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ABSTRACT

IP multicast was designed in an era of software-based routers, when
forwarding state lived in expandable RAM. Today, multicast relies
on hardware for efficient replication of packets across interfaces,
which has hard, fixed limits on the number of multicast forwarding
entries it may hold. We argue that the limited available multicast
state calls for a redefinition of the multicast protocol stack.

In this paper, we survey multicast forwarding-state capacity
across ISP core routers and enterprise routers to highlight their
hardware limits. We then propose to extend existing routing proto-
cols (OSPF and IS-IS) to expose the hardware replication capacities
of nodes to the control plane. Building on these exposed capacities,
we propose a capacity-aware path-selection algorithm for PIM-SSM
based on Shortest Widest Path (SWP), allowing to load-balance mul-
ticast joins over paths with remaining multicast hardware entries.
Our results show that, by exposing multicast capacities, we can
not only improve the join acceptance rate by up to 22%, but our
solution also allows to reach a two times higher join rate without
rejecting any join. By increasing the join acceptance rate, more
concurrent multicast flows can coexist in networks.
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1 INTRODUCTION

IP multicast is a point-to-multipoint technology allowing a source
to efficiently send packets to a set of receivers, ensuring that each
packet traverses each link of the network at most once. Traditional
multicast deployments rely on IGMP/MLD [4, 10] and Protocol
Independent Multicast (PIM) [13] to learn about receivers and create
distribution trees to route packets in the network. With Source
Specific Multicast (SSM), receivers can join a multicast group G from
source S by sending an IGMP/MLD Join message to their router,
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which will use the PIM protocol to create the distribution tree. PIM-
SSM [18] creates SSM source trees by sending Join(S,G) messages
hop-by-hop toward the source using the reverse path forwarding
(RPF) interface. Using this principle, intermediate routers directly
learn and maintain for each (S, G) pair the list of interfaces on which
packets should be replicated. In this paper, we focus exclusively on
SSM!. One of the assumption of the original multicast design by
Deering [11] is that multicast group membership is always granted,
an assumption baked into every layer of the multicast protocol
stack. However, as network sizes evolved over the years, reality now
differs vastly from this assumption. With multicast, routers need
to maintain forwarding state for each (S, G) channel. In practice,
routers have limited capacities to store these multicast forwarding
entries. A modern router holds between roughly 1000 and 128 000
(S, G) entries depending on the forwarding ASIC (described in
section 2). Whenever a router has exhausted its available entries,
it either (a) silently rejects new joins [7, 19] and receivers do not
receive multicast packets, or (b) falls back to full broadcast causing
traffic burst and losses at hosts [31], both alternatives being
suboptimal.

By routing all joins on the RPF path to the source, PIM may
fail to create branches for certain receivers due to resource ex-
haustion on this path, even though alternate paths with available
resource may exist. We propose to expose the spare multicast for-
warding capacity to routers via existing link-state protocols (OSPF,
IS-IS). By using this information, PIM can route joins on potentially
non-shortest paths that have remaining capacity to offer multicast
connectivity even if the RPF path towards the source has no spare
capacity. To route the PIM join on non-shortest path, we propose
a source-routing approach which encodes the path a join should
follow directly in the join message. If the border router finds no
alternate path exists, an ICMP/ICMP6 message can be sent to the
host to inform it of the failure, which has already been discussed
in a previous draft on Group Unreachable [17]. Correspondingly,
a PIM Join Rejected message should also be added if a failure
occurs higher in the tree towards the source due to concurrent joins
exhausting the remaining capacity.

Our choice to build on OSPF and IS-IS is deliberate. When multi-
cast routing was originally designed, the IETF made it independent
of the unicast routing protocol, since standardised and proprietary
unicast protocols coexisted and multicast had to work across all
of them. The same reasoning drove the design of LDP [3] as a
stand-alone label distribution protocol for MPLS. Segment Rout-
ing [14, 15] took a different approach: it assumed the availability
of a link-state routing protocol and built upon it to support traffic

'We focus on SSM as Any Source Multicast (ASM) is deprecated for interdomain
use-cases [1], but the solutions we propose could also apply to the source and shared
trees of ASM without any modification.
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engineering, fast reroute, and services such as VPNs. This assump-
tion proved well-founded — link-state routing (OSPF or IS-IS) is
now deployed in virtually every ISP network. We take the same
approach for multicast capacity: rather than designing yet another
independent protocol, we extend OSPF and IS-IS to carry multicast
forwarding capacity advertisements and build capacity-aware path
selection on top.
In this paper, our contributions are:

(1) We survey and quantify multicast forwarding-state capacity
across ISP core routers and enterprise routers (Section 2).

