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Abstract

Mobile information networks increasingly rely on group communication primitives to disseminate sensor updates, sit-
uational awareness messages, and content streams to dynamically changing sets of receivers. Multicast routing in
these settings must contend with two constraints that often conflict in practice: limited node energy budgets and
stringent end-to-end latency requirements. Mobility further complicates the problem by forcing frequent topology
changes, which can make globally maintained multicast structures expensive to repair and prone to transient perfor-
mance degradation. This paper studies energy- and latency-aware multicast routing under mobility with an emphasis
on localized maintenance, where repair actions are constrained to a small neighborhood around a disruption to re-
duce control overhead and preserve data-plane continuity. We formalize a time-varying network model that captures
link availability, transmission power adaptation, queuing delay, and receiver dynamics, and we define a multiobjec-
tive optimization target that balances energy expenditure against latency while penalizing excessive reconfiguration.
Building on this model, we develop a distributed multicast construction procedure that uses locally measurable link
metrics and delay-feasible forwarding choices, and we integrate a localized maintenance mechanism that reacts to link
failures using bounded-scope rerouting and soft-state stabilization. We provide analytical characterizations of feasibil-
ity and cost, including conditions under which localized repair preserves delay constraints and bounds on additional
energy induced by mobility. Finally, we discuss evaluation methodology and expected operating regimes, highlighting
trade-offs among energy, latency, and maintenance locality in representative mobile information network scenarios.

1. Introduction

Mobile information networks encompass a broad class
of systems in which nodes communicate over wireless
links while changing relative positions, operating states,
and traffic demands [1]. Examples include teams of mo-
bile devices exchanging alerts, vehicular nodes dissem-
inating cooperative perception, autonomous platforms
coordinating tasks, and intermittently connected sen-
sors and relays supporting users on the move. In these
environments, multicast communication is often a nat-
ural abstraction because a single source may need to
deliver the same information to multiple receivers with
similar timeliness requirements. The engineering chal-
lenge is that multicast efficiency depends on the abil-
ity to exploit shared forwarding structure, yet mobility
degrades the persistence of any such structure and in-
troduces a tension between fast adaptation and low
overhead [2].

Energy constraints arise from the limited battery
capacity of many participating devices and from the
need to prolong network lifetime or mission duration.

Even when some nodes can recharge, energy-aware op-
eration remains important because instantaneous power
draw can affect thermal limits, duty cycling, and coex-
istence with other workloads. At the same time, la-
tency constraints are central for interactive and safety-
relevant applications in which stale information reduces
utility [3]. Latency includes not only propagation time
but also medium access delays, retransmission delays,
queuing, and processing. Minimizing energy alone can
bias routing toward longer, low-power hops or con-
gested relays, whereas minimizing latency alone can
bias routing toward high-power transmissions or unsta-
ble links, increasing energy and reconfiguration cost.

Multicast routing in mobile settings is tradition-
ally approached through either tree-based structures,
which are energy-efficient when stable but costly to
maintain, or mesh-based structures, which are robust
but can waste energy through redundant forwarding
[4]. Localized maintenance occupies an intermediate
point by keeping a tree-like structure but confining
repairs to small regions when links break or member-
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Figure 1. Edge-gateway multicast with energy/latency signals and localized maintenance control.

Figure 2. Weighted multicast tree: choose a small set of links that meets delay while favoring higher-energy relays.

ship changes. Localized repair can reduce control-plane
overhead and mitigate global disruptions, but it raises
nontrivial questions about constraint preservation: a
locally optimal patch may violate end-to-end delay lim-
its or shift energy burden onto a subset of nodes, ac-
celerating their depletion.

This paper treats energy- and latency-aware mul-
ticast routing as a constrained optimization problem
over a time-varying graph and develops a distributed
solution framework that emphasizes locality of both
construction and maintenance [5]. The contribution is
not a claim that any single heuristic dominates in all
cases, but a systematic model and design that clarifies
which quantities must be tracked locally to balance
energy and latency, how delay feasibility can be pre-
served under bounded-scope repair, and how mobility
statistics influence the expected repair rate and over-
head. The technical development proceeds by defin-
ing link-level metrics that combine transmission en-
ergy, expected retransmissions, and delay, and by us-
ing those metrics to guide a multicast structure that
is delay-feasible by construction. We then design local-
ized maintenance that uses neighborhood-limited de-
tours and stabilization rules to prevent oscillations, while

quantifying the additional energy and latency induced
by repair operations. Throughout, the design assumes
only local measurements and neighbor exchanges rather
than global topology knowledge, aligning with opera-
tional constraints in mobile information networks [6].

2. Network model and problem formulation

We model the mobile information network over a time
horizon as a sequence of directed graphs whose edge
sets vary with time due to mobility, wireless channel
variation, and node state changes. Let V(¢) denote the
set of active nodes at time ¢, and let E(t) C V(1) x V(¢)
denote the set of directed links that are currently feasi-
ble under the physical and medium access constraints.
For each directed link (¢, 7) € E(t), the transmitter ¢ can
select a transmit power pg(?) from an admissible inter-
val determined by hardware limits and regulatory con-
straints. The received signal-to-interference-plus-noise
ratio depends on p;j(t), the pathloss g;;(t), interference
conditions, and noise floor, which we abstract into a
link success probability 7t;5(¢) and an effective service
rate c;(t) in bits per second when scheduled.

