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ABSTRACT
We study the wake-up problem in distributed networks, where an
adversary awakens a subset of nodes at arbitrary times, and the
goal is to wake up all other nodes as quickly as possible by sending
only few messages. We prove the following lower bounds:

• We �rst consider the setting where each node receives advice
from an oracle who can observe the entire network, but does
not know which nodes are awake initially. More speci�cally,
we consider the KT0 LOCAL model with advice, where the
nodes have no prior knowledge of their neighbors. We prove
that any randomized algorithm must send ⌦

⇣
=2

2V log=

⌘
mes-

sages if nodes receive only $ (V) bits of advice on average.
• For the KT1 assumption, where each node knows its neigh-
bors’ IDs from the start, we show that any (: + 1)-time
algorithm requires ⌦

⇣
=1+1/:

⌘
messages. Our result is the

�rst super-linear (in =) lower bound, for a problem that does
not require individual nodes to learn a large amount of in-
formation about the network topology, which may be of
independent interest. This applies even to the synchronous
KT1 LOCALmodel, where the computation is structured into
rounds and messages can be of unbounded length.

To complement our lower bound results, we present several new
algorithms:

• We give an asynchronous KT1 LOCAL algorithm that solves
the wake-up problem with a time and message complexity
of $ (= log=) with high probability.

• We introduce the notion of awake distance dawk, which is
upper-bounded by the network diameter, and present a syn-
chronous KT1 LOCAL algorithm that takes $ (dawk) rounds
and sends $

⇣
=3/2

p
log=

⌘
messages with high probability.

• We give deterministic advising schemes in the asynchro-
nous KT0 CONGEST model (with advice). In particular, we
obtain an $

⇣
dawk log2 =

⌘
-time advising scheme that sends

$
⇣
= log2 =

⌘
messages, while requiring $

⇣
log2 =

⌘
bits of ad-

vice per node.
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1 INTRODUCTION
In this paper, we study distributed algorithms in networks where
every node is either awake or asleep, and our goal is to understand
whether it is possible to wake up all sleeping nodes e�ciently. Our
investigation is motivated by well-established networking stan-
dards such as Wake-on-LAN and Wake-on-Wireless-LAN [1, 2],
where a sleeping node only listens to wake-up messages (called
“magic packets”) on its network adapter and does not perform any
other computation. Allowing unused nodes to be in a sleep state
can potentially lead to signi�cantly reduced energy consumption
in large networks and may increase the performance-per-watt ratio
of data centers; e.g., see [9].

To formalize the setting, we consider an asynchronous commu-
nication network represented by a graph of = nodes and< edges.
Each node is running an instance of a distributed algorithm by
exchanging messages over its incident communication links (i.e.,
edges) of the network. Initially, an arbitrary non-empty subset of
the nodes are awake, whereas all other nodes continue to sleep until
they are woken up, e.g., by receiving a message from some already
awake node. Two key metrics of a distributed algorithm are its time
complexity and its message complexity. The former quanti�es the
worst case number of time units until the algorithm has reached its
goal, whereas the latter counts the total number of messages sent
throughout the execution. In this work, we investigate the time and
message complexity of the wake-up problem, which was formally
de�ned in [8]. That is, an adversary chooses a network topology
and decides which nodes it wakes up and at what time, while the
algorithm’s goal is to wake up all other nodes as quickly and by
sending as few messages as possible.

While it is clear that, without further assumptions, any algorithm
must take time steps that is at least as large as the network diameter
⇡ for solving thewake-up problem, determining the achievablemes-
sage complexity is less obvious, as prior work in this area suggests
that the initial knowledge of the nodes can a�ect the achievable
bounds signi�cantly. Two well-studied assumptions are known as
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KT1 [4] and KT0 [16]: The KT1 assumption stipulates that each node
starts out knowing who else it is connected to, which is an adequate
abstraction for modern-day IP networks. On the other hand, KT0
(also known as the port numbering model) requires that each node
sends messages to its neighbors by using integer port numbers
that are unrelated to the neighbors’ IDs. Given that nodes have
signi�cantly less knowledge under the KT0 assumption, it is not too
surprising that sending a number of messages that is proportional
to the number of edges in the network is a requirement for solving
virtually any problems of interest (see [13]), and this easily extends
to the wake-up problem. One possible way to circumvent this lower
bound is to consider the KT1 assumption, which allows breaking the
KT0 message complexity barrier for problems such as constructing
a minimum spanning tree (MST). However, understanding the time
and message complexity of the fundamental wake-up problem is
still unresolved in networks under the KT1 assumption. Our work
takes a �rst step towards closing these gaps in literature.

We emphasize that for KT0, E has no prior knowledge of the
concrete mapping and that we assume that the other endpoint of
an edge also learns the port connection, if one of its two vertices
sends a message over its respective port.

