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Abstract

Modern communication networks may provide several heterogeneous links between the
same pair of devices, including Wi-Fi, 5G, Bluetooth, and SparkLink. Existing multicast
schemes often use simple-graph abstractions and therefore cannot distinguish these parallel
links. We present ESMP, a multi-graph-based heuristic framework for efficient and stable
multicast construction over heterogeneous parallel communication links. ESMP represents
parallel channels as edges with delay and stability attributes. We show that an aggregate-
edge-delay-constrained decision variant of the formulation is NP-hard. The framework
includes six polynomial-time heuristics: delay-based DMA and DSMA, stability-based
SMA and SDMA, and stability-delay-ratio-based RMA and MRMA. Each algorithm de-
rives a metric-specific graph from the original multi-graph and constructs a tree according
to its delay-stability preference. We also develop local adjustment strategies for vertex
joins, vertex exits, and link dynamics. Experiments on connected synthetic multi-graphs
reveal distinct metric preferences. Delay-oriented methods reduce delay, stability-oriented
methods improve stability, and ratio-based methods provide stability-aware trade-offs at
relatively low delay. In particular, RMA favors low delay, whereas MRMA uses pair-level
average stability-delay information and shows comparatively favorable stability preserva-
tion and tree compactness in the evaluated scenarios. These findings characterize heuristic
behavior in the evaluated synthetic settings and do not establish general optimality.
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Multipath protocols and systems exploit path diversity at the transport or application
level [8-14]. They improve throughput, resilience, latency, or video quality for connections
and sessions. They do not directly construct a shared multicast tree or jointly model its
receiver-average delay, path stability, and membership changes.

SDN/NFV-enabled multicast uses centralized control, traffic engineering, service-
function placement, and dynamic rule management [7,15-17]. These approaches offer
relevant design principles but generally operate on a simplified logical topology. They do
not explicitly retain heterogeneous parallel links as independently selectable edges with
distinct delay and stability attributes.

We address this gap with ESMP, a multi-graph-based heuristic framework for hetero-
geneous multipath environments. Devices are vertices, while parallel channels are distinct
edges characterized by delay and stability. Multicast construction must therefore select
both forwarding vertices and physical communication edges. ESMP extends shortest-path
and Steiner tree ideas to this setting rather than replacing them with an exact optimizer. It
also applies the same metric preferences to local adjustment under network dynamics.

The framework comprises six polynomial-time heuristics with distinct metric prefer-
ences. DMA and DSMA are delay-based, SMA and SDMA are stability-based, and RMA
and MRMA use stability-delay ratios. Experiments on connected synthetic multi-graphs
characterize their delay-stability behavior without claiming universal dominance or ap-
proximation guarantees.

The main contributions of this paper are as follows:

e We formulate multicast construction on a multi-graph whose parallel communication
paths are distinct edges with delay and stability attributes.

e  We prove that an aggregate-edge-delay-constrained decision variant is NP-hard and
develop six polynomial-time heuristics evaluated by receiver-average delay and
multicast-tree stability.

*  We design local tree-adjustment strategies for vertex joins, vertex exits, and link-
dynamics repair.

*  We compare the algorithms with SPT, KMB, and an equal-weight weighted-sum
baseline, WSM, in static and dynamic scenarios.

The remainder of this paper is organized as follows. Section 2 reviews related work.
Section 3 presents the ESMP model. Sections 4 and 5 introduce the multicast generation
and adjustment algorithms, respectively. Section 6 reports the experimental evaluation,
and Section 7 concludes the paper.

2. Related Work

Multicast enables a source to deliver data to multiple receivers simultaneously, im-
proving bandwidth utilization and data distribution efficiency [18-20]. Research relevant
to multicast construction and deployment spans data center networks [21,22], wireless and
mobile networks [23,24], Internet of Vehicles scenarios [25], and 5G/6G systems [26,27].
These studies provide useful network-optimization contexts, although not all of them
explicitly address multi-graph multicast-tree construction. To clarify the current research
status, this section reviews existing studies from five closely related perspectives: classical
graph-based multicast-tree construction, efficiency-oriented multicast in specific network
environments, reliability- and dynamics-oriented multicast, SDN/NFV-enabled multicast,
and multipath transport.

Classical multicast routing is commonly formulated as a tree-construction problem
on a weighted graph. Shortest-path tree methods based on Dijkstra’s algorithm [28]
provide a natural delay-oriented reference because each receiver is connected through
a shortest source-to-receiver path. Steiner tree-based methods, including KMB [29],
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Takahashi-Matsuyama [30], and Mehlhorn’s faster approximation [31], reduce the total
tree cost by allowing non-terminal forwarding vertices. Recent learning-based methods
have also been explored for related Steiner tree construction problems [32]. These methods
form an important theoretical and algorithmic foundation for multicast routing. However,
they are usually defined on simple weighted graphs, where each adjacent vertex pair is
represented by at most one edge. As a result, the selection among heterogeneous parallel
communication channels and the joint use of delay and stability attributes are outside their
original modeling scope.

Efficiency-oriented multicast studies mainly optimize bandwidth consumption, rout-
ing cost, resource allocation, energy consumption, throughput, or end-to-end delay in
specific network scenarios. In data center and cloud environments, Cepheus [33] accelerates
datacenter applications through high-performance RoCE-capable multicast, Cloudcast [34]
studies high-throughput and cost-aware overlay multicast in cloud environments, and
ReMUS [35] improves reliable and scalable multicast services in IaaS datacenters. In wire-
less and mobile networks, D2D multicast has been optimized through coalitional game
theory and fractional programming [36], energy-efficient multi-hop broadcast has been
formulated through cost-sharing games [37], and directional transmission with reflection-
aware scheduling has been used to reduce multicast delay in millimeter-wave networks [38].
These studies show that multicast optimization must be adapted to the target network
environment. Nevertheless, their network models are usually logical or scenario-specific
abstractions, and they do not generally preserve several parallel links between the same
two devices as separate selectable multicast-tree edges.