Energy consumption is modeled at the granularity
of bits transmitted and received, including power am-
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Figure 3. Minimal joint logic: energy, delay, and mobility signals drive tree selection and a local repair radius.
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Figure 4. Localized repair: a nearby alternate hop is probed and spliced to restore delivery after a local failure.

plifier energy and circuitry overhead [7]. Let e‘li]’.‘(t) de-
note the expected energy in joules per delivered infor-
mation bit on link (7, j) at time ¢, and let eX*(¢) denote
the receiver-side energy per bit at node j. To capture
the impact of retransmissions under unreliable links,
we incorporate the expected number of transmission
attempts. If a link-layer mechanism repeats until suc-
cess with independent trials and success probability
7;4(1), then the expected attempts are 1/7(Z) when
74(t) > 0. A convenient expression for the expected
transmit energy per delivered bit is then

opi(t) + By

et =
50 = 00

and e(t) = eg;‘(t)+e§x(t),
(1)

where 74(t) is the physical-layer information rate under
the selected modulation and coding, «; captures ampli-
fier efficiency scaling, and f3; captures per-symbol or
per-packet circuitry costs normalized per bit. This ab-
straction allows energy to increase under higher power,
lower rate, or lower reliability, reflecting typical oper-

ating behavior without committing to a specific PHY
[8]-

Latency for a packet traversing a link includes ser-
vice time and queueing. Let dg;(t) denote the expected
per-packet delay on link (4, ) at time ¢, which can be
modeled as

dig(t) = dii**(1)

where dg‘ac(t) captures medium access contention and
scheduling delay, a%‘?r(t) captures transmission and pos-
sible retransmission time, and d%(t) captures queueing
delay. In practice, nodes can estimate dy(t) using lo-
cal statistics such as channel access times, measured
throughput, and queue occupancy, and can smooth
these estimates to reduce volatility.

A multicast session is defined by a source node
s(t) € V(t) and a receiver set R(t) C V(¢) \ {s(¢)} that
may change over time due to mobility and application
membership. The forwarding structure at time ¢ is
represented by a subgraph H(t) = (Vy(t), Eg(t)) with
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Figure 5. Localized maintenance state: neighbor cache and adaptive timer drive lightweight local decisions under mobility.

Table 1. Network configuration parameters

Parameter Symbol Value Unit
Number of nodes N 100 -
Simulation area A 1000 x 1000 m?
Radio transmission range R 250 m
Channel capacity c 2 Mbps
MAC protocol - IEEE 802.11 -
Simulation time Tsim 900 s

s(t) € Vy(t) and R(t) C Vy(t), where edges are ori-
ented away from the source. We emphasize tree-like
structures for energy efficiency, but allow transient de-
viations during repair [9]. For each receiver r € R(t),
the end-to-end latency is the path delay from s(t) to
r along H(t), denoted Ds,(t), and computed as the
sum of link delays on the chosen path. A delay re-
quirement is expressed as Dsr(t) < Ap(£), where Ap(1)
is a receiver-specific bound that can encode priority
classes.

The optimization objective balances energy, latency,
and maintenance cost. Let f;;(Z) denote the expected
multicast flow rate on edge (4, 4) at time ¢, in bits per
second, reflecting the fact that multicast forwarding
replicates traffic at branch points. The instantaneous
energy rate spent by the forwarding structure is

Pe(t) = Y ey(t) fi(h). 3)

(if)€En(Y)

Latency is constrained rather than minimized directly,
but it can also be included as a soft penalty when con-
straints are slack or infeasible [10]. Maintenance cost
reflects control overhead and structural churn. Let C(¢)
denote the set of control messages exchanged for con-
struction and repair over a small interval around ¢, and
let u(t) denote a scalar measure of structural change
such as the number of parent changes or edge additions
and removals per unit time. A generic time-averaged
objective over horizon [0, T] can be expressed as

J = ;/OT(PE(t) —H\PM(t)) dt, (4)

where Py;(t) aggregates maintenance cost and A > 0
tunes the trade-off. A simple representation is Py;(t) =

M1|C(¢)|+n2u(?) for nonnegative weights 11, mn2, though
the analysis below does not require a specific form as
long as Py(t) grows with message volume and recon-
figuration.

The feasible set is constrained by connectivity, de-
lay bounds, and node energy budgets [11]. Node ¢ has
residual energy B;(t), which decreases with transmit
and receive work. A safety constraint can be expressed
as keeping B;(t) above an operational threshold or dis-
tributing load to reduce imbalance. In mobile informa-
tion networks, perfect feasibility at all times may be
impossible, so an important modeling aspect is the be-
havior under temporary constraint violation [12]. The
design goal becomes to minimize energy subject to de-
lay feasibility whenever feasible, while minimizing the
magnitude and duration of violations during disrup-
tions.

3. Energy- and latency-aware multicast construction

Constructing a multicast forwarding structure in a time-
varying network resembles a Steiner tree problem with
additional delay constraints and time-dependent link
costs. Exact solutions are generally intractable and
incompatible with decentralized operation [13]. The
approach developed here uses a distributed, locally in-
formed construction procedure that targets a delay-
feasible tree while implicitly balancing energy and ex-
pected stability. The key is to define a link metric that
captures energy per delivered bit and a conservative
estimate of delay, and then to enforce delay feasibil-
ity through bounded path accumulation rather than
global optimization.

