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Introduction

This workshop was next in the series of events organized by the Internet Society in our effort 
to foster improvements in the resiliency of the Internet routing system and facilitate adoption 
of common solutions and best practices in this area. Two most recent events preceding this 
workshop were operator roundtable meeting in December 2011 [1] and May 2012 [2]. Participants 
included representatives of the leading network operators.

Discussions with network operators at these roundtable meetings indicated a need for a better 
understanding of the history and current state of challenge. The issue of routing security has been 
an object of constant attention by the industry for more than a decade. BGP vulnerabilities were 
LGHQWL¿HG�DV�HDUO\�DV������DQG�PDQ\�RI�WKHP�VWLOO�H[LVW�WRGD\��'HVSLWH�VHHPLQJ�IUDJLOLW\��JOREDO�
inter-domain routing of the Internet demonstrated exceptional stability and robustness. Indeed, 
DSDUW�IURP�D�IHZ�KLJK�SUR¿OH�FDVHV�ZKHQ�LQWHQWLRQDO�RU�XQLQWHQWLRQDO�FRQ¿JXUDWLRQ�PLVWDNHV�
affected global routing for a limited time, threats from the routing system rarely endanger service 
providers’ commitments. 

Long-term data and analysis on frequency and types of BGP attacks are an important element 
in informing operator’s risk assessment and selection of adequate tools and approaches. What 
level of attack has there been in the past -- to what extent do security incidents happen, but go 
unnoticed, or get dealt with inside a single network, possibly introducing collateral damage?  
Are the number and impact of service disruptions and malicious activity stable, increasing or 
decreasing?  Can we understand why, and track it collectively? 

The workshop was intended to address these and other questions related to the issue of routing 
resiliency. 

The workshop was divided into three main sections:
�� 0HDVXUHPHQW�PHWKRGRORJ\�DQG�IUDPHZRUNV  

The focus of this session was on different methodologies, their limitations and available data 
sets used for the analysis of suspicious events related to inter-domain routing in the Internet. 

�� 5HVHDUFK�DQDO\VLV�DQG�RSHUDWLRQDO�GDWD 
In this session participants looked at the data related to routing resilience coming both from the 
research as well from the operational experience. Participants explored how these data related 
to risks, vulnerabilities and threats. 
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�� 0HWULFV�DQG�ORQJ�WHUP�PRQLWRULQJ 
In this session participants discussed what metrics could be a useful representation of routing 
resiliency in the Internet. How can these metrics be used in improving routing resiliency? What 
data is needed and what needs to be done to get these metrics collected? Is there a need for 
a long-term monitoring and trend analysis and what can be done in this area?

 
0HDVXUHPHQW�PHWKRGRORJ\�DQG�IUDPHZRUNV�

7KHUH�DUH�VHYHUDO�PHWKRGRORJLHV�RI�%*3�DQG�WUDI¿F�GDWD�DQDO\VLV�WKDW�PLJKW�EH�
FRPSOHPHQWDU\��&RUUHODWLRQ�RI�WKHVH�GDWD�FDQ�\LHOG�GHHSHU�LQVLJKW�

The workshop began with a session where participants discussed different methodologies their 
strong points and limitations. Part of this discussion was looking at available data sets used for the 
analysis of suspicious events related to inter-domain routing in the Internet.
 
2QH�RI�WKH�DSSURDFKHV that was used in a research effort by NIST that used registered data 
(e.g., RIR, IRRs, RPKI) as well as historical BGP trace data (e.g., Routeviews, RIS) for the 
LGHQWL¿FDWLRQ�DQG�GHWHFWLRQ�RI�URXWLQJ�DQRPDOLHV��ZDV�SUHVHQWHG�E\�.RWLNDODSXGL�6ULUDP�

There are existing BGP robustness algorithms which seek to generate reliable white lists of 
^SUH¿[��RULJLQ�$6`�SDLUV�IURP�KLVWRULFDO�%*3�WUDFH�GDWD��7KHVH�ZKLWH�OLVWV�DUH�XVHG�WR�DVVLVW�LQ�
%*3�URXWLQJ�DQRPDO\�GHWHFWLRQ��6ULUDP�GLVFXVVHG�D�PHWKRGRORJ\�IRU�FKDUDFWHUL]LQJ�DQG�¿OWHULQJ�
unstable BGP announcements so that the quality of a white list can be improved making them 
more reliable. 

The goal of BGP anomaly detection algorithms is to identify and catch serious anomalies (e.g., 
SUH¿[�KLMDFNV��ZKLOH�PLQLPL]LQJ�WKH�SUREDELOLW\�RI�D�IDOVH�DODUP���7KH�VWXG\�FRPSDUHG�WKUHH�
algorithms: (1) Registry-data driven, (2) History-data driven, and (3) Hybrid (i.e., combined 
registry and history data driven). The study showed that false alarm probability can be reduced 
by augmenting the history data with registry data. Hence, the hybrid algorithm provides a better 
performance for anomaly detection, especially when the registry data is reliable as in the case of 
the RIPE’s RIR/IRR data.