Reliability-oriented and dynamic multicast studies focus on maintaining service qual-
ity under changing network states, group membership, or forwarding rules. Hawkeye [39]
combines deep reinforcement learning and temporal modeling to support dynamic and
stateless multicast. Protection-based multicast strategies improve content distribution sta-
bility in wireless networks [40]. Delay-aware NFV-enabled multicasting further considers
resource sharing and multicast service placement [18]. These works address important
aspects of robustness, failure handling, and dynamic operation. However, the stability
considered in these studies is usually tied to a particular system architecture, protection
mechanism, or service-placement model. They do not explicitly define multicast-tree
stability as an average of source-to-receiver path availabilities over selected parallel com-
munication edges, which is the evaluation perspective adopted in ESMP.

SDN and NFV have also been widely used to improve multicast routing and traffic
engineering. SDN-assisted IP multicast supports delay- and bandwidth-aware video
delivery over 5G networks [15]. NFV-enabled multicast has been studied through service-
function tree embedding and resource-aware routing [16,41]. Multi-domain SDN multicast
traffic engineering further studies distributed multicast optimization across domains [17].
These approaches benefit from centralized or logically centralized network control and can
flexibly manage forwarding rules, service functions, and traffic-engineering constraints.
Their main abstraction is still commonly a logical topology or a service-function graph,
rather than an attributed multi-graph in which Wi-Fi, 5G, Bluetooth, SparkLink, or other
heterogeneous channels between the same device pair are represented as separate edges
with different delay and stability values.

Multipath transport protocols provide another important line of related work because
they explicitly exploit path diversity. MPTCP [8] enables a single transport connection
to use multiple paths simultaneously. QUIC [9] provides a modern transport foundation
with connection migration, and QUIC-based multipath extensions further explore path
management and scheduling at the transport layer [10]. Recent studies have also improved
multipath transport for large-scale video services [11], vehicle-to-cloud video streaming [12],
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reliable latency-bounded communication [13], and adaptive multipath congestion-control
selection [14]. These protocols and systems demonstrate the practical value of using
multiple paths for throughput improvement, resilience, and latency reduction. However,
they mainly operate at the connection, transport, or application session level. They do not
directly construct a shared multicast tree for a receiver group, and they do not address how
parallel device-to-device communication edges should be selected when building such
a tree.

The above studies indicate that multicast and multipath communication have each
been extensively investigated, but their modeling assumptions and algorithmic objectives
differ from those considered here. Existing multicast algorithms provide strong references
for tree construction, but they typically assume a simple graph. Existing multipath transport
methods exploit path diversity, but they are mainly designed for unicast or session-level
delivery. SDN/NFV-based multicast methods provide flexible control, but they commonly
operate over logical topologies and service-function abstractions. The remaining gap ad-
dressed in this paper is therefore a narrower but explicit intersection of these directions:
multicast-tree construction on an attributed undirected multi-graph, where parallel commu-
nication links between the same device pair remain selectable and where receiver-average
delay, path-availability-based stability, and local dynamic adjustment are considered to-
gether. This positioning is intentionally limited in scope. ESMP should be viewed as a
heuristic extension of multicast-tree construction to a multipath link model, rather than as
a replacement for existing multicast, SDN/NFV, or multipath transport methods.

3. ESMP Model

This section defines efficient and stable multicast over heterogeneous parallel commu-
nication links.

3.1. Multi-Path Network Abstraction

Two devices may communicate through channels with different delay and reliability
characteristics. ESMP represents this network as a connected undirected multi-graph
MG(V, ME) without self-loops. Vertices denote devices, and ¢;j € ME denotes the k-
th channel between adjacent vertices v; and v;. Its delay and stability are d;jx and pjj,
respectively, with forwarding and switching time included in d;j. Unlike a simple-graph
projection, this abstraction does not collapse heterogeneous channels into one logical edge.
Retaining them allows tree construction to select both forwarding vertices and physical
communication channels.

3.2. Efficient and Stable Multicast on Multiple Paths

Given a multicast group V,, C V and source vy € V,;, ESMP selects forwarding
vertices and edges from MG(V, ME) to construct a multicast tree.

Definition 1 (ESMP Model). Given: A connected undirected multi-graph MG(V, ME) without
self-loops, where e € ME denotes the k-th communication edge between vertices v; and v;. Each
edge has delay d;j. and stability p;j. Let Vi C 'V be the multicast group and vy € Vi, be the source.

Solution: Construct a multicast tree MT(V', E') that minimizes delay and maximizes stabil-
ity, where Vi C V', V' CV,and E' C ME.

Delay and stability may conflict because low-delay links can be unstable and stable

links can lengthen routes. We distinguish the aggregate edge delay used in the complexity
result from the receiver-average delay used in evaluation.
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For the complexity analysis, the aggregate edge delay is

Dsum(MT): Z dijk- 1

El‘]‘kEE/

Given thresholds Dy and Sy, the decision problem asks whether a tree MT(V’,E’)
exists such that V,, C V', E' C ME, Dgym(MT) < Dy, and S(MT) > S. Section 3.3 defines
stability and receiver-average delay. The aggregate measure is used only in the following
result and not in the experimental evaluation.

Theorem 1. The aggregate-edge-delay-constrained decision variant of ESMP is NP-hard.

Proof. We reduce the NP-hard Steiner tree decision problem [42]. Consider an instance
I = (G = (V,E),R,c, B) with terminals R, positive edge costs ¢(e), and bound B. Copy
every vertex to MG and replace each (v;, vj) € E with one edge ¢;j1. Setd;j; = c(v;, Uj)
and p;j; = 1. Finally, let Vj;, = R, choose any vy € R, and set Dy = B and Sp = 1. This
construction is polynomial.