We define an augmented cost for a directed link
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Table 2. Mobility model configuration

Parameter Symbol Value Unit / Notes
Mobility model - Random waypoint -
Min node speed Vmin 0 m/s
Max node speed Umax 20 m/s
Pause time Tp 0-30 S
Node density o 100 nodes/km?
Table 3. Multicast session configuration
Setting Value Description
Number of multicast groups 5-10 Concurrent multicast sessions
Group size 5-30 nodes Members per multicast group
Sources per group 1-3 Multicast senders per group
Traffic model CBR/UDP Constant bit rate over UDP
Packet size 512 bytes Application payload size
Sending rate 4 pkts/s Per multicast source

(i,7) at time ¢ [14]

wij(t) = eij(t) + Udij(t) with >0, (5)
where p acts as a conversion factor between delay and
energy units. This scalarization does not replace ex-
plicit delay bounds; rather, it provides a tie-breaking
mechanism among delay-feasible options. A node can
compute wy;(t) using local estimates of e;(t) and dy(¢)
derived from measured channel statistics and queue-
ing. Since mobility makes these estimates noisy, the
node maintains exponentially weighted averages, and
it also tracks a variability indicator, such as the empiri-
cal variance of inter-contact time or link success proba-
bility [15]. To incorporate stability without overfitting,
a mild stability regularizer can be added:

wi(t) = wi(t) + p oy(t), (6)

where 0;(t) is a nonnegative volatility score and p > 0
is small. This term discourages selecting links that
appear energy-cheap but are frequently disrupted, re-
ducing repair rates.

The multicast construction proceeds by building re-
ceiver paths from the source into a shared structure.
Each node maintains a parent pointer toward the source
and an accumulated path delay estimate [16]. Let Dj(t)
denote the estimated delay from s(t) to node 7 along
the currently selected parent pointers, and let Wl(t) de-
note the accumulated scalarized cost. Nodes exchange
periodic advertisements containing their current Dl(t)
and W;(t), along with a freshness timestamp to pre-
vent stale routes from persisting. When a node j hears
from a neighbor ¢ that could serve as a parent, it eval-
uates whether adopting ¢ as its parent would satisfy its
delay feasibility and reduce its cost. The update rule

is guided by the inequalities
Dj(t) < Di(t) + di(t), (7)
Wj(t) < Wi(t) + (1), (8)

subject to Dj(t) < Aj(t) when jis a receiver or when j
is a relay that must keep downstream receivers feasible.
Because receivers can appear anywhere, the structure
must allow non-receiver nodes to join as Steiner re-
lays [17]. A practical rule is that any node that has
at least one downstream member becomes part of the
forwarding set and must respect an internal delay bud-
get derived from the tightest downstream requirement.
This can be captured by each node maintaining a down-
stream slack value Sj(f), interpreted as the remaining
delay margin available for paths passing through j. If
j has a downstream receiver r with requirement Ap(t),
then j enforces bj(t) < Ap(t) - bjr(t) where DjT(t) is
the estimated delay from j to r within the current sub-
tree. In decentralized form, children can report their
required slack upward, and the parent can compute the
minimum slack across children. This reporting is local
and can be piggybacked on periodic keepalive messages
to reduce overhead [18].

To avoid excessive branching and to increase shar-
ing, the construction favors attaching receivers to ex-
isting tree nodes when possible. When a receiver r
joins, it initiates a join solicitation that propagates
within a limited radius in terms of delay or hop count.
Nodes already in the tree respond with their D;(¢) and
cost state, enabling r to choose an attachment point
that minimizes incremental cost while satisfying D;(#)+
D, (t) < Ap(1), where D;_.(?) is the delay of the cho-
sen path from 7 to . The path from 7 to ris computed
using the same local cost metric but with a strict delay-
feasibility check at each step [19]. Conceptually, the
process resembles constrained shortest paths from mul-
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Table 4. Energy model parameters for wireless interfaces

Radio state Notation Power level Description

Transmit Py 1.4W Sending data or control frames

Receive P 1.0W Receiving data or control frames

Idle Pigle 0.83W Radio on, no packets processed

Sleep Pgjeep 0.013W Low-power standby mode

Battery cap. Epat 1000J Initial energy per node
Table 5. Localized maintenance and repair parameters

Parameter Symbol Value Description

Local repair radius Hyepair 2 hops Max hops for localized repair

Max repair attempts Nretry 3 Retries before route error

Repair timeout Trepair 200 ms Wait time for local fix

Link failure threshold Neait 2 Missed HELLOs before failure

Cache entry lifetime Teache 30s Validity of local route cache

tiple candidate attachment points, but implemented by
localized message exchanges.

A central difficulty in delay-constrained multicast
is that delay feasibility is not purely additive when
queueing depends on load, and load depends on the
multicast tree structure. The model addresses this by
treating dy;(t) as a measured quantity that already re-
flects current contention and queueing, making feasibil-
ity a function of present conditions rather than a pri-
ori capacity planning. However, measured delays can
change after the tree is built because added traffic in-
creases contention [20]. To mitigate this feedback loop,
nodes include an admission control mechanism based
on incremental load estimates. If the source transmits
at rate y(¢) and a relay forwards to k children, then
its outgoing load is approximately ky(¢) when no cod-
ing is used. Nodes can estimate the marginal increase
in queueing delay under an additional child using lo-
cal queue models. A simple approximation uses an
M/ M/1-style sensitivity: [21]

v
cij(t) — Ly(1)

where £;() is the current offered load on the link in
bits per second. When a new child would increase {(t)
beyond a safety fraction of c(t), the relay declines the
attachment or offers an alternative neighbor. While
the M/M/1 approximation is not exact for wireless con-
tention, it provides a locally computable guardrail that
reduces severe queueing spikes.