The KT1 assumption provides more knowledge to the algorithm
than KT0, since each node starts out knowing the IDs of all its neigh-
bors, which it can use when sending messages. It is well known, see
e.g., [10, 12] that KT1 is powerful enough for implementing graph
sketching techniques [3].

Adversary. An adversary determines the network topology, the
node IDs, and the set of initially awake nodes. In the case of KT0,
the adversary also determines each individual node’s port mapping.
Apart from controlling the message delays, it may also decide to
wake up a currently-sleeping node at any point in the execution.1
When considering randomized algorithms, we assume that the
adversary is oblivious, in the sense that it must decide the delay
of in-transit messages and which nodes to wake up (and at what
time) without knowing the state of the nodes, which includes their
private random bits.

Awake Distance. In many real-world applications, it may be de-
sirable to ensure that nodes wake up sooner than time propor-
tional to the network diameter, if there are awake nodes located
closer to them. This motivates introducing a more �ne-grained way
of quantifying the performance of an algorithm with respect to
time. Given a graph ⌧ and a set of initially-awake nodes �0 that
are being awoken by the adversary, we de�ne the awake distance
dawk = dawk (⌧,�0) = maxD2⌧ dist⌧ (�0,D), where dist⌧ (�0,D) is
the shortest hop distance of D to some node in �0. Note that dawk is
equivalent to the time complexity of the (message-ine�cient) stan-
dard �ooding algorithm. As elaborated in more detail in Section 1.1
and summarized in Table 1, we have designed wake-up algorithms
that send few messages and achieve a time complexity proportional
to dawk.
1This is a crucial di�erence to related work in the context of energy and awake
complexity (e.g., see [5, 6]), where the assumption is that the algorithm (and not the
adversary) controls the wake up schedule.

1.1 Contributions and Technical Challenges
We present several novel algorithms and lower bounds that demon-
strate the interplay between time, messages, and length of advice.
Table 1 summarizes our results.

1.1.1 A Lower Bound on the Advice for Randomized Algorithms
in KT0. The work of [8] gives an elegant combinatorial argument
that the total advice assigned to the nodes must be ⌦(= log=) bits,
for obtaining a message complexity of $ (=) when assuming KT0.
However, their argument only holds for deterministic algorithms
and does not reveal the actual message complexity required, e.g.,
when restricting the advice to > (log=) bits per node, i.e., > (= log=)
bits in total.

We present a new result under the KT0 assumption that not only
works for randomized algorithms with advice, but also results in
a polynomial improvement on the lower bound on the message
complexity, when the advice provided to each node is small.

T������ 1. Let A be a randomized advising scheme that solves
the wake-up problem in the (synchronous or asynchronous) KT0
LOCAL model and errs with probability n < 1

2 log2 =
. For any positive

V  log2 =, if the expected message complexity of A is at most
=2

2V+4 log2 =
, then the average length of advice per node is at least

1
6 · (V � 2 � > (1)) = ⌦(V) bits. In particular, an advice length of
> (log=) bits per node requires an expected message complexity of
⌦
�
=2�U

�
, for any constant U > 0. This holds even if the oracle knows

the set of awake nodes and even if we assume shared randomness.

For proving Theorem 1, we de�ne a lower bound graph G, where
every node E8 in a large set of the nodes (called center nodes) has
exactly one edge to a sleeping neighborF8 , who cannot be woken
up by anyone else. Considering that nodes do not know their port
mappings, it is not too di�cult to show that the center nodes would
essentially need to send messages across most of their ports, if we
assumed the standard KT0 LOCALmodel without advice. The main
technical challenge in proving Theorem 1 emanates from the fact
that the oracle gets to see all port mappings when computing the
advice. For instance, consider the special case where the message
complexity is $ (=2�U ), for some small constant U > 0. We need
to take into account the possibility that the oracle encodes the
$ (log=) bits required for representing the port number leading to
E8 ’s sleeping neighborF8 . For instance, the oracle could partition
the port number forF8 intol (1) pieces and store each piece among
a subset of the neighbors of E8 . This would, in fact, su�ce for E8
identifying (and waking up) F8 , as it can receive messages from
l (log=) of its neighbors, each of arbitrary size, without violating
the message complexity bound. To avoid this pitfall, our proof
leverages that there aremany such nodes that each need to �nd their
sleeping neighbor and, consequently, the oracle cannot successfully
encode all of these ports among the nodes in the network without
using at least ⌦(= log=) bits in total.

