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Abstract
In order to provide a high resilience and to react quickly
to link failures, modern computer networks support fully
decentralized flow rerouting, also known as local fast failover.
In a nutshell, the task of a local fast failover algorithm is
to pre-define fast failover rules for each node using locally
available information only. These rules determine for each
incoming link from which a packet may arrive and the set of
local link failures (i.e., the failed links incident to a node), on
which outgoing link a packet should be forwarded. Ideally,
such a local fast failover algorithm provides a perfect resilience
deterministically: a packet emitted from any source can
reach any target, as long as the underlying network remains
connected. Feigenbaum et al. (ACM PODC 2012) and
also Chiesa et al. (IEEE/ACM Trans. Netw. 2017) showed
that it is not always possible to provide perfect resilience.
Interestingly, not much more is known currently about the
feasibility of perfect resilience.

This paper revisits perfect resilience with local fast
failover, both in a model where the source can and cannot be
used for forwarding decisions. We first derive several fairly
general impossibility results: By establishing a connection
between graph minors and resilience, we prove that it is
impossible to achieve perfect resilience on any non-planar
graph; furthermore, while planarity is necessary, it is also
not sufficient for perfect resilience. In some scenarios, a
local failover algorithm cannot even guarantee that a packet
reaches its target, even if the source is still highly connected
to the target after the failures.

On the positive side, we show that graph families closed
under link subdivision allow for simple and efficient failover
algorithms which simply skip failed links. We demonstrate
this technique by deriving perfect resilience for outerplanar
graphs and related scenarios, as well as for scenarios where
the source and target are topologically close after failures.

1 Introduction

The dependability of distributed systems often critically
depends on the underlying network, realized by a set
of routers. To provide high availability, modern routers
support local fast rerouting of flows: routers can be pre-
configured with conditional failover rules which define,
for each incoming port and desired target, to which
port a packet arriving on this incoming port should be
forwarded deterministically depending on the status of
the incident links only: as routers need to react quickly,
they do not have time to learn about remote failures.
This paper is motivated by the following fundamental
question introduced by local fast rerouting mechanisms:
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Is it possible to pre-define deterministic local failover
rules which guarantee that packets reach their target, as
long as the underlying network is connected?

This desired property is known as perfect resilience.
The challenge of providing perfect resilience hence lies in
the decentralized nature of the problem and the fact that
routers only have local information about failed links;
achieving perfect resilience is straightforward with global
knowledge, as one could simply compute a shortest path.

Unfortunately, perfect resilience cannot be achieved
in general: Feigenbaum et al. [20, 21] presented an
example with 12 nodes for which, after certain failures,
no forwarding pattern on the original network allows
each surviving node in the target’s connected component
to reach the target. Chiesa et al. [15] expanded on their
result to require only two failures on a planar graph, but
required over 30 nodes. On the positive side, Feigenbaum
et al. showed that it is at least always possible to tolerate
one link failure, i.e., to be 1-resilient. Interestingly, not
much more is known today about when perfect resilience
can be achieved, and when not.

1.1 Contributions This paper studies the problem
of providing perfect resilience in networks where nodes
only have local information, considering both a model
where nodes can and cannot match the packet source.

On the negative side, we show that perfect resilience
is impossible already on simple and small planar graphs,
and even in scenarios where a source is in principle still
highly connected to the target after the failures, by Ω(n)
disjoint paths; however, it cannot route to it. We also
derive the general negative result that perfect resilience
is impossible on any non-planar graph. To this end, we
show an intriguing connection to graph minors, where
every graph minor retains the perfect resilience property.

On the positive side, we describe perfectly resilient
algorithms for all outerplanar graphs and related scenar-
ios (e.g., scenarios where the source and the destination
are on the same face after failures or where the graph
after removal of the destination is outerplanar), as well
as for non-outerplanar scenarios where the destination is
within two hops of the source. For our positive results,
we establish the general insight that graph families that
are closed under subdivision of links, allow for simple
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Graph class Without source matching With source matching

Outerplanar Perfect resilience: Thm 6.3 Perfect resilience (see left)

K4 Perfect resilience: Thm 6.4 Perfect resilience (see left)

Planar graphs |V | = 7 counterexample: Thm 5.3 |V | = 8 counterexample: Thm 5.4

Non-planar graphs Perfect res. impossible: Thm 4.4 ?

Table 1: Summary of perfect resilience results for specific graph classes.

Graph class Without source matching With source matching

Closed under link
subdivision

Perfect resilience ⇒ skipping perfect resilience,
f(m)-resilience ⇒ skipping f(m)-resilience: Thm 6.5

General graphs No superconstant resilience: Thm 5.1

General graphs Impossible even if large connectivity under F : Thm 5.2

Subgraph Perfect resilience kept: Thm 4.1 Perfect resilience kept: Cor 4.1

Minor Perfect resilience kept: Thm 4.3 Perfect resilience kept: Cor 4.2

Table 2: Characteristics of forwarding patterns and parametrized resilience results.

Context Without source matching With source matching

G planar and s, t
on the same face

Perfect resilience: Cor 6.1 Perfect resilience (see left)

Small distance in
general graphs

All nodes at most two hops from t in
G \ F : perfect resilience: Thm 6.2

s and t at most two hops away in
G \ F : perfect resilience: Thm 6.1

Table 3: Perfect resilience under specific settings.

failover algorithms in which nodes can just skip locally
failed ports, requiring very small forwarding tables.

Our results are summarized in the Tables 1 to 3.

1.2 Related Work Besides the paper by Feigenbaum
et al. [20, 21], which is the closest work to ours,
and the paper by Chiesa et al. [15], the design of
local fast failover algorithms has already been studied
intensively, see the recent survey [17]. In the following,
we will concentrate on related work that provides formal
resilience guarantees for local fast failover, however, we
point out that there also exists much interesting applied
work on the topic, e.g., [5, 10, 16, 25, 35, 36, 39, 43, 46].

A key property and challenge in the design of local
fast failover algorithms is related to the fact that nodes
need to react to failures fast, i.e., routers can only have
local failure information and failover decisions are static,
ruling out algorithms based on link reversal [18, 31] or
reconvergence [11]. Furthermore, it is not possible to
rewrite packet headers [12, 19], e.g., to carry failure
information, which is often impractical; this rules out
graph exploration algorithms such as [8, 22, 38, 41].

The fact that neither routing tables nor packet
headers can be modified also means that it is not possible
to adopt, e.g., rotor router approaches [4], which would
provide connectivity but require state. We also note that
the focus in this paper is on deterministic algorithms,
which, in contrast to related work such as [2, 13], do not
require random number generators at routers.

From a distributed perspective, the design of local
fast failover algorithms also features an interesting con-

nection to distributed algorithms “with disconnected
cooperation” [37], a subfield of distributed computing
where nodes solve a problem in parallel without exchang-
ing information among them. This was first pointed out
by Pignolet et al. in [40], and used in several related
works [7, 26], however, primarily to reduce load in dense
networks, rather than to improve resilience.

In terms of local fast failover algorithms which
provide a provably high resilience, there exist several
interesting results by Chiesa et al. who introduced
a powerful approach which decomposes the network
into arc-disjoint arborescence covers [13–15], further
investigated in [23–26] to reduce stretch and load.

Chiesa et al. are primarily interested in k-connected
graphs, and leverage a well-known result from graph
theory, which allows us to decompose any k-connected
graph into a set of k directed spanning trees (rooted at
the same vertex, the target) such that no pair of spanning
trees shares a link in the same direction. Packets are
routed along some arborescence until hitting a failure,
and are then rerouted along a different arborescence.

Chiesa et al. conjecture that for any k-connected
graph, basic failover routing can be resilient to any k− 1
failures, and show that this conjecture is true for a
number of interesting graphs, including planar graphs.

However, the general conjecture remains to be
proved, and also differs conceptually from the perfect
resilience considered in our paper, which asks for
connectivity as long as the underlying graph is connected.
Indeed, as we show, perfect resilience is for example not
achievable in planar graphs, even with the packet source.
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Bibliographical Note A preliminary technical report
of this submission is available at [27] and a three page
brief summary of the main results at [28].

2 Model

Let G = (V,E) be a network represented by an
undirected graph of nodes (“routers”) V connected
through undirected links E along which packets are
exchanged. Initially, an arbitrary set F ⊂ E of links fail
(rendering them unusable in both directions). We write
G\F to denote the graph G with the links in F removed.
More generally, G \ E′ and G \ V ′ represent the graph
G after removing the set of links in E′ ⊂ E or the set of
nodes V ′ ⊂ V and their incident links respectively. We
define n = |V |, m = |E|, and write VG(v) and EG(v) for
the neighbors and incident links of node v, respectively.
G is omitted and the degree dv = |VG(v)| is shorthanded
to d when the context is clear.

We study the class of local routing (forwarding) al-
gorithms, in which every node v ∈ V takes deterministic
routing decisions based solely on

� the target t of the packet to route,

� the set of incident failed links F ∩ E(v), and

� the receiving or incoming port (in-port) of the
packet at node i.1

This implies that neither the state of the packet nor
the state of the node can be changed, e.g., by header
rewriting or using dynamic routing tables. As such,
routing has be to purely local, which we formalize next.

Given a graph G and a target t ∈ V (G), a local
routing algorithm is modelled as a forwarding function
πt
v : E(v) ∪ {⊥} × 2E(v) 7→ E(v) at each node v ∈ V (G),

where ⊥ represents the empty in-port, i.e. the starting
node of the packet. That is, given the set of failed links
F ∩ E(v) incident to a node v, a forwarding function
πt
v maps each incoming port (link) e = (u, v) to the

outgoing port (link) denoted by πt
v(e, F ) or πt

v(u, F ).
The tuple of forwarding functions πt = (πt

v)v∈V is
called the forwarding pattern. When talking about
the repeated use of a forwarding function of the node
v under a specific failure set F , we will also use the
notation style πt

v(·, F ), where for a ∈ N≥1, (πt
v(·, F ))

a
(u)

is recursively defined as (πt
v(·, F ))

(a−1)
(πt

v(u, F )) =

(πt
v(·, F ))

(a−2)
(

(πt
v(·, F ))

2
(u)

)
etc.

We say that a forwarding pattern is k-resilient if
for all G and all F where |F | ≤ k the forwarding

1 Note that without knowledge of the in-port, already very simple
failure scenarios prevent resilience. For example, consider a packet
reaching a node v from a node w, where all further links incident

to v failed. Node v must return the packet to w, which forwards
it back to v, resulting in a permanent forwarding loop.

i

v1 v2

v3

s

t

Figure 1: In this context, only nodes v2 and v3 are
relevant for i: it is not useful for i to relay to v1 as v2
and v3 constitute more direct alternatives for the same
paths towards t. Note that relevance is lower bounded by
connectivity in the failure-free case and that the number
of relevant neighbors can increase with failures, e.g., if
(i, v2) or (i, v3) fail, v1 becomes relevant for i

pattern routes the packet from all v ∈ V to the target t
when v and t are connected in G \ F . A forwarding
pattern is perfectly resilient if it is ∞-resilient: the
forwarding always succeeds in the connected component
of the target. Let Ap(G, t) be the set of such perfectly
resilient patterns (algorithms), abbreviated by Ap when
the context is clear.

We also consider the model where the forwarding
functions depend on the source2 node s in addition to
the in-port, incident failures and target. We denote
the forwarding function and pattern by πs,t

v and πs,t,
respectively; it is perfectly resilient if forwarding always
succeeds when s and t are connected in G \ F , where
the set of such patterns is denoted by Ap(G, s, t).