The resulting multicast structure is a directed ar-
borescence rooted at s(t) under stable conditions, with
each node having a single parent. The tree is energy-
aware because () includes expected energy per de-
livered bit and retransmissions, and it is latency-aware
because candidates are screened by delay feasibility
with measured delay components. The design is com-

d%(t) R when eij(t) < Cz'j(t), (9)

patible with localized information because all quan-
tities required for parent selection are available from
neighbor advertisements and local measurements [22].
The next section addresses how this structure is main-
tained under mobility, when edges in E(t) disappear or
degrade and when receivers join or leave.

4. Localized maintenance under mobility

Mobility induces link breakage, fluctuating quality, and
intermittent connectivity. A multicast tree built at one
instant may become invalid shortly thereafter, causing
packet loss and delay violations if repairs are not per-
formed [23]. Global reconstructions can restore opti-
mality but typically incur significant control overhead,
transient loops, and convergence delays, particularly
when the network is large or when mobility is frequent.
Localized maintenance aims to repair the structure
near the disruption while preserving most of the tree,
thereby reducing both overhead and instability. The
core question is how to design local repair rules that are
sufficiently conservative to preserve delay constraints
and sufficiently agile to react to topology changes [24].

We model disruptions as events that invalidate one
or more parent-child edges in the current forwarding
structure. Let (u, v) be an edge in the tree at time ¢
that becomes unusable at time ¥ due to mobility or
quality degradation. Node v, which relied on v as its
parent, detects the failure through missing keepalives,
repeated transmission failures, or explicit link-layer no-
tifications [25]. Upon detection, v enters a repair state
in which it must quickly find an alternative parent to
reconnect to the source while keeping downstream re-
ceivers feasible. Localized repair restricts the search to
a bounded neighborhood, defined either by hop radius
hmax or by a delay budget 6max. This bound is cho-
sen so that the repair overhead remains small and the
repaired path does not significantly inflate end-to-end
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Table 6. Decomposition of end-to-end latency
Component Symbol Expression Description
Queuing delay D, - Time in interface queues
MAC access delay Dmac - Backoff and channel access
Transmission delay Dy L/C Frame length over data rate
Propagation delay D, d/v Distance over signal speed
Route discovery delay D - Path setup / repair time
Table 7. Performance metrics used for evaluation
Metric Symbol Definition Unit
Packet delivery ratio PDR pktireicei"ed %
pkts sent
Avg. end-to-end delay D Mean latency over delivered packets ms
Energy per delivered pkt Ey Total energy / delivered packets J/packet
Normalized control overhead NCO Control bytes / data bytes -
Average tree depth H Mean hop count from sources to group members hops
delay. to avoid churn [28]. If slack becomes negative, the node

A repair mechanism needs a local view of feasible
attachment points. Nodes in the vicinity of v can ad-
vertise whether they are currently connected to the
source within acceptable delay, along with their Dj(t)
and a remaining slack estimate. Node v then explores
candidate parents ¢ among its neighbors and possi-
bly neighbors-of-neighbors, using a limited-scope query
that carries the required slack for v’s subtree [26]. If
v has downstream receivers with tight requirements,
it computes a required parent condition of the form
Di(t) + di(t) + Dysr(t) < Ay(1) for all receivers r in
its subtree, where bv_w(t) is the estimated delay from
v to r within the subtree. In practice, enforcing this
for all downstream receivers is achieved by tracking
only the tightest requirement, because satisfying the
minimum slack across receivers suffices. Let AT (¢)
denote the minimum remaining budget for the subtree
rooted at v, computed as

min

Amint —
v () rER (1)

(At~ Dor(n), (10)

where Ry (1) is the set of receivers in v’s subtree. Then
v needs a parent i such that D;(t) + dj(t) < AMR(¢),
This scalar constraint is locally checkable given neigh-
bor advertisements of D;(f) and measured dg,(t).
Localized maintenance also must address the risk of
oscillation, where nodes repeatedly change parents as
conditions fluctuate, causing churn and wasted energy.
To stabilize, the repair logic introduces hysteresis and
soft-state timers [27]. Each node maintains a minimum
residence time with a parent unless a hard failure oc-
curs, and it changes parent on soft degradations only
when the cost improvement exceeds a threshold. If
a link remains usable but its delay increases, the node
evaluates whether the delay slack remains nonnegative.
If slack is still sufficient, the node may defer switching

must switch promptly. This behavior can be expressed
as a rule in which a node computes a margin

my(t) = Aglin(t) - (Dparent(v)(t) + dparent('u),v(t))’
(11)

and triggers proactive repair when my(t) falls below a
small safety buffer, for example when m,(t) approaches
zero [29]. The buffer is not a fixed constant in all de-
ployments; it may be adapted to observed delay vari-
ability, becoming larger when delays fluctuate widely.