A Steiner tree of cost at most B spans V;;, has aggregate delay at most Dy, and has
stability 1. Conversely, any feasible multicast tree spans R, and its corresponding Steiner
tree costs at most B because dl-]-l = ¢(v;, U]-). The instances are therefore equivalent. Stability
is always 1 in the constructed instance, so its constraint is automatic. Hence, Steiner tree
reduces to this decision variant, which is NP-hard. O

The result establishes the computational difficulty of the aggregate-edge-delay-
constrained variant. The proposed algorithms are therefore polynomial-time heuristics and
provide no approximation guarantees. They terminate on finite connected simplified graphs
and construct feasible trees when those graphs remain connected. The theorem does not
directly establish hardness for the receiver-average-delay objective used in the experiments.
Complexity and approximation results for that formulation remain future work.

3.3. Properties of ESMP
3.3.1. Multicast Delay in ESMP

Let Vg = Vi, \ {00} be the receiver set, with m = |V|. For v, € Vg, reception delay is
the total delay on its tree path P, from vg. The receiver-average multicast delay is

1
md = a Z 2 dijk- (2)

v, EVR EiikGPr
3.3.2. Multicast Stability in ESMP
Multicast stability describes receiver reachability. Let t;,, and t] ff be the observed

online and disconnected times of receiver v,. The time-based stability is

m gr
=1 tan

ms = = . 3)
S (th £ )

In ESMP, pjj is the availability probability of edge e;jx and is the link-level input for
construction and adjustment. Under the independent-link approximation, the stability of
source-to-receiver path P, is

S(P) = [T pip (4)

eijkePr
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Multicast-tree stability is the receiver-average path stability:
1 1
SMT)=—"3 S(P)== Y TI ri ®)
m vreVR m vreVR Ei]'kGPy

Here, pijr, S (P;), and S(MT) are link-, path-, and tree-level quantities. The observed
ms and probability-based S(MT) are related but not identical. The time-based stability
measure is time-weighted, whereas multicast-tree stability is an unweighted average of path
availabilities. The experiments use the probability-based path and tree stability definitions,
and ms serves only as motivation for the stability interpretation. Correlated failures and
unequal observation horizons are not modeled.

4. Multicast Generation Algorithms in ESMP

This section presents polynomial-time heuristics for the receiver-average-delay and
multicast-stability metrics in Section 3. They provide metric-specific constructions and are
not exact algorithms for the NP-hard decision variant.

4.1. Generation Principle

Receiver delay and stability are determined by source-to-receiver tree paths. Delay
accumulates along each path, whereas stability is estimated from its link-availability proba-
bilities. Standard path procedures require a simple graph, so each algorithm first simplifies
or aggregates the parallel edges in MG(V, ME). It then grows a multicast tree using a
path metric.

DMA/DSMA retain minimum-delay edges and optimize path delay/stability, respec-
tively. SMA/SDMA retain maximum-stability edges and optimize path stability /delay.
RMA/MRMA use single-edge or pair-level ratios and additive inverse-ratio path costs.
The paired algorithms therefore separate the metric used to simplify the multi-graph from
the metric used to construct the tree. Table 1 summarizes these choices.

Table 1. Graph-simplification and tree-construction metrics of the six ESMP multicast generation algorithms.

Algorithm Group Graph Simplification Tree Construction Preference

DMA Delay-based Minimum link delay Minimum accumulated path delay Low delay

DSMA Delay-based Minimum link delay Maximum path stability Delay-aware stability

SMA Stability-based Maximum link stability Maximum path stability High stability

SDMA Stability-based Maximum link stability Minimum accumulated path delay Stability-aware delay

RMA Ratio-based Maximum single-edge Minimum accumulated Delay-stability
stability-delay ratio inverse-ratio cost trade-off

MRMA Ratio-based Average pair-level Minimum accumulated pair-level Pair-level trade-off

stability-delay ratio

inverse-ratio cost

4.2. Delay-Based Multicast Generation Algorithms

DMA retains the minimum-delay edge for each adjacent pair to form G4(V, E). It then
grows a tree by repeatedly adding the minimum-delay path from the current tree to an
uncovered multicast member (Algorithm 1).

Algorithm 1 specifies distance initialization, edge relaxation, parent updates, path
recovery, suffix insertion, and pruning. The recovered path can intersect the current tree
before reaching its receiver. Inserting only the suffix after the last intersection preserves
acyclicity. Thus, the inserted suffix is attached to the existing tree at a single vertex,
and all multicast members covered by the updated tree are removed from U. On a finite
connected graph, each iteration removes at least one member from U, so the loop executes
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at most |V;;| — 1 times. Pruning also terminates because the tree has finitely many non-
member leaves.

Algorithm 1: DMA
Input: MG(V,ME), V,,, CV, vy € Vy,
Output: MT,

Construct G4(V, E) by retaining the minimum-delay edge for each adjacent pair
(vi,9);

Initialize MT,(V},, E},) with V), = {vg} and E},, = @; set U = V,, \ {vo};

while U # @ do

Set bestDelay = o0, bestSource = @, bestReceiver = @, and bestParent = @;

foreach s € V;, do

Initialize dist(v) = +oo, parent(v) = @, and visited(v) = false for all
veV,;

Set dist(s) = 0;

while there exists an unvisited vertex with finite distance do

Select the unvisited vertex u with the smallest dist(u) and set
visited(u) = true;

foreach neighbor w of u in G; do

if dist(u) 4+ d(u, w) < dist(w) then
Set dist(w) = dist(u) + d(u, w);
Set parent(w) = u;

end
end
end
foreach v € U do

if dist(r) < bestDelay then
Set bestDelay = dist(r), bestSource = s, bestReceiver =r,

and bestParent = parent;

end

end

end

Recover the path P* from bestSource to bestReceiver using best Parent(-);

Let x be the last vertex of P* that belongs to V(MT;) when traversing from
bestSource to bestReceiver;

Insert the suffix of P* from x to bestReceiver into MTy;

Update U « U\ (V(MTy) N Viy);

end

Prune non-member leaves until all leaves are multicast members;
Return MTy;

SPT and DMA use the same G; but construct different trees. SPT merges shortest
paths from v to individual receivers. DMA instead expands from any current tree vertex
and may share more path segments. Consequently, SPT is a strong delay-oriented reference
on G;; DMA is not expected to outperform it on receiver-average delay. Its purpose is to
provide a greedy expansion alternative with different structural behavior.

