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Abst ract

Thi s docunent specifies a new architecture for the forwardi ng of
mul ti cast data packets. It provides optinmal forwarding of nulticast
packets through a "multicast domain". However, it does not require a
protocol for explicitly building nmulticast distribution trees, nor
does it require internedi ate nodes to naintain any per-flow state.
This architecture is known as "Bit Index Explicit Replication”

(BIER). When a multicast data packet enters the domain, the ingress
router determ nes the set of egress routers to which the packet needs
to be sent. The ingress router then encapsul ates the packet in a

Bl ER header. The BIER header contains a bit string in which each bit
represents exactly one egress router in the domain; to forward the
packet to a given set of egress routers, the bits corresponding to
those routers are set in the BIER header. The procedures for
forwardi ng a packet based on its BIER header are specified in this
docunent. Elimnation of the per-flow state and the explicit tree-
buil ding protocols results in a considerable sinplification
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Status of This Meno

Thi s docunent is not an Internet Standards Track specification; it is
publ i shed for exam nation, experinental inplenentation, and
eval uati on.

Thi s docunent defines an Experinmental Protocol for the Internet
community. This docunment is a product of the Internet Engi neering
Task Force (IETF). It represents the consensus of the |ETF
community. It has received public review and has been approved for
publication by the Internet Engineering Steering Goup (IESG. Not
all docunents approved by the I ESG are a candidate for any |evel of
Internet Standard; see Section 2 of RFC 7841

I nformati on about the current status of this docunent, any errata,
and how to provide feedback on it nmay be obtained at
https://ww. rfc-editor.org/info/rfc8279

Copyri ght Notice

Copyright (c) 2017 |IETF Trust and the persons identified as the
docunent authors. Al rights reserved.

Thi s docunent is subject to BCP 78 and the | ETF Trust’'s Lega
Provisions Relating to | ETF Docunents
(https://trustee.ietf.org/license-info) in effect on the date of
publication of this docunment. Please review these documents
carefully, as they describe your rights and restrictions with respect
to this docunent. Code Conponents extracted fromthis docunent nust
include Sinplified BSD Li cense text as described in Section 4.e of
the Trust Legal Provisions and are provided without warranty as
described in the Sinplified BSD License.
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1.

I nt roducti on

Thi s docunent specifies a new architecture for the forwardi ng of
mul ti cast data packets. The architecture provides optinmal forwarding
of multicast data packets through a "nulticast donmmin". However, it
does not require the use of a protocol for explicitly building

mul ticast distribution trees, and it does not require internediate
nodes to maintain any per-flow state. This architecture is known as
"Bit Index Explicit Replication" (BIER).

A router that supports BIER is known as a "Bit-Forwardi ng Router"
(BFR). The BIER control -plane protocols (see Section 4.2) run within
a "Bl ER domain", allowing the BFRs within that domain to exchange the
i nformati on needed for themto forward packets to each ot her

usi ng Bl ER.

A multicast data packet enters a BIER donmain at a "Bit-Forwarding
Ingress Router" (BFIR), and |eaves the BIER dormain at one or nore
"Bit-Forwardi ng Egress Routers" (BFERs). A BFR that receives a
mul ti cast data packet from another BFR in the sanme Bl ER domain, and
forwards the packet to another BFR in the sanme BIER domain, will be
known as a "transit BFR' for that packet. A single BFR may be a BFIR
for sonme multicast traffic while also being a BFER for sone nulticast
traffic and a transit BFR for some nulticast traffic. |In fact, for a
gi ven packet, a BFR may be a BFIR and/or a transit BFR and/or (one
of ) the BFER(s) for that packet.

A BI ER domain may contain one or nore sub-domains. Each BlI ER domain
MUST contain at |east one sub-domain, the "default sub-domain" (also
denoted "sub-domain 0"). |If a BIER donmain contains nore than one
sub-domai n, each BFR in the domain MJST be provisioned to know the
set of sub-domains to which it belongs. Each sub-domain is
identified by a sub-domain-id in the range [0, 255].

For each sub-domain to which a given BFR belongs, if the BFR is
capabl e of acting as a BFIR or a BFER, it MJST be provisioned with a
"BFR-id" that is unique within the sub-domain. A BFRid is a small
unstructured positive integer. For instance, if a particular BIER
sub-domai n contains 1,374 BFRs, each one could be given a BFR-id in
the range [1, 1374].

If a given BFR belongs to nore than one sub-dormain, it nmay (though it
need not) have a different BFR-id for each sub-domain

VWhen a mul ticast packet arrives fromoutside the domain at a BFI R,
the BFIR determ nes the set of BFERs to which the packet will be

sent. The BFIR also deternines the sub-dormain in which the packet
will be sent. Deternining the sub-donmain in which a given packet
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will be sent is known as "assigning the packet to a sub-donmain".
Procedures for choosing the sub-domain to which a particul ar packet
is assigned are outside the scope of this docunent. However, once a
particul ar packet has been assigned to a particular sub-domain, it
remai ns assigned to that sub-domain until it |eaves the BIER donain.
That is, the sub-domain to which a packet is assigned MJST NOT be
changed while the packet is in flight through the BIER domain.

Once the BFIR determ nes the sub-domain and the set of BFERs for a

gi ven packet, the BFIR encapsul ates the packet in a "Bl ER header".
The Bl ER header contains a bit string in which each bit represents a
single BFR-id. To indicate that a particular BFER is to receive a

gi ven packet, the BFIR sets the bit corresponding to that BFER s
BFR-id in the sub-domain to which the packet has been assigned. W
will use the term"BitString" to refer to the bit string field in the
Bl ER header. We will use the term"payload" to refer to the packet
that has been encapsul ated. Thus, a "Bl ER-encapsul at ed" packet
consists of a "BIER header" foll owed by a "payl oad".

The nunber of BFERs to which a given packet can be forwarded is
limted only by the length of the BitString in the Bl ER header.

Di fferent deploynents can use different BitString lengths. W will
use the term"BitStringLength" to refer to the nunber of bits in the
BitString. It is possible that some deployments will have nore BFERs
in a given sub-domain than there are bits in the BitString. To
acconmodat e this case, the BIER encapsul ation includes both the
BitString and a "Set ldentifier” (SI). It is the BitString and the
SI together that determine the set of BFERs to which a given packet
will be delivered:

0 By convention, the least significant (rightnost) bit in the
BitString is "bit 1", and the nost significant (leftnost) bit is
"bit BitStringLength".

o |If a BIER-encapsul ated packet has an SI of n and a BitString with
bit k set, then the packet nmust be delivered to the BFER whose
BFR-id (in the sub-domain to which the packet has been assi gned)
is n*BitStringlLength+k

For exanpl e, suppose the BIER encapsul ati on uses a BitStringLength of
256 bits. By convention, the least significant (rightnost) bit is
bit 1, and the nost significant (leftnost) bit is bit 256. Suppose
that a given packet has been assigned to sub-domain 0 and needs to be
delivered to three BFERs, where those BFERs have BFR-ids in
sub-domain 0 of 13, 126, and 235, respectively. The BFIR would
create a BIER encapsulation with the SI set to zero and with bits 13,
126, and 235 of the BitString set. (Al other bits of the BitString
woul d be clear.) |If the packet also needs to be sent to a BFER whose
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BFR-id is 257, the BFIR woul d have to create a second copy of the
packet, and the BIER encapsul ati on woul d specify an SI of 1, and a
BitString with bit 1 set and all the other bits clear

It is generally advantageous to assign the BFR-ids of a given
sub-donmain so that as nany BFERs as possible can be represented in a
single bit string.