Sriram observed that while the RPKI repositories are beginning to evolve at various RIRs, it may 
take a few years before those repositories are complete. Any available RPKI data (e.g., ROAs) 
can be combined with cleaned-up IRR registry data and stable historical data to enhance BGP 
robustness in the short term. More details about this work and approach are available in [3] and [4].

$QRWKHU�DSSURDFK� focused on passive measurements of the data plane - looking at incomplete 
ÀRZV��RQH�ZD\�FRPPXQLFDWLRQ�DWWHPSWV���SDFNHWV�VWDUWLQJ�D�FRPPXQLFDWLRQ�WR�D�UHPRWH�HQG�KRVW�
that do not receive a reply), was presented by Xenofontas Dimitropoulos from ETH Zurich. Such 
LQFRPSOHWH�ÀRZV�PD\�EH�DQ�LQGLFDWLRQ�RI�QHWZRUN�IDLOXUHV��DWWDFNV�DQG�PLVFRQ¿JXUDWLRQV��DQG��
therefore, their analysis can provide an interesting insight into network incidents.

7KH�DQDO\VLV�LQFOXGHG�LGHQWL¿FDWLRQ�DQG�FODVVL¿FDWLRQ�RI�WKH�PDLQ�FDXVHV�RI�RQH�ZD\�WUDI¿F�LQ�WKH�
,QWHUQHW�EDVHG�RQ�SDVVLYH�PHDVXUHPHQWV�RI������SHWDE\WHV�RI�WUDI¿F�FROOHFWHG�RYHU���������������
years from an academic backbone network in Switzerland. The research shows that one-way 
WUDI¿F�PDNHV�EHWZHHQ�����DQG�����RI�WKH�WRWDO�QXPEHU�RI�ÀRZV��DOWKRXJK�LW�RQO\�DFFRXQWV�IRU�
RQO\������DQG�������RI�WKH�WRWDO�QXPEHU�RI�SDFNHWV�DQG�E\WHV��UHVSHFWLYHO\��7KH�PDLQ�VRXUFHV�
RI�RQH�ZD\�WUDI¿F�DUH�����VFDQQLQJ��ZKLFK�DFFRXQWV�IRU�������RI�WKH�RQH�ZD\�ÀRZV�DQG�������RI�
WKH�RQH�ZD\�SDFNHWV�����SHHU�WR�SHHU�DSSOLFDWLRQV��ZKLFK�DFFRXQW�IRU������RI�WKH�RQH�ZD\�ÀRZV�
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DQG�������RI�WKH�RQH�ZD\�SDFNHWV��DQG����XQUHDFKDEOH�VHUYLFHV��ZKLFK�DFFRXQW�IRU������RI�WKH�
RQH�ZD\�À�RZV�DQG�������RI�WKH�RQH�ZD\�SDFNHWV��2QH�ZD\�WUDI¿�F�PHDVXUHPHQWV�SURYLGH�QHZ�
possibilities for service availability monitoring enabling in particular to passively detect outages 
and assess their impact. Using the network of ETH Zurich as a case study, it was demonstrated 
KRZ�RQH�ZD\�WUDI¿�F�LV�XVHIXO�IRU�GHWHFWLQJ�QHWZRUN�RXWDJHV�DQG�IRU�DVVHVVLQJ�WKHLU�LPSDFW�>�@��
,Q�RQH�FDVH��LQ�SDUWLFXODU��ZH�LGHQWL¿�HG�D����PLQXWH�RXWDJH��ZKLFK�DIIHFWHG�WKH�HQWLUH�FDPSXV�
QHWZRUN�RI�(7+�=XULFK��VHH�¿�J�����'XULQJ�WKLV�RXWDJH����������XQLTXH�FOLHQWV�IDLOHG�WR�DFFHVV�
target services! More details about this work on detecting outages in local network services and in 
UHPRWH�GHVWLQDWLRQV�FDQ�EH�IRXQG�LQ�>�@��>�@�DQG�>�@��

The Institute for Complex Additive Systems Analysis (ICASA) at the New Mexico Institute of 
Mining and Technology (NMT) has developed FDSDELOLWLHV�WKDW�TXLFNO\�SURYLGH�LQIRUPDWLRQ�
DERXW�,QWHUQHW�GLVUXSWLRQV�ZLWK�JOREDO�LPSDFW��6SHFL¿�FDOO\��WKHVH�FDSDELOLWLHV�GHWHFW�VXFK�
disruptions, estimate the likely cause, and locate the effects in the topology of the Internet. This 
information is determined from open-source BGP data, using a combination of algorithms based 
on protocol-intrinsic data and behavioral models that capture more subtle information about the 
system. Dietrich Bachman presented this work.