DSMA uses G, but selects the path with maximum stability rather than minimum
delay. It has the same termination properties as DMA.

https:/ /doi.org/10.3390/ electronics15153467
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Maximum-stability paths use the additive cost £;, = — log ( pi]-k) - Because 0 < p;jjx <1,
we have £ > 0. Minimizing } ,cp £, is equivalent to maximizing [ [,cp pe. Dijkstra’s al-
gorithm therefore applies with the source initialized to zero, other vertices to infinity,
and standard non-negative edge relaxation. An edge with p;x = 1 has zero cost and
remains valid. DSMA consequently has the same polynomial-order path-search complexity
as DMA.

4.3. Stability-Based Multicast Generation Algorithms

SMA retains the most stable edge for each adjacent pair to form Gs(V, E) and applies
the same greedy growth procedure. Candidate paths maximize multiplicative stability
through the — log ( p,-]-k) transformation. SDMA also uses Gs but minimizes accumulated
delay. Thus, SMA is stability-first, whereas SDMA is a delay-oriented construction con-
strained to stability-preferred parallel edges. Both terminate after at most |V;,| — 1 iterations
and have the same polynomial-order path-search complexity as the delay-based methods.

4.4. Stability-Delay-Ratio-Based Multicast Generation Algorithms

The stability-delay ratio is introduced as a heuristic scalarization of link delay and
stability. It is not intended to represent an exact solution to the joint multi-objective
optimization problem. In RMA, the ratio is defined for each physical communication edge,
whereas MRMA uses a pair-level aggregate ratio for parallel edges between the same vertex
pair. In both algorithms, the inverse ratio is used as the path-construction cost. Under the
assumptions dijk > 0and 0 < p;jx < 1, the resulting edge cost is positive and can be
accumulated along a path.

The ratio-based formulation provides a metric-specific way to rank candidate commu-
nication links or vertex pairs according to their stability-delay characteristics. However,
it is not equivalent to the exact optimization of receiver-average delay and multicast-tree
stability. It may also produce different results from weighted-sum scalarization or Pareto-
based optimization. Therefore, RMA and MRMA are treated as heuristic alternatives with
explicit stability-delay preferences, rather than as universally optimal or computationally
superior methods.

44.1. RMA
For edge e;jx, RMA defines

Tijk = Ly (6)

A larger r;jx denotes greater stability per unit delay. RMA retains the edge with the
largest ratio for each adjacent pair, while final performance is evaluated using Section 3.

Because positive ratios are not naturally additive and could favor unnecessarily long
paths, path construction uses C;jk = 1/rijx = djjx/ pijr- RMA minimizes the sum of these
stability-adjusted delay penalties. Lower delay and higher stability reduce the cost, whereas
unstable links increase it. Since every cost is positive, extending a path increases its total
cost, and Dijkstra’s algorithm applies (Algorithm 2).

Algorithm 2 follows Algorithm 1 but evaluates paths by summed inverse-ratio cost.
Each iteration inserts the minimum-cost suffix from the current tree to an uncovered
receiver. Non-member leaves are pruned after all receivers are connected. The algorithm
provides neither optimality nor approximation guarantees.
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Algorithm 2: RMA
Input: MG(V, ME), V,, C V, v € Vi
Output: MT,

For each e;j, € ME, calculate rjx = pjj/djj and C;jk = 1/rijk = dije/ Pijs

Construct G,(V, E) by retaining the edge with the minimum clfjk for each adjacent pair
(vi,9);

Initialize MT,(V},, E},) with V), = {vg} and E},, = @; set U = Vi, \ {vp};

while U # @ do

Set bestCost = o0, bestSource = @, bestReceiver = @, and bestParent = @;

foreach s € V,, do

Initialize cost(v) = 400, parent(v) = @, and visited(v) = false for all v € V; set
cost(s) = 0;

Apply shortest-path relaxation on G, using c" as the edge cost, and update cost(-)
and parent(-);

foreach r € U do

if cost(r) < bestCost then
Set bestCost = cost(r), bestSource = s, bestReceiver = r,

and bestParent = parent,;
end

end

end

Recover the path P* from bestSource to bestReceiver using bestParent(-);

Let x be the last vertex of P* that belongs to V(MT,) when traversing from bestSource
to bestReceiver;

Insert the suffix of P* from x to bestReceiver into MT;;

Update U « U\ (V(MT,) N Viy);

end
Prune every non-member leaf until all leaves are multicast members;
Return MT;;

4.4.2. MRMA

To summarize all parallel edges rather than only the best one, MRMA defines the
arithmetic-mean pair score

_ 1 n o 1 n @
mrij ” k; Tijk n = dijk’ (7)
where 7 is the number of edges between v; and v;. A larger mr;; indicates better average
stability per unit delay across the pair. This mean measures average stability-delay quality,
not path availability or failover reliability. A poor edge can reduce mr;;, whereas an identical
backup does not increase it. Thus, mr;; is not a redundancy-aware reliability metric and
should not be interpreted as a direct measure of multipath resilience.

In Gy, a virtual edge derived from mr;; represents each adjacent pair and guides path
construction. MRMA uses the pair-level aggregate ratio mr;; to rank adjacent pairs before
tree growth. The pair-level score determines which vertex pairs enter the tree, while the
selected physical edge with the largest individual ratio determines the realized delay and
stability. In this way, MRMA differs from RMA not only in graph simplification but also in
the information retained at the pair level. The final tree remains a subgraph of MG.

MRMA minimizes additive pair-level costs cjf" = 1/mrij > 0 using the tree-growing
procedure in Algorithm 2. Like DMA, it connects at least one uncovered member per
iteration and terminates within |V;,| — 1 iterations.
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Figure 1 summarizes the overall architecture of ESMP, including multi-graph abstrac-
tion, metric-specific graph construction, multicast-tree generation, and dynamic adjustment.