(2) We propose extensions to OSPF and IS-IS, allowing to carry
per-node and per-interface multicast capacity advertisements
(Section 3).

(3) By leveraging capacity information exposed in (2), we pro-
pose a capacity-aware RPF algorithm for PIM-SSM based on
Shortest Widest Path (SWP) that routes joins on paths with
maximum remaining capacity and rejects infeasible joins
explicitly (Section 4).

(4) We evaluated our capacity-aware RPF algorithm by simu-
lating multicast joins on several topologies (e.g. ISPs from
Topology Zoo [21] and fat-tree). Our results show that our
solution allows to consistently achieve a higher number of
joins, allowing more concurrent multicast channels to coex-
ist in the network.

We used Al in this paper to improve the writing and to generate
a basic skeleton for the simulator, which we extended to meet our
needs. All our artefacts (simulation and plotting scripts) are avail-
able on a dedicated repository: https://github.com/IPNetworkingLab/
capacity-aware-pim.

2 MODERN MULTICAST ROUTERS

Modern routers rely on hardware assistance to replicate multicast
packets. Figure 1 reports all platforms for which we found a precise
hardware limit using public documentation, sorted by capacity. The
range spans three orders of magnitude, from 1,000 entries on entry-
level devices to 128,000 on a recent Cisco 8000. Platforms differ not
only based on the number of multicast forwarding entries, but also
based on their overall architectures. Two main architectures exist.
Centralized. In some platforms the multicast forwarding table
is a single, chassis-wide resource shared across all line cards and
interfaces. One global counter describes the exhaustion risk: when
the chassis-wide table is full, no new (S, G) entry can be installed
regardless of which interface receives the PIM Join.

Distributed. Distributed forwarding architectures instantiate a
separate forwarding ASIC (NPU) per line card. A new (S, G) entry
must be installed on every LC that has relevant receivers or uplinks,
with each line card having its own finite TCAM. Exhaustion on one
line card does not block entry installation on another.

Even for routers using the same architecture, how multicast
entries are store may differ vastly. For example, let us consider the
architecture of the Cisco 8000, a popular ISP router. This router uses
a P100 Silicon One ASIC [9], with two types of memory: Longest
Prefix Match (LPM) to store IPv4 and IPv6 routes and the Central
Exact Match (CEM) memory. The latter is more versatile, as it can
store /128 IPv6 host addresses, local MPLS labels, (S,G) and (*,G)
multicast states and sometimes keys for ACLs. The operator can
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Figure 1: Maximum multicast forwarding-entry limits for
platforms with publicly documented hardware bounds,
sorted by capacity (log scale).

configure the part of the CEM memory used for each purpose [9].
As shown on Figure 1, a Cisco 8000 router can support up to 128k
IPv4 (S,G) entries or 64k IPv6 (S,G) entries. Older generation
88xx routers used the Q100 ASICs [8] that contain smaller CEM
memory. Another example is the NCS 5500 which uses a Broadcom
Jericho ASIC, supporting up to 100k IPv4 (S, G) entries or 60k IPv6
(S,G) entries by using an external TCAM [6].

Other vendors also provide some information about the scala-
bility and architecture of their platforms. For example, the Nokia
7750 router [26] uses one to eight Forwarding Plane (FP) ASICs per
chassis, each supporting up to 16k (S,G) simultaneous states. De-
pending on the chassis configuration, such a router can support be-
tween 16k and 128k (S, G) states. It also supports the pim-scaling
command which extends this value to 256k but disables some multi-
cast features. We also obtained detailed information about a family
of routers from Alcatel-Lucent [2]. The lower-end ones support up
to 1k (S, G) entries while the larger ones support up to 40k (S,G)
entries. In real networks, these numbers may vary based on how
each operator has configured its routers, e.g. when the platform
requires to reserve a fraction of the ASIC memory for unicast or
MPLS routes.