,Q�WKLV�DSSURDFK��>�@��>�@��UHDFKDELOLW\�LV�GH¿�QHG�RQ�HVWDEOLVKHG�VHWV�RI�SUH¿�[HV��FDWHJRUL]HG�
by any criteria desired, such as business entities, owner type (commercial vs. government vs. 
HGXFDWLRQDO�1*2���RU�E\�FRXQWU\�RU�UHJLVWU\��7KH�¿�UVW�VWHS�LV�WR�GHWHUPLQH�IRU�HDFK�SUH¿�[�LQ�WKH�
group whether it is routable at a given time. All of the answers to this question are aggregated to 
SURYLGH�D�VLPSOH���WR������UDWLQJ�RI�WKH�UHDFKDELOLW\�RI�WKH�ZKROH�JURXS��,I�GHVLUHG��PXOWLSOH�VXFK�
samples can be calculated to build a plot over time. These plots can be used to observe massive 
reachability-degrading events, such as the government-ordered Internet shutoff in Egypt in 2011.
Hidden Markov Models are employed to capture more subtle anomalies in the Internet’s data 
plane, whose presence is sometimes not traceable in individual BGP updates, as with hijacks and 
reachability. These anomalies are visible in tracking the holistic behavior of the routing system, 
which HMMs accomplish by understanding (through training) a notion of “normal” behaviors of 
the system, as well as a host of previously observed abnormal behaviors. By employing multiple 
behavioral models of this kind, it is possible to both know when the system seems to be in an 
anomalous state, and to wager a guess as to what brought it there. Figure 2 shows the effect 
RI�LQYDOLG�SUH¿�[�RULJLQDWLRQ�E\�&KLQD�7HOHFRP�LQ�$SULO�������ZKHUH�HDFK�GDWD�OLQH�UHSUHVHQWV�WKH�
assessment of a historically-trained behavioral model to real-time incoming BGP data.

)LJXUH����$����PLQ
internal outage in ETH Zurich as 
LGHQWL¿�HG�E\�RQH�ZD\�À�RZV
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)LJXUH����&ODVVL¿�FDWLRQ�+00�RXWSXW�
during the event. Each model was 
trained on selections of BGP data 
concurrent with particular kinds of 
Internet stimuli (Malicious = worms, 
DoS, etc.; Natural = power outages, 
earthquakes, etc.; Quiet = periods of 
no known disruption).

5HGXFWLRQ�RI�IDOVH�SRVLWLYHV remains an important objective of all presented efforts as the main 
requirement for their utility in operational tools. This task is challenging because of the dynamic 
nature of the BGP state globally as well as the lack of knowledge of the intent.

To reduce number of false positives researchers at the University of Arizona proposed a concept 
of FRQFXUUHQW�SUH¿�[�KLMDFNV�>��@��:KHQ�D�QHWZRUN�RULJLQDWHV�SUH¿�[HV�RI�DQRWKHU�QHWZRUN��LW�FDQ�
be a hijack or due to an operational arrangement not known to the public. But when a network 
VLPXOWDQHRXVO\�RULJLQDWHV�SUH¿�[HV�RI�PDQ\�RWKHU�QHWZRUNV��LW�LV�KLJKO\�OLNHO\�WR�EH�D�UHDO�KLMDFN�
since operational arrangements with many different networks are unlikely to take effect at the 
VDPH�WLPH��%DVHG�RQ�WKLV�REVHUYDWLRQ��WKH\�GHYHORSHG�D�VFKHPH�WKDW�GHWHFWV�FRQFXUUHQW�SUH¿�[�
hijacks by correlating suspicious origin announcements and identifying networks that are offending 
PDQ\�RWKHU�QHWZRUNV�VLPXOWDQHRXVO\��7KH�VFKHPH�GRHVQ¶W�UHTXLUH�DXWKRULWDWLYH�SUH¿�[�RZQHUVKLS�
information. In order to facilitate real-time detection and reaction, scheme’s parameters can be 
tuned to minimize false positives. As was demonstrated by some data in the next session and 
YHUL¿�HG�ZLWK�QHWZRUN�RSHUDWRUV��WKLV�VFKHPH�FDQ�GHWHFW�FRQFXUUHQW�SUH¿�[�KLMDFNV�ZLWK�]HUR�IDOVH�
positive.  