Suppose a BFR (call it "BFR-A") receives a packet whose Bl ER
encapsul ati on specifies an SI of 0 and a BitString with bits 13, 26,
and 235 set. Suppose BFR-A has two BFR nei ghbors, BFR-B and BFR-C
such that the best path to BFERs 13 and 26 is via BFR-B, but the best
path to BFER 235 is via BFR-C. BFR-A will then replicate the packet,
sendi ng one copy to BFR-B and one copy to BFR-C. However, BFR-A wl|l
clear bit 235 in the BitString of the packet copy it sends to BFR-B
and will clear bits 13 and 26 in the BitString of the packet copy it
sends to BFR-C. As a result, BFR-B will forward the packet only
towards BFERs 13 and 26, and BFR-C will forward the packet only
towards BFER 235. This ensures that each BFER receives only one copy
of the packet.

Detai |l ed procedures for forwarding a Bl ER-encapsul ated packet through
a BI ER donmmi n can be found in Section 6.

Wth this forwardi ng procedure, a nulticast data packet can follow an
optimal path fromits BFIR to each of its BFERs. Further, since the
set of BFERs for a given packet is explicitly encoded into the BIER
header, the packet is not sent to any BFER that does not need to
receive it. This allows for optinmal forwarding of nulticast traffic.
This optimal forwarding is achieved without any need for transit BFRs
to maintain per-flow state or to run a nulticast tree-building

pr ot ocol

The idea of encoding the set of egress nodes into the header of a
mul ti cast packet is not new. For exanple, [Boivie Feldnman] proposes
to encode the set of egress nodes as a set of |P addresses, and
proposes nechani sns and procedures that are in sone ways sinilar to
those described in the current docunent. However, since BlIER encodes
each BFR-id as a single bit in a bit string, it can represent up to
128 BFERs in the same nunber of bits that it would take to carry the
| Pv6 address of a single BFER  Thus, BIER scales to a nuch | arger
nunber of egress nodes per packet.

Bl ER does not require that each transit BFR | ook up the best path to

each BFER that is identified in the BlIER header; the nunber of
| ookups required in the forwarding path for a single packet can be
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limted to the nunber of neighboring BFRs; this can be much smaller
than the nunber of BFERs. See Section 6 (especially Section 6.5) for
detail s.

The key words "MJST", "MJST NOT*, "REQU RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMVENDED', "NOT RECOMVENDED', "MAY", and
"OPTIONAL" in this docunment are to be interpreted as described in
BCP 14 [ RFC2119] [RFCB174] when, and only when, they appear in all
capital s, as shown here

2. The BFR lIdentifier and BFR-Prefix

Each BFR MJUST be assigned a single "BFR-prefix" for each sub-domain
to which it belongs. A BFR s BFR-prefix MJST be an | P address
(either 1Pv4 or 1Pv6) of the BFR It is RECOMVENDED t hat the
BFR-prefix be a | oopback address of the BFR

If a BFR belongs to nore than one sub-domain, it may (though it need
not) have a different BFR-prefix in each sub-domain

Al BFR-prefixes used within a given sub-domain MJST belong to the
sanme address famly (either 1Pv4d or |Pv6).

The BFR-prefix of a given BFR in a given sub-domain MUST be routable
in that sub-domain. Wether a particular BFR-prefix is routable in a
gi ven sub-domai n depends on the "routing underlay" associated with
that sub-domain. The notion of "routing underlay" is described in
Section 4.1.

A "BFR lIdentifier" (BFRid) is a nunber in the range [1, 65535].
Wthin a given sub-donmain, every BFR that nay need to function as a
BFI R or BFER MUST have a single BFR-id, which identifies it uniquely
within that sub-domain. A BFR that does not need to function as a
BFIR or BFER in a given sub-donmain does not need to have a BFR-id in
t hat sub- domai n.

The value 0 is not a |legal BFR-id.

The procedure for assigning a particular BFR-id to a particular BFR
is outside the scope of this docunent. However, it is RECOVMENDED
that the BFR-ids for each sub-donain be assigned "densely" fromthe
nunbering space, as this will result in a nore efficient encoding
(see Section 3). That is, if there are 256 or fewer BFERs, it is
RECOMVENDED to assign all the BFRids fromthe range [1,256]. |If
there are nore than 256 BFERs but |ess than 512, it is RECOMVENDED t o
assign all the BFRids fromthe range [1,512], with as few "hol es" as
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possible in the earlier range. However, in sone deploynments, it may
be advantageous to depart fromthis recomendation; this is discussed
further in Section 3.

In sone deploynents, it may not be possible to support (in a given
sub-domain) the full range of 65,535 BFR-ids. For exanmple, if the
BFRs in a given sub-domain only support 16 Sls and if they only
support BitStringLengths of 256 or |ess, then only 16*256=4, 096
BFR-ids can be supported in that sub-domain.

3. Encoding BFR Identifiers in BitStrings

To encode a BFR-id in a BIER data packet, one must convert the BFR-id
to an SI and a BitString. This conversion depends upon the paraneter
we are calling "BitStringLength”. The conversion is done as follows.
If the BFR-id is N, then

o Sl is the integer part of the quotient (N-1)/BitStringLength.

o The BitString has one bit position set. |If the loworder bit is
bit 1 and the high-order bit is bit BitStringLength, the bit
position that represents BFR-id Nis
((N-1) nodulo BitStringLength)+1

If several different BFR-ids all resolve to the same SI, then all of
those BFR-ids can be represented in a single BitString. The
BitStrings for all of those BFR-ids are conbined using a bitw se

| ogi cal OR operation.

Wthin a given BIER domain (or even within a given Bl ER sub-donmai n),
different values of BitStringLength may be used. Each BFR MJST be
provi sioned to know the foll ow ng:

o The BitStringLength ("lInposition BitStringLength") and sub-domain
("I nmposition sub-domain") to use when it inposes (as a BFIR) a
Bl ER encapsul ation on a particul ar set of packets, and

o The BitStringLengths ("Disposition BitStringLengths") that it wll
process when (as a BFR or BFER) it receives packets froma
particul ar sub-donmain.

It is not required that a BFIR use the same | nposition
BitStringLength or the same Inposition sub-domain for all packets on
which it inmposes the BIER encapsul ation. However, if a particular
BFIR is provisioned to use a particular Inposition BitStringLength
and a particular Inposition sub-domai n when inposing the
encapsul ati on on a given set of packets, all other BFRs with BFR-ids
in that sub-domain SHOULD be provisioned to process received Bl ER
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packets with that BitStringLength (i.e., all other BFRs with BFR-ids
in that sub-domain SHOULD be provisioned with that BitStringlLength as
a Disposition BitStringLength for that sub-domain). Exceptions to
this rule MAY be made under certain conditions; this is discussed in
Section 6. 10.

When a BI ER encapsul ation is specified, the specification MIST define
a default BitStringLength for the encapsul ation. Every BFIR
supporting that encapsul ati on MJUST be capabl e of being provisioned
with that default BitStringlLength as its Inposition BitStringlLength.
Every BFR and BFER supporting that encapsul ati on MJST be capabl e of
bei ng provisioned with that default BitStringLength as a Disposition
Bi t StringLengt h.

The specification of a BlIER encapsul ati on MAY al so all ow the use of
other BitStringlLengths.

If a BFR is capabl e of being provisioned with a given val ue of
BitStringLength as an Inposition BitStringLength, it MJST al so be
capabl e of being provisioned with that same value as one of its

Di sposition BitStringLengths. It SHOULD be capabl e of being

provi sioned with each legal snmaller value of BitStringLength as (a)
its Inmposition BitStringLength, and (b) one of its Disposition

Bit Stri ngLengt hs.

In order to support transition fromone BitStringLength to anot her,
every BFR MJST be capabl e of being provisioned to simultaneously use
two different Disposition BitStringlLengths.

