solution for the stated problem.

The performance of the enhanced prohibitive routing al-
gorithms is poor. With the intention of increasing the perfo
mance of basic prohibitive routing by restricting too loraghs
under overload situations, this result is unsatisfyingtufel
work will inspect the reasons for this behavior in more dstai
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Fig. 6. In the 10 node network, the best performance, in tefreiccessfully established calls, is achieved by the fixeding algorithm with crankback
(Fixed Routing CB1). Fixed and prohibitive routing algbrits (Prohibitive Timer PT is set to 7 seconds) perform coaigarunder high load situations.
Enhanced prohibitive routing (Level L is set to 0.15) perisrworse, however still better as any simulation run with D@Rsic DAR, DAR with trunk TR
reservation, with and without crankback CB2).