Also, with regards to false positives tools like BGPmon [11], Cyclops [12] and EyeP [13] can 
provide a better picture, since the “intent” is documented in the tool itself by the users. Both 
BGPmon and Cyclops are network audit tools for service providers and enterprise networks, 
providing a mechanism to FRPSDUH�WKH�REVHUYHG�EHKDYLRU�RI�WKH�QHWZRUN�DQG�LWV�LQWHQGHG�
EHKDYLRU� Both are able to detect several forms of route hijack attacks, i.e. when Internet routes 
are maliciously diverted from their original state. Lixia Zhang from UCLA explained the capabilities 
of these tools.

In looking at routing incidents the main data source remains existing collections of BGP updates, 
PDLQO\�IURP�WKH�SURMHFWV�OLNH�5,6�>��@�DQG�5RXWH9LHZV�>��@��6RPH�PHWKRGRORJLHV�FRPELQH�LW�ZLWK�
RWKHU�GDWDVHWV��OLNH�À�RZ�LQIRUPDWLRQ�

Discussion followed on what RWKHU�GDWD�VRXUFHV can be used to help reducing false positives – 
UHDO�URXWLQJ�LQFLGHQWV��DWWDFNV�RU�VLPSO\�PLVFRQ¿�JXUDWLRQV��IURP�QRUPDO�FKDQJHV�LQ�WKH�VWDWH�RI�WKH�
global routing system – changes of paths, origins and even reachability. 

9DULRXV�,QWHUQHW�5RXWLQJ�5HJLVWULHV��,55�>��@��SURYLGH�GDWDVHW�WKDW�FDQ�EH�XVHG�IRU�WKLV�SXUSRVH��,Q�
the NIST research presented earlier ([3]) it was demonstrated how these data can further reduce 
false positives, despite the fact that these data are often claimed to be stale and incomplete.
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While several presented approaches could effectively reduce false positives, from a research 
perspective the real unanswered question remains - how much goes unnoticed. How much 
FRQ¿GHQFH�GR�ZH�KDYH�WKDW�GDWD�FRPLQJ�IURP�WKH�DQDO\VLV�RI�OLPLWHG�GDWD�VHW��FRPLQJ�IURP�OLPLWHG�
QXPEHU�RI�YDQWDJH�SRLQWV�ZLWK�OLPLWHG�NQRZOHGJH�DERXW�WKH�DFWXDO�URXWLQJ�SROLFLHV�UHÀHFWV�WKH�UHDO�
state of affairs in this area?

5HVHDUFK�DQDO\VLV�DQG�RSHUDWLRQDO�GDWD

5HVHDUFK�GDWD�VKRZV�D�UHODWLYHO\�VPDOO�QXPEHU�RI�URXWLQJ�LQFLGHQWV��7KLV�QXPEHU�JRHV�XS�
LI�D�JUHDWHU�PDUJLQ�LV�DOORZHG�IRU�IDOVH�SRVLWLYHV��,W�LV�GLI¿FXOW�WR�VD\�KRZ�PXFK�JRHV�XQGHU�
WKH�UDGDU�

7KLV�FRUUHVSRQGV�ZHOO�WR�WKH�RSHUDWRU�H[SHULHQFH��,W�LV�TXLWH�SRVVLEOH�WKDW�WKH�DFWXDO�
QXPEHU�RI�LQFLGHQWV�LV�KLJKHU��EXW�WKH\�HLWKHU�JR�XQQRWLFHG��RU�JHW�DWWULEXWHG�WR�RWKHU�
FDXVHV��2SHUDWRU¶V�IRFXV�RQ�URXWLQJ�VHFXULW\�LQ�D�QDUURZ�VHQVH�LV�OLPLWHG��PRUH�DWWHQWLRQ�LV�
RQ�URXWLQJ�UHVLOLHQFH�LQ�D�ZLGHU�VHQVH�

/L[LD�=KDQJ�SUHVHQWHG�VRPH�REVHUYDWLRQV�IURP�WKH�ZRUN�RQ�FRQFXUUHQW�SUH¿[�KLMDFNV�>��@��
$SSO\LQJ�WKLV�GHWHFWLRQ�VFKHPH�WR�5RXWH9LHZV�%*3�GDWD�IURP������WKURXJK���������WR����
FRQFXUUHQW�SUH¿[�KLMDFNV�ZHUH�GHWHFWHG�HDFK�\HDU��VHH�¿J������7KH\�DUH�W\SLFDOO\�KLMDFNV�RI�
SUH¿[HV�RI�D�IHZ�WHQV�RI�RWKHU�QHWZRUNV��ZKLFK�ODVW�IURP�D�IHZ�PLQXWHV�WR�D�IHZ�KRXUV��DQG�SROOXWH�
URXWHV�DW�PRVW�YDQWDJH�SRLQWV��PHDQLQJ�WKDW�WKH�GDPDJH�WR�GDWD�WUDI¿F�FRXOG�EH�ZLGHVSUHDG��
'HWHFWHG�HYHQWV�IURP�������������DQG������ZHUH�YHUL¿HG�YLD�HPDLO�FRPPXQLFDWLRQ�ZLWK�QHWZRUN�
RSHUDWRUV��$OO�WKH����GHWHFWHG�HYHQWV�ZHUH�FRQ¿UPHG�DV�UHDO�KLMDFNV�
 