Note that resilient algorithms that do not match on
the source also imply resilient algorithms in the model
where we can match on the source (it can be ignored);
similarly, impossibility results in the model where we can
match on the source also imply impossibility in the model
where we do not match on the source (extra information).

3 First Insights

Let us start by providing some basic insights and also
derive a first impossibility result. In general, we observe
that to achieve perfect routing, every possible route to
the target must be explored. The challenge is that the
nodes must ensure this property in a distributed fashion,
while having no means to exchange their local views
of the network. We will show that in order to achieve
this, the forwarding functions must be coordinated for
global coherence. We will then study the limits of such
patterns. But first, we formalize the “local” perspective
of a node, illustrated in Figure 1.

2 Note that matching on the source greatly increases routing table

size, from one forwarding pattern for every destination, to one
forwarding pattern for every source-destination pair.
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Definition 3.1. (Relevant node) For any node i ∈
G, i 6= t, and a failure set F , define Fi as the failures in
F incident to i, i.e., Fi is the only failure set the node
i is aware of. Moreover, let G′ be the original graph G
without the links in Fi, i.e., G′ = G \ Fi.

A neighboring node j ∈ VG′(i) is relevant for routing
to t under the failure set F iff there is a path from i to t
in G′ \V ′, where V ′ = VG′(i) \ {j} is the set of all other
nodes still connected to i. In other words, j is a potential
relay to reach t from i’s perspective, if, in addition to F ,
all links incident to other neighbors of i have failed.

Note that nodes are oblivious to non-incident link
failures and relevance is defined by a path to the target
which does not use further neighbors of the current node.

Hence, if a neighbor v of some node i is relevant,
then the failure of further links incident to i can only
remove i’s relevance if the link (v, i) fails.3

Observation 1. (Monotonicity of relevance)
If a node v is relevant for a node i under a failure set
F , v remains relevant for i under any failure superset
F ′ with F ⊆ F ′, if v remains a neighbor of i under F ′.

We next investigate forwarding under perfect re-
siliency when a packet arrives from a relevant neighbor.
As each relevant neighbor might be the only way of
reaching the destination, the forwarding must permit
the packet to “try” all relevant neighbors, no matter
from which one the packet comes first, i.e., the only way
of doing so is in a circular fashion.

Definition 3.2. (Orbit) Let πt
v(·, F ) be the forward-

ing function of a node v for some set of failed links F .
We say a set of neighbors V ′ ⊆ V (v) is in the same orbit
w.r.t. πt

v(·, F ), if for all pairs v1, v2 ∈ V ′ it holds: there

is some k ∈ N s.t. (πt
v(·, F ))

k
(v1) = v2.

Lemma 3.1. Let G,A ∈ Ap(G, t). For all F and all
t, i ∈ V it holds: If i has at least two relevant neighbors
under F , then all relevant neighbors of i must be part of
the same orbit in A’s forwarding function πt

i(·, F ) of i.

Proof. Our proof will be by contradiction. Assume
there is a failure set F and a node i ∈ V s.t. there are
relevant neighbors v1, v2 of i where there is no k ∈ N s.t.

(πt
v(·, F ))

k
(v1) = v2. In other words, v1, v2 are relevant

for i, but not in the same orbit of πt
v for F .

Assume the packet starts on v1, and beyond F , we
fail all further links, except for those still incident to i
and links forming a path from v2 to t without visiting
any other neighbors of i except v2. Such a path must

3 Note that a node itself does not have a global view and can only
judge relevance based on its incident failures.

exist as v2 is relevant for i. The only routing choice at v1
now is to route to i. Observe that routing under πi will
never reach v2, as each packet leaving i will immediately
bounce back to i (except if it would go to v2). Hence,
one will not reach t, even though there is a path from i
to t under F , and thus A is not perfectly resilient.

We now extend Lemma 3.1 to allow matching on
the source node as well. However, we can now no longer
enforce that the packet starts on an arbitrary neighbor
of the node i, and hence obtain slightly modified results.
Essentially, we need to enforce that the packet can reach
node i from s, and that this taken path is node-disjoint
from other paths from i to t.

Lemma 3.2. Let G = (V,E), A ∈ Ap(G, s, t), where s 6=
i is adjacent to two different relevant neighbors v1, v2 ∈
V of i ∈ V . For all F where F ∩ {(v1, i), (v2, i)} = ∅,
i.e., both v1, v2 are still neighboring i, it holds that all
relevant neighbors of i under F must be part of the same
orbit in A’s forwarding function πs,t

i (·, F ).

Proof. We use an analogous argumentation as for the
proof of Lemma 3.1, where we will fail links not incident
to i, s.t. i cannot further adapt its forwarding function.
We start with the case where we fail all incident links of v1
except (v1, i) and (v1, s). Next, pick any further relevant
neighbor j 6= v1 of i, and fail all links in the graph except
1) a path from j to t, not using further nodes from V (i)
(due to j being relevant), 2) (v1, i), (v1, s), and 3) all
links still alive incident to i. Then there must be some
k ∈ N s.t.

(
πs,t
i (v1, F )

)k
= j. The same holds for v2, i.e.,

every further relevant neighbor of i will be reached by
iterating the forwarding function, as that neighbor might
be the only connection to the target t. As every relevant
neighbor of i (including v2) is in this way reachable from
v1, and as every relevant neighbor of i (including v1) is
in this way reachable from v2, all relevant neighbors of i
are in the same orbit w.r.t. πs,t

i (·, F ).

Note that the above proof can be directly extended
to s being connected to multiple relevant neighbors of i,
as long as two such neighbors remain non-faulty:

Corollary 3.1. Let G = (V,E), A ∈ Ap(G, s, t),
where s 6= i is connected to k ≥ 2 relevant neigh-
bors v1, . . . , vk ∈ V of i ∈ V . For all F where
|F ∩ {(v1, i), . . . , (vk, i)}| ≤ k − 2 it holds that all rel-
evant neighbors of i under F must be part of the same
orbit in A’s forwarding function πs,t

i (·, F ).

Observe that the previous proof arguments rely on
the path from the source s to i via some relevant neighbor
v1 being node-disjoint from the path from some other
relevant neighbor v2 of i to the target t. If the above
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statement also holds vice-versa, v1, v2 need to be in
the same orbit. We cast this insight into the following
corollary:

Corollary 3.2. Let G = (V,E), A ∈ Ap(G, s, t) with
i 6= s. Fix any F where i has k relevant neighbors,
k′ ≥ 2, denoted v1, . . . , vk′ . In this case there is a path
from s to i via vx which is node-disjoint to a path from
i to t via some vy, y 6= x, 1 ≤ y ≤ k′ for each individual
vx, 1 ≤ x ≤ k′. Then, all v1, . . . , vk′ must be part of the
same orbit in A’s forwarding function πs,t

i (·, F ) of i.

We now analyze our results in the context of prior
work, which considered forwarding without the source.

Relation to the work of Feigenbaum et al. [20].
Note that Lemma 3.1 implies corollaries reminiscent to
two results presented by Feigenbaum et al. [20, Lemma
4.1, 4.2] namely that

� if all neighbors are relevant, the forwarding function
must be a cyclic permutation, cf. [20, Lemma 4.2],

� if a node has only two neighbors v1, v2 and both are
relevant, then a packet from v1 must be forwarded
to v2 and vice versa, cf. [20, Lemma 4.1].

Feigenbaum et al. use these lemmas to prove the
impossibility of perfect resilience for a specific graph.
Their lemmas implicitly define a version of relevance
based on link-connectivity, whereas we are interested in
a node version, namely that a neighbor v of i is only
relevant (from the viewpoint i) if there is a routing from
v to t that does not use any other neighbor of i. As such,
their assumptions are weaker and hence their results
are stronger. However, both Lemmas 4.1 and 4.2 from
Feigenbaum et al. [20] do not apply to all graphs, beyond
the construction in their paper.

For a counterexample, consider the graph in Figure 2.
If u sends the packet to v, then both Lemma 4.1, 4.2
from Feigenbaum et al. state that the packet must not
be forwarded back to u, i.e., for perfect resilience, it
must next be sent to w, and from there to u. Yet, v
could also forward the packet back to u, and then to
x, a contradiction to their claim: the only two possible
neighbors of t are x and v, hence visiting both suffices.

4 A Minor Perspective on Perfect Resilience

We now study the relationship between graph minors
and perfect resilience algorithms. As we will see, this
relationship will be relevant for the design of local
resilient algorithms as well. We will first observe that a
perfectly resilient algorithm is also perfectly resilient
on subgraphs and contractions of its original graph
(Theorems 4.1 and 4.2). Then, since subsetting and
contracting are the two fundamental operations in the

minor relationship, we deduce that the existence of a
perfectly resilient algorithm on a graph G implies its
existence on any minor of G (Theorem 4.3).

As an application of the above results, we prove in
§4.2 that if a graph is not planar, it does not allow for
perfect resilience (Theorem 4.4), as both K5 and K3,3

do not allow for perfect resilience (Lemmas 4.2 and 4.3).

4.1 Contraction and Minors We first recall that a
graph G′ is a minor of the graph G if we can obtain
G′ from G by means of contraction (see Definition 4.1)
and by removing links and nodes. We hence start by
retaining perfect resilience on subgraphs:

Theorem 4.1. (Subset Stability) If a perfectly re-
silient forwarding pattern exists for a graph G and target
t then there also exists a perfectly resilient pattern for
all subgraphs of G when they contain t, Ap(G, t) 6= ∅ →
G′ ⊂ G, t ∈ V (G′), Ap(G′, t) 6= ∅

The proof idea is as follows: we take the original
algorithm A, and fail all links needed to obtain the
desired subgraph G′. Then, we can simulate a perfectly
resilient algorithm on G′ via A, where A also needs to
function correctly when further links fail in subgraph G′.

Proof. Let A ∈ Ap(G, t). Let Ḡ′ = G \ G′. Let
A′ be a fast rerouting algorithm on G′ s.t. ∀F ′ ⊂
E(G′), A′(F ′) = A(F ′ ∪ E(Ḡ′)): algorithm A′ simply
executes A in a context where all the parts of G that
are not in G′, i.e., in Ḡ′ have also failed.

Since A ∈ A(G, t), we have that if v, t are connected
in G \ (F ′ ∪ E(Ḡ′)) then A succeeds in routing. Since
∀v, t ∈ V (G′), if v, t are connected in G′ \ F ′ then (v, t)
is connected in G \ (F ′ ∪E(Ḡ′)), and we deduce that A
achieves a perfect resilience on G′.

Note that the above proof arguments hold analo-
gously when we can match on the source s, where perfect
resilience only needs to hold when s, t remain in the same
connected component.

Corollary 4.1. (s Subset Stability)
Ap(G, s, t) 6= ∅ → G′ ⊂ G, s, t ∈ V (G′), Ap(G′, s, t) 6= ∅

t x u v w

Figure 2: Graph with target t where the dashed red
link has failed. Assume the packet starts at u and is
forwarded to v. The node v can bounce the packet back.
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After covering subgraphs, we next cover node
contractions. Abstractly, a node contraction merges
two neighboring nodes, while retaining their joint
connectivity to the graph.

Definition 4.1. (Node Contraction) Let G =
(V,E) and i, j ∈ V be two neighboring nodes, i.e., (i, j) ∈
E(G). Let G′ be the (i, j)-contracted graph of G s.t.:
V (G′) = V (G) \ {j} and E(G′) = E(G) ∪ {(a, i),∀a ∈
VG(j)} \ {(a, j),∀a ∈ VG(j)}. We denote by cont(G) the
set of all possible contracted graphs of G.