Repair locality interacts with energy because local
detours can increase hop count, and local repair may
attach to a nearby node with higher energy cost com-
pared to a globally optimal alternative. To bound this
effect, the maintenance mechanism prioritizes candi-
date parents that minimize incremental energy subject
to delay feasibility, using the same link cost () as in
construction. However, to prevent concentrating load
on a single stable relay, the mechanism also incorpo-
rates an energy-aware fairness term that depends on
residual energy [30]. Let Bj(t) be residual energy at
node i. A relay with low B;(¢) should be less likely to
attract additional children. This can be captured by
an adjusted parent-selection cost

Win(t) = wi(t) + Kk P(Bi(t)),

where ¢(+) is a nonincreasing function such as ¢(B) =
1/(B+ €) and k > 0 tunes the bias [31]. The use of
¢ does not guarantee max-min fairness, but it locally
discourages overuse of low-energy relays.

Localized repair can still create temporary forward-
ing gaps. To reduce packet loss during repair, the
mechanism allows a short-lived buffering and alterna-
tive forwarding mode at the subtree root experiencing
disruption [32]. Node v can temporarily forward pack-
ets via any available neighbor that claims connectivity

(12)
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Table 8. Multicast routing protocols considered

Protocol Type Maintenance style Brief description

ELMR Tree-based Localized repair Energy- and latency-aware multicast routing
MAODV Tree-based Global repair Multicast extension of AODV

ODMRP Mesh-based Periodic refresh On-demand multicast routing protocol
CAMP Mesh-based Core-based Core-assisted multicast protocol

Table 9. Qualitative comparison of protocol behavior

Protocol Energy cost End-to-end delay Control overhead
ELMR Low Low Medium
MAODV Medium Medium Medium-High
ODMRP High Low High
CAMP Medium Medium Medium

to the source, even if the path is not yet fully validated
for optimality, as long as a strict delay feasibility check
passes. Once a stable parent is chosen, forwarding con-
verges back to tree mode. This transient behavior can
be controlled by a time-to-live on repair forwarding
state, ensuring that the network does not remain in an
unstable hybrid mode for long durations [33].

Mobility also affects receiver membership. When
a receiver leaves, its parent can prune that branch if
no other receivers remain downstream, reducing en-
ergy consumption. Pruning is localized and uses a
simple rule: a node that is not a receiver and has no
downstream members stops forwarding and informs its
parent [34]. Conversely, when a receiver joins, it at-
taches through the localized join procedure described
earlier. These join and leave operations can be handled
with the same soft-state approach as link maintenance:
membership is refreshed periodically, and absence of
refresh triggers timeout-based removal. Soft-state re-
duces the need for reliable control messaging, which is
beneficial under mobility [35].

An important aspect of localized maintenance is
the scope selection. If the scope is too small, repair
may fail even when a feasible global route exists. If
the scope is too large, repair becomes similar to global
reconstruction, losing the advantages of locality. The
design thus adapts scope based on observed conditions
[36]. When node density is high and links are short-
lived, a small scope may suffice because alternative
parents are nearby. When density is low or mobility is
high, the scope may expand temporarily upon repair
failure, but still remain bounded to avoid flooding. A
bounded expanding ring search in terms of delay bud-
get can be implemented without explicit enumeration
by progressively relaxing the acceptable parent delay
bound while keeping message propagation limited by a
hop cap [37]. The analysis section below clarifies how
scope and mobility statistics influence expected repair
success.

5. Analytical characterization and optimization struc-
ture
The distributed procedures described above rely on lo-
cal metrics and bounded repair, so a natural analyti-
cal goal is to understand when delay feasibility is pre-
served, how energy cost compares to a baseline, and
how mobility affects maintenance overhead. The re-
sults here are characterizations rather than universal
guarantees, because they depend on stochastic pro-
cesses governing mobility and wireless performance [38].
Nonetheless, it is possible to derive bounds and expected-
value relations that inform parameter choices.

Consider a snapshot in which the network graph is
connected enough to support at least one delay-feasible
path from the source to each receiver. Let D} (f) be
the minimum achievable delay from s(¢) to receiver r
at time ¢ under the measured per-link delays d;(t).
Delay feasibility requires Di(t) < An(t) [39]. The
construction procedure selects a parent tree that en-
sures each receiver’s path satisfies the bound under cur-
rent measurements. Under perfect measurement and
no subsequent load change, this is immediate. Un-
der load feedback, feasibility can be violated if the
additional multicast traffic increases d;;(t) after attach-
ment. A conservative sufficient condition for feasibility
is that each link’s delay estimate includes an upper con-
fidence bound that accounts for worst-case additional
contention induced by one more child [40]. If ;iij(t) de-
notes the measured delay and éii?c(t) is an upper bound
on delay increase under an incremental load Aly, then
using

™ (1) = dy(t) + 83°(1) (13)

in the feasibility checks yields a margin against post-
attachment increase. The tightness of this bound de-
pends on how Sil-;?c(t) is computed. Under a simpli-
fied service model where the effective capacity cq;(t)
remains constant over the short term and queueing
dominates variability, one can relate delay increase to
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Table 10. Impact of multicast group size on performance trends

Group size Avg. path length Delivery ratio trend Energy per node
5 members Short High Low

10 members Moderate High Low-Medium
20 members Long Medium Medium

30 members Longer Medium-Low High

40 members Longest Low Highest

utilization. Using the approximation d%(t) ~ 1/(cy(t)-
€;(1)), the marginal delay sensitivity is

of() 1
30 (eg() 5(0)7

so an upper bound for a small increment Af;; is 6il.?c(t) ~
Afij/(cij(t) - Eij(t))Q when Cij(t> > Eij(t).