To enforce those state limits, all major router vendors use silent
drop: when the configured per-interface cap is hit, subsequent IGMP
Membership Reports are simply discarded. Some routers (e.g., Cisco,
Juniper) log this issue as a group limit reached problem, but no
protocol message reaches the host. The client does not receive
any data on the multicast stream, making it difficult for clients to
debug this problem. To avoid this issue, operators that deploy IPTV
services [16] use a limited amount of channels (about 2K (S, G)) for
their entire IPTV service, well below the capacity of their routers.
Operators offering BGP-MVPN [22, 27] services can also suffer from
the limited amount of multicast entries available on routers, as it
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relies on the creation of a multicast distribution tree for each high-
rate flow. Several applications could also benefit from multicast, due
to their inherent group communication patterns. Examples of such
applications includes: live streaming platforms for streaming an
identical video to all users, databases for efficient replication [30],
iterative algorithms for machine learning [23] and recommendation
systems [5]. Multicast state problems is one of the reason that may
discourage the usage of multicast for these applications, at the cost
of a worse bandwidth usage.

3 TOWARDS CAPACITY-AWARE MULTICAST
ROUTING

Multicast distribution trees built by PIM-SSM treat every node as an
equivalent replication engine with unlimited forwarding state. The
data in Figure 1 show this assumption is false. From this observation,
we argue that the control plane should be extended to advertise
multicast state capacity.

3.1 OSPF and IS-IS Extensions

OSPF and IS-IS already carry traffic-engineering extensions that
advertise per-link bandwidth [20, 24], enabling MPLS-TE to route
around congested links. We propose an analogous multicast state
capacity advertisement operating at two granularities, based on the
router architecture.

Centralized. A new node attribute sub-TLV is added to the IS-
IS Router Capability TLV or the OSPF Router Information LSA,
carrying an additional field available-states, the number of available
multicast entries for the router in its global TCAM.

Distributed. A new sub-TLV is appended to the existing IS-IS
Extended Reachability TLV or the OSPF TE Link LSA, carrying the
same field containing the number of available multicast entries in
the TCAM of this interface.

With this information flooded network-wide, PIM-SSM’s RPF
computation and (S, G) tree-building can prefer paths through
nodes with ample remaining capacity and steer new groups away
from nodes near exhaustion. An ingress router can perform per-
group admission checks by verifying that every node on the candi-
date tree branch has at least one free entry before committing the
join.

3.2 Implications for Protocol Design

Advertisement frequency. Advertising exact utilisation at every
(S, G) installation or deletion would generate excessive control-
plane chatter. We adopt the threshold-triggered flooding model
used for MPLS-TE bandwidth advertisements [20, 24, 28]: a router
originates a new LSA/LSP only when its multicast state utilisation
crosses one of a fixed set of thresholds. To prevent oscillation when
utilisation fluctuates around a boundary, each level uses hysteresis:
a separate up threshold (fired when utilisation rises above it) and
a slightly lower down threshold (fired when utilisation falls below
it), such that a new LSA/LSP is originated only when the crossing
occurs in the direction that changes the advertised level. We pro-
pose coarse bands at low utilisation (25%,50%,75%), slightly finer
bands at high utilisation (80%,85%,90%) and near exhaustion (>90%),
we propose 1-percentage-point bands. This approach ensures that
capacity advertisements are more frequent when a node has few
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remaining entries, where a single additional (S, G) can make the dif-
ference between a feasible and infeasible path. When many entries
are available, advertisements are less frequent, reducing the flood-
ing overhead. A thorough evaluation of the impact of threshold
values on the number of advertisement is left as future work.

Backward compatibility. For routers having legacy PIM-SSM
implementations will simply ignore the new TLVs, which is the
default in OSPF/IS-IS. As consequence, these routers treat nodes
as having an infinite capacity, preserving today’s behaviour. For
routers having a capacity-aware implementation, they can conser-
vatively assign a small, locally configurable default budget to nodes
that do not advertise their capacity. Another possibility would be
to try to avoid nodes missing capacity information and prioritize
sending joins on paths where nodes expose their multicast capacity.

4 CAPACITY-AWARE PIM-SSM PATH
SELECTION

Standard PIM-SSM selects the upstream neighbour for a Join(S,G)
from the unicast routing table, choosing the shortest path toward
the source S with no knowledge of multicast forwarding state. We
propose to replace this unicast next-hop lookup with a capacity-
aware path selection derived from the capacity information flooded
by OSPF/IS-IS (Section 3). Unlike plain RPF, this selection must
account for intermediate routers that may lack available forwarding
entries: a path that is topologically valid under unicast routing may
be infeasible for multicast if any router along it has exhausted its
number of available multicast forwarding entries. Note the path
selection algorithms we present are pessimistic. They consider the
worst case where every hop on the path will install one entry for the
(S, G) group. In practice certain nodes may already have an entry
for this channel, such that no new entry is installed. In consequence,
no path may be found by these algorithms even though a feasible
path exists due to existing entries. Finding every feasible path
would require to expose all multicast forwarding entries, which is
completely intractable.