A BFR MUST support SI values in the range [0, 15] and MAY support Si
values in the range [0,255]. ("Supporting the values in a given
range" neans, in this context, that any value in the given range is
Il egal and will be properly interpreted.) Note that for a given
BitStringLength, the total nunber of BFR-ids that can be represented
is the product of the BitStringLength and the nunber of supported
Sls. For example, if a deploynent uses (in a given sub-domain) a
BitStringLength of 64 and supports 256 Sls, that deploynent can only
support 16384 BFR-ids in that sub-domain. Even a depl oynent that
supports 256 SIs will not be able to support 65,535 BFR-ids unless it
uses a BitStringLength of at |east 256.

When a BFIR determnes that a multicast data packet, assigned to a

gi ven sub-domain, needs to be forwarded to a particul ar set of
destination BFERs, the BFIR partitions that set of BFERs into
subsets, where each subset contains the target BFERs whose BFR-ids in
the given sub-domain all resolve to the sane SI. Call these the

"SIl -subsets" for the packet. Each Sl-subset can be represented by a
single BitString. The BFIR creates a copy of the packet for each
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Sl -subset. The BIER encapsul ation is then applied to each packet.
The encapsul ation specifies a single SI for each packet and contains
the BitString that represents all the BFRids in the correspondi ng

Sl -subset. O course, in order to properly interpret the BitString,
it must be possible to infer the sub-domain-id fromthe encapsul ation
as wel | .

Suppose, for exanple, that a BFIR deternines that a given packet
needs to be forwarded to three BFERs, whose BFR-ids (in the
appropri ate sub-donmain) are 27, 235, and 497. The BFIR will have to
forward two copies of the packet. One copy, associated with SI=0,
will have a BitString with bits 27 and 235 set. The other copy,
associated with SI=1, will have a BitString with bit 241 set.

In order to minimze the nunber of copies that nust be made of a
given nmulticast packet, it is RECOWENDED that the BFR-ids used in a
gi ven sub-domai n be assigned "densely" (see Section 2) fromthe
nunbering space. This will mnimze the nunber of Sls that have to
be used in that sub-domain. However, depending upon the details of a
particul ar depl oynent, other assignment methods may be nore

advant ageous. Suppose, for exanple, that in a certain depl oynent,
every nmulticast flowis intended either for the "east coast" or for
the "west coast", but not for both coasts. In such a deploynent, it
woul d be advantageous to assign BFR-ids so that all the "west coast"
BFR-ids fall into the sane Sl-subset and so that all the "east coast"
BFR-ids fall into the same SlI-subset.

When a BFR receives a BIER data packet, it will infer the SI fromthe
encapsul ati on. The set of BFERs to which the packet needs to be
forwarded can then be inferred fromthe SI and the BitString.

In sone of the exanples given later in this document, we will use a
BitStringLength of 4 and will represent a BFR-id in the form
"Sl:xyzw', where SI is the Set ldentifier of the BFRid (assum ng a
BitStringLength of 4) and xyzw is a string of 4 bits. A
BitStringLength of 4 is used only in the exanples; we woul d not
expect actual deploynments to have such a small BitStringlLength.

It is possible that several different forns of BIER encapsul ation
will be developed. |If so, the particular encapsulation that is used
in a given deploynent will depend on the type of network
infrastructure that is used to realize the BIER dormain. Details of
the BI ER encapsul ation(s) will be given in conpanion docunents. An
encapsul ation for use in MPLS networks is described in

[ MPLS_BI ER_ENCAPS] ; that docunment al so describes a very simlar
encapsul ati on that can be used in non- MPLS net works.
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4. Layering

It is helpful to think of the BIER architecture as consisting of
three layers: the "routing underlay", the "BIER | ayer", and the
"mul ticast flow overlay".

4.1. The Routing Underl ay

The "routing underlay" establishes "adjacenci es" between pairs of
BFRs and deternmines one or nore "best paths" froma given BFRto a
given set of BFRs. Each such path is a sequence of BFRs

<BFR(k), BFR(k+1), ..., BFR(k+n)> such that BFR(k+j) is "adjacent" to
BFR(k+j +1) (for 0<=j<n).

At a given BFR say BFR-A for every IP address that is the address
of a BFRin the BIER donmain, the routing underlay will map that IP
address into a set of one or nobre "equal -cost" adjacencies. If a

Bl ER data packet has to be forwarded by BFR-A to a given BFER, say
BFER-B, the packet will follow the path fromBFR-A to BFER-B that is
determ ned by the routing underl ay.

It is expected that in a typical deploynent, the routing underlay
will be the default topology that the Interior Gateway Protoco
(I1GP), e.g., OSPF, uses for unicast routing. |In that case, the
under |l ay adjacencies are just the OSPF adjacencies. A BIER data
packet traveling fromBFR-A to BFER-B will follow the path that OSPF
has sel ected for unicast traffic from BFR-A to BFER-B.

If one wants to have multicast traffic fromBFR-A to BFER-B travel a
path that is different fromthe path used by the unicast traffic from
BFR-A to BFER-B, one can use a different underlay. For exanple, if
mul ti-topol ogy OSPF is being used, one OSPF topol ogy coul d be used
for unicast traffic and the other for multicast traffic. (Each

t opol ogy woul d be considered to be a different underlay.)

Al ternatively, one could deploy a routing underlay that creates a
mul ticast-specific tree of some sort. BIER could then be used to
forward nulticast data packets along the multicast-specific tree,
whi | e uni cast packets follow the "ordinary" OSPF best path. (lIn a
case like this, many multicast flows could be traveling along a
single tree, and the BitString carried by a particul ar packet woul d
identify those nodes of the tree that need to receive that packet.)
It is even possible to have nmultiple routing underlays used by Bl ER
as long as one can infer froma data packet’s Bl ER encapsul ati on

whi ch underlay is being used for that packet.
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If multiple routing underlays are used in a single BlIER domain, each
Bl ER sub-domai n MJUST be associated with a single routing underl ay
(though multiple sub-domains may be associated with the same routing
underlay). A BFR that belongs to nultiple sub-domai ns MJST be

provi sioned to know which routing underlay is used by each
sub-domain. By default (i.e., in the absence of any provisioning to
the contrary), each sub-domain uses the default topol ogy of the

uni cast 1 GP as the routing underl ay.

In scenari os where External BGP (EBGP) is used as the IGP, the
under| ay adj acencies, by default, are the BGP adj acenci es.

Speci fication of the protocols and procedures of the routing underlay
is outside the scope of this docunent.

4.2. The BIER Layer
The BIER | ayer consists of the protocols and procedures that are used
in order to transmt a nulticast data packet across a BIER domain,
fromits BFIRto its BFERs. This includes the foll ow ng components:

0 Protocols and procedures that a given BFR uses to advertise, to
all other BFRs in the sanme Bl ER donai n:

* its BFR-prefix;

* its BFR-id in each sub-domain for which it has been provisioned
with a BFR-id;

* the set of Disposition BitStringLengths it has been provisioned
to use for each sub-domain;

* optionally, information about the routing underlay associ ated
wi th each sub-donain.

0 The procedures used by a BFIR to i npose a Bl ER header on a
mul ti cast data packet.

0 The procedures for forwardi ng Bl ER-encapsul ated packets and for
nmodi fying the Bl ER header during transit.

0 The procedures used by a BFER to decapsul ate a Bl ER packet and
properly dispatch it.
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4.3. The Multicast Flow Overlay

The "mul ticast flow overlay" consists of the set of protocols and
procedures that enable the follow ng set of functions.

0 Wien a BFIR receives a multicast data packet from outside the BIER
domain, the BFIR nust determine the set of BFERs for that packet.
This information is provided by the multicast flow overl ay.

0 When a BFER receives a Bl ER-encapsul at ed packet frominside the
Bl ER donmi n, the BFER nust determ ne how to further forward the
packet. This information is provided by the multicast flow
overl ay.