Heterogeneous Multi-Path Network
Wi-Fi / 5G / Bluetooth / SparkLink

:

‘ ESMP Multi-Graph Model MG(V, ME) ’

Vertices: devices Parallel edges: communication paths
Edge attributes: delay dj, stability p;j

Delay Branch Stability Branch Multi-Path
Retain min. d;j Retain max. pij Ratio Branch Ratio Branch
Gd(V,E) GS(V, E) Max. Tijk = p,-,'k/d,-jk Average mrij
DMA: minimum SMA: maximum G,(V,E) Virtual edge
path delay path stability RMA Gur(V,E)
DSMA: maximum SDMA: mini- Trade-off tree MRMA
path stability mum path delay Pair-level ratio tree

= =R S =R

‘ Dynamic Adjustment ’

Vertex join / Vertex exit / Link dynamics
Local repair using the corresponding metric principle

i

Updated ESMP Multicast Tree
Low delay High stability ~Dynamic adjustment

Figure 1. Architecture of ESMP. A heterogeneous multipath network is represented by MG(V, ME),
converted into metric-specific graphs, and locally updated after vertex joins, vertex exits, or
link dynamics.

4.5. Practical Complexity and Scalability Discussion

Letn = |V|, M = |ME|, g = |Vju|, and ms; < M be the number of simplified-graph
edges. Scanning parallel edges costs O(M). With binary-heap Dijkstra, each path search
costs O(mslogn). At most g iterations compare paths from up to n tree vertices, giving
the conservative bound O(gn mslogn) C O(gqn Mlogn). This is an upper bound; actual
runtime depends on tree growth and the path-search implementation. All six algorithms
have the same polynomial order and differ in their simplification and path metrics.

Space is determined by the multi-graph, simplified graph, metric arrays, and tree.
Scalability depends mainly on vertices, parallel edges, and group size. Dynamic adjustment
usually searches the affected region but may require full reconstruction when local repair
cannot preserve connectivity or the selected metric preference.

5. Multicast Adjustment Under Network Dynamics

ESMP locally repairs an existing tree after vertex joins, vertex exits, or link dynamics
and reconstructs the tree only when local repair cannot preserve connectivity or the selected
metric preference. Joining receivers are connected through metric-specific paths to limit
disruption to current receivers. Departing vertices become unavailable for forwarding,
and affected downstream branches are reconnected. When a selected tree edge fails, ESMP
first attempts to replace it with another available parallel edge and then uses a local metric-
specific path if no suitable parallel edge exists.

These strategies extend established local-repair principles to the ESMP multi-graph
rather than defining a new control paradigm. They reuse the delay-, stability-, or ratio-
oriented rules developed for static construction. Experiments 2-3 compare adjusted trees
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with direct reconstruction, whereas Experiment 4 evaluates conditional repair after sampled
tree-edge failures relative to each algorithm’s pre-fault tree.

5.1. Link Dynamics

Link dynamics include switching and interruption between adjacent vertices. When a
tree edge fails, ESMP first selects another available parallel edge using the corresponding
metric. For example, if e; fails in a DMA tree, the algorithm chooses ¢;j» with the next-
lowest delay. The recovered edge may be restored if it again provides the preferred metric
value. If no parallel edge remains, repair is restricted to the interrupted branch whenever
possible. The affected vertex or branch is then reconnected to an existing tree vertex through
a metric-specific local path.

5.2. Vertex Join

For joining receivers V. C V, the tree is expanded through metric-specific paths.
In RMA, candidate paths from every current tree vertex to each receiver are evaluated
on G, using c;jk. Selecting the minimum-cost candidate preserves the existing tree while
adding only the required connection.

Algorithm 3 details the vertex-join procedure for an RMA tree.

Algorithm 3: Vertex join in an RMA tree

Input: G,(V, E), current multicast tree M Ty, current multicast group V;;, joining set V.
Output: updated multicast tree M T,

foreach v; € V. do

Set bestCost = +o0 and bestPath = ©;

foreach v; € V(MT;) do
Find the shortest path P(Uj, v;) on G, using ¢" as the edge cost;
if P(v;, v;) exists and its cost is smaller than bestCost then

‘ Set bestCost to the path cost and set bestPath = P(v},v;);

end

end

if bestPath # @ then
Let x be the last vertex of bestPath that belongs to V(MT;) when traversing toward

0i;
Insert only the suffix of bestPath from x to v; into MT;;
Set Viy = Vi U {v;};
Prune leaves that do not belong to Vj;;

end
end
Return the updated MT;;

Joining vertices are inserted sequentially through the minimum accumulated inverse-
ratio path, after which non-member leaves are pruned. Other algorithms use the same
framework with their respective metrics.

5.3. Vertex Exit

Departing multicast vertices become unavailable for forwarding. A departing leaf is
removed directly. Removing an intermediate vertex disconnects its downstream branches,
which must be reattached to the remaining tree. For RMA, vertices V_ and their incident
edges are excluded from G,. Affected branches then reconnect through available inverse-
ratio paths that avoid the departing vertices. Other algorithms apply the same procedure
using their respective graphs and path costs.
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6. Simulation Experiments

This section evaluates the proposed algorithms.

6.1. Experimental Settings

We evaluate controlled heterogeneous multipath conditions using connected synthetic
multi-graphs. Synthetic generation allows network scale, parallel-link diversity, and link
heterogeneity to be varied independently. It is therefore suitable for isolating the metric
preferences of the proposed heuristics, although it does not reproduce the structure of Clos,
Fat-Tree, or access-network topologies.

A random spanning-tree backbone first guarantees connectivity. A neighbor-selection
procedure then adds non-self, non-duplicate adjacent pairs, with each vertex drawing an
augmentation target from [1, 5]. Existing backbone connections may make the final degree
exceed this target, so the interval is not a strict final-degree bound. Each adjacent pair
has 1-3 parallel edges, with d;jx ~ U[1,10] and p;j ~ U[0.5,1]. After collapsing parallel
edges into adjacencies, the simple graphs have mean density 0.01352 and mean degree 4.04.
The networks are therefore globally sparse but retain local parallel-link diversity.