Note that one can define the forwarding pattern
also independent of the destination (and/or source) as a
port mapping, where a packet arriving at an in-port gets
forwarded to some out-port, and hence might talk simply
about forwarding patterns π if the context is clear. We
next define the natural emulation of a (i, j)-contraction
with respect to such port mappings:

Definition 4.2. (Mapping Contraction) Let i, j
be two neighboring nodes without common neighbors,
V (i) ∩ V (j) = ∅, and let πi and πj be their forwarding
patterns. We define πij : V (i)∪V (j)∪{⊥} 7→ V (i)∪V (j)
as the contracted mapping where on i’s side ∀v ∈ V (i),
πij(v) = πi(v) unless πi(v) = j; in the latter case
πij(v) = πj(πi(v)) = πj(i), unless πj(i) = i in which
case πij(v) = πi(j), unless πi(j) = j; in this last
case, πij(v) =⊥. For j’s side, proceed symmetrically
accordingly. By convention, we set πij(⊥) = πi(⊥)

Note that for the above two definitions, matching on
the source is immaterial, and hence the definitions are
identical for forwarding patterns with and without the
source. For the following Theorem 4.2, we prove that
they preserve resilience when not matching on the source.
In the proof of the result we show that the routing of
a packet, starting at some node, towards the target t,
can be directly transferred to the contracted case, by
simulating the original algorithm. For this simulation,
it is again immaterial if we match on the source or not,
described in Observation 2.

Theorem 4.2. (Contraction Stability) Let G =
(V,E), i, j ∈ V be two neighboring nodes, and let G′

be the (i, j)-contraction of G. Given A ∈ Ap(G, t),
a perfectly resilient algorithm on G, then the (i, j)-
contracted algorithm of A is perfectly resilient on G′.

We will utilize the following lemma for the proof:

Lemma 4.1. (Algorithm Transfer) Given G and
(i, j) ∈ E(G) let G′ be the corresponding (i, j)-
contraction. Let R = {(j, r), r ∈ V (i) ∩ V (j)}. Let
A : F 7→ {πt

v(·, F ), v ∈ V }. Define A′ : F 7→
{πt

v(·, F ), v ∈ V ′} to be the (i, j)-contracted algorithm
of A as follows:

� Case I: Identical behavior on unaffected nodes,
∀v ∈ V ′, v 6= {i}, π′tv (·, F ) = πt

v(·, F ∪R).

� Case II: Replace i’s forwarding by the contracted
algorithm. Let π′ti (·, F ) = πt

{i,j}(·, F ∪R).

� Case III: Replace j’s port by i’s port on j’s neighbors
forwarding: ∀k ∈ V (j),∃v s.t. πt

k(v, F ∪R) = j ⇒
π′tk (v, F ) = i, ∀k ∈ V (j),∃v s.t. πt

k(j, F ∪R) = v ⇒
π′tk (j, F ) = v.

Let P (respectively P ′) be the sequence of links traversed
using A by a packet from s to t under F ∪R (respectively,
traversed using A’ under F ). Let Q be a rewriting of
P in which we replace every occurence of j by i. And
let Q′ be the rewriting of Q in which we remove every
occurrence of (i, i). We have Q′ = P ′.

Proof. [Lemma 4.1] We proceed by induction on the k
first hops Q[1..k] and P ′[1..k] of the sequences. When
the context is clear, we write πv for the forwarding
function of node v using A in context F ∪R, and π′v the
forwarding function of v using A′ in context F .

Base case: let Q[1] = (s, q), P ′[1] = (s, a). We
need to prove q = a. 1): if s 6= i, π′s(⊥) = πs(⊥) as
defined in case I. 2): if s = i, the packet starts in the
i, j contraction. Since a = π′s(⊥) = πi,j(⊥) = πi(⊥)
(Case II), we deduce that P describes possibly some
hops between i and j, and then q. Since (i, j) transitions
are rewritten (i, i) in Q and removed in R, the first node
that is not i nor j to appear in P must be a. Thus q = a.

Induction step: Assume the following statement
holds for any k′ ≤ k: Q[k′] = P ′[k′]. We prove that
necessarily Q[k] = P ′[k]. Let Q[k − 1] = (v−, v), P ′[k −
1] = (v−, v), Q[k] = (v, q), P ′[k] = (v, a). We need
to show that a = q. We again start by the simplest
case 1): v 6∈ V ′(i) ∪ {i}: since πv = π′v by Case I,
q = πv(v−) = π′v(v−) = a. 2): if v ∈ V ′(i). We need
to look at v−. If 2.1): v− 6= i we again directly use
Case I: πv(v−) = π′v(v−). If 2.2): v− = i the packet just
left the (i, j) contraction. In P , v− can correspond to
either i or j in P . If it corresponds to i, use Case I. If
it was a j, since in Case III we replaced j’s connections
(in A) by i′s connections (in A′), and since no node v
is both a neighbor of i and j in F ∪ R, this mapping
uniquely applies. 3): if v = i: the packet is in the (i, j)
contraction. By definition of Q, necessarily v− 6= i or j.
Since π′i(v−) = πij(v−) we deduce q = a.

Proof. [Theorem 4.2] Let R = {(j, r), r ∈ V (i) ∩ V (j)}.
Let A′ be the (i, j) contracted algorithm of A. Let F be a
set of link failures ofG′. Observe that if s, t are connected
in G′ \ F then s, t are connected in G \ F ∪R. Let s, t
be connected in G′ \ F . Let pA′ (resp. pA) be the path
produced by A′ on G′ \F (resp. A on G \ (F ∪R)) from
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s to t. As A ∈ Ap and s, t are connected in G \ (F ∪R),
then pA is finite and ends up in t. Therefore, Lemma 4.1
implies pA′ is finite and ends in t too: A′ succeeds.

Observation 2. (s Contraction Stability) The
results of Theorem 4.2 also apply when matching on the
source, i.e., in particular a perfectly resilient algorithm
A ∈ Ap(G, s, t)) implies a perfectly resilient algorithm
on a contracted graph G′, i.e., Ap(G′, s, t) 6= ∅).

We next combine Theorem 4.1 (subsetting) and
Theorem 4.2 (contraction) to obtain the corresponding
result for minors. In other words, if G permits a perfectly
resilient scheme, so do its minors:

Theorem 4.3. (Minor Stability) Given G,G′, G′ a
minor of G, it holds that Ap(G, t) 6= ∅ ⇒ Ap(G′, t) 6= ∅.

Proof. Observe that there exists a sequence of graphs
G1, G2 . . . s.t. G 7→ G1 7→ G2 7→ . . . 7→ G′, where 7→ is
either a subsetting or a contraction operation. Since both
operations preserve the existence of a perfect scheme
thanks to Theorems 4.1 and 4.2, in combination, they
imply the general minor relationship.

The above proof transfers to the model with match-
ing on the source, by utilizing Corollary 4.1 and Obser-
vation 2, instead of Theorems 4.1 and 4.2:

Corollary 4.2. (Minor Stability) Given two
graphs G,G′, G′ a minor of G, it holds that
Ap(G, s, t) 6= ∅ implies that Ap(G′, s, t) 6= ∅: if G
permits a perfectly resilient scheme, so do its minors.

The subset and contraction lemmas provide construc-
tive proofs, showing how to derive a perfectly resilient
scheme from a larger graph to one of its minors. We
can also exploit this result in its contrapositive form:
by showing the absence of perfect resilience schemes on
the minors defining a minor-closed graph family, we can
prove the impossibility of perfectly resilient schemes for
whole graph families, e.g., planar graphs.

4.2 Case Study: Non-Planar Graphs In order
to prove the impossibility of perfect resilience on non-
planar graphs, we first cover the impossibility of perfect
resilience on the K5 (the complete graph with five nodes)
and then on the K3,3 (the complete bipartite graph
with three nodes in each partition). Note that our
impossibility results in this section are for forwarding
patterns that do not match on the source.

Lemma 4.2. The complete graph with five nodes does
not allow for perfect resilience, i.e., Ap(K5, t) = ∅.

Proof. Let V (K5) = {v1, v2, v3, v4, v5}, where we assume
w.l.o.g. v1 to be the source s and v5 to be the target t.
To prove the lemma, we construct sets of link failures
in which we leave target v5 connected to only one of the
non-target nodes, and ”fine-tune” the set of link failures
so that v1’s packet will only visit 3 out of the 4 neighbors
of t (say (v1, v2, v3)).

By contradiction, let A ∈ Ap(K5, t). Let πt
v1(·, F )

be the port mapping produced by A at node v1 given
F = {(v1, t = v5)} and let πt

v1
(⊥, F ) = v2 w.l.o.g. Since

A is perfectly resilient, we know by Lemma 3.1 that πt
v1 is

a permutation over its relevant neighbors (all neighbors
are relevant and must be in the same orbit). Necessarily,
v2 has a predecessor4 in its orbit in πt

v1(·, F ). W.l.o.g.
assume it is v3: πt

v1(v3, F ) = v2. Construct further sets
of link failures as follows:

� Ft = {(t, v1), (t, v2), (t, v3)}: leave only v4 con-
nected to the target.

� Fv2 = {(v2, t), (v2, v4)}: make sure v2 can only pass
v1’s packets to v3.

� Fv3 = {(v3, v4), (v3, t)}: make sure v3 can only pass
v2’s packets to v1.

Let F∅ = F ∪ Ft ∪ Fv2 ∪ Fv3 . Note that from the
perspective of v1, only the failure of (v1, t) is visible, and
hence F and F∅ are locally indistinguishable. Let us now
construct the sequence of links traversed in A: at v2, due
to Lemma 3.1, the packet is forwarded to v3 (both v1, v3
are relevant for v2). At v3 it is necessarily forwarded to v2
for the same reason. As F∅ and F have the same impact
on v1’s ports, we deduce πt

v1(v3, F ) = πt
v1(v3, F∅) = v2.

The link (v1, v2) is thus used repeatedly, i.e., A causes a
permanent loop. As (v1, v4) and (v4, t) 6∈ F∅, v1 and t
are connected in G \ F∅, and yet A loops, leading to the
desired contradiction.

Lemma 4.3. The complete bipartite graph with six
nodes, three in each partition, does not allow for perfect
resiliency, i.e., it holds that Ap(K3,3, t) = ∅.

Proof. We proceed similarly to the K5 case. Let V1 =
{a, b, c = t}, V2 = {v1, v2, v3} and E = V1 × V2, where
we assume w.l.o.g. that we start on a.

By contradiction, let A ∈ Ap(K3,3). Let v1 be
the first target chosen by a. Let πt

a(·, ∅) be the port
mapping produced by A at node a given F = ∅. Since
A is perfectly resilient, we know by Lemma 3.1 that
πt
a(·, ∅) is a cyclic permutation over its relevant neighbors

(all neighbors). Necessarily, v1 has a predecessor in πa.
W.l.o.g. assume it is v2 : πt

a(v2, ∅) = v1.

4 As all neighbors are relevant, the perfect resilient routing forms
a cyclic permutation and we can directly identify the predecessor.
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We now construct a further set of link failures as
follows, where we do not touch links incident to a:

� Ft = {(t, v1), (t, v2)}: leave only v3 connected to
the target.

� Fb = {(b, v3)}: make sure b can only pass v1’s
packets to v2 (v1, v2 are relevant).

Set F ′ = Ft ∪ Fb. Let us construct the sequence of
links traversed in A: at v1, due to Lemma 3.1, the
packet is necessarily forwarded to b. At b it is necessarily
forwarded to v2 for the same reason. Since F = ∅ and
F ′ have the same impact on a’s forwarding function, we
deduce πt

a(v2, ∅) = πt
a(v2, F

′) = v1 As link (a, v1) is used
repeatedly, A thus causes a permanent loop. Since (a, v3)
and (v3, t) 6∈ F ′ , a and t are connected in G \ F ′, and
yet A fails, leading to the desired contradiction.