For exanpl e, suppose the BFIR and BFERs are Provi der Edge (PE)
routers providing Miulticast Virtual Private Network (MPN) service.
The nulticast flow overlay consists of the protocols and procedures
described in [ RFC6513] and [ RFC6514]. The MPN signal i ng descri bed
in those RFCs enables an ingress PE to deternine the set of egress
PEs for a given nmulticast flow (or set of flows); it also enables an
egress PE to determine the "Virtual Routing and Forwardi ng Tabl es”
(VRFs) to which nmulticast packets fromthe backbone network shoul d be
sent. MPN signaling al so has several conponents that depend on the
type of "tunneling technol ogy" used to carry nulticast data through
the network. Since BIERis, in effect, a new type of "tunneling
technol ogy", some extensions to the MVPN signaling are needed in
order to properly interface the nulticast flow overlay with the BIER
| ayer. These are specified in [BlI ER_ MVPN].

MVPN i s just one exanple of a nulticast flow overlay. Protocols and
procedures for other overlays will be provided in conpani on
docunents. It is also possible to inmplenent the multicast flow
overlay by neans of a "Software-Defined Network"” (SDN) controller
Speci fication of the protocols and procedures of the multicast flow
overlay is outside the scope of this docunent.

5. Advertising BFR-ids and BFR-Prefixes

As stated in Section 2, each BFER is assigned (by provisioning) a
BFR-id (for a given BIER sub-domain). Each BFER nust advertise these
assignnents to all the other BFRs in the donmain. Sinmilarly, each BFR
is assigned (by provisioning) a BFR-prefix (for a given Bl ER donuai n)
and nust advertise this assignnent to all the other BFRs in the
domain. Finally, each BFR has been provisioned to use a certain set
of Disposition BitStringLengths for each sub-domain and nust
advertise these to all other BFRs in the domain.
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If the BIER domain is also a link-state routing | GP domain (i.e., an
OSPF or 1S-1S domain), the advertisenent of the BFR-prefix,

<sub-domai n-id, BFR-id> and BitStringLength can be done using the
adverti senent capabilities of the IGP. For exanple, if a BIER donain
is also an OSPF donmain, these advertisenents can be done using the
OSPF "(Opaque Link State Advertisenent" (Opaque LSA) nechani sm
Details of the necessary extensions to OSPF and IS-1S will be

provi ded i n conpani on docunents. (See [ OSPF_BI ER_EXTENSI ONS] and
[1SI'S Bl ER_ EXTENSI ONS] . )

If, in a particular deploynent, the BIER donmain is not an OSPF or

I S-1S donmain, procedures suitable to the depl oynent nust be used to
advertise this information. Details of the necessary procedures will
be provided in conpani on docunments. For exanple, if BGP is the only
routing algorithmused in the BlIER domai n, the procedures of

[ BGP_BI ER_EXTENSI ONS] may be used.

These advertisenments enabl e each BFR to associate a given
<sub-domain-id, BFR-id> with a given BFR-prefix. As will be seen in
subsequent sections of this docunent, know edge of this association
is an inportant part of the forwardi ng process.

Si nce each BFR needs to have a unique (in each sub-donain) BFR-id,
two different BFRs will not advertise ownership of the sane
<sub-domai n-id, BFR-id> unless there has been a provisioning error.

o |If BFR-A determines that BFR-B and BFR-C have both advertised the
same BFR-id for the sane sub-donmain, BFR-A MJUST | og an error.
Suppose that the duplicate BFRid is "N'. Wwen BFR A is
functioning as a BFIR, it MJST NOT encode the BFR-id value Nin
the BI ER encapsul ati on of any packet that has been assigned to the
gi ven sub-domain, even if it has determ ned that the packet needs
to be received by BFR-B and/or BFR-C.

This will nmean that BFR-B and BFR-C cannot receive multicast
traffic at all in the given sub-domain until the provisioning
error is fixed. However, that is preferable to having them
receive each other’'s traffic.

0 Suppose that BFR-A has been provisioned with BFR-id N for a
particul ar sub-domain but that it has not yet advertised its
ownership of BFR-id N for that sub-domain. Suppose also that it
has received an advertisement froma different BFR (say BFR-B)
that is advertising ownership of BFR-id N for the same sub-domain.
In such a case, BFR-A SHOULD | og an error and MJUST NOT adverti se
its own ownership of BFR-id N for that sub-domain as |long as the
advertisement fromBFR-B is extant.
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Thi s procedure may prevent the accidental msconfiguration of a
new BFR from i npacting an existing BFR

If a BFR advertises that it has a BFR-id of 0 in a particular
sub-donmai n, other BFRs receiving the adverti senent MJST interpret
that advertisenent as neaning that the advertising BFR does not have
a BFR-id in that sub-domnain.

6. BIER Intra-Domai n Forwardi ng Procedures
This section specifies the rules for forwardi ng a Bl ER- encapsul at ed
data packet within a BIER domain. These rules are not intended to
specify an inplenmentation strategy; to conformto this specification,
an i npl ementati on need only produce the same results that these rules
pr oduce.

6.1. Overview
This section provides a brief overview of the BlIER forwarding
procedures. Subsequent subsections specify the procedures in nore
detail .
To forward a Bl ER-encapsul at ed packet:
1. Determine the packet’s sub-donmain.
2. Determne the packet’s BitStringLength and BitString.
3. Determne the packet’s SI.

4. Fromthe sub-domain, the SI, and the BitString, determine the set
of destination BFERs for the packet.

5. Using information provided by the routing underlay associ ated
with the packet’s sub-donain, determ ne the next-hop adjacency
for each of the destination BFERs.

6. It is possible that the packet’s BitString will have one or nore
bits that correspond to BFR-ids that are not in use. It is also
possi ble that the packet’s BitString will have one or nore bits
that correspond to BFERs that are unreachable, i.e., that have no
next - hop adjacency. |In the following, we will consider the
"next - hop adjacency" for all such bit positions to be the "null"
next hop.

7. Partition the set of destination BFERs such that all the BFERs in
a single partition have the sane next hop. W wll say that each
partition is associated with a next hop.
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8. For each partition:
a. Mke a copy of the packet.

b. Cdear any bit in the packet's BitString that identifies a
BFER that is not in the partition.

c. Transmit the packet to the associated next hop. (If the
next hop is the null next hop, the packet is discarded.)

If a BFR receives a Bl ER-encapsul at ed packet whose <sub-domain, SI,
BitString> triple identifies that BFRitself, then the BFRis also a
BFER for that packet. As a BFER it nust pass the payload to the
multicast flow overlay. |If the BitString has bits set for other
BFRs, the packet al so needs to be forwarded further within the Bl ER
domain. If the BF(E)R al so forwards one or nore copies of the packet
within the BIER domain, the bit representing the BFR s owmn BFR-id
MUST be clear in all the copies.

When BIER on a BFER is to pass a packet to the nulticast flow
overlay, it of course decapsul ates the packet by renoving the Bl ER
header. However, it nay be necessary to provide the nmulticast flow
overlay with contextual information obtained fromthe BIER

encapsul ation. The information that needs to pass between the Bl ER
| ayer and the multicast flow overlay is specific to the nulticast
flow overlay. Specification of the interaction between the BIER

| ayer and the nmulticast flow overlay is outside the scope of this
speci fication.

If the BIER encapsul ation contains a "Tinme to Live" (TTL) value, this
value is not, by default, inherited by the payload. |If a particular
mul ticast flow overlay needs to know the TTL value, this needs to be
specified in whatever specification defines the interaction between
Bl ER and that nulticast flow overl ay.

If the BIER encapsul ation contains a Traffic Class field, a

Type of Service field, a Differentiated Services field, or any field
of that sort, the value of that field is not, by default, passed to
the multicast flow overlay. |If a particular nulticast flow overlay
needs to know the val ues of such fields, this fact needs to be
specified in whatever specification defines the interaction between
Bl ER and that mnulticast flow overl ay.