Available multicast forwarding entries. Each router v; adver-
tises a(v1,v2) for each interface connected to neighbour vy, its
number of available multicast forwarding entries: the count of free
rows remaining in its TCAM for this interface that can accept a
new (S, G) state. We model routers with a single global TCAM with
e available entries by assigning this same number of entries to all
interfaces, i.e. for all interface i of v1, a(v1,0v;) = e. The quantity
a(vy, v2) directly determines the feasibility of a path used to forward
joins.

Formal path metric. Let G = (V, E) be the network graph anno-
tated with the capacity a(v1,v2) and IGP cost ¢(v1,v2) > 0 on each
link (v3,02). For a path p = (vy,...,0;), we define:

A(p) = mink a(vi,vi41) (bottleneck available entries)
1<i<

k-1

C(p) = " c(viv1,v:)

i=1

(IGP path cost)

We consider only the capacity from v; to v;41, as multicast entries
are installed for replication only in the TCAM of the RPF interface
towards the source. For the IGP cost, we use the cost of the reversed
edges (vj4+1 to v;). Paths that joins will follow are computed from the
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receiver to the source, thus we need to use the cost of the reversed
edges to compute the best paths from the source to the receiver.

For the path selection, we use the Shortest Widest Path (SWP)
preference relation:

A(p1) > A(p2),
A(p1) = A(p2) and C(p1) < C(p2).

SWP selects the path that maximises the bottleneck available-entry
count, breaking ties in favour of the shortest IGP path. SWP is an
interesting algorithm, because it is guaranteed to produce loop-free
paths due to its monotonicity property [29] as long as IGP weights
are strictly positive. Additionally, SWP can easily be computed by
running twice a Dijkstra’s algorithm [25], thus running in O((|V|+
|E) log [V]).

An alternative to SWP would be to prune all nodes with a(v) = 0
and run standard Dijkstra. However, this solution treats a node with
one entry remaining identically to one with a thousand, making
the former a likely failure point after the next join.

Rejection when no feasible path exists. If no path to S can be
found, the router rejects the join immediately, does not forward any
Join upstream, and signals failure back downstream. The host is
notified that the group is currently unreachable via multicast and
may retry, select an alternative source or fall back to unicast.
Stale-state fallback. If a Join(S, G) reaches a router whose table
has filled up since its last LSA/LSP update, that router discards the
join. It then notifies the rejection downstream with a new PIM mes-
sage (Join Rejected). The downstream router directly connected
to the host announce the failure to establish a multicast branch
using ICMP/ICMP6 [17]. The host falls back to unicast, and can
retry to join the multicast tree after some time has passed, hoping
that some multicast entries have been freed.

or

P1<PZ iff {

5 SIMULATION

To validate the SWP heuristic, we simulate join admission on three
real ISP topologies drawn from the Internet Topology Zoo [21]:
Cogentco (197 nodes, 243 edges), Tata NLD (145 nodes, 186 edges),
and GEANT 2012 (40 nodes, 61 edges), as well as a fat-tree topology
(180 nodes, 1728 edges) as multicast can be used in datacenter for
group communication (e.g. machine learning [23]). Each router is
assigned a maximum multicast forwarding entry count drawn from
a log-uniform distribution over [50, 5000], reflecting the order-of-
magnitude spread seen in Figure 1. For the fat-tree, all nodes have
a fixed capacity of 100 to reflect the homogeneity of devices in
datacenters. We scale down by a factor 20 the available capacities to
have tractable simulations, thus the load should be multiplied by 20
in real network to obtain realistic results. We assume that multicast
groups are independent of each others, such that multicast joins
arrive as a Poisson process (rate 1). Receivers listen to the joined
channel for an exponentially distributed time with mean 1/p = 10s;
The average network load is p = A/pu. Each join selects randomly a
receiver from the set of all nodes and a channel from a pool of p
channels. Each experiment is carried out for 5/ s, to ensure that
joins and leaves are interleaved.

Capacity information is disseminated via threshold triggered
LSA updates at the thresholds defined in Section 3; We consider
a 10ms delay on links, such that the propagation of LSAs is not
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instantaneous. Results are averaged over ten independent seeds;
error bars show 95% confidence intervals.