We can now show that only planar graphs can permit
perfect resilience. In other words, if a graph is not planar,
then it does not permit perfect resilience.

Theorem 4.4. If G is not planar, then it does not
support a perfectly resilient forwarding pattern πt, i.e.,
Ap(G, t) = ∅.

Proof. First, observe that both K5 and K3,3 do not
support perfectly resilient schemes due to Lemmas 4.2
and 4.3. Next, Wagner’s theorem [44] states that G
planar ⇔ (K5 6∈ min(G) ∧ K3,3 6∈ min(G)). The
contrapositive form of Corollary 4.3 is A(G′, t) = ∅ ⇒
A(G, t) = ∅. As perfect resilience is impossible on both
K5 and K3,3, we deduce that no graph with K5 or K3,3

as a minor permits a perfectly resilient scheme.

5 Negative Results

Our observations above also allow us to derive a number
of additional impossibility results.

5.1 Boosting Feigenbaum et al.’s Impossibility
Feigenbaum et al. [21] gave a construction for which
there is no perfect resilience forwarding pattern. We
strengthen their result slightly, showing that no perfectly
resilient forwarding pattern exists, even when the source
is known. This allows us to boost their result to almost
any resilience. We defer the proof details to Appendix A.

By padding and replicating Feigenbaum’s construc-
tion we gain different parametrizations of the impossibil-
ity result. In particular, we observe that no ω(1)-resilient
forwarding pattern exists (as a function of m), and show
that no Θ(f(n))-resilient forwarding pattern exists even
when the source and the target are Θ(f(n))-connected.
Theorems 5.1 and 5.2 are asymptotic in m, the number
of links in the input graph before failures.

Theorem 5.1. There is no ωm(1)-resilient forwarding
pattern with source, target, and in-port matching.

By a combination of padding and replicating the
construction of Feigenbaum et al. it is possible to create
a construction where the source and the target are
connected by many link-disjoint paths after the failure,
yet any forwarding pattern will fail.

Theorem 5.2. There is no Θ(f(m))-resilient forward-
ing pattern with source, target, and in-port matching,
for any f(m) between Ω(1) and O(m), even when there
is a promise that there are Θ(f(m)) link-disjoint paths
between the source and the target after the failures.

5.2 Impossibility on Planar Graphs In the previ-
ous section, we showed that non-planar graphs do not
have resilient forwarding patterns. We now show that
there are also relatively small planar graphs that do
not permit perfect resiliency. Chiesa et al. [15] already
showed the impossibility of perfect resilience on a planar
graph with over 30 nodes with just two failures, but it
is not clear how to extend their example to also account
for the packet source. However, as we will see later,
for every outerplanar graph there is a perfectly resilient
forwarding pattern, and there are also non-outerplanar
planar graphs that allow for perfect resilience.

Theorem 5.3. There exists a planar graph G on 7
nodes such that no forwarding pattern πt succeeds on G.

Proof. Consider a packet emitted by node 5 for target t
in the graph G depicted in Figure 3. In G all neighbors
of all nodes are relevant if no failures occur. Thus the
forwarding function at any node v πt

v(·, ∅) must be a
cyclic permutation of its neighbors due to Lemma 3.1.
Since failures can only add relevant neighbors to nodes
(Observation 1), any node of degree 2 of G after failures
must forward packets with incoming port p to port p′ 6= p
due to the same lemma. With this, we can show that
there exists a failure set F that leads to a loop for
all possible forwarding functions at node 1. We write
πt
1(·, ∅) = (v0, v1, v2, v3) to denote the permutation that

assigns vi+1 mod 4 to vi for vi ∈ {2, 3, 4, 5}. We name the
ports of node 1 by the identifiers of the neighbors they
are connected to and we analyse the different forwarding
permutations at node 1, based on the out-port they
assign to packets arriving on in-port 5

Case (i) πt
1(5, ∅) = 2. To ensure πt

1(·, ∅) is a cyclic
permutation under this constraint, a packet arriving on
port 2 can only be forwarded to either 3 or 4. Thus the
possible cyclic permutations are (5, 2, 3, 4) and (5, 2, 4, 3),
which lead to loops under the failure sets illustrated in
Figure 3.b and a.
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t

<latexit sha1_base64="3HXxXq4lEN4wfmy6CKJ0UjIYq3M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVA04T7kd0pEQoGEUrNXFQrrhVdwGyTrycVCBHY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGepYpG3PjZ4tAZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYY1PxMqSZErtlwUppJgTOZfk6HQnKGcWkKZFvZWwsZUU4Y2m5INwVt9eZ20r6redfW2eV2p1/I4inAG53AJHtxAHe6hAS1gwOEZXuHNeXRenHfnY9lacPKZU/gD5/MH4QeM+g==</latexit>

1

<latexit sha1_base64="mphGgQZ73ClNR9f3vZYpmRPhI4U=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFS0xuUym7FXYCsEy8nZcjRGJS++sOYpRFKwwTVuue5ifEzqgxnAmfFfqoxoWxCR9izVNIItZ8tDp2RS6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbIo2BG/15XXSrla8WuW2WSvXq3kcBTiHC7gCD66hDvfQgBYwQHiGV3hzHp0X5935WLZuOPnMGfyB8/kDea2MsQ==</latexit>

2

<latexit sha1_base64="K3jd2BNR89ScLkbhVGeZoFZ7Ams=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszoold2KuwBZJ15OypCjMSh99YcxSyOUhgmqdc9zE+NnVBnOBM6K/VRjQtmEjrBnqaQRaj9bHDojl1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2RRtCN7qy+ukXa14tcpts1auV/M4CnAOF3AFHlxDHe6hAS1ggPAMr/DmPDovzrvzsWzdcPKZM/gD5/MHezGMsg==</latexit>

3

<latexit sha1_base64="QKC9FA6gEirxlD+jfHpl9yrNT0c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AXy1jLM=</latexit>

4

<latexit sha1_base64="yHG9TncjQp5PXXpe73pRbByYO/E=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVJJSUG8FLx4r2A9oQ9lsJ+3azSbsboQS+gu8eFC8+pu8+W/ctjlo64OBx3szzMwLU8G18bxvp7S1vbO7V953Dw6Pjk8q7mlHJ5li2GaJSFQvpBoFl9g23AjspQppHArshtO7hd99RqV5Ih/NLMUgpmPJI86osdJDY1ipejVvCbJJ/IJUoUBrWPkajBKWxSgNE1Trvu+lJsipMpwJnLuDTGNK2ZSOsW+ppDHqIF8eOieXVhmRKFG2pCFL9fdETmOtZ3FoO2NqJnrdW4j/ef3MRDdBzmWaGZRstSjKBDEJWXxNRlwhM2JmCWWK21sJm1BFmbHZuDYEf/3lTdKp1/xG7bbarBdhlOEcLuAKfLiGJtxDC9rAAOEF3uDdeXJenY9VY8kpJs7gD5zPHxPTi4o=</latexit>

5

<latexit sha1_base64="JCjcMUauxUwSIgV6qdKqfi9cYyE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGiHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AX+9jLU=</latexit>

6

<latexit sha1_base64="bJElc2eKM7qjdfTdF+xmzopsnJc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyG4OMW8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38399hMqzWP5YCYJ+hEdSh5yRo2VGlf9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9XybaNaqlWyOPJwBudwCR5cQw3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A4FBjLY=</latexit>

t

<latexit sha1_base64="3HXxXq4lEN4wfmy6CKJ0UjIYq3M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVA04T7kd0pEQoGEUrNXFQrrhVdwGyTrycVCBHY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGepYpG3PjZ4tAZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYY1PxMqSZErtlwUppJgTOZfk6HQnKGcWkKZFvZWwsZUU4Y2m5INwVt9eZ20r6redfW2eV2p1/I4inAG53AJHtxAHe6hAS1gwOEZXuHNeXRenHfnY9lacPKZU/gD5/MH4QeM+g==</latexit>

1

<latexit sha1_base64="mphGgQZ73ClNR9f3vZYpmRPhI4U=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFS0xuUym7FXYCsEy8nZcjRGJS++sOYpRFKwwTVuue5ifEzqgxnAmfFfqoxoWxCR9izVNIItZ8tDp2RS6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbIo2BG/15XXSrla8WuW2WSvXq3kcBTiHC7gCD66hDvfQgBYwQHiGV3hzHp0X5935WLZuOPnMGfyB8/kDea2MsQ==</latexit>

2

<latexit sha1_base64="K3jd2BNR89ScLkbhVGeZoFZ7Ams=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszoold2KuwBZJ15OypCjMSh99YcxSyOUhgmqdc9zE+NnVBnOBM6K/VRjQtmEjrBnqaQRaj9bHDojl1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2RRtCN7qy+ukXa14tcpts1auV/M4CnAOF3AFHlxDHe6hAS1ggPAMr/DmPDovzrvzsWzdcPKZM/gD5/MHezGMsg==</latexit>

3

<latexit sha1_base64="QKC9FA6gEirxlD+jfHpl9yrNT0c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AXy1jLM=</latexit>

4

<latexit sha1_base64="yHG9TncjQp5PXXpe73pRbByYO/E=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVJJSUG8FLx4r2A9oQ9lsJ+3azSbsboQS+gu8eFC8+pu8+W/ctjlo64OBx3szzMwLU8G18bxvp7S1vbO7V953Dw6Pjk8q7mlHJ5li2GaJSFQvpBoFl9g23AjspQppHArshtO7hd99RqV5Ih/NLMUgpmPJI86osdJDY1ipejVvCbJJ/IJUoUBrWPkajBKWxSgNE1Trvu+lJsipMpwJnLuDTGNK2ZSOsW+ppDHqIF8eOieXVhmRKFG2pCFL9fdETmOtZ3FoO2NqJnrdW4j/ef3MRDdBzmWaGZRstSjKBDEJWXxNRlwhM2JmCWWK21sJm1BFmbHZuDYEf/3lTdKp1/xG7bbarBdhlOEcLuAKfLiGJtxDC9rAAOEF3uDdeXJenY9VY8kpJs7gD5zPHxPTi4o=</latexit>

5

<latexit sha1_base64="JCjcMUauxUwSIgV6qdKqfi9cYyE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGiHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AX+9jLU=</latexit>

6

<latexit sha1_base64="bJElc2eKM7qjdfTdF+xmzopsnJc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyG4OMW8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38399hMqzWP5YCYJ+hEdSh5yRo2VGlf9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9XybaNaqlWyOPJwBudwCR5cQw3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A4FBjLY=</latexit>

t

<latexit sha1_base64="3HXxXq4lEN4wfmy6CKJ0UjIYq3M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVA04T7kd0pEQoGEUrNXFQrrhVdwGyTrycVCBHY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGepYpG3PjZ4tAZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYY1PxMqSZErtlwUppJgTOZfk6HQnKGcWkKZFvZWwsZUU4Y2m5INwVt9eZ20r6redfW2eV2p1/I4inAG53AJHtxAHe6hAS1gwOEZXuHNeXRenHfnY9lacPKZU/gD5/MH4QeM+g==</latexit>

1

<latexit sha1_base64="mphGgQZ73ClNR9f3vZYpmRPhI4U=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFS0xuUym7FXYCsEy8nZcjRGJS++sOYpRFKwwTVuue5ifEzqgxnAmfFfqoxoWxCR9izVNIItZ8tDp2RS6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbIo2BG/15XXSrla8WuW2WSvXq3kcBTiHC7gCD66hDvfQgBYwQHiGV3hzHp0X5935WLZuOPnMGfyB8/kDea2MsQ==</latexit>