,QWHUHVWLQJO\�PRVW�HYHQWV�DUH�QRW�PHQWLRQHG�LQ�RSHUDWRU�PDLOLQJ�OLVWV�VXFK�DV�1$12*�RU�LGHQWL¿HG�
in research literature, implying that the network community in general is not aware of these 
KLMDFNV��)XUWKHUPRUH��PRVW�RSHUDWRUV�RI�YLFWLP�SUH¿[HV�WROG�XV�WKDW�WKH\�ZHUH�XQDZDUH�RI�WKHLU�
SUH¿[HV�EHLQJ�KLMDFNHG��7KLV�UHVXOW�LV�D�VWURQJ�HYLGHQFH�RI�WKH�XUJHQF\�RI�WKH�URXWLQJ�VHFXULW\�
problem and illustrates the importance of continuous measurement and monitoring. 

When addressing routing security issues, as with any security-related activity, a network operator 
needs factual data and a good understanding of what’s going on in the system to better inform 
the process of risk assessment and the selection of adequate tools and approaches. It is also 
important to measure the effect of such tools once they are deployed, and monitor the changing 
dynamics of the environment. Because the inter-domain routing system is globally interdependent, 
such monitoring and measurements should be long-term and be done on a global scale.

Figure 3. Number of concurrent 
hijacks detected
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In this context, one important data set is RSHUDWLRQDO�VWDWLVWLFV�RI�LQFLGHQWV�UHODWHG�WR�URXWLQJ�
VHFXULW\��DV�UHJLVWHUHG�E\�D�QHWZRUN�RSHUDWRU� The Internet Society attempted to collect some 
of these statistics by conducting a small informal survey among the operators.

Requested data included type, duration and frequency of registered incidents, as well as typical 
measures taken to resolve. A separate set of questions was dedicated to any other violations of 
SROLF\�GHWHFWHG��)RU�LQVWDQFH��LI�DQ�RSHUDWRU�KDV�SUH¿�[�¿�OWHUV�FRQ¿�JXUHG��KRZ�RIWHQ�%*3�XSGDWHV�
IURP�D�QHLJKERU�JHW�¿�OWHUHG�RXW�

Some preliminary results, although not being statistically representative, indicated that frequency 
of the incidents is very low, or they are not detected (whether they are occurring or not) at 
DOO��*LYHQ�WKDW�PDQ\�RI�URXWLQJ�LQFLGHQWV�DV�ZDV�GHPRQVWUDWHG�LQ�³&RQFXUUHQW�3UH¿�[�+LMDFNV��
Occurrence and Impacts” [10] do not exceed 30 min, a case (a customer complaint, an alert from 
a monitoring system) might be already resolved before reaching NOC, or before closing a ticket. 
It was also suggested that because of low frequency operators may not have an explicit “closing 
code’ related to routing when closing a trouble ticket. 

7KH�PRVW�FRPPRQ�SUREOHP�H[SHULHQFHG�E\�WKH�RSHUDWRUV�ZDV�QXPEHU�RI�SUH¿�[HV�UHFHLYHG�LQ�D�
SHHULQJ�VHVVLRQ�H[FHHGLQJ�WKH�PD[LPXP�SUH¿�[�YDOXH��7KLV�W\SLFDOO\�KDSSHQV�����WLPHV�D�ZHHN�
DQG�LV�D�UHVXOW�RI�PLVFRQ¿�JXUDWLRQ�RU�VLPSO\�JURZWK�RI�D�SHHU��,W�DSSHDUV�WKDW�RWKHU�SROLF\�YLRODWLRQV�
were not tracked or logged dues to technical limitations or lack of tools (even if policy controls 
were in place).

The results also showed limited capabilities that operators have in place for collecting data and 
receiving alerts related to violations of the routing policy. That might be an indication that incidents 
happen infrequently, or that operators are simply not aware of, or not recognizing the incidents 
resulting from routing anomalies. But in any case, as was noted during the discussion, if one can’t 
get a rough probability of events and quantify the potential loss from risks being materialized then 
LW�LV�YHU\�GLI¿�FXOW�WR�FRQYLQFH�RSHUDWRUV�WR�GHSOR\�SUHYHQWLYH�RU�PLWLJDWLQJ�V\VWHP�ZLWK�QRQ�]HUR�
incremental cost. 