We compare the three path-selection criteria we presented in sec-
tion 4: SWP, which takes paths with maximum remaining capacity
first; Pruned SP, which removes fully exhausted nodes (a(v) = 0)
before running Dijkstra, but treats all remaining nodes identically;
and SP, plain shortest path, which rejects joins only when the cho-
sen path passes through an exhausted node (current behaviour of
PIM).

Impact on the acceptance rate. Figure 2 shows the accep-
tance rate across all four topologies. At low load (p = 100) all
algorithms accept every join because the network is far from satu-
ration. In this condition, utilisation remains below the first flooding
threshold and SWP falls back to plain shortest-path behaviour. As
load increases, plain SP degrades fastest: it commits to short paths
regardless of intermediate capacity, so bottleneck nodes become
exhausted early and subsequent joins fail even when alternative
routes exist. Pruned SP improves on SP by sidestepping fully ex-
hausted nodes, but it still ignores the residual available capacity of
non-exhausted nodes and tends to quickly fill up the state of nodes
on the shortest-path. SWP retains the highest acceptance rate on all
topologies: on Cogentco at p = 500 it accepts 99% of joins vs. 98.3%
for Pruned SP and 91% for SP; at p = 1000 the gap widens to 83.7%
(SWP) vs. 71.9% (SP), a +11 percentage-point improvement. Re-
sults on Tata NLD (+17 pp), GEANT 2012 (+22 pp) at the same load
are consistent. The fat-tree shows the largest gap between SWP
and SP at high loads because it offers many alternate paths, mak-
ing SWP’s capacity-aware detours correspondingly more valuable.
Compared to plain SP, SWP allows to maintain an acceptance rate
of 100% for a 2x higher load. At very high load (p > 10%), the three
methods tend to achieve the same acceptance rate, as the network is
completely overloaded and no path has any remaining capacity to
install new entries. SWP thus works best at moderate loads, where
it can find alternate paths with available capacity.

Impact on flooding,. In parallel to the join acceptance rate, we
wanted to study the impact of our solution on the flooding process.
Indeed, to maintain up-to-date capacity information, nodes need
to flood the capacity information when utilisation threshold are
reached. Figure 3 shows the impact of our proposition on flooding
for the Cogentco and fat-tree topologies. Results for the other ISP
topologies are similar to Cogentco. Both Pruned SP and SWP leads
to additional flooding. At moderate loads, the number of capacity
advertisement is lower when using SWP compared to Pruned SP
on all studied topologies. Indeed, SWP tends to spread joins over
several paths depending on the available capacity, while Pruned SP
will fill up the shortest-path first until the capacity of nodes is
exhausted. As capacity threshold are tighter at high utilisation,
flooding is directly impacted, explaining the higher number of
advertisements when using Pruned SP. However, at high loads, this
trend is reversed. As SWP spread joins to maintain the maximum
bottleneck capacity, it may send joins on longer paths. As paths are
longer, more multicast entries are consumed per path, which results
in a higher number of advertisements due to increased utilisation.

Impact on path length. Finally, as SWP may reroute joins on
non-shortest path, we wanted to see the impact of this property
on path length. Figure 4 presents the average path length with
reference to the load. At low load all three algorithms produce
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Figure 2: Join acceptance rate vs. network load p = 1/ on selected topologies. Both SWP and Pruned SP consistently accepts
the most joins at moderate loads, and have the same acceptance rate as SP at high loads. Dotted lines delimit loads under which
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Figure 3: Number of capacity advertisement vs. network load p = A/u
on selected topologies. Pruned SP and SWP generates flooding over-
head compared to classical SP in order to distribute capacity informa-

tion.

the same mean path length: no capacity constraints have been
advertised, so SWP has no reason to deviate from the shortest path.
As p grows and nodes begin crossing advertisement thresholds,
SWP starts routing around them, and its mean path length increases
compared to SP and Pruned SP. At p = 1000 the mean SWP path on
Cogentco is ~ 12.3 hops vs. ~ 11.1 for Pruned SP and ~ 9.6 for SP.
The detours are the direct consequence of the widest-path primary
criterion: SWP routes around nodes nearing exhaustion, consuming
extra hops to preserve the widest bottleneck. We consider this trade-
off as appropriate: in a hardware-constrained multicast network,
admitting a join on a slightly longer path is strictly preferable to
rejecting it and delivering nothing. A counter-intuitive observation
is that the mean path length for all three methods is decreasing as
the load increases. At high load, the distribution of the acceptance
rate depending on the path length is not uniform. Longer paths
have a higher chance of being rejected, as they go through more
nodes that may have exhausted their available multicast entries
(e.g. 53% acceptance rate for a path with 5 hops vs. 28% for a path
with 10 hops). All methods thus exhibits an unfair behaviour at
high load and, as short paths are more often accepted than longer
paths, the mean path length decreases accordingly.
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Figure 4: Mean accepted path length vs. network load
on Cogentco. All three algorithms follow the same
shortest-path baseline at low load. As load increases,
SWP takes longer routes to avoid capacity-constrained
nodes and SP path length decrease as it rejects more
often longer paths.