2

<latexit sha1_base64="K3jd2BNR89ScLkbhVGeZoFZ7Ams=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszoold2KuwBZJ15OypCjMSh99YcxSyOUhgmqdc9zE+NnVBnOBM6K/VRjQtmEjrBnqaQRaj9bHDojl1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2RRtCN7qy+ukXa14tcpts1auV/M4CnAOF3AFHlxDHe6hAS1ggPAMr/DmPDovzrvzsWzdcPKZM/gD5/MHezGMsg==</latexit>

3

<latexit sha1_base64="QKC9FA6gEirxlD+jfHpl9yrNT0c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AXy1jLM=</latexit>

4

<latexit sha1_base64="yHG9TncjQp5PXXpe73pRbByYO/E=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVJJSUG8FLx4r2A9oQ9lsJ+3azSbsboQS+gu8eFC8+pu8+W/ctjlo64OBx3szzMwLU8G18bxvp7S1vbO7V953Dw6Pjk8q7mlHJ5li2GaJSFQvpBoFl9g23AjspQppHArshtO7hd99RqV5Ih/NLMUgpmPJI86osdJDY1ipejVvCbJJ/IJUoUBrWPkajBKWxSgNE1Trvu+lJsipMpwJnLuDTGNK2ZSOsW+ppDHqIF8eOieXVhmRKFG2pCFL9fdETmOtZ3FoO2NqJnrdW4j/ef3MRDdBzmWaGZRstSjKBDEJWXxNRlwhM2JmCWWK21sJm1BFmbHZuDYEf/3lTdKp1/xG7bbarBdhlOEcLuAKfLiGJtxDC9rAAOEF3uDdeXJenY9VY8kpJs7gD5zPHxPTi4o=</latexit>

5

<latexit sha1_base64="JCjcMUauxUwSIgV6qdKqfi9cYyE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGiHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AX+9jLU=</latexit>

6

<latexit sha1_base64="bJElc2eKM7qjdfTdF+xmzopsnJc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyG4OMW8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38399hMqzWP5YCYJ+hEdSh5yRo2VGlf9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9XybaNaqlWyOPJwBudwCR5cQw3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A4FBjLY=</latexit>

t

<latexit sha1_base64="3HXxXq4lEN4wfmy6CKJ0UjIYq3M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVA04T7kd0pEQoGEUrNXFQrrhVdwGyTrycVCBHY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGepYpG3PjZ4tAZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYY1PxMqSZErtlwUppJgTOZfk6HQnKGcWkKZFvZWwsZUU4Y2m5INwVt9eZ20r6redfW2eV2p1/I4inAG53AJHtxAHe6hAS1gwOEZXuHNeXRenHfnY9lacPKZU/gD5/MH4QeM+g==</latexit>

1

<latexit sha1_base64="mphGgQZ73ClNR9f3vZYpmRPhI4U=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFS0xuUym7FXYCsEy8nZcjRGJS++sOYpRFKwwTVuue5ifEzqgxnAmfFfqoxoWxCR9izVNIItZ8tDp2RS6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbIo2BG/15XXSrla8WuW2WSvXq3kcBTiHC7gCD66hDvfQgBYwQHiGV3hzHp0X5935WLZuOPnMGfyB8/kDea2MsQ==</latexit>

2

<latexit sha1_base64="K3jd2BNR89ScLkbhVGeZoFZ7Ams=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszoold2KuwBZJ15OypCjMSh99YcxSyOUhgmqdc9zE+NnVBnOBM6K/VRjQtmEjrBnqaQRaj9bHDojl1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2RRtCN7qy+ukXa14tcpts1auV/M4CnAOF3AFHlxDHe6hAS1ggPAMr/DmPDovzrvzsWzdcPKZM/gD5/MHezGMsg==</latexit>

3

<latexit sha1_base64="QKC9FA6gEirxlD+jfHpl9yrNT0c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AXy1jLM=</latexit>

4

<latexit sha1_base64="yHG9TncjQp5PXXpe73pRbByYO/E=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVJJSUG8FLx4r2A9oQ9lsJ+3azSbsboQS+gu8eFC8+pu8+W/ctjlo64OBx3szzMwLU8G18bxvp7S1vbO7V953Dw6Pjk8q7mlHJ5li2GaJSFQvpBoFl9g23AjspQppHArshtO7hd99RqV5Ih/NLMUgpmPJI86osdJDY1ipejVvCbJJ/IJUoUBrWPkajBKWxSgNE1Trvu+lJsipMpwJnLuDTGNK2ZSOsW+ppDHqIF8eOieXVhmRKFG2pCFL9fdETmOtZ3FoO2NqJnrdW4j/ef3MRDdBzmWaGZRstSjKBDEJWXxNRlwhM2JmCWWK21sJm1BFmbHZuDYEf/3lTdKp1/xG7bbarBdhlOEcLuAKfLiGJtxDC9rAAOEF3uDdeXJenY9VY8kpJs7gD5zPHxPTi4o=</latexit>

5

<latexit sha1_base64="JCjcMUauxUwSIgV6qdKqfi9cYyE=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGiHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AX+9jLU=</latexit>

6

<latexit sha1_base64="bJElc2eKM7qjdfTdF+xmzopsnJc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyG4OMW8OIxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3sbm1vZPfLeztHxweFY9PWjpOFcMmi0WsOgHVKLjEpuFGYCdRSKNAYDsY38399hMqzWP5YCYJ+hEdSh5yRo2VGlf9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCG3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpFUpe9XybaNaqlWyOPJwBudwCR5cQw3uoQ5NYIDwDK/w5jw6L86787FszTnZzCn8gfP5A4FBjLY=</latexit>

a)

<latexit sha1_base64="+qq3B8BVjfUeR+PKnA52Ydl2GX4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyWRgvVW8OKxirWFNpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKoYtFotYdQKqUXCJLcONwE6ikEaBwHYwvpn57SdUmsfywUwS9CM6lDzkjBor3dOLfrniVt05yCrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzSKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmrPsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTsiF4yy+vksfLqlerXt/VKo16HkcRTuAUzsGDK2jALTShBQxCeIZXeHPGzovz7nwsWgtOPnMMf+B8/gAns40a</latexit>

b)

<latexit sha1_base64="w81HpqP5fIDl02MLqMVLl2jKzfk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyWRgvVW8OKxirWFNpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHjyZONeMtFstYdwJquBSKt1Cg5J1EcxoFkreD8c3Mbz9xbUSsHnCScD+iQyVCwSha6T646JcrbtWdg6wSLycVyNHsl796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYd3PhEpS5IotFoWpJBiT2dtkIDRnKCeWUKaFvZWwEdWUoQ2nZEPwll9eJY+XVa9Wvb6rVRr1PI4inMApnIMHV9CAW2hCCxiE8Ayv8OaMnRfn3flYtBacfOYY/sD5/AEpOI0b</latexit>

c)

<latexit sha1_base64="U6vuxr9nSmJU8oQYa19fBUTy3Uc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyWRgvVW8OKxirWFNpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKoYtFotYdQKqUXCJLcONwE6ikEaBwHYwvpn57SdUmsfywUwS9CM6lDzkjBor3bOLfrniVt05yCrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzSKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmrPsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTsiF4yy+vksfLqlerXt/VKo16HkcRTuAUzsGDK2jALTShBQxCeIZXeHPGzovz7nwsWgtOPnMMf+B8/gAqvY0c</latexit>

Figure 3: Planar graph without perfect resiliency. If the dashed links fail, in any forwarding pattern, packets will
be stuck in one of the blue bold loops, even though there is at least one remaining path to the target.

Case (ii) πt
1(5, ∅) = 3. To ensure πt

1(·, ∅) is a cyclic
permutation under this constraint, a packet arriving on
port 4 can only be forwarded to either 2 or 5. Thus the
possible cyclic permutations are (5, 3, 4, 2) and (5, 3, 2, 4)
which lead to loops under the failure sets illustrated in
Figure 3.a and c.

Case (iii) πt
1(5, ∅) = 4. To ensure πt

1(·, ∅) is a cyclic
permutation under this constraint, a packet arriving on
port 4 can only be forwarded to either 2 or 5. Thus the
possible cyclic permutations are (5, 4, 3, 2) and (5, 4, 3, 2)
which lead to loops under the failure sets illustrated in
Figure 3.b and c.

Case (iv) πt
1(5, ∅) = 5 There is no cyclic permutation

with this assignment, thus there would be a loop
according to Lemma 3.1.

Hence there is exists no forwarding pattern without
a failure set that causes a loop.

We can extend the proof with Lemma 3.2 and
Corollary 3.2 to also include the source:

Theorem 5.4. There exists a planar graph G on 8
nodes s.t. no forwarding pattern πs,t succeeds on G.

Proof. We note that by choosing the node 5 in Figure 3
as the source, the proof for Theorem 5.3 would directly
carry over, if we could apply Lemma 3.1 to all nodes
in Figure 3. However, Lemma 3 only considers target-
based routing that does not consider the source, and we
hence need to utilize lemma 3.2 for node 1 (all relevant
neighbors are in the same orbit) and corollary 3.2 for
the other nodes, where the degree two case suffices.

In order to apply Lemma 3.2 to node 1, we need
to connect the new source s to two relevant neighbors
of s, where we pick nodes 3 and 5, which keeps the
7+1 node construction planar. Note that for the actual
packet path in Figure 3(a,b,c), we can fail the link (s, 3),
keeping (s, 5) alive, and if 5 were to route back to s, s
can only bounce the packet back. It remains to force
all degree 2 nodes in Figure 3(a,b,c) to relay incoming
packets through the other port, via Corollary 3.2, which
we prove by case distinction. To this end, for each of the
seven cases (nodes 2,3 for a, 2,4 for b, and 3,4,6 for c), we
need to show that there are pairs of node-disjoint paths
for each such node i, with two different surviving links

(v1, i), (v2, i), that are in E(G) minus all links incident
to i, except (v1, i), (v2, i):

5

� start from s and end with (v1, i), and start with
(v2, i) and end at t,

� start from s and end with (v2, i), and start with
(v1, i) and end at t.

� Figure 3(a): Node 2 [(3, 2), (2, 1)]: s− 5− 6− 3− 2
: 2− 4− t and s− 5− 1− 2 : 2− 3− t

� Figure 3(a): Node 3 [(1, 3), (3, 2)]: s − 5 − 1 − 3 :
3− 2− t and s− 5− 1− 2− 3 : 3− 6− t

� Figure 3(b): Node 2 [(1, 2), (2, 4)]: s − 5 − 1 − 2 :
2− 4− t and s− 5− 1− 4− 2 : 2− 1− t

� Figure 3(b): Node 4 [(2, 4), (4, 1)]:

� s − 5 − 1 − 4 : 4 − 2 − 3 − t and s − 3 − 2 − 46 :
4− 1− 5− 6− t

� Figure 3(c): Node 3 [(1, 3), (3, 6)]: s − 5 − 1 − 3 :
3− 6− t and s− 5− 6− 3 : 3− 1− 4− t

� Figure 3(c): Node 4 [(1, 4), (4, 6)]: s − 5 − 1 − 4 :
4− 6− t and s− 5− 6− 4 : 4− 1− 3− t

� Figure 3(c): Node 6 [(3, 6), (6, 4)]: s− 5− 1− 3− 6
: 6− 4− t and s− 5− 1− 4− 6 : 6− 3− t

6 Positive Results

Despite the numerous networks in which perfect re-
silience cannot be achieved, there are several interesting
scenarios for which perfectly resilient algorithms exist.
In this section, we present a particularly simple algo-
rithmic technique: the algorithm orders its neighbors
arbitrarily, and reacts to link failures by simply “skip-
ping over” the failed links according to this order. The
exact forwarding function can hence be computed locally
based on F , and the forwarding rules can be stored in
linear space: a significant advantage in practice. This
motivates us to introduce the following definition:

5 Recall that i is only aware of its incident link failures. 6 Note
that the packet is not actually routed via 3 in Figure 3(b), but

the node 4 must also provision for this case in order to guarantee
perfect resilience.
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Definition 6.1. (Skipping Forwarding Functions)
Given a set S and a function π : S 7→ S′ where
S′ ⊂ S, define the tail of s to be the sequence
(π(s), π(π(s)), π(π(π(s))), . . . ) for each s ∈ S. We say
that a forwarding function πs,t

v is skipping if there exists
a bijection f : E(v) ∪ {⊥} 7→ E(v) such that for each
failure set F and each e ∈ {⊥} ∪ E(v) \ F we have that
πt
v(e, F ) equals the first element in the tail of e (with

respect to f) that is not in F . A forwarding pattern is
skipping if each of its forwarding functions is skipping.