When BI ER on a BFER passes a packet to the multicast flow overlay,
the overlay will determ ne how to further dispatch the packet. |If
the packet needs to be forwarded into another BIER donmain, then the
BFR wi Il act as a BFER in one BIER domain and as a BFIR in anot her.
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A Bl ER- encapsul at ed packet cannot pass directly from one Bl ER donain
to another; at the boundary between BI ER domai ns, the packet nust be
decapsul ated and passed to the nulticast flow overl ay.

Note that when a BFR transmits nultiple copies of a packet within a
Bl ER donmi n, only one copy will be destined to any given BFER
Therefore, it is not possible for any Bl ER- encapsul ated packet to be
delivered nore than once to any BFER

6.2. BFR Nei ghbors

The "BFR Nei ghbors" (BFR-NBRs) of a given BFR, say BFR-A, are those
BFRs that, according to the routing underlay, are adjacencies of
BFR-A. Each BFR-NBR wi || have a BFR-prefix.

Suppose a Bl ER-encapsul ated packet arrives at BFR-A. Fromthe
packet’s encapsul ation, BFR-A |learns (a) the sub-domain of the packet
and (b) the BFR-ids (in that sub-donmain) of the BFERs to which the
packet is destined. Then, using the information advertised per
Section 5, BFR-A can find the BFR-prefix of each destinati on BFER

G ven the BFR-prefix of a particular destinati on BFER, say BFER-D,
BFR-A |l earns fromthe routing underlay (associated with the packet’s
sub-domain) an I P address of the BFR that is the next hop on the path
fromBFR-A to BFER-D. Let’s call this next hop "BFR-B". BFR-A nust
then deternmine the BFR-prefix of BFR-B. (This determ nation can be
made fromthe information adverti sed per Section 5.) This BFR-prefix
is the BFR-NBR of BFR-A on the path from BFR-A to BFER-D.

Note that if the routing underlay provides nultiple equal -cost paths
fromBFR-A to BFER-D, BFR-A may have nultiple BFR-NBRs for BFER-D.

Under certain circunmstances, a BFR may have adjacencies (in a

particul ar routing underlay) that are not BFRs. Please see
Section 6.9 for a discussion of how to handl e those circunstances.

W j nands, et al. Experi ment al [ Page 17]



RFC 8279 Miul ticast with BIER Novenber 2017

6.3. The Bit Index Routing Table

The "Bit Index Routing Table" (BIRT) is a table that maps fromthe
BFR-id (in a particular sub-dormain) of a BFER to the BFR-prefix of
that BFER, and to the BFR-NBR on the path to that BFER As an
exanpl e, consider the topology shown in Figure 1. In this diagram
we represent the BFR-id of each BFR in the Sl:xyzw form di scussed in
Section 3.

(A) =oemmmmeoens (B) =r-mmmmeoees (C) =rmmmenen- (D)
4 (0:1000) \ \ 1 (0:0001)
\ \
( E) ( F)
3 (0:0100) 2 (0:0010)

Figure 1: BIER Topology 1

This topology will result in the BIRT of Figure 2 at BFR-B. The
first colum shows the BFRid as a nunber and al so (in parentheses)
inthe SI:BitString format that corresponds to a BitStringlLength

of 4. (The actual mnimumBitStringLength is 64, but we use 4 in the
exanpl es.)

Note that a BIRT is specific to a particular Bl ER sub-donain.

| BFR-i d | BFR-Prefix | BFR-NBR |
| (SI:BitString) | of Dest BFER | |
| 4(0:10000 | A | A |
| 1(oo001) | D | ¢ |
| 3(oo0w00) | E | E |
| 2(0o0010 | F | c |

Figure 2: Bit Index Routing Table at BFR-B
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6.4. The Bit Index Forwarding Table

The "Bit Index Forwarding Table" (BIFT) is derived fromthe BIRT as
follows. (Note that a BIFT is specific to a particular sub-domain.)

Suppose that several rows in the BIRT have the sanme SI and the sane
BFR-NBR. By taking the logical OR of the BitStrings of those rows,
we obtain a bit nmask that corresponds to that conbination of SI and
BFR-NBR. W& will refer to this bit nmask as the "Forwarding Bit Mask"
(F-BM for that <SI, BFR-NBR> conbi nation.

For exanple, in Figure 2, we see that two of the rows have the sane
SI (0) and same BFR-NBR (C). The bit nask that corresponds to
<SlI =0, BFR-NBR-C> is 0011 ("0001" OR d with "0010").

The BIFT is used to map fromthe BFR-id of a BFER to the

correspondi ng F-BM and BFR-NBR. For exanple, Figure 3 shows the BIFT
that is derived fromthe BIRT of Figure 2. Note that BFRids 1 and 2
have the same SI and the sanme BFR-NBR, hence, they have the

sane F-BM

| BFR-i d | F-BM | BFR-NBR |
| (SI:BitString) | I I
| 1(00001) | 0011 | C |
| 2(00010) | 0011 | C |
| 3(0:0100) | 0100 | E |
| 4(0:10000 | 12000 | A |

Figure 3: Bit |Index Forwardi ng Tabl e

This BIFT is programmed into the data plane and used to forward
packets, applying the rules specified belowin Section 6.5.
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6.5. The BI ER Forwardi ng Procedure

Bel ow i s the procedure that a BFR uses for forwarding a
Bl ER- encapsul at ed packet.

1. Deternine the packet's SI, BitStringlLength, and sub-donain.

2. If the BitString consists entirely of zeroes, discard the packet;
the forwarding process has been conpleted. O herw se, proceed to
step 3.

3. Find the position (call it "k") of the least significant (i.e.,

of the rightnost) bit that is set in the packet’s BitString.
(Remenber, bits are nunbered from1l, starting with the |east
significant bit.)

4. If bit k identifies the BFR itself, copy the packet, and send the
copy to the nulticast flow overlay. Then clear bit k in the
original packet, and go to step 2. Oherw se, proceed to step 5.

5. Use the value k, together with the SI, sub-donmain, and
BitStringLength, as the "index" into the BIFT.

6. Extract fromthe BIFT the F-BM and t he BFR- NBR

7. Copy the packet. Update the copy’'s BitString by ANDing it with
the F-BM (i.e., PacketCopy->BitString & F-BM. Then forward the
copy to the BFR-NBR. (If the BFR-NBR is null, the copy is just
di scarded.) Note that when a packet is forwarded to a particul ar
BFR-NBR, its BitString identifies only those BFERs that are to be
reached via that BFR-NBR

8. Now update the original packet’s BitString by ANDing it with the
I N\VERSE of the F-BM (i.e., Packet->BitString & ~F-BM. (This
clears the bits that identify the BFERs to which a copy of the
packet has just been forwarded.) Go to step 2.

Thi s procedure causes the packet to be forwarded to a particul ar
BFR-NBR only once. The nunber of |ookups in the BIFT is the sane as
the nunber of BFR-NBRs to which the packet nust be forwarded; it is
not necessary to do a separate | ookup for each destinati on BFER

When a packet is sent to a particular BFR-NBR, the BitString is not
the only part of the BIER header that needs to be nodified. |If there
is a TIL field in the BIER header, it will need to be decrenented.

In addition, when either of the encapsul ati ons of [ MPLS Bl ER_ENCAPS]
is used, the BIFT-id field is likely to require nodification, based
on signaling fromthe BFR-NBR to which the packet is being sent. The
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BIFT-id field of an incom ng Bl ER packet inplicitly identifies an Sl
a sub-domain, and a BitStringLength. |If the packet is sent to a
particul ar BFR-NBR, the BIFT-id field nust be changed to whatever
val ue that BFR-NBR has advertised for the sane S|, sub-donain, and
BitStringLength. (If the encapsulation of Section 2.1 of

[ MPLS_BI ER ENCAPS] is used, this is essentially an MPLS | abel swap
operation.)