6 RELATED WORK

To our knowledge, the multicast forwarding capacity of routers has
not been taken into account in the design of multicast routing pro-
tocols within the IETF. Certain protocols, such as the RSVP protocol
[33] takes certain resources into account. However, RSVP mainly
deals with delay/bandwidth and does not consider the multicast
forwarding state. Its deployment for IP multicast was also limited.

BIER [32] takes a different approach from PIM by encoding the
distribution tree directly in packet headers, so all intermediate
routers need no per-(S, G) state at all. The tree is represented as a
bitstring identifying all egress border routers that should receive the
packet. However, BIER trades core state for ingress border router
state. Even though core routers do not need to store any state,
each ingress border router must still store, for every (S, G), the
associated bitstring, whose size grows linearly with the number of
border routers. Additionally, BIER add overhead in the data plane, as
it requires to store the bitstring inside packets. Similarly to PIM, we
could extend BIER ingress border routers to send an ICMP/ICMP6
Group Unreachable[17] if the number of BIER fowarding entries
has been exhausted.

Yeti [12] is another stateless multicast approach, which encodes
distribution trees using labels. Yeti proposes an interesting exten-
sion to multicast by allowing service chaining, where multicast
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packets are forced to pass through specific network functions. How-
ever, Yeti has not been standardised, and is thus inappropriate for
deployment on the Internet or in public datacenters.

BGP-MVPN [27] is an extension of BGP allowing customers
connected by a provider to benefit from multicast connectivity
between their different sites. Providers ensure multicast connec-
tivity between the sites of a customer by instantiating Multicast
Distribution Tree (MDT), allowing an efficient distribution by repli-
cating packets only when needed. For each customer, providers
typically have one MDT (called Default MDT) inside their network
for control and low-rate multicast flows, and one MDT (called Data
MDT) for each high-rate multicast flow [22]. A Data MDT is cre-
ated for a flow whenever this flow’s rate exceeds a configurable
threshold. To create the Data MDTs, provider networks typically
use PIM-SSM [22]. Our solution could thus be used as-is in BGP-
MVPN deployments relying on PIM for creating MDTs, allowing
to increase the number of concurrent multicast flows coexisting in
provider networks.

7 CONCLUSION

Multicast allows efficient distribution of the same information to
many receivers. It provides a much better utilization of the network
resources than unicast for one-to-many communications. However,
it was designed for a world where group membership always suc-
ceeded, replication state was unlimited, and the only relevant limit
was link bandwidth. These assumptions have been overtaken by
hardware reality with limited resources.

In this paper, we first surveyed the hardware limits of several ISP
and enterprise routers and showed that the multicast forwarding
capacity of modern routers is finite and needs to be managed like
other limited resources. We then proposed to revisit intradomain
multicast routing protocols to take these limitations into account.
Since OSPF and IS-IS are the dominant intradomain routing proto-
cols, we propose to extend them to carry multicast state capacity
advertisements, exposing the available replication capacity to the
control plane. Building on this capacity information, we introduced
two capacity-aware path-selection algorithms for PIM-SSM, Pruned
SP and SWP, allowing to load balance multicast joins on alternate
paths to leverage spare multicast capacity.

We validated our design with simulation on representative In-
ternet Topology Zoo networks and a fat-tree topology. Pruned SP
and SWP accepts 11-22 percentage points more joins at p = 1000
(20k concurrent (S, G) in real networks) than plain shortest-path
routing. For 100% acceptance rate, both methods allows to achieve a
2x higher load compared to the maximum load plain shortest-path
routing can support.

Our future work will include deployment trials to evaluate SWP
in operational networks, as well as extensions of the path selection
algorithm to include other interesting metrics, such as available
link bandwidth or link delay.
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