The positive results in the following subsections will
all rely on such skipping.

6.1 The Target is Close Assume that a source s
is close to the target t, even after the failures. In the
following, we show that it is always possible to predefine
conditional forwarding rules, with skipping, which ensure
a route from s to t if their distance is at most two hops.

Theorem 6.1. For all graphs G there is a forwarding
pattern, matching on the source, that succeeds if source
s and target t are at distance at most 2 in G \ F .

Proof. Resilience can be ensured with the following
forwarding pattern. Let V (s) be the set of neighbors of
the source node s which are on a path of length two to
the target t before the failures. We define the forwarding
function πs,t

s of the source s as follows:

� We order the neighbors V (s) of s arbitrarily, i.e.,
V (s) = (v1, v2, . . . , vk), and source s first tries to
forward to the first neighbor vj which is connected
to it after the failures (πs,t

s (⊥) = vj), i.e., in a
skipping fashion.

� When a packet arrives on the in-port from vi, for
any i, s forwards the packet to vj , the next neighbor
in V (s) such that {s, vj} /∈ F , i.e., skipping as well.

For all other nodes v, the forwarding function is
defined as follows. When a packet arrives from the
source s, send it to the target if the link has not failed.
Otherwise return the packet to the source. Note that
this is a skipping pattern, as we can predefine a skipping
of (v, t) to route to s. This ensures that the source s
tries all of its neighbors which could be on a path of
length two to the target. Since we assumed such a path
existed, the forwarding pattern must succeed in routing
the packet to the target.

The algorithm relies on the source probing all
neighbors if they are connected to the destination, which
then succeed or return the packet. We can extend this
idea to not require matching on the source, if the target

is at most 2 hops away after failures. The idea is to
assign unique identifiers to the nodes, converge to a 2-
hop minimum identifier, and then forward similarly to
the previous proof.

Theorem 6.2. There is a forwarding pattern, not
matching on the source, that ensures a packet reaches
its target t if all nodes are at most 2 hops apart from t
after failures.

Proof. Let us assign a unique ID to every node and con-
struct the forwarding pattern based on these identifiers.
The forwarding function of each node v ∈ V \ {s, t} is
defined as follows:

� If t is a neighbor of v, forward to t.

� If t is not a neighbor, then

– if v does not have the lowest ID in its neigh-
borhood, forward to the neighbor with lowest
ID, i.e., skipping potential lost neighbors with
lower ID,

– if v has the lowest identifier in its neighborhood,
then route according to a skipping pre-defined
cyclic permutation of all neighbors.

Observe that, unless the target is reached on the way, the
packet will reach a node w that has the lowest identifier in
its two-hop neighborhood. From there on, the argument
is analogous to the proof of Theorem 6.1: The node
w will forward the packet to all its one-hop neighbors,
which in turn bounce it back to w, unless connected to
t. Since, by assumption, one of them is connected to t,
the forwarding succeeds.

6.2 Planar and Outerplanar Graphs A graph is
outerplanar if there exists a planar embedding such that
all nodes are part of the outer face. In other words,
there is a walk along the links of the outer face that
visits all nodes for connected graphs. This property
holds also after arbitrary failures as long as the graph
remains connected. Thus we can route along the links
of the outer face of a planar graph using the well known
right-hand rule [1, 6] despite failures.7

7 Such face routing was first considered over 20 years ago for
ad-hoc networks by Kranakis et al. [33] and Bose et al. [9]. More
involved face-routing algorithms have been devised and analyzed
e.g. [30, 45] and go beyond the simple right-hand rule algorithm

used for Theorem 6.3 and Corollary 6.1. They have mostly been

studied without considering failures and use either state in packet
or at nodes if source and target are not on the same face. We
refer to some reference articles [34, 47] and book chapters [29, 32]

for in-depth discussions and to the article by Behrend [3] for a
historical overview.
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Theorem 6.3. Let G = (V,E) be an outerplanar graph.
Then, there is a perfectly resilient skipping forwarding
pattern πt which does not require source matching.

Proof. Fix an arbitrary outerplanar embedding of the
graph without failures (a consistent embedding must be
used on all nodes when constructing the forwarding
pattern). Without loss of generality we define the
canonical direction to be clockwise and we number
the ports of the nodes accordingly starting from an
arbitrary port.

If a link l belongs to the outer face of a planar graph
G, it also belongs to the outer face for all subgraphs
of G, in particular also in G \ F for l /∈ F . Since all
nodes belong to the outer face for an outerplanar graph,
it is hence enough to demonstrate that the forwarding
pattern ensures packets use only the links of the outer
face and do not change the direction despite failures.

Given an in-port belonging to a link on the outer face
of a graph in clockwise direction we can decide locally
which out-port belongs to the outer face to continue
the walk using the right-hand rule encoded in the the
forwarding function with F .

The routing algorithm assigns the following for-
warding functions to node v with degree d: πt

v(x) =
x+ 1 mod d. Hence the forwarding function assigns out-
port x + 1 mod d to in-port x. When node s sends a
packet to t it picks an arbitrary out-port that belongs to
the outer face in the clockwise direction. When failures
occur, skipping is used to derive the next usable output.

As we will see next, this is enough to encode the
information of which links belong to the outer face of
G\F . To this end, we show that this forwarding pattern
routes a packet along the links of the outer face for an
arbitrary link failures F in clockwise direction.

We show this claim for the source and then for all
other nodes on the path to the target by induction.

Each node has at least one pair of an incoming port
and an outgoing port on the outerplanar face of G (for
a node with degree one these two ports belong to the
same link). Let (ij , oj) denote the jth such pair out of k
for node v in G, starting to number them from port 0
at node v in clockwise order. Note that it holds for all
these k pairs that oj = ij + 1 mod d.

Without failures, the source selects an outgoing port
on the outer face in the correct direction by definition.
Without loss of generality, let this out-port be o0 from
the pair (i0, o0) defined above. If the corresponding link
has failed, the routing scheme will try port o0 + j mod d
for j = 1, . . . , d − 1 until successful according to the
skipping forwarding pattern. Due to the failures, the
corresponding link is now on the outer face and the
statement thus holds for the base case.

For a subsequent node v on the walk to the target

the packet will enter the node on port ij for some j if no
failures affect this node. In this case, the routing scheme
selects ij + 1 mod d as the out-port, which happens to
be oj as discussed above. Thus the packet remains using
only links of the outer face travelling in the right direction
on G \ F . If there has been a failure affecting node v,
then the outgoing port might no longer be available.
As shown for the source, iterating over the next ports
clockwise will guarantee that the packet is still using a
link of the outer face of G \ F . If the link incident to
ij is down, then v’s neighbors will select another link
and the packet might enter the node on a port that
is not among the pairs for the graph without failures.
Nevertheless, due to the arguments above this implies
that the incoming port now is part of the walk along
the links of the outer face in clockwise direction and
also the outgoing port chosen subsequently is part of
the links on the outer face of G \ F . Hence the routing
scheme succeeds to lead packets to the target successfully
without maintaining state in packets or at nodes.

The face-routing pattern is even target-oblivious:
starting on any node, it will visit every node. Moreover,
while we have seen earlier that planar graphs do not
offer perfect resilience, the approach guaranteeing perfect
resilience for outerplanar graphs can also be applied for
planar graphs if source and target are on the same face.

Corollary 6.1. Let G = (V,E) be a planar graph
where packets start on the same face as t. Then, there
is a perfectly resilient skipping forwarding pattern πt.

Proof. The algorithm from the proof for Theorem 6.3
only needs to be adapted at the start. Since the source
and the target might not be part of the outer face in
G, the source chooses an arbitrary (clockwise direction)
out-port that belongs to the face it shares with the target
(some nodes may share several faces with the target, any
of them can be chosen in this case). Since failures only
reduce the number of faces, the shared face may contain
more links after failures but not fewer and both source
and target will always belong to the same face on G \F ,
as long as the graph is still connected. Thus following
the links of the face in clockwise direction will lead to the
target for arbitrary non-disconnecting failures.

Another way of thinking about the proof is that we can
also choose the embedding of the planar graph s.t. any
desired face is the outer face, see e.g. Schnyder [42]. As
before, note that our forwarding pattern can visit every
node on the face despite failures.

6.3 A Non-Outerplanar Planar Graph with
Perfect Resilience: K4 So far, we established that
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perfect resiliency is possible on outerplanar graphs as
well as on the same face of planar graphs, and that it is
impossible on some planar graphs and on all non-planar
graphs. This raises the question if perfect resilience is
possible on some non-outerplanar planar graphs, which
we answer in the affirmative for K4, the complete graph
with four nodes: we employ forwarding along a cyclic
permutation, unless the target is a neighbor.

Theorem 6.4. K4 allows for perfectly resilient forward-
ing patterns πt with skipping, i.e., without the source.

Proof. From §6.2, we know that we can visit every node
on a connected outerplanar graph using the skipping
right-hand rule. Hence, if a graph becomes outerplanar
after removal of the destination, as K4 does, it allows
for perfect resilience, by traversing all nodes, each time
checking if they neighbor the destination.

Corollary 6.2. Let G′ = (V \ {t}, E) be outerplanar.
Then G = (V,E) allows for perfectly resilient forwarding
patterns πt with skipping, i.e., without the source.

6.4 Graph-Families Closed under Subdivision
In this section we prove that under certain conditions,
skipping forwarding functions retain any resilience
guarantees. Our result applies to any graph family G

that is closed under link subdivision. A family G is
closed under link subdivision if for all G ∈ G the graph
G′ constructed by replacing a link (u, v) of G by a new
node w, and two new links (u,w) and (w, v) is also
in G.8 For example planar and bounded genus graphs
are closed under subdivision, but graphs of bounded
diameter are not.

Theorem 6.5. Let G be a family of graphs that is closed
under the subdivision of links. Assume that for each
G ∈ G there exists a f(m)-resilient forwarding pattern
(with or without source matching). Then there exists a
f(m)-resilient skipping forwarding pattern with the same
matching for each G ∈ G, where f is any monotone
increasing function.

Proof. [Proof of Theorem 6.5] Consider any G ∈ G and
let |E(G)| = m. Consider a graph H that is constructed
by subdividing each link e = (u, v) ∈ E(G) into three
links eu = (u, uv), ev = (v, vu), and euv = (vu, uv),
where uv and vu are the two new nodes introduced in
the subdivision. We call these nodes the new nodes and

8 Chiesa et al. [15, Fig. 9(b)] used a similar subdivision idea, where
each link was replaced with three links and two new nodes, where
we use two links and one new node. However, Chiesa et al. used

this idea in a different context, namely to show the impossibility
of perfect resilience on a planar graph example.

the other nodes old nodes of H. Let M = |E(H)|. We
prove the theorem for forwarding patterns with source
matching – the case with source matching is similar.