Suppose it has been decided (by the above rules) to send a packet to
a particular BFRRNBR |If that BFR-NBR is connected via nultiple
parallel interfaces, it may be desirable to apply some form of |oad
bal anci ng. Load-bal ancing algorithnms are outside the scope of this
docunent. However, if the packet’s encapsul ati on contains an entropy
field, the entropy field SHOULD be respected; two packets with the
same value of the entropy field SHOULD be sent on the sane interface
(i f possible).

In sone cases, the routing underlay may provide nmultiple equal -cost
pat hs (through different BFR-NBRs) to a given BFER This is known as
"Equal - Cost Multipath" (ECMP). The procedures described in this
section nmust be augnented in order to support |oad bal anci ng over
ECMP. The necessary augnentations can be found in Section 6.7.

In the event that unicast traffic to the BFRRNBR is being sent via a
"bypass tunnel" of some sort, the BlIER-encapsulated nmulticast traffic
sent to the BFR-NBR SHOULD al so be sent via that tunnel. This allows
any existing "fast reroute" schenes to be applied to nulticast
traffic as well as to unicast traffic.

Sone exanpl es of these forwarding procedures can be found in
Section 6. 6.
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The rules given in this section can be represented by the foll ow ng
pseudocode:

voi d Forwar dBi t MaskPacket (Packet)

Sl =Get Packet Sl ( Packet ) ;
O fset=SI*BitStringLength;
for (Index = GetFirstBitPosition(Packet->BitString); Index ;
I ndex = Get Next Bi t Position(Packet->BitString, Index)) {
F- BM = BI FT[ | ndex+Of f set ] - >F- BM
if (!F-BM continue;
BFR- NBR = BI FT[ | ndex+Of f set ] - >BFR- NBR,;
Packet Copy = Copy(Packet);
Packet Copy->BitString & F-BM
Packet Send( Packet Copy, BFR- NBR)
Packet->Bit String & ~F-BM

Fi gure 4: Pseudocode

Thi s pseudocode assunmes that, at a given BFER, the BFR-NBR entry
corresponding to the BFER s own BFR-id will be the BFER s own
BFR-prefix. 1t also assunmes that the corresponding F-BM has only

one bit set, the bit representing the BFER itself. |In this case, the
"Packet Send" function sends the packet to the multicast flow overl ay.

Thi s pseudocode al so assunes that the F-BM for the null next hop
contains a 1 in a given bit positionif and only if that bit position
corresponds to either an unused BFR-id or an unreachabl e BFER.  Wen
the BFR-NBR is null, the "Packet Send" function discards the packet.
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BFR-D, BFR-E, and BFR-F are BFERs.

1.

BFR-A BI FT

| 1d| F-BM| NBR |

Fi gure 5:

Example 1

we give two exanpl es of BIER forwarding,
In these exanpl es,
packets have SI=0, and the
Figure 5 shows the BIFT entries for SI=0 only.

al |

we show the first colum of the BIFT,

BFR-B BI FT

| 1d| F-BM| NBR |

al |

BFR-A is the BFIR
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based on
packets have been

the BFR-id,

BFR-C BI FT

| 1d| F-BM| NBR |

Bl FTs Used in the Forwardi ng Exanpl es

Suppose t hat

BFIR-A has | earned fromthe nulticast flow overlay that BFER-D i s

interested in a given nulticast flow.
that flow from outside the Bl ER donain,
encapsul ati on to the packet.

S
bit 1 set and with al
that BFER-D is the only BFER that needs to receive the packet.
BFIR-A then follows the procedures of Section 6.5, as follows:

(]

(o]

is zero

The encapsul ation al so includes a BitString,
other bits clear (i.e.,

If BFIR A receives a packet of
BFI R- A applies the BIER
The encapsul ati on nust be such that the

with just
0001) .

Since the packet’s BitString is 0001, BFIR-A finds that the first

bi t

in the string is bit 1.

Looking at entry 1 in its BIFT, BFR A

determnes that the bit mask F-BMis 0111 and the BFR-NBR i s

BFR- B.

BFR- A then nmakes a copy of the packet and applies the F-BMto the

copy: Copy->BitString & 0111. The copy’'s BitString is now 0001

(0001 & 0111).

The copy is now sent to BFR-B.

et al.
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0 BFR-A then updates the packet’s BitString by applying the inverse
of the F-BM Packet->BitString & ~F-BM As a result, the
packet’s BitString is now 0000 (0001 & 1000).

0 As the packet’s BitString is now zero, the forwarding procedure is
conpl et e.

When BFR-B receives the nulticast packet fromBFR-A, it follows the
same procedure. The result is that a copy of the packet, with a
BitString of 0001, is sent to BFRRC. BFR-C applies the sane
procedures and, as a result, sends a copy of the packet, with a
BitString of 0001, to BFR-D.

At BFER-D, the BIFT entry (not pictured) for BFR-id 1 will specify an
F-BM of 0001 and a BFR-NBR of BFR-D itself. This will cause a copy
of the packet to be delivered to the nulticast flow overlay at BFR-D.
The packet’s BitString will be set to 0000, and the packet will not
be forwarded any further.

6.6.2. Exanple 2

This exanple is simlar to exanple 1, except that BFIR-A has | earned
fromthe multicast flow overlay that both BFER-D and BFER-E are
interested in a given nulticast flow |If BFIR A receives a packet of
that flow fromoutside the BIER domain, BFIR A applies the BIER
encapsul ation to the packet. The encapsul ati on nust be such that the
Sl is zero. The encapsulation also includes a BitString with

two bits set: bit 1 is set (as in exanple 1) to indicate that BFR-D
is a BFER for this packet, and bit 3 is set to indicate that BFRE is
a BFER for this packet. That is, the BitString (assum ng again a
BitStringLength of 4) is 0101. To forward the packet, BFIR- A foll ows
the procedures of Section 6.5, as follows:

0 Since the packet’'s BitString is 0101, BFIR-A finds that the first
bit inthe string is bit 1. Looking at entry 1 inits BIFT, BFR A
determines that the bit mask F-BMis 0111 and the BFR-NBR i s
BFR- B.

0 BFR-A then nakes a copy of the packet and applies the F-BMto the
copy: Copy->BitString & 0111. The copy’'s BitString is now 0101
(0101 & 0111).

o The copy is now sent to BFR-B.
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0 BFR-A then updates the packet’s BitString by applying the inverse
of the F-BM Packet->BitString & ~F-BM As a result, the
packet’s BitString is now 0000 (0101 & 1000).

0 As the packet’s BitString is now zero, the forwarding procedure is
conpl et e.

When BFR-B receives the nulticast packet fromBFR-A, it follows the
procedure of Section 6.5, as follows:

0 Since the packet’'s BitString is 0101, BFR-B finds that the first
bit inthe string is bit 1. Looking at entry 1 in its BIFT, BFR-B
determines that the bit mask F-BMis 0011 and the BFR-NBR i s
BFR- C.

0 BFR-B then nakes a copy of the packet and applies the F-BMto the
copy: Copy->BitString & 0011. The copy’'s BitString is now 0001
(0101 & 0011).

o The copy is now sent to BFR-C.

0 BFR-B then updates the packet’s BitString by applying the inverse
of the F-BM Packet->BitString & ~F-BM As a result, the
packet’s BitString is now 0100 (0101 & 1100).

o0 Now BFR-B finds the next bit in the packet’s (nodified) BitString.
This is bit 3. Looking at entry 3 in its BIFT, BFR-B deternines
that the F-BMis 0100 and the BFR-NBR i s BFR-E.

0 BFR-B then nakes a copy of the packet and applies the F-BMto the
copy: Copy->BitString & 0100. The copy’'s BitString is now 0100
(0100 & 0100).