The algorithms were implemented in MATLAB R2022a with built-in graph functions
and no external libraries. Tests used 64-bit Windows, an Intel Core i5-1240P processor,
and 16 GB of memory. Python 3.12 scripts performed statistical aggregation and figure
generation. Each setting comprised 50 independently generated instances and multicast
groups. Within each trial, every algorithm used the same graph and group to provide
matched static comparisons.

MATLAB tic/toc was used to record wall-clock time around each algorithm call.
Timing includes tree construction and metric calculation but excludes graph generation,
file output, and figure rendering. The reported values reflect the current MATLAB imple-
mentations rather than implementation-independent algorithmic efficiency.

The topology generator, proposed and baseline implementations, dynamic-adjustment
routines, metric functions, timing code, statistical and figure scripts, processed tables,
and trial-level outputs are retained by the authors. These materials are available from the
corresponding author upon reasonable request.

Seeds are fixed and recorded. For scales € {1,...,5} and trial t € {1,...,50}, graph
seeds are 100000 + 1000s + ¢, 200000 + 1000s + ¢, 300000 + 1000s + ¢, and 400000 + 1000s +
t for Experiments 1-4. Membership and event streams use deterministic offsets +17,
+31, 447, and +-61, respectively. These rules regenerate the topologies, multicast groups,
membership changes, and failure samples.

Experiments 2-3 use common joining or exiting sets across algorithms. In Experi-
ment 4, each algorithm has a different initial tree. The experiment therefore samples an
equal number of failed edges separately from each tree using the experiment seed and
algorithm index. This design evaluates conditional repair, not paired responses to one
network-level failure event. Table 2 summarizes the settings.

Table 2. Simulation settings for the four experiments. Each setting is evaluated over 50 indepen-
dent trials.

Exp. Network Multicast Setting Scenario

1 |V] =300 |Vin| = 20-100 Static construction

2 |V] =300 Initial |V,,| = 80, |V, | = 10-50 Vertex joins

3 |V] =300 Initial |V;,| = 120, |V_| = 10-50 Vertex exits

4 |V] =300 Initial |V, | = 120, 10-50 sampled tree-edge failures Conditional tree-edge-failure repair
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Delay is a dimensionless synthetic cost, whereas pjj is the probability that a link
remains available during transmission.

Dynamic Comparison Metrics

For each trial, md®¥ and $™/ denote the adjusted tree’s delay and stability; md™f and
S"f denote its reference values. The reference is direct reconstruction in Experiments 2-3
and the pre-fault tree in Experiment 4. The delay ratio is

md® — mdref

DR = e x 100%. (8)
The stability-loss ratio is
ref _ cadj
SLR = SSTfS X 100%. 9)

Positive DR denotes increased delay, whereas negative DR denotes lower delay than
the reference. Positive SLR denotes stability loss; negative SLR denotes higher adjusted-
tree stability. Ratios are calculated per trial and then averaged. The 95% confidence interval
is X & tg.975 N—15/ V/N, where N = 50 and s is the sample standard deviation.

We compare the six ESMP algorithms with SPT, KMB, and WSM. Dijkstra-based
SPT [28] and the KMB Steiner approximation [29] are originally defined on simple graphs.
We adapt them by using the delay-simplified projection, which retains each pair’s minimum-
delay edge. SPT merges source-rooted shortest paths, whereas KMB provides a tree-
sharing-oriented reference.

WSM is a weighted-sum reference. Delay and instability 1 — p;j are first normal-
ized by min-max normalization. Each contributes 50% to the scalar edge cost. Every
adjacent pair retains its minimum-cost physical edge, and the same weighted cost guides
tree construction.

Because weighted sums define a family of solutions, their results depend on the se-
lected weights and normalization. Our WSM results apply only to this 50/50 configuration
and do not establish dominance over other weights. SPT, KMB, and WSM respectively
provide delay, tree-sharing, and scalarized delay-instability references under common
instances and metrics.

The experimental analysis focuses on three questions. First, we examine whether the
algorithms exhibit the metric preferences implied by their design, namely delay-oriented,
stability-oriented, and ratio-oriented behavior. Second, we compare the proposed methods
with the adapted SPT and KMB baselines and the evaluated equal-weight WSM baseline
to clarify whether the multi-graph-specific heuristics provide different delay-stability
trade-offs. Third, we evaluate whether local adjustment under vertex joins, vertex exits,
and sampled tree-edge failures preserves the main properties of the reconstructed or pre-
fault reference trees. Therefore, the experiments are intended to characterize algorithmic
behavior and trade-offs under controlled synthetic multi-graph settings, rather than to
claim universal dominance of one method across all networks and parameter choices.

Unless otherwise stated, all reported values are means over 50 independent trials,
and error bars denote 95% confidence intervals.

6.2. Experimental Results
6.2.1. Experiment 1

Experiment 1 evaluates static multicast-tree construction on connected 300-vertex
synthetic multi-graphs as |V}, | increases from 20 to 100.
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Average delay

Average delay (95% CI)

Figure 2 shows clear metric preferences among the tested algorithms. SPT achieves the
lowest mean delay, 14.508, because it directly follows shortest paths, while SMA provides
the highest mean stability, 0.448, at the cost of substantially larger delay. Among the
proposed trade-off methods, RMA remains more delay-oriented, whereas MRMA achieves
a more balanced behavior. Compared with the evaluated 50/50 WSM baseline, MRMA
reduces the mean delay by 14.9% and improves the mean stability by 67.7%. This indicates
that the pair-level average stability-delay information used by MRMA provides a more
favorable trade-off than the evaluated equal-weight scalarized baseline in these scenarios.

Average stability (95% CI)

150 Algorithms 0.8 Algorithms
-»- DMA -»- DMA
DSMA > DSMA
100 - SMA E 0-6 -+ SMA
- SDMA [ i | -+ SDMA
-+ RMA o 04 * * t <+ RMA
-= MRMA 2 -= MRMA
50 -/2 SPT 5 8 o< SPT
g — ﬂT — KMB z 02 ~ KMB
WSM WSM
0 | | 0
20 40 60 80 100 20 40 60 80 100
Number of multicast members Number of multicast members
(a) Average delay (b) Average stability

Figure 2. Average delay and stability versus the number of multicast members in Experiment 1. Error
bars indicate 95% confidence intervals over 50 independent trials.