Another preliminary results were presented from the analysis of outage posts in NANOG (http://
www.nanog.org/mailinglist/)  and Outages (http://puck.nether.net/mailman/listinfo/outages)  
mailing lists, which are frequently used by network operators to report problems. Posts to these 
lists between Jan 2010 and Oct 2012 were manually examined looking for posts that clearly 
mentioned the words “outage”, “hijacking”, “route leak”, “unreachable” or “down”. Events that 
turned out to be internal network issues were omitted. Evolution of number of incidents over time 
LV�VKRZQ�RQ�¿�J����
 

Figure 4 Evolution of number of 
reported incidents on NANOG and 
Outages mailing lists
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$�WRWDO�RI�����RXWDJHV�ZHUH�LGHQWL¿HG�DQG�IRU�������RI�WKHP�UHVHDUFKHUV�ZHUH�DEOH�WR�FODVVLI\�WKH�
causes. The distribution of outages by its cause is shown in the table:

2XWDJH�FDXVH Count 3HUFHQWDJH

DoS � 1.7

Fiber cut �� 13.3

Hardware failure 17 4.7

Maintenance 4 1.1

Peering issue 4 1.1

Power outage 7 ���

Congestion 4 1.1

Routing issue �� �

Route hijack/leak �� 4.2

Unknown ��� ����

Other 12 3.1

7RWDO 361 100

This is work was conducted by ETH Zurich together with Mentari Djatmiko from NICTA, Australia. 
Related to this was a discussion around the question at what level of risks, or probability of 
HYHQWV��SURDFWLYH�PHDVXUHV�DUH�PRUH�FRVW�HI¿FLHQW�FRPSDUHG�WR�UHDFWLYH�PHDVXUHV��$JDLQ��D�
better grasp on data could provide helpful answers in this area.

The discussion touched on another common violation of policy – so-called route leaks. A typical 
example of a route leak is a customer “leaking” routes learnt from its upstream provider to another 
(upstream provider). In this case the customer effectively becomes a transit provider for the leaked 
SUH¿[HV�IRU�WKH�VHFRQG�SURYLGHU��FDXVLQJ�RXWDJHV��GHFUHDVHG�SHUIRUPDQFH�DQG�FROODWHUDO�GDPDJH�

5RXWH�OHDNV�DUH�GLI¿FXOW�WR�GHWHFW�ZLWKRXW�NQRZLQJ�WKH�LQWHQW��DQ�RSHUDWRU¶V�URXWLQJ�SROLF\���
but it was demonstrated that some heuristic techniques could be effectively applied under 
certain constraints. For instance, appearance in the AS-PATH of more than 2 “major networks” 
consequently, most probably indicates a route leak. Jared Mauch from NTT America demonstrated 
a tool (http://puck.nether.net/bgp/leakinfo.cgi) that he runs for more than 4 years, which analyses 
BGP updates collected by RouteViews looking for “suspicious” patterns in the AS-PATHs. 
&XUUHQWO\�����³PDMRU�QHWZRUNV´�DUH�GH¿QHG��7KHUH�DUH�NQRZQ�EXVLQHVV�UHODWLRQVKLSV�WKDW�DUH�
documented and excluded from the count.

6LQFH�WKH�EHJLQQLQJ�RI������WKH�V\VWHP�FROOHFWHG�����PLOOLRQ�DQRPDOLHV��%*3�XSGDWHV�ZLWK�D�
URXWH�OHDN���2Q�VRPH�GD\V�WKH�QXPEHU�RI�DQRPDORXV�XSGDWHV�H[FHHGHG����������3UREOHPV�
ZHUH�PDQXDOO\�UHSRUWHG�WR�RSHUDWRUV�DQG�LQ�PDQ\�FDVHV�JRW�¿[HG�ZLWK�D�WDFWLFDO�SDWFK�RU�SROLF\�
FKDQJHV��2QH�RI�WKH�SUHYHQWLRQ�WHFKQLTXHV�LV�WKH�LPSOHPHQWDWLRQ�RI�¿OWHULQJ�RI�FXVWRPHU�XSGDWHV�
(e.g. preventing “major networks” from being seen in the update).
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Discussion of route leaks widened the context of routing resiliency. For example, as the number 
of transitive optional BGP attributes grows, the way they are handled, raises serious concerns 
among the operators. This opens an opportunity for launching a “packet bomb” into the 
infrastructure, resulting in nodes several hops away tearing down a session, causing surge of 
BGP updates and collateral damage. 