(14)

This does
not fully capture wireless contention coupling across
links, but it provides a tractable local bound that scales
rapidly as utilization approaches capacity, which is
consistent with empirical observations in many MAC
regimes.

For localized repair, the key feasibility question is
whether a subtree root v can find an alternative par-
ent within its repair scope that preserves the delay
constraints for all downstream receivers. Let Np,(v, 1)
denote the set of nodes within & hops of v at time ¢
in the underlying connectivity graph. Suppose repair
searches for a parent in Nj,(v,t) that is already con-
nected to the source with advertised delay Dj(t). A
sufficient condition for repair success is existence of
some i € Np(v, t) such that

Dit) + D) < AR, (15)

where Dfﬂﬁj(t) is the minimum delay from ¢ to v within
the local subgraph induced by the scope. Because re-
pair uses local exploration rather than exact minimiza-
tion, success further depends on whether the explo-
ration finds such a path [41]. If the exploration is a con-
strained shortest-path search that expands neighbors
in order of increasing accumulated delay and prunes
when accumulated delay exceeds A™(¢)-D;(t), then it
will find a feasible path whenever one exists within the
scope and the link delays used are conservative. Thus,
feasibility reduces largely to a geometric and stochas-
tic question: how often does such an 7 exist within the
chosen scope given mobility and density.

A common way to model node positions is as a
spatial point process at each time, with temporal cor-
relation induced by mobility. While a full stochastic
geometry treatment may be complex, an instructive ap-
proximation is to consider that at the moment of repair,
potential attachment points are distributed with an ef-
fective density Ag() representing the density of nodes
that are both within scope and currently connected to

the source with sufficient slack. If the repair region is
approximated as an area Ay, (for a hop-bounded scope
under roughly uniform neighbor distance), then the
probability that at least one candidate exists is approx-
imately [42]

Peang = 1fexp(7)\eff(t) Ah)' (16)

This expression highlights that localized repair is more
reliable when there are many connected nodes nearby
and when the effective region size is large. However,
increasing scope increases control overhead and may
increase delay. The design therefore benefits from ad-
justing h based on Agg(t), which can be inferred from
local neighbor counts and observed success rates.

Energy overhead due to maintenance can be decom-
posed into control-plane energy and data-plane infla-
tion [43]. Control-plane energy depends on the number
of messages and their sizes, and data-plane inflation
depends on the additional hops or higher-cost links in-
troduced by repair compared to a globally optimal re-
construction. Let E_i,; denote the energy per control
message transmission and reception aggregated across
the local neighborhood, and let M(%) be the message
count per unit time. Then the control energy rate is ap-
proximately Pgi(t) = E¢t1M(t). Data-plane inflation
can be expressed by comparing the total energy rate
of the maintained structure Ppg(t) to a hypothetical
baseline PgEIOb(t) that would be obtained by instanta-
neous global reconstruction minimizing energy subject
to delay. Define the inflation ratio

_ Pp(Y
Lp(t) = 7P%1°b(t)' (17)

Localized maintenance tends to keep I'g(t) close to 1
when disruptions are sparse and when alternative par-
ents exist nearby with similar link costs [44]. In con-
trast, when connectivity is sparse, local repair may cre-
ate longer detours, increasing I'g(t). One can bound
I'g(t) in terms of the maximum relative stretch of the
chosen local detour compared to the best feasible de-
tour. If the local search finds a path from some at-
tachment point 7 to v with accumulated cost at most
o times the minimum possible cost within the scope,
and if the scope contains a globally optimal attach-
ment, then the repair cost is within o of the best [45].
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In practice, o is influenced by the search strategy; ex-
panding candidates by increasing w under a delay con-
straint tends to yield small empirical stretch, though
this is scenario-dependent.

Mobility determines how often repairs are triggered.
Let Ty be the random lifetime of link (7,) while it is
used in the forwarding tree, and let A be the aggregate
failure rate across all tree edges. If link failures are
approximately independent and memoryless over short
intervals, a simplifying assumption is exponential link
lifetimes with parameter v, so E[Ty] = 1/v4. Then

>

(i) €EN(Y)

A(t) =~ 'V,L'j(t), (18)

and the expected number of repairs per unit time is
proportional to A(¢). Although exponential lifetimes
are not always accurate, the linear aggregation empha-
sizes that larger trees and less stable links increase re-
pair frequency. The stability regularizer o;(t) in the
construction metric can reduce A(t) by biasing away
from volatile links, at the expense of potentially higher
energy or delay.

Latency impact under maintenance is similarly de-
composed into baseline path delay and repair-induced
transient delay [46]. Let Dgr(t) be the steady-state de-
lay along the maintained tree and let T,(t) be the time
receiver r experiences disruption during repair. The
effective application-level latency may include buffer-
ing and retransmission delays during T,(¢). A rough
characterization of the expected additional delay due
to disruptions is E[AD,] = E[t,] - v under a constant
rate model, where 7y is the source packet rate in pack-
ets per second, because disruption causes packets to
queue or be resent. Reducing E[t,] is thus important
for latency-sensitive applications, and localized repair
aims to reduce T, by limiting scope and accelerating
convergence. However, too small a scope may increase
T, if repair fails and must expand, so the optimal scope
is not necessarily minimal.