0 The copy is now sent to BFR-E.

0 BFR-B then updates the packet’'s BitString by applying the inverse
of the F-BM Packet->BitString & ~F-BM As a result, the
packet’s BitString is now 0000 (0100 & 1011).

0 As the packet’s BitString is now zero, the forwarding procedure is
conpl et e.

Thus, BFR-B forwards two copi es of the packet. One copy of the
packet, with BitString 0001, has now been sent from BFR-B to BFR-C.
Fol I owi ng the same procedures, BFR-C will forward the packet to
BFER- D.
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At BFER-D, the BIFT entry (not pictured) for BFRid 1 will specify an
F-BM of 0001 and a BFR-NBR of BFR-D itself. This will cause a copy
of the packet to be delivered to the nmulticast flow overlay at BFR-D.
The packet’s BitString will be set to 0000, and the packet will not
be forwarded any further.

The ot her copy of the packet has been sent fromBFR-B to BFER-E, with
BitString 0100

At BFER-E, the BIFT entry (not pictured) for BFR-id 3 will specify an
F-BM of 0100 and a BFR-NBR of BFR-E itself. This will cause a copy
of the packet to be delivered to the nulticast flow overlay at BFR-E
The packet’s BitString will be set to 0000, and the packet will not
be forwarded any further.

6.7. Equal -Cost Miltipath Forwarding

In many networks, the routing underlay will provide nultiple

equal -cost paths froma given BFR to a given BFER  When forwarding

mul ti cast packets through the network, it can be beneficial to take

advant age of this by |oad-bal anci ng anong those paths. This feature
is known as "Equal - Cost Multipath (ECVMP) forwarding"

Bl ER supports ECWP forwarding, but the procedures of Section 6.5 mnust
be nodified slightly. Two ECMP procedures are defined. 1In the first
(described in Section 6.7.1), the choice anmpong equal - cost paths taken
by a given packet froma given BFR to a given BFER depends on

(a) routing, (b) the packet’s entropy, and (c) the other BFERs to

whi ch that packet is destined. 1In the second (described in

Section 6.7.2), the choice depends only upon the packet’'s entropy.

There are trade-offs between the two forwardi ng procedures described
here. In the procedure of Section 6.7.1, the nunber of packet
replications is mnimzed. The procedure in Section 6.7.1 also uses
|l ess menory in the BFR In the procedure of Section 6.7.2, the path
travel ed by a given packet froma given BFRto a given BFER is

i ndependent of the other BFERs to which the packet is destined.
VWil e the procedures of Section 6.7.2 may cause nore replications,
they provide a nore predictabl e behavior

The two procedures described here operate on identical packet fornmats
and will interoperate correctly. However, if deterninistic behavior
is desired, then all BFRs would need to use the procedure from
Section 6.7.2.
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6.7.1.

Figure 6 shows the operation

Mul ticast with BI ER

Non-det erm ni sti ¢ ECMP

Novenmber 2017

of non-determnistic ECVMP in Bl ER

BFR-A Bl FT BFR-B Bl FT BFR- C BI FT
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\

(E) ------------ F)

3 (0:0100) 2 (0:0010)

W j nands,

Fi gure 6: Exanpl e of Non-deterninistic ECVP

In this example, BFR-B has two equal -cost paths to reach BFER-F: one
via BFR-C and one via BFR-E. Since the BFR-id of BFER-F is 2, this
is reflected in entry 2 of BFRRB's BIFT. Entry 2 shows that BFR-B
has a choice of two BFR-NBRs for BFER-B and that a different F-BMis
associ ated with each choice. When BFR-B | ooks up entry 2 in the

BI FT, it can choose either BFR-NBR.  However, when follow ng the
procedures of Section 6.5, it MJST use the F-BM corresponding to the
BFR-NBR that it chooses.

How the choice is nade is an inplenentation matter. However, the
usual rules for ECVP apply: packets of a given flow SHOULD NOT be
split among two paths, and any entropy field in the packet’s
encapsul ati on SHOULD be respect ed.

Not e, however, that by the rules of Section 6.5, any packet destined
for both BFER-D and BFER-F will be sent via BFR-C.
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6.7.2. Det erm ni sti c ECMP

Wth the procedures of Section 6.7.1, where ECMP paths exist, the
pat h a packet takes to reach any particul ar BFER depends not only on
routing and on the packet’'s entropy but also on the set of other
BFERs to whi ch the packet is destined.

For exanple, consider the followi ng scenario in the network of
Fi gure 6.

o0 There is a sequence of packets being transmtted by BFR-A sone of
whi ch are destined for both D and F and sone of which are destined
only for F.

o Al the packets in this sequence have the sanme entropy val ue (call
it Q).

0 At BFR-B, when a packet with entropy value Qis forwarded via
entry 2 in the BIFT, the packet is sent to E

Using the forwardi ng procedure of Section 6.7.1, packets of this
sequence that are destined for both D and F are forwarded according
toentry 1 in the BIFT and thus will reach F via the path A-B-CF.
However, packets of this sequence that are destined only for F are
forwarded according to entry 2 in the BIFT and thus will reach F via
the path A-B-E-F.

That procedure mnimzes the nunber of packets transmtted by BFR-B.
However, consider the follow ng scenario:

0 Beginning at tine t0, the nulticast flowin question needs to be
recei ved ONLY by BFER-F.

0 Beginning at a later tine, t1, the flow needs to be received by
bot h BFER-D and BFER-F.

0 Beginning at a later tine, t2, the flow no | onger needs to be
received by D, but still needs to be received by F.

Then, fromtO until t1, the floww |l travel to F via the path
A-B-E-F. Fromtl until t2, the flowwll travel to F via the path
A-B-CF. And fromt2, the floww Il again travel to F via the path
A-B-E-F.

The problemis that if D repeatedly joins and | eaves the flow, the
flows path fromBto F will keep switching. This could cause F to
recei ve packets out of order. It also makes troubl eshooting
difficult. For exanple, if there is some problemon the E-F |ink,
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receivers at F will get good service when the flowis also going to D
(avoiding the E-F Iink) but bad service when the flow is not going

to D Since it is hard to know which path is being used at any given
time, this nay be hard to troubleshoot. Also, it is very difficult
to performa traceroute that is known to follow the path taken by the
flow at any given tine.

The source of this difficulty is that, in the procedures of
Section 6.7.1, the path taken by a particular flow to a particul ar
BFER depends upon whet her there are | ower-nunbered BFERs that are
al so receiving the flow Thus, the choice anong the ECVMP paths is
fundanental | y non-determnistic.

Determ nistic forwarding can be achi eved by using nultiple BIFTs,
such that each rowin a BIFT has only one path to each destination
but the nultiple ECVMP paths to any particul ar destination are spread
across the nultiple tables. Wen a Bl ER-encapsul ated packet arrives
to be forwarded, the BFR uses a hash of the BIER entropy field to
determine which BIFT to use, and then the nornal BIER forwarding

al gorithm (as described in Sections 6.5 and 6.6) is used with the
sel ected BI FT.

As an exanpl e, suppose there are two paths to destination X (cal

them "X1" and "X2") and four paths to destination Y (call them"Y1l",
"y2", "Y3", and "Y4"). |If there are, say, four BIFTs, one BIFT would
have paths X1 and Y1, one would have X1 and Y2, one woul d have X2 and
Y3, and one would have X2 and Y4. |If traffic to Xis split evenly
anong these four BIFTs, the traffic will be split evenly between the
two paths to X; if traffic to Y is split evenly anong these four

Bl FTs, the traffic will be split evenly between the four paths to V.