As the multicast group becomes larger, MRMA also shows a relatively stable scaling
trend. When |V}, | increases from 20 to 100, the delay of MRMA increases by 31.1%, whereas
the delay of the evaluated 50/50 WSM baseline increases by 45.0%. Over the same range,
the stability of MRMA decreases by 31.2%, while that of the evaluated 50/50 WSM baseline
decreases by 44.8%. These results suggest that MRMA maintains its delay-stability trade-off
more consistently as the multicast group size increases.

Figure 3 presents the structural and runtime results. SPT produces the shallowest but
widest multicast trees. Its mean tree width is 27.780, which is much larger than MRMA'’s
9.852. In contrast, MRMA uses the fewest tree vertices on average, 96.400, compared with
119.952 for SPT and 97.236 for WSM. This indicates that MRMA can obtain a compact
forwarding structure while still preserving a favorable delay-stability balance.

The prototype runtimes in Figure 3 generally increase as the multicast-group size
grows. MRMA has a mean runtime of 14.42 s, close to WSM’s 14.53 s, whereas SMA
has the highest mean runtime among the six algorithms. SPT and KMB are faster in
the current implementation because they are applied to projected simple graphs and
rely more directly on optimized built-in graph routines. Therefore, the runtime results
should be interpreted as implementation-level measurements rather than implementation-
independent algorithmic comparisons.

Overall, DMA favors low delay, SMA favors stability, and MRMA provides a favor-
able delay-stability trade-off with compact tree structures. These findings show that the
proposed metric-specific heuristics behave as intended, but the conclusions remain limited
to the evaluated synthetic settings, selected baselines, and the 50/50 WSM configuration.
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Figure 3. Tree height, tree width, number of tree vertices, and runtime versus the number of multicast

members in Experiment 1. Error bars indicate 95% confidence intervals over 50 independent trials.

6.2.2. Experiment 2

Experiment 2 adds 10-50 receivers to an 80-member group on 300-vertex networks.
Each adjusted tree is compared with direct reconstruction for the updated group.
In terms of delay, Figure 4a shows that SPT achieves the lowest mean delay, 14.665,

because it directly follows shortest paths. Among the proposed ESMP algorithms, DMA
keeps the lowest mean delay, 29.840, followed by RMA with 32.383 and DSMA with 32.609.
Compared with the evaluated 50/50 WSM baseline, RMA reduces the mean delay by
27.6%, while MRMA reduces it by 7.6%. The delay-ratio results in Figure 4b further show
that SPT has the most favorable relative-delay outcome, meaning that its adjusted trees
have the largest delay reduction relative to direct reconstruction. Among the proposed
ESMP algorithms, DMA has the most favorable mean delay ratio, whereas SMA is the most
affected in relative delay.

In terms of stability, Figure 4c shows that SMA provides the highest mean stability,
0.409, but this comes with substantially larger delay. SDMA and MRMA also show stronger
stability, with mean stabilities of 0.250 and 0.226, respectively. Compared with the evaluated
50/50 WSM baseline, MRMA improves the mean stability by 3.3%, whereas RMA has lower
stability because it gives stronger priority to delay. The stability-loss results in Figure 4d
show that MRMA is least affected in stability, with the smallest mean stability-loss ratio,
1.26%. This value is lower than SMA’s 2.89%, RMA’s 3.02%, and WSM’s 4.90%.
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Figure 4. Delay and stability performance under vertex joins for different algorithms. Points and
error bars represent mean values and 95% confidence intervals over 50 independent trials.

Overall, Experiment 2 shows that receiver joins affect delay and stability differently
across algorithms. SPT has the most favorable relative-delay outcome, while DMA shows
the strongest delay preservation among the proposed ESMP algorithms. In contrast, MRMA
is least affected in stability and achieves slightly higher mean stability than the evaluated
50/50 WSM baseline. These results indicate that delay-oriented methods are more suitable
when insertion delay is the primary concern, whereas MRMA provides a more stability-
preserving local adjustment strategy under receiver joins.

6.2.3. Experiment 3

Experiment 3 removes 10-50 vertices from a 120-member group. Departing vertices
and incident edges are excluded from both local repair and direct reconstruction. Common
graphs and exit sets are used across algorithms.

In terms of delay, Figure 5a shows that SPT achieves the lowest mean delay, 20.086,
because it directly follows shortest paths. Among the proposed methods, DMA also keeps
a low mean delay of 30.006. For the ratio-based trade-off methods, RMA and MRMA obtain
mean delays of 31.819 and 32.784, respectively, which are 19.4% and 17.0% lower than the
evaluated 50/50 WSM baseline. The delay-ratio results in Figure 5b show that DMA has
the lowest mean delay ratio among the proposed ESMP algorithms, 3.19%. Among the
ratio-based methods, MRMA is less affected than RMA, with mean delay ratios of 5.51%
and 10.23%, respectively.
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Figure 5. Delay and stability performance under vertex exits for different algorithms. Points and
error bars represent mean values and 95% confidence intervals over 50 independent trials.

In terms of stability, Figure 5c shows that SMA provides the highest mean stability,
0.423, while SDMA reaches 0.263. Among the ratio-based trade-off methods, MRMA
and RMA achieve mean stabilities of 0.209 and 0.205, respectively, both higher than the
evaluated 50/50 WSM baseline’s 0.170. Compared with the evaluated 50/50 WSM baseline,
MRMA improves mean stability by 23.1%, and RMA improves it by 21.0%. The stability-loss
results in Figure 5d show that SMA is least affected overall, with a mean stability-loss ratio
of 0.92%. Among the trade-off methods, MRMA has a mean stability-loss ratio of 7.21%,
slightly lower than WSM’s 7.24% and lower than RMA’s 8.58%.