These relations indicate a structured tuning prob-
lem [47]. Parameters pu, p, , and the repair scope
bounds trade energy, latency slack, fairness, and main-
tenance cost. A pragmatic optimization view is to min-
imize a weighted sum of estimated steady-state energy
and expected repair overhead subject to a target prob-
ability of delay feasibility. While an exact solution is
not necessary for operation, the model clarifies that
the system should adapt to observed mobility and con-
tention, increasing stability bias and repair scope when
failure rates rise, and relaxing them when the network
is stable to improve energy efficiency [48].

6. Evaluation methodology and practical considerations
A credible evaluation of energy- and latency-aware mul-
ticast with localized maintenance must reflect the cou-
pled nature of wireless contention, mobility, and con-
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trol overhead. Because the design relies on measured
link delay and reliability, the evaluation should include
a medium access model that captures contention and
retransmissions, rather than assuming fixed link delays.
At the same time, evaluation must explore a range of
mobility regimes and node densities to determine when
localized maintenance is beneficial and when its limi-
tations emerge [49].

A representative evaluation framework models nodes
moving in a bounded area with reflective or wrap-around
boundaries to avoid density artifacts. Mobility can be
parameterized by average speed and pause time, but
the choice of mobility model influences link lifetime dis-
tributions. Random waypoint mobility tends to pro-
duce central clustering, whereas group mobility pro-
duces correlated movement that can stabilize certain
links while destabilizing inter-group links [50]. For mo-
bile information networks such as cooperative vehicular
systems, mobility constrained to road graphs produces
different contact patterns, often with directional flows
and intermittent connectivity. The maintenance algo-
rithm’s performance should be tested across multiple
mobility models because the volatility score o(t) and
the link lifetime parameters v;(t) depend strongly on
mobility correlation. In all cases, it is useful to cali-
brate models so that the network experiences a range of
link durations, from long-lived to short-lived, because
localized repair behavior changes qualitatively across
these regimes.

Traffic models should include a multicast source
rate y(t) and packet sizes consistent with the applica-
tion. For situational awareness, packets may be small
but frequent, whereas for content dissemination they
may be larger or bursty [51]. Since queueing delay
depends on offered load, the evaluation should vary
v(t) and include background unicast traffic that com-
petes for the medium. Without background traffic,
the delay component may be dominated by retransmis-
sions, and the benefits of delay-aware admission control
may not be visible. With background traffic, queueing
and MAC contention become major contributors, and
the delay feasibility mechanism becomes more mean-
ingful [52]. An important practical detail is whether
multicast is implemented as replicated unicast at the
MAC layer or as true wireless multicast. Many com-
modity systems treat multicast as unreliable broadcast
without acknowledgments, which changes the reliabil-
ity and energy model. The framework here is compat-
ible with either approach by adjusting 7t;(¢) and re-
transmission assumptions, but evaluation should make
the chosen model explicit.

Metrics should be computed at both network and
receiver levels [53]. Energy consumption is most in-
formative when separated into transmit, receive, idle
listening, and control components, because localized
maintenance can reduce control energy but may in-
crease data forwarding energy due to detours. Latency
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should be measured as end-to-end delay distribution,
not only average, because applications often care about
tail behavior. Delay feasibility can be reported as the
fraction of delivered packets that meet receiver bounds,
which is sensitive to disruptions and repair time [54].
Structural churn can be measured by parent changes
per unit time and by the number of edges added or
removed during repairs. Control overhead can be mea-
sured in bytes and in channel time consumed by control
packets, because energy and contention effects depend
on airtime.

A typical comparison set includes a baseline energy-
minimizing multicast tree without delay awareness, a
delay-minimizing tree without energy awareness, a mesh-
based approach that maintains multiple parents or re-
dundant paths, and a global-rebuild approach that re-
computes the tree periodically [55]. In an energy-only
baseline, one often observes low energy under stable
conditions but frequent delay violations when the tree
routes through congested relays or long hop chains. In
a delay-only baseline, one often observes improved la-
tency but increased energy due to higher power choices
and reduced sharing, and also potentially increased
churn because the minimum-delay routes may involve
volatile links. A mesh-based approach can reduce dis-
ruption impact because alternate paths exist, but it
may increase energy due to redundant forwarding and
can increase contention, which may paradoxically worsen
latency under high load. Periodic global rebuild can
keep the structure near-optimal at rebuild times but
may cause oscillations and high control overhead, and
it introduces a rebuild period that trades responsive-
ness against overhead [56].

When evaluating localized maintenance, it is im-
portant to attribute improvements or regressions to
specific mechanisms. The use of conservative delay es-
timates and admission control typically increases the
success rate of meeting delay bounds, but it may re-
duce sharing if relays decline new children under load,
leading to higher overall energy. The fairness-adjusted
parent cost can spread load and delay node depletion,
but it may increase hop count and thus increase energy
per delivered bit [57]. The stability regularizer can
reduce repair frequency, but if it biases too strongly
away from cheap links, it may increase energy in low-
mobility regimes where repairs would have been rare
anyway. These effects should be explored by varying
p and Kk across regimes.