A question emerged on whether SXUHO\�UHDFWLYH�PHDVXUHV, informed by tools like Cyclops or 
BGPmon, are an effective approach for routing resiliency. Detect-and-React solutions have certain 
advantages and may be an effective routing infrastructure protection, because:

�� They do not require changes to the routing Infrastructure 

�� They do not rely on any single component to function correctly 

�� They do not require participation of all networks

�� And “given enough eyeballs, all faults will surface”.

At the same time some participants noted that purely reactive approach takes time and analysis 
and doesn’t always scale. Research and operational data showing the real level of threat from 
route mistakes and hijacks could allow operators to determine the optimal mix of reactive and 
proactive measures.

In this context it was emphasized that the importance of personal network among the operators 
DQG�DELOLW\�WR�HDVLO\�¿QG�DQG�DSSURDFK�D�12&�FRQWDFW�FDQQRW�EH�RYHUVWDWHG��,QWHUQHW�URXWLQJ�
resiliency is not only based on technology, but to a great extent on expertise of technical staff and 
the ability to promptly take coordinated actions responding to a wide range of incidents affecting 
inter-domain routing.

At the end of the session an important point was made that even if individual operators 
experience may not warrant an action purely based on risk analysis and ROI, if we agree that 
level of “brokenness” globally demands improvements, they need to be facilitated in the spirit of 
collaborative responsibility, not only looking after operator’s own corner of the Internet.

0HWULFV�DQG�ORQJ�WHUP�PRQLWRULQJ

:KLOH�WKH�FXUUHQW�VWDWH�RI�URXWLQJ�UHVLOLHQFH�PD\�ORRN�DFFHSWDEOH��ORQJ�WHUP�PRQLWRULQJ�
DQG�WUHQG�DQDO\VLV�LV�QHFHVVDU\�IRU�EHWWHU�DZDUHQHVV�DQG�DV�DQ�HDUO\�ZDUQLQJ�V\VWHP��
'H¿QLWLRQ�RI�XVHIXO�DQG�DFWLRQDEOH�PHWULFV�LV�FUXFLDO�KHUH�

The discussion started with a general question on the need of measurements and, more 
VSHFL¿FDOO\��RI�ZKDW�WKH�PHWULFV�DUH��ZKLFK�WKDW�ZH�FDQ�WUDFN�RYHU�WLPH�DQG�WKDW�ZLOO�JLYH�RSHUDWRUV�
the information they need to act, or not to act based on their threat model?

As was presented by Doug Montgomery from NIST, the need for measurements boils down to 
answering questions about the SUREOHP�VSDFH (e.g. How “big” is the routing security problem 
LQ�WKH�H[LVWLQJ���IXWXUH�V\VWHP"�:KDW�DUH�WKH�IUHTXHQF\�DQG�UDPL¿FDWLRQV�RI�KLVWRULFDO�HYHQWV"�
What are the risks of known existing vulnerabilities?) and the VROXWLRQ�VSDFH (How “effective” is/
would-be a given approach in mitigating these problems? In reducing the frequency/likelihood and 
UDPL¿FDWLRQV�RI�HYHQWV��:KDW�LV�WKH�UDWH�RI�IDOVH�SRVLWLYH�XQGHVLUDEOH�VLGH�HIIHFWV"�$W�ZKDW�FRVW�RI�
deployment/operation?).
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When talking about the problem space the challenge is in the development of reliable metrics, 
especially if we want to measure the effectiveness of deployed solutions. Since addressing 
events that go unnoticed is the biggest problem, how can we begin to characterize the OHYHO�RI�
XQFHUWDLQW\�in our measurements?

Talking about the solution space, some participants mentioned that reasonable estimates of 
ULVNV�DQG�UDPL¿FDWLRQV�DUH�LPSRUWDQW�LQIRUPDWLRQ�IRU�GHFLGLQJ�DQ�DSSURSULDWH�VHW�RI�VROXWLRQV��,W�
was further discussed whether historical data can help in identifying the risks. It is very clear that 
vulnerabilities in the routing system exists and they have been exploited many times, as research 
and operational experience shows. It was also noted that in a security context sometimes 
potential threats are more important than the historical data.  

:KLOH�HYHU\RQH�DJUHHG�WKDW�WKH�V\VWHP�LV�YXOQHUDEOH�WR�PLVFRQ¿JXUDWLRQV��WKH�SDUWLFLSDQWV�
engaged in the discussion of whether the routing system is an attractive target for malicious 
attacks. It was noted that attacking control plane of the infrastructure might be less attractive 
than attacking the services that run on top of that infrastructure, and besides, for the latter one 
needs the routing infrastructure working. Acknowledging that such analysis is speculative, it was 
suggested that a long-term phenomenal approach may provide a useful insight into how the 
system evolves. For example, a shift in the attack vector (e.g. from services to the infrastructure) 
would be manifested by a change in the metrics.  