Overall, Experiment 3 shows that vertex-exit repair preserves the intended metric
preferences of the algorithms. SPT and DMA remain delay-oriented, while SMA and
SDMA retain stronger stability. Among the ratio-based methods, RMA provides slightly
lower absolute delay, whereas MRMA is less affected than RMA in both delay ratio and
stability-loss ratio. These results indicate that MRMA provides a comparatively stable trade-
off among the ratio-based methods under vertex exits, although the conclusions remain
limited to the evaluated exit distributions and the selected 50/50 WSM configuration.

6.2.4. Experiment 4

Experiment 4 evaluates conditional repair of 120-member trees after 10-50 sampled
tree-edge failures. Sampling weights are proportional to instability 1 — p;j, so less sta-
ble tree edges are more likely to be selected as failed edges. Delay and stability ratios
characterize the repair quality after these failures occur.
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In terms of delay, Figure 6a shows that SPT has the lowest mean delay, 21.458, be-
cause it remains strongly shortest-path-oriented. However, Figure 6b shows that SPT is
also the most affected by edge failures, with a mean delay ratio of 43.88%. Among the
proposed methods, RMA has a lower absolute mean delay, 33.940, which is 25.1% lower
than WSM. MRMA has a mean delay of 39.961, 11.8% lower than WSM. More importantly,
MRMA is least affected in delay after repair, with the smallest mean delay ratio, 1.44%,
compared with 2.68% for RMA and 4.31% for WSM.
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Figure 6. Delay and stability performance under sampled tree-edge failures for different algorithms.
Points and error bars represent mean values and 95% confidence intervals over 50 independent trials.

In terms of stability, Figure 6¢ shows that SMA provides the highest mean stability,
0.424, but it also has the largest mean delay among all methods. Among the trade-off
methods, MRMA reaches a mean stability of 0.293, which is 73.9% higher than WSM’s 0.169
and 91.2% higher than RMA’s 0.153. The stability-loss results in Figure 6d further show
that MRMA is least affected in stability, with the smallest mean stability-loss ratio, 1.09%.
This value is lower than SMA’s 1.56%, WSM'’s 2.04%, and RMA’s 2.65%.

Overall, Experiment 4 shows that local repair remains effective under sampled tree-
edge failures, but different algorithms are affected in different ways. RMA maintains a
stronger advantage in absolute delay, whereas MRMA is less affected in both delay ratio
and stability-loss ratio. These results indicate that MRMA provides the most stable repair
behavior under the evaluated failure setting, while RMA remains preferable when lower
delay is the primary objective. The conclusions characterize conditional repair quality after
sampled tree-edge failures and should not be interpreted as universal resilience under all

possible network-failure patterns.
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6.3. Overall Analysis of Experimental Results

The experimental results show that the algorithms exhibit clear metric-specific prefer-
ences rather than a single uniform ranking. SPT consistently provides the strongest delay
reference because it directly follows shortest paths, but its stability and tree structure are not
always favorable. DMA also remains delay-oriented among the proposed ESMP algorithms.
In contrast, SMA and SDMA give stronger priority to stability, but this usually comes with
larger delay. These results confirm the inherent conflict between delay minimization and
stability preservation in the multi-graph multicast setting.

Among the trade-off methods, RMA and MRMA show different behaviors. RMA
favors high stability per unit delay and therefore stays closer to delay-oriented methods.
MRMA uses pair-level average stability-delay information and provides a more balanced
trade-off. In Experiment 1, MRMA reduces mean delay by 14.9% and improves mean
stability by 67.7% compared with the evaluated 50/50 WSM baseline. It also uses the fewest
tree vertices on average, indicating a compact forwarding structure.

The dynamic adjustment experiments further show that local repair preserves the
intended metric preferences. In Experiment 2, SPT has the most favorable relative-delay
outcome after receiver joins, while DMA has the most favorable delay ratio among the
proposed ESMP algorithms. However, MRMA is least affected in stability, with the smallest
mean stability-loss ratio. In Experiment 3, vertex exits again preserve the delay-oriented
behavior of SPT and DMA, while MRMA is less affected than RMA in both delay ratio and
stability-loss ratio among the ratio-based methods. In Experiment 4, under sampled tree-
edge failures, MRMA has the smallest mean delay ratio and the smallest mean stability-loss
ratio, showing the most stable repair behavior in that failure setting.

The equal-weight WSM baseline provides a useful scalarized comparison, but its
performance depends on the selected normalization and 50/50 weighting. Therefore,
the results should not be interpreted as proving universal superiority over all weighted-
sum or Pareto-based methods. Instead, they show that retaining parallel edges and
applying metric-specific simplification rules can produce different and controllable
delay-stability behaviors.

Overall, no method is best on every metric. Delay-oriented methods are preferable
when low delay is the main objective, while stability-oriented methods are suitable when
higher path availability is required. MRMA provides a comparatively consistent trade-
off among the ratio-based methods across the evaluated static and dynamic scenarios.
These findings remain limited to connected synthetic multi-graphs, the selected baselines,
the evaluated 50/50 WSM configuration, and the tested event models.

7. Conclusions

ESMP formulates multicast construction on a multi-graph whose parallel edges have
delay and stability attributes. An aggregate-edge-delay-constrained decision variant is
NP-hard. We therefore developed six polynomial-time heuristics with delay, stability,
or stability-delay-ratio preferences, together with local repair for vertex and link dynamics.

Experiments on connected synthetic multi-graphs confirm these metric preferences.
SPT provides the low-delay reference, SMA favors stability, and RMA/MRMA provide
stability-aware trade-offs. MRMA additionally uses pair-level average information. These
findings are limited to the selected synthetic settings, baselines, equal-weight WSM,
and event designs. In particular, Experiment 4 measures conditional repair after sam-
pled tree-edge failures rather than resilience under a common network event.
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Future work will evaluate real or trace-driven Clos/Fat-Tree, 5G transport, and het-
erogeneous wireless topologies. It will also examine physical channels, switching over-
head, additional baselines, larger-scale optimized implementations, and receiver-average-
delay complexity.
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