Now given a set of failed links F ⊆ E on G,
we can consider the corresponding failure set F ′ =
{(uv, vu) ∈ E(H) : (u, v) ∈ F} in H. Since m ≤ M
and therefore f(m) ≤ f(M), there must exist a f(M)-
resilient forwarding pattern φt for H and any t ∈ V (H).
Since only the middle links of the subdivided links fail,
the forwarding functions of the old nodes must remain
constant over all F ′ constructed from the failure sets F .

Before simulating φt on G, we take care of a
technicality. We say that a link (u, uv) ∈ E(H) is cut by
φt if, for all F not containing (u, uv), (uv, vu), or (vu, v),
either φtuv(u, F ) = u or φtvu(uv, F ) = uv. That is, uv
or vu sends the packet from the direction of u back. In
this case the packet cannot pass from u to v. We modify
φtu to ignore cut links: let S denote the set of cut links
in E(u). For each e ∈ E(u) such that φtu(e) ∈ S we set
φtu(e) to be the first element in the tail of e not in S.

Now let φt be such a modified forwarding pattern
for any old node t ∈ V (H). We construct a forwarding
pattern πt for G as follows. For each F , each v ∈ V (G),
and each e incident to v, set πt

v(e, F ) to be the first
element in the tail of e that is not in F . In the degenerate
case where e = E(v) \ F assign πt

v(e, F ) = e. Finally, if
all links corresponding to non-failed links are cut, we set
πt
v(e, F ) = e for each non-failed cut link e. In this case

the forwarding pattern will never reach v in H.
By construction the forwarding pattern πt is skip-

ping. Links corresponding to the cut links of H are never
forwarded to and failed links are skipped. It remains
to show that it is correct. Let F ( E(G) be a failure
set such that |F | ≤ f(n). At each node v ∈ V (H) with
in-port e, the packet will travel the tail of e until it finds
an out-port that has not failed (i.e. the middle link of
the subdivided link does not correspond to a failed link
of the original failure set F ). The packet, due to the
modification, will then travel over the subdivided links
(v, vu), (vu, uv), and (uv, u) to some old node u. In the
original graph, due to the construction of πt, the packet
with in-port e will directly be forwarded to (v, u). By
an inductive argument for each initial node and failure
set F , the sequence of nodes followed by the packet in
G \ F equals the sequence of old nodes followed by the
packet in H \ F ′.

It follows that in many graph classes, it is sufficient to
consider skipping forwarding patterns.

Corollary 6.3. In the following graph classes, there is
a resilience-optimal skipping forwarding pattern: planar
graphs, graphs of bounded genus, cycles, graphs of
bounded maximum degree, and of bounded arboricity.
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7 Conclusion

We studied the fundamental question of when it is
possible to provide perfect resilience in networks based
on local decisions only. We provided both characteristics
of infeasible instances and algorithms for robust networks
for perfect and parametrized resilience.

While our results cover a significant part of the
problem space, it remains to complete charting the
landscape of the feasibility of perfect and parametrized
resilience, both in the model where the source can and
cannot be matched. Furthermore, we have so far focused
on resilience only, and it would be interesting to account
for additional metrics of the failover paths, such as their
length and congestion.
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A Proofs for Section 5.1

Theorem A.1. There exists a graph G on 13 nodes
such that no forwarding pattern will succeed on G when
source, target, and in-port are known.

Proof. [Proof of Theorem A.1] Construct the gadget G as
follows. Take four nodes 1, 2, 3, and 4 and connect them
by a link to a center node c. Then, for each unordered
pair (i, j) of nodes from {1, 2, 3, 4} create a new node ij,
and connect ij to i and j. Connect all ij to a new target
node t. Finally, create a source node s and connect it to
{1, 2, 3, 4}. G is illustrated in Figure 4a.

We will call nodes 1, 2, 3, and 4 level one nodes, and
nodes 12, 13, 14, 23, 24, and 34 level two nodes. We first
claim that if nodes of levels one and two have degree 2
after failures, then they must always forward the packet
coming from s, level one, or level two to the other port,
with the exception of forwarding back towards s.

� If node vu on level two is connected to t, we can
cut all other links to t and force vu to forward to t,
as otherwise the forwarding fails.

� If uv is not connected to t, we can again create a
unique path to t that goes through uv. Choose some
vw on level two and cut all links to t except {vw, t}.
In addition cut all links to vw except {v, vw}, and
cut all links to v except {uv, v}. A packet coming
from {u, uv} must be forwarded to {uv, v}. The
other direction is symmetric.

� If a level one node v is connected to s, then by
setting F = {{s, u} : u 6= v} any non-forwarding
rule at v fails.

� If a level one node v is not connected to s, then
it is connected to some level two nodes uv and wv
or c and some level two node uv. In the first case,
by cutting all links from level two to t except for
uv or wv, and, respectively, the link {u, uv} or the
link {w,wv}, we force the unique path from s to
t to take the links {vu, v} and {wv, v}, in both
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a)

<latexit sha1_base64="+qq3B8BVjfUeR+PKnA52Ydl2GX4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyWRgvVW8OKxirWFNpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKoYtFotYdQKqUXCJLcONwE6ikEaBwHYwvpn57SdUmsfywUwS9CM6lDzkjBor3dOLfrniVt05yCrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzSKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmrPsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTsiF4yy+vksfLqlerXt/VKo16HkcRTuAUzsGDK2jALTShBQxCeIZXeHPGzovz7nwsWgtOPnMMf+B8/gAns40a</latexit>

b)

<latexit sha1_base64="w81HpqP5fIDl02MLqMVLl2jKzfk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyWRgvVW8OKxirWFNpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYW9/Y3Cpul3Z29/YPyodHjyZONeMtFstYdwJquBSKt1Cg5J1EcxoFkreD8c3Mbz9xbUSsHnCScD+iQyVCwSha6T646JcrbtWdg6wSLycVyNHsl796g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fja/dErOrDIgYaxtKSRz9fdERiNjJlFgOyOKI7PszcT/vG6KYd3PhEpS5IotFoWpJBiT2dtkIDRnKCeWUKaFvZWwEdWUoQ2nZEPwll9eJY+XVa9Wvb6rVRr1PI4inMApnIMHV9CAW2hCCxiE8Ayv8OaMnRfn3flYtBacfOYY/sD5/AEpOI0b</latexit>

c)

<latexit sha1_base64="U6vuxr9nSmJU8oQYa19fBUTy3Uc=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBLyWRgvVW8OKxirWFNpTNdtIu3WzC7kYoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+PHnWcKoYtFotYdQKqUXCJLcONwE6ikEaBwHYwvpn57SdUmsfywUwS9CM6lDzkjBor3bOLfrniVt05yCrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzSKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmrPsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTsiF4yy+vksfLqlerXt/VKo16HkcRTuAUzsGDK2jALTShBQxCeIZXeHPGzovz7nwsWgtOPnMMf+B8/gAqvY0c</latexit>

G

<latexit sha1_base64="FU6clfYMTBCq5RwjDSGOnY01Mbk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLeNBjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe76xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9irlm0alVKtmceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB5zTjM0=</latexit>

G

<latexit sha1_base64="FU6clfYMTBCq5RwjDSGOnY01Mbk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLeNBjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe76xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9irlm0alVKtmceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB5zTjM0=</latexit>

G

<latexit sha1_base64="FU6clfYMTBCq5RwjDSGOnY01Mbk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLeNBjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe76xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9irlm0alVKtmceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB5zTjM0=</latexit>

G

<latexit sha1_base64="FU6clfYMTBCq5RwjDSGOnY01Mbk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLeNBjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe76xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9irlm0alVKtmceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB5zTjM0=</latexit>

G

<latexit sha1_base64="FU6clfYMTBCq5RwjDSGOnY01Mbk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLeNBjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe76xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9irlm0alVKtmceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB5zTjM0=</latexit>

G

<latexit sha1_base64="FU6clfYMTBCq5RwjDSGOnY01Mbk=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKwHgLeNBjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp377SdUmsfywUwS9CM6lDzkjBorNe76xZJbdhcg68TLSAky1PvFr94gZmmE0jBBte56bmL8KVWGM4GzQi/VmFA2pkPsWipphNqfLg6dkQurDEgYK1vSkIX6e2JKI60nUWA7I2pGetWbi/953dSEVX/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9irlm0alVKtmceThDM7hEjy4hhrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB5zTjM0=</latexit>

s

<latexit sha1_base64="k96qkw/Ey9fAAEibbYWmtQo4sbE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlph6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W96+pt87pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH34OM+Q==</latexit>

s

<latexit sha1_base64="k96qkw/Ey9fAAEibbYWmtQo4sbE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlph6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W96+pt87pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH34OM+Q==</latexit>

t

<latexit sha1_base64="3HXxXq4lEN4wfmy6CKJ0UjIYq3M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVA04T7kd0pEQoGEUrNXFQrrhVdwGyTrycVCBHY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGepYpG3PjZ4tAZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYY1PxMqSZErtlwUppJgTOZfk6HQnKGcWkKZFvZWwsZUU4Y2m5INwVt9eZ20r6redfW2eV2p1/I4inAG53AJHtxAHe6hAS1gwOEZXuHNeXRenHfnY9lacPKZU/gD5/MH4QeM+g==</latexit>

t

<latexit sha1_base64="3HXxXq4lEN4wfmy6CKJ0UjIYq3M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVA04T7kd0pEQoGEUrNXFQrrhVdwGyTrycVCBHY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGepYpG3PjZ4tAZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYY1PxMqSZErtlwUppJgTOZfk6HQnKGcWkKZFvZWwsZUU4Y2m5INwVt9eZ20r6redfW2eV2p1/I4inAG53AJHtxAHe6hAS1gwOEZXuHNeXRenHfnY9lacPKZU/gD5/MH4QeM+g==</latexit>

t

<latexit sha1_base64="3HXxXq4lEN4wfmy6CKJ0UjIYq3M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWz3bRrN5uwOxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZv7nSeujYjVA04T7kd0pEQoGEUrNXFQrrhVdwGyTrycVCBHY1D+6g9jlkZcIZPUmJ7nJuhnVKNgks9K/dTwhLIJHfGepYpG3PjZ4tAZubDKkISxtqWQLNTfExmNjJlGge2MKI7NqjcX//N6KYY1PxMqSZErtlwUppJgTOZfk6HQnKGcWkKZFvZWwsZUU4Y2m5INwVt9eZ20r6redfW2eV2p1/I4inAG53AJHtxAHe6hAS1gwOEZXuHNeXRenHfnY9lacPKZU/gD5/MH4QeM+g==</latexit>

1

<latexit sha1_base64="mphGgQZ73ClNR9f3vZYpmRPhI4U=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFS0xuUym7FXYCsEy8nZcjRGJS++sOYpRFKwwTVuue5ifEzqgxnAmfFfqoxoWxCR9izVNIItZ8tDp2RS6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbIo2BG/15XXSrla8WuW2WSvXq3kcBTiHC7gCD66hDvfQgBYwQHiGV3hzHp0X5935WLZuOPnMGfyB8/kDea2MsQ==</latexit>