In other words, if we can determine the state of health of the Internet, and the routing system 
VSHFL¿FDOO\����XVHIXO�DQG�DFWLRQDEOH�PHWULFV����WKHQ�ZH�FDQ�GR�WUHQG�DQDO\VLV�DQG�KDYH�D�EHWWHU�
understanding of whether there is a problem that is growing or decreasing, and whether 
collaborative efforts are working to address actual problems. This doesn’t necessarily help identify 
solutions directly -- but goes to what people care about (brokenness of the Internet).

Following up on the discussion of vulnerabilities and risks, Eric Osterweil from Verisign 
Labs presented the concept of “attack surface” as an approach to is to quantify the potential 
vulnerabilities a complex system may face. However, given the high degree of interdependencies 
among networked systems, it remains an open challenge whether it is possible to quantify the 
attack surface of such systems.

He presented a novel methodology that offers a repeatable way to quantify the systemic 
GHSHQGHQFLHV�RI�UHDO�,QWHUQHW�V\VWHPV���+H�SUHVHQWHG�WZR�VSHFL¿F�H[DPSOHV�RI�KRZ�WKLV�
PHWKRGRORJ\�FDQ�EH�DSSOLHG��WKH�;�����&$�YHUL¿FDWLRQ�V\VWHP�DQG�D�QHZO\�VWDQGDUGL]HG�
alternative approach called DANE, and early thoughts on the RPKI.  This methodology might 
help to both model the systemic dependencies of actual Internet-scale systems, and to formally 
quantify the often elusive notion of a system’s attack surface.
 
/RRNLQJ�IRUZDUG

'HYHORSPHQW�RI�PHWULFV�DQG�FRQVLVWHQW�YRFDEXODU\
The workshop participants discussed a number of various methodologies that can be used in the 
analysis of routing security and resiliency. Good examples of such analysis were also presented 
and discussed. At the same time the participants noted lack of common set of metrics that can 
usefully and consistently describe the state of the routing resiliency. The development of such 
metrics could be very useful for long-term monitoring and trend analysis, and in fact can facilitate 
such efforts. 
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Part of the problem lies in the fact that there is also no vocabulary used to describe various 
incidents. This partly explains the challenge in conducting the operator survey that the Internet 
Society conducted informally in preparation for this workshop. The taxonomy of incidents varies 
IURP�RSHUDWRU�WR�RSHUDWRU�DQG�RIWHQ�GRHVQ¶W�LQFOXGH�FODVVL¿FDWLRQ�DQG�FRGHV�VSHFL¿FDOO\�UHODWHG�WR�
routing resilience. The development of common vocabulary is crucial for collection of consistent 
operational statistics.

0RUH�UHVHDUFK�LQWR�³IDOVH�QHJDWLYHV´�±�KRZ�PXFK�LV�JRLQJ�XQQRWLFHG
From an operator’s perspective and the utility of tools based on the analysis of the routing system 
the reduction of false positives in the main objective. However from a point of view of the overall 
understanding of the resiliency of the routing system it is important to estimate how much, or what 
W\SHV�RI�WKH�HYHQWV�JRW�¿OWHUHG�RXW�RU�KDYH�QRW�EHHQ�QRWLFHG�DW�DOO��

5DLVLQJ�DZDUHQHVV�RI�WKH�UHDO�VDIHW\�OHYHO
If an operator is not monitoring violations of their routing policy (route hijacks, leaks, etc.) they are 
not aware of real threats coming from the routing system. Subsequently, there is little motivation to 
deploy additional controls. Also, the effectiveness of the deployed measures is hard to estimate. 
Better monitoring and collection of operational data may calibrate operational experience – 
resulting in an increased awareness of routing incidents, better understanding of their operational 
and economic impact.  It might also reveal the real origin of such incidents as related to routing 
security, otherwise resolved with unrelated “closing codes”.

)RFXV�RQ�WKH�ORZ�KDQJLQJ�IUXLW�±�H[LVWLQJ�EHVW�SUDFWLFHV�WDLORUHG�WR�ZKDW�QHHGV�WR�EH�PRVW�
SURWHFWHG
'HSOR\PHQW�RI�VRPH�RI�WKH�EHVW�SUDFWLFHV��LQFOXGLQJ�SUH¿[�¿OWHULQJ��OLPLWLQJ�QXPEHU�RI�SUH¿[HV�
received from a neighbor, as well as improvements in the detection and mitigation techniques can 
EH�WKH�PRVW�HIIHFWLYH�¿UVW�VWHS�LQ�LPSURYLQJ�URXWLQJ�UHVLOLHQFH���7KH�DSSOLFDWLRQ�RI�WKHVH�SUDFWLFHV�
is well understood and if coupled with operator’s understanding of the critical elements of the 
infrastructure, can result in a substantial protection. 
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