Localized repair scope is another central factor [58].
With a small hop cap, repairs are fast and overhead is
low, but repair failure probability can rise in sparse
networks. With a larger hop cap, repair is more likely
to succeed without escalation, but overhead rises and
repairs may select longer detours that consume more
energy and reduce latency slack. A nuanced evaluation
varies scope and reports not only average overhead but
also the distribution of repair times and the fraction of
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repairs that required scope expansion [59]. A useful
way to summarize is to report the empirical relation-
ship between observed neighbor density and required
scope for a target repair success probability, which can
motivate adaptive scope selection based on local neigh-
bor counts.

Practical implementation requires attention to mea-
surement noise and clocking. Delay estimates d;;(t) de-
rived from queueing and MAC contention can fluctu-
ate rapidly, and if parent selection reacts too strongly,
churn can increase. The hysteresis mechanism and res-
idence times mitigate this, but the chosen timescales
matter [60]. If advertisements are too frequent, con-
trol overhead increases and contention grows. If they
are too infrequent, repair detection slows and stale
routes persist. A reasonable operational design uses
a base advertisement interval with random jitter to
avoid synchronization and an event-driven fast adver-
tisement when a hard failure is detected. Soft-state
timeouts should be set relative to the advertisement
interval and expected link lifetimes; timeouts that are
too short cause false failure detections under tempo-
rary interference, while timeouts that are too long pro-
long disruptions [61].

Security and trust are also relevant because local-
ized maintenance relies on neighbor advertisements of
delay and connectivity. In adversarial environments,
nodes could misreport metrics to attract traffic or dis-
rupt routing. While a full security design is beyond
scope, practical deployments can include sanity checks
such as validating advertised delays against observed
forwarding performance and limiting the influence of
any single neighbor through bounded trust [62]. In
non-adversarial but heterogeneous environments, nodes
may have different capabilities, and metric normaliza-
tion matters. A device with higher processing capac-
ity may sustain lower queueing delay and thus attract
more children, which can be acceptable if it has suf-
ficient energy or power supply, but problematic if it
is battery-limited. The fairness term based on residual
energy partially addresses this by discouraging overuse
of low-energy nodes [63].

Another practical consideration is interaction with
application-layer reliability. If the application requires
reliable delivery, then packet losses during repair must
be recovered. Local buffering at subtree roots and se-
lective retransmissions can reduce effective loss, but
they may increase latency [64]. The design should
therefore align with the application’s reliability-latency
trade-off. In some mobile information networks, it is
acceptable to drop outdated updates, in which case
the repair mechanism can prioritize quick reconnec-
tion over perfect reliability. In others, such as mission-
critical logs, reliability is more important, and repair
might involve temporary redundant forwarding [65].
The framework can accommodate this by allowing a
short-lived redundant mode during repair, but evalua-
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tion should reflect the specific reliability semantics.

Finally, it is useful to interpret performance through
the lens of operating regimes. In dense networks with
moderate mobility, localized maintenance tends to find
nearby alternative parents quickly, keeping disruptions
short and overhead low, and the energy cost is often
close to a globally rebuilt tree because local alterna-
tives are plentiful. In sparse networks or under very
high mobility, the neighborhood may not contain fea-
sible attachment points, causing repair escalation and
potentially longer detours, and the benefits of localiza-
tion may diminish [66]. Under high offered load, the
delay component becomes sensitive to contention, mak-
ing conservative delay estimation and admission con-
trol more important, but also making sharing harder
because relays saturate quickly. Under low load, en-
ergy dominates and the algorithm may behave simi-
larly to energy-aware routing with occasional repairs.
These qualitative patterns do not guarantee specific nu-
merical outcomes, but they clarify what factors most
strongly influence performance and which parameters
should adapt online [67].

7. Conclusion

This paper developed a model and design framework
for energy- and latency-aware multicast routing with
localized maintenance in mobile information networks.
The core problem is balancing energy expenditure against
end-to-end delay constraints under time-varying con-
nectivity, while limiting the control overhead and struc-
tural churn that mobility induces. The proposed ap-
proach uses locally measurable link metrics that com-
bine expected energy per delivered bit, retransmission
effects, and measured delay, and it enforces delay fea-
sibility through conservative path accumulation and
slack propagation [68]. Localized maintenance repairs

disruptions by searching for alternative attachment points

within bounded scope, using subtree delay budgets to
preserve downstream feasibility, and employing hys-
teresis and soft-state stabilization to reduce oscillations.
Analytical characterizations related repair success prob-
ability and overhead to effective candidate density, link
lifetime processes, and scope selection, and they clari-
fied how stability bias and fairness adjustments trade
energy for reduced repair rate and better load distri-
bution.

The overall picture is that localized maintenance
can reduce global disruptions and control cost when
the local neighborhood often contains feasible alterna-
tives, but its effectiveness depends on mobility, den-
sity, and offered load [69]. Conservative delay estima-~
tion and admission control can improve feasibility un-
der contention but may reduce sharing and increase
energy. Scope adaptation and stability regularization
can reduce disruption time and churn but may increase
path cost. These trade-offs suggest that practical de-
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ployments benefit from lightweight online adaptation
driven by observed neighbor availability, repair success
rates, and delay variability, rather than fixed parame-
ters. The model and mechanisms presented here pro-
vide a basis for such adaptation while remaining com-
patible with decentralized operation and the measure-
ment realities of mobile wireless systems [70].
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