2

<latexit sha1_base64="K3jd2BNR89ScLkbhVGeZoFZ7Ams=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkpqLeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9djY2t7Z3dgt7xf2Dw6Pj0slpW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7ASTu7nfeUKleSwfzDRBP6IjyUPOqLFSszoold2KuwBZJ15OypCjMSh99YcxSyOUhgmqdc9zE+NnVBnOBM6K/VRjQtmEjrBnqaQRaj9bHDojl1YZkjBWtqQhC/X3REYjradRYDsjasZ61ZuL/3m91IQ3fsZlkhqUbLkoTAUxMZl/TYZcITNiagllittbCRtTRZmx2RRtCN7qy+ukXa14tcpts1auV/M4CnAOF3AFHlxDHe6hAS1ggPAMr/DmPDovzrvzsWzdcPKZM/gD5/MHezGMsg==</latexit>

3

<latexit sha1_base64="QKC9FA6gEirxlD+jfHpl9yrNT0c=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKezGgHoLePGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5Pb2Nza3snvFvb2Dw6PiscnLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2M7+Z++wmV5rF8MJME/YgOJQ85o8ZKjat+seSW3QXIOvEyUoIM9X7xqzeIWRqhNExQrbuemxh/SpXhTOCs0Es1JpSN6RC7lkoaofani0Nn5MIqAxLGypY0ZKH+npjSSOtJFNjOiJqRXvXm4n9eNzXhjT/lMkkNSrZcFKaCmJjMvyYDrpAZMbGEMsXtrYSNqKLM2GwKNgRv9eV10qqUvWr5tlEt1SpZHHk4g3O4BA+uoQb3UIcmMEB4hld4cx6dF+fd+Vi25pxs5hT+wPn8AXy1jLM=</latexit>

4

<latexit sha1_base64="yHG9TncjQp5PXXpe73pRbByYO/E=">AAAB5HicbVBNS8NAEJ3Urxq/qlcvi0XwVJJSUG8FLx4r2A9oQ9lsJ+3azSbsboQS+gu8eFC8+pu8+W/ctjlo64OBx3szzMwLU8G18bxvp7S1vbO7V953Dw6Pjk8q7mlHJ5li2GaJSFQvpBoFl9g23AjspQppHArshtO7hd99RqV5Ih/NLMUgpmPJI86osdJDY1ipejVvCbJJ/IJUoUBrWPkajBKWxSgNE1Trvu+lJsipMpwJnLuDTGNK2ZSOsW+ppDHqIF8eOieXVhmRKFG2pCFL9fdETmOtZ3FoO2NqJnrdW4j/ef3MRDdBzmWaGZRstSjKBDEJWXxNRlwhM2JmCWWK21sJm1BFmbHZuDYEf/3lTdKp1/xG7bbarBdhlOEcLuAKfLiGJtxDC9rAAOEF3uDdeXJenY9VY8kpJs7gD5zPHxPTi4o=</latexit>

12

<latexit sha1_base64="nHwxa1rnL44yO8sZ1wtKIYumglk=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPXi1QbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2revXqzX290qjlcRThDM7hEjy4ggbcQRNawCCEZ3iFN2fivDjvzseyteDkM6fwB87nD+qKjO0=</latexit>

13

<latexit sha1_base64="7IVSkBYn3q4ZKNSQP/S1N/jZxwU=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkktqLeCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD95lv1R2K+4cZJV4OSlDjka/9NUbxCyNuEImqTFdz03Qz6hGwSSfFnup4QllYzrkXUsVjbjxs/mlU3JulQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMr/1MqCRFrthiUZhKgjGZvU0GQnOGcmIJZVrYWwkbUU0Z2nCKNgRv+eVV0qpWvFrl5r5WrlfzOApwCmdwAR5cQR3uoAFNYBDCM7zCmzN2Xpx352PRuubkMyfwB87nD+wOjO4=</latexit>

14

<latexit sha1_base64="rrMR3mYB39qxL6js2NI9REYO8QQ=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYj+gDWWz3bRLN5uwOxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ37nSeujYjVI04T7kd0pEQoGEUrPXj1QbniVt0FyDrxclKBHM1B+as/jFkacYVMUmN6npugn1GNgkk+K/VTwxPKJnTEe5YqGnHjZ4tLZ+TCKkMSxtqWQrJQf09kNDJmGgW2M6I4NqveXPzP66UYXvuZUEmKXLHlojCVBGMyf5sMheYM5dQSyrSwtxI2ppoytOGUbAje6svrpF2revXqzX290qjlcRThDM7hEjy4ggbcQRNawCCEZ3iFN2fivDjvzseyteDkM6fwB87nD+2SjO8=</latexit>

23

<latexit sha1_base64="Zeah4IB/3YuUJ8oLs9RXa2aPGQY=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkktqLeCF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O2vrG5tb24Wd4u7e/sFh6ei4peNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpoXrZL5XdijsHWSVeTsqQo9EvffUGMUsjlIYJqnXXcxPjZ1QZzgROi71UY0LZmA6xa6mkEWo/m186JedWGZAwVrakIXP190RGI60nUWA7I2pGetmbif953dSE137GZZIalGyxKEwFMTGZvU0GXCEzYmIJZYrbWwkbUUWZseEUbQje8surpFWteLXKzX2tXK/mcRTgFM7gAjy4gjrcQQOawCCEZ3iFN2fsvDjvzseidc3JZ07gD5zPH+2TjO8=</latexit>

24

<latexit sha1_base64="MfmWljtJNyPRc8B5B7dd4ZYwu6A=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKQb0VvHisYj+gDWWznbRLN5uwuxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmt3O/84RK81g+mmmCfkRHkoecUWOlh1p9UK64VXcBsk68nFQgR3NQ/uoPY5ZGKA0TVOue5ybGz6gynAmclfqpxoSyCR1hz1JJI9R+trh0Ri6sMiRhrGxJQxbq74mMRlpPo8B2RtSM9ao3F//zeqkJr/2MyyQ1KNlyUZgKYmIyf5sMuUJmxNQSyhS3txI2pooyY8Mp2RC81ZfXSbtW9erVm/t6pVHL4yjCGZzDJXhwBQ24gya0gEEIz/AKb87EeXHenY9la8HJZ07hD5zPH+8XjPA=</latexit>

34

<latexit sha1_base64="aEjYUQSkASRfBSU+n9ALDTqC1YQ=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkktqLeCF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2d++4lrI2L1iJOE+xEdKhEKRtFKD5e1fqnsVtw5yCrxclKGHI1+6as3iFkacYVMUmO6npugn1GNgkk+LfZSwxPKxnTIu5YqGnHjZ/NLp+TcKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMye5sMhOYM5cQSyrSwtxI2opoytOEUbQje8surpFWteLXKzX2tXK/mcRTgFM7gAjy4gjrcQQOawCCEZ3iFN2fsvDjvzseidc3JZ07gD5zPH/CcjPE=</latexit>

s

<latexit sha1_base64="k96qkw/Ey9fAAEibbYWmtQo4sbE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlph6UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W96+pt87pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH34OM+Q==</latexit>

c

<latexit sha1_base64="8B9ci11oPrsXmfU0n2zgiYUqA5c=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEsN4KXjy2YD+gDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TxbDFYhGrbkA1Ci6xZbgR2E0U0igQ2Akmd3O/84RK81g+mGmCfkRHkoecUWOlJhuUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasKan3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W96+pt87pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MHx0OM6Q==</latexit>

Figure 4: a) The original construction of Feigenbaum et al. [21] with an extra source node s. b) The padded
construction for Theorem 5.1. G represents the gadget from Theorem A.1. c) Padded and replicated construction
from Theorem 5.2. Each gadget G is a copy of the gadget from Theorem A.1.

directions. In the second case, we can create the
following unique path from s to t by failing all other
links: (s, u, uv, v, c, w,wu, t), where w is some node
not v or u. This forces forwarding at u from uw to
c. For the other direction fail everything except the
path (s, u, c, v, vw, t) for some w.

Any perfectly resilient forwarding pattern must therefore
forward packets over degree-2 nodes.

We assume that there are no failures around c so the
forwarding function πs,t

c remains fixed. In the following
we identify the incident links of c with the neighbors they
connect to. If πs,t

c (i) = i for any i ∈ [4] the forwarding
fails when s is connected only to i and i only to c. Assume
without loss of generality that πs,t

c (1) = 2. By having
πs,t
c (2) = 1 we have a loop when all other links incident

to 2 fail and 1 has links {s, 1} and {1, c}. Without loss
of generality assume that πs,t

c (2) = 3. By a similar
argument we see that we must have πs,t

c (3) = 4, as
otherwise we would create a loop. Now consider different
settings for πs,t

c (4).

� πs,t
c (4) = 1: we fail all links incident to level one ex-

cept {s, 4}, {1, 13}, {13, 3}, all links incident to c or
2. The forwarding pattern loops (s, 4, c, 1, 13, 3, c, 4)
and then either visits s or goes back to c immedi-
ately, finishing the loop.

� πs,t
c (4) = 2 or πs,t

c (4) = 3: These cases are similar,
as we can force the packet to never visit 1, which
could be the unique remaining path to t. Fail all
links of s except {s, 4}, and all other links of 4
except {4, c}. In addition fail all links from 2 and
3 to level two. The packet will start a loop on
(s, 4, c, 2, c, 3, c, 4) or on (s, 4, c, 3, c, 4), respectively.
Then it will either visit s or go directly back to c,
finishing the loop.

As all choices for πs,t
c (4) create a forwarding pattern

with a loop, one cannot obtain perfect resilience.

By padding and replicating Feigenbaum’s construc-
tion we gain different parametrizations of the impossibil-
ity result. In particular, we observe that no ω(1)-resilient
forwarding pattern exists (as a function of m), and show
that no Θ(f(n))-resilient forwarding pattern exists even

when the source and the target are Θ(f(n))-connected.
Theorems 5.1 and 5.2 are asymptotic in m, the number
of links in the input graph before failures.

Proof. [Theorem 5.1] Modify graph G as follows: replace
the source node s with a path Pk = (s0, s1, . . . , sk) on k
nodes, and connect node sk to the nodes 1, 2, 3, and 4.
The node s0 is the new designated source node. Denote
this construction by Gk. See Figure 4b for an illustration.

Any forwarding pattern for G could simulate the
existence of the path Pk. Since there is no forwarding
pattern for G, there is no forwarding pattern for Gk. By
setting k large enough we can make |E(G)| = f(k) for
f(k) > 18, for any function f(m) = ωm(1).

Proof. [Theorem 5.2] First observe that the gadget
G contains m0 = 22 links. The gadget Gk from
Theorem 5.1 contains a total of mk = k + 22 links.

The case of f(m) = O(1) is covered by Theorem A.1.
Therefore fix f(r) to be a function between ωr(1) and
r. We construct an infinite family of graphs as follows.

For a fixed r, take f = f(r) copies G
(1)
g , G

(2)
g , . . . , G

(f)
g

of Gg for g = g(r) = dr/f(r)e. Then identify the nodes

s
(1)
0 , . . . , s

(1)
f as the same node, which is designated to

be the source node. Finally, add a new designated
target node t and connect it to the old target nodes
t(1), . . . , t(f) in each copy of the gadget. See Figure 4.c)
for an illustration.

Since the links of the different gadgets can fail
independently, and, by Theorem A.1, for each G(i) and
each partial forwarding pattern of G(i) there exists a
partial failure set F that prevents the packet from being
forwarded to the (old) target node t(i). By assigning the
suitable failure sets to each gadget we can see that there
exists a path between s and t through each gadget G(i)

yet no packet will ever reach an old target node t(i) and
therefore cannot reach the target node t.

By construction there are Θ(r) links and Θ(f(r))
paths between s and t after failures. In each gadget at
most a constant number of links fail (inside each original
gadget G(i)), and therefore the total number of failed
links is Θ(f(r)), as required.
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