1.1.2 A Lower Bound on the Message Complexity in KT1. We also
consider the challenging KT1 setting (without advice), where nodes
start out knowing their neighbors’ IDs. In other words, the knowl-
edge of the IDs associated with an edge is shared between its two
endpoints, and this enables the use of powerful graph sketching
techniques [3, 11, 12] that allow discovering “outgoing” edges (such
as the edge {E8 ,F8 }) with a polylogarithmic overhead of messages,
as elaborated in Section 1.1. Furthermore, as shown in [17], graph
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Time Messages Advice Model Random

Algorithms
$ (= log=)⇤ $ (= log=)⇤ - async. KT1 LOCAL yes
$ (dawk) $ (=3/2

p
log=)⇤ - sync. KT1 LOCAL yes

$ (⇡) $
⇣
=3/2

⌘
$
�p
= log=

�
async. KT0 CONGEST no

$ (⇡ log=) $ (=) $ (log=) async. KT0 CONGEST no
$ (: dawk log=) $

⇣
: =1+1/:

⌘
$
⇣
=1/: log2 =

⌘
async. KT0 CONGEST no

$
⇣
dawk log2 =

⌘
$
⇣
= log2 =

⌘
$
⇣
log2 =

⌘
async. KT0 CONGEST no

Lower Bounds
-  =2

2V+4 log2 =
⌦(V) sync. KT0 LOCAL yes

 : + 1 ⌦
⇣
=1+1/:

⌘
- sync. KT1 LOCAL yes

⇤ With high probability.

Table 1: Algorithms and Lower Bounds for the Wake-up Problem. Column “Advice” refers to the
maximum length of advice per node, unless stated otherwise. Column “Random” indicates whether
nodes have access to random bits. Parameter dawk refers to the awake distance.

sketching allows solving any graph problem with just $̃ (=) mes-
sage complexity in the synchronousKT1 CONGESTmodel, albeit at
the expense of a prohibitively large time complexity, which stands
in stark contrast to the unconditional lower bound of ⌦(<) known
to hold for the KT0 assumption (without advice). Thus, we focus
on time-restricted algorithms and present the �rst trade-o� on the
time and achievable message complexity for the wake-up problem
under the KT1 assumption.

T������ 2. Consider any integer : 2 [3,> (log=)], and let A be
a randomized Las Vegas algorithm that solves the wake-up problem
in the (synchronous or asynchronous) KT1 LOCAL model. If A takes
at most : + 1 units of time in every execution with awake distance
dawk = 1, then the expected message complexity of A is at least
⌦
⇣
=1+1/:

⌘
.

When disregarding the message complexity, a straightforward
�ooding algorithm solves the awake problem in optimal dawk time.
Thus, an immediate corollary of Theorem 2 is that optimality cannot
be achieved in both, time and messages, under the KT1 assumption,
even if we allow unbounded messages and assume synchronous
rounds.

We point out that, prior to this work, almost no lower bounds on
the message complexity were known for problems in the general
KT1 setting. With the exception of [17], all previous lower bounds
(e.g., [4, 7, 14, 15]) use edge-crossing arguments that only hold for
comparison-based algorithms, which restrict nodes to behave the
same when observing “order-equivalent” IDs among their neigh-
bors. While the lower bound for graph spanners in [17] does hold
for general algorithms under the KT1 assumption, it exploits the
fact that many nodes needs to identify a large set of incident edges
to correctly compute a spanner, and it is unclear how to extend this
approach to problems where the output size at individual nodes
is negligible, as is the case for the wake-up problem. To the best
of our knowledge, Theorem 2 is the �rst super-linear lower bound

on the message complexity that holds for general KT1 algorithms
for a problem that does not require most nodes to learn a large
amount of information about the graph topology. Moreover, our
lower bound holds even in the LOCAL model, whereas all of the
above-mentioned works use a bottleneck argument that crucially
exploits the CONGEST model.

For proving Theorem 2, we modify the lower bound construction
G used for KT0 to de�ne a new class of graphs G: with large girth,
while retaining the property that every node E8 in a certain set has
exactly one crucial neighbor F8 among its ⇥(=1/: ) neighbors, who
cannot be woken up by any other node. Our overall goal is to argue
that identifying this one sleeping neighbor is hard, similarly as for
KT0. However, there are several technical challenges that we need
to overcome:

• From the perspective of a node E8 2 + , it takes only f =

$
⇣
log=
:

⌘
bits of information for determining which of its

⇥(=1/: ) incident edges leads to its crucial neighborF8 . Thus,
at �rst glance, it might seem that the graph sketching tech-
niques introduced by Ahn, Guha, and McGregor [3], which
is known to yield $ (= poly log=) message complexity for
spanning tree construction (see [12]), could be leveraged to
wake-up every node with only a polylogarithmic message
overhead.

• Note that we want to show that the result holds even in
the KT1 LOCAL model, where a node E8 2 + may receive a
polynomial number of bits during the execution. In partic-
ular, this means we cannot utilize a “bottleneck argument”
based on small cuts to argue that E8 does not learn enough
information aboutF8 quickly enough, as is commonly done
in the CONGEST model (see, e.g., [19]).

1.1.3 Upper Bounds. We defer the discussion of our algorithms to
the full paper [18] .
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