Note that if there are three paths to one destination and four paths
to another, 12 BIFTs would be required in order to get even splitting
of the load to each of those two destinations. O course, each BIFT
uses sone nenory, and one mght be willing to have | ess opti nal
splitting in order to have fewer BIFTs. How that trade-off is made
is an inplenmentation or depl oynent decision

6.8. Prevention of Loops and Duplicates

The BitString in a Bl ER-encapsul at ed packet specifies the set of
BFERs to which that packet is to be forwarded. Wen a

Bl ER- encapsul at ed packet is replicated, no two copies of the packet
will ever have a BFER in common. |If one of the packet’s BFERs
forwards the packet further, that BFER will first clear the bit that
identifies itself. As a result, duplicate delivery of packets is not
possible with BIER
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As long as the routing underlay provides a | oop-free path between
each pair of BFRs, BIER-encapsul ated packets will not |oop. Since
the BIER | ayer does not create any paths of its own, there is no need
for any BIER-specific | oop-prevention techni ques beyond the
forwardi ng procedures specified in Section 6.5.

If, at some time, the routing underlay is not providing a | oop-free
pat h between BFI R-A and BFER-B, then BI ER-encapsul at ed packets may

| oop while traveling fromBFIR-A to BFER-B. However, such |oops wll
never result in delivery of duplicate packets to BFER-B.

These properties of BIER elimnate the need for the "Reverse Path
Forwar di ng" (RPF) check that is used in conventional |P multicast
f orwar di ng.

6.9. Wien Sonme Nodes Do Not Support BIER

The procedures of Section 6.2 presuppose that, within a given BlIER
domain, all the nodes adjacent to a given BFR in a given routing
underl ay are also BFRs. However, it is possible to use BIER even
when this is not the case, as long as the ingress and egress nodes
are BFRs. In this section, we describe procedures that can be used
if the routing underlay is an SPF-based | GP that conputes a
shortest-path tree fromeach node to all other nodes in the donain.

At a given BFR, say "BFR-B", start with a copy of the | GP-conputed
shortest-path tree fromBFR-B to each router in the domain. (This
tree is conputed by the SPF algorithmof the 1GP.) Let’s call this
copy the "BIER-SPF tree rooted at BFR-B'. BFR-B then nodifies this
Bl ER-SPF tree as foll ows.

1. BFR-B | ooks in turn at each of its child nodes on the Bl ER- SPF
tree.

2. |If one of the child nodes does not support BlIER, BFR-B renobves
that node fromthe tree. The child nodes of the node that has
just been renmoved are then re-parented on the tree, so that BFR-B
now becomnes their parent.

3. BFR-B then continues to | ook at each of its child nodes,
i ncludi ng any nodes that have been re-parented to BFR-B as a
result of the previous step

When all of the child nodes (the original child nodes plus any new

ones) have been exam ned, BFR-B's children on the BIER-SPF tree will
all be BFRs.
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When the BIFT is constructed, BFR-B' s child nodes on the Bl ER- SPF
tree are considered to be the BFR-NBRs. The F-BMs must be conputed
appropri ately, based on the BFR-NBRs.

BFR-B may now have BFR-NBRs that are not "directly connected" to
BFR-B via Layer 2. To send a packet to one of these BFR NBRs, BFR-B
will have to send the packet through a unicast tunnel. |In an MPLS
network, this may be as sinmple as finding the | GP unicast next hop to
the child node and pushing on (above the BI ER encapsul ati on header)
an MPLS | abel that the I GP next hop has bound to an address of the
child node. (This assunes that the packet is using an MPLS-based

Bl ER encapsul ation, such as the one specified in Section 2.1 of

[ MPLS BI ER_ENCAPS].) O course, the BIFT-id in the BIER
encapsul ati on header rmust be the BIFT-id advertised by the child node
for the packet’s SI, sub-domain, and BitStringlLength.

If for sonme reason the unicast tunnel cannot be an MPLS tunnel, any
other kind of tunnel can be used, as long as the encapsul ation for
that tunnel type has a way of indicating that the payload is a

Bl ER- encapsul at ed packet .

Note that if a BIER-encapsul ated packet is not using an MPLS-based
Bl ER encapsul ation, it will not be possible to send it through an
MPLS tunnel unless it is known that the tunnel only carries BIER
packets; this is because MPLS has no "next protocol type" field.
This is not a problemif an MPLS-based BI ER encapsul ation is used,
because in that case the BIER encapsul ation begins with an MPLS | abe
that identifies the packet as a Bl ER-encapsul at ed packet.

O course, the above is not meant as an inplenentation technique,
just as a functional description

VWi |l e the above description assunes that the routing underlay
provides an SPF tree, it may al so be applicable to other types of
routing underl ays.

The techni que above can al so be used to provide "node protection"
(i.e., to provide fast reroute around nodes that are believed to have
failed). |If BFR-B has a failed BFR-NBR, BFR-B can renove the failed
BFR-NBR fromthe BIER-SPF tree and can then re-parent the child
BFR-NBRs of the failed BFR-NBR so that they appear to be BFR-B's own
child nodes on the tree (i.e., so that they appear to be BFR-B's
BFR-NBRs). The usual BIER forwardi ng procedures then apply.

However, getting the packet fromBFR-B to the child nodes of the
failed BFRRNBR is a bit nore conplicated, as it may require using a
uni cast bypass tunnel to get around the fail ed node.
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A sinmpler variant of step 2 above would be the foll ow ng:

If one of the child nodes does not support BIER, BFR-B renoves
that node fromthe tree. Al BFERs that are reached through that
child node are then re-parented on the tree, so that BFR-B now
becomes their parent.

This variant is sinpler because the set of BFERs that are reached
through a particular child node of BFR-B can be deternmined fromthe
F-BMin the BIFT. However, if this variant is used, the results are
| ess optimal, because packets will be unicast directly fromBFR-B to
the BFERs that are reachable through the non-BIER child node.

When using a unicast MPLS tunnel to get a packet to a BFR- NBR

o The TTL of the MPLS | abel entry representing the tunnel SHOULD be
set to a large value, rather than being copied fromthe TTL val ue
fromthe BIER encapsul ati on header, and

o \When the tunnel |abels are popped off, the TTL fromthe tunne
| abel s SHOULD NOT be copied to the Bl ER encapsul ati on header

In other words, the TTL processing for the tunnel SHOULD be as
specified in [RFC3443] for "Pipe Mdel" and "Short Pipe Mdel" Labe
Switched Paths (LSPs). The sane principle applies if the tunnels are
not MPLS tunnels; the BIER packet SHOULD NOT inherit the TTL fromthe
tunnel encapsul ation. That way, the TTL of the BI ER encapsul ati on
header constrains only the nunber of BFRs that the packet may
traverse, not the total nunber of hops.

If two Bl ER packets have the sane value in the entropy field of their
respective BIER headers and if both are transmitted through a given
tunnel, it is desirable for the tunnel encapsulation to preserve the
fact that the two packets have the sane entropy.

The material in this section presupposes that if a given router is a

BFR, then it supports BIER on all its interfaces. It is, however,
possible that a router will have sone |ine cards that support BIER
and sone that do not. In such a case, one can think of the router as

a "partial BFR' that supports BIER only on sone of its interfaces

If it is desired to deploy such partial BFRs, one can use the

mul ti-topology features of the I1GP to set up a BIER-specific

topol ogy. This topol ogy would exclude all the non-Bl ER- capabl e
interfaces that attach to BFRs. BIER would then have to be run in a
sub-domain that is bound to this topology. |If unicast tunnels are
used to bypass non-BFRs, either (a) the tunnels have to be restricted
to this topology or (b) the tunnel endpoints have to be BFRs that do
not have any non-Bl ER- capabl e interfaces.
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6.10. Use of Different BitStringLengths within a Domain

The procedures of this section apply only when the sane encapsul ati on
i s used throughout the BIER domain. Consideration of the scenario
where both nultiple encapsulations and multiple BitStringLengths are
used in a given BIER domain is outside the scope of this docunent.

It is possible for different BFRs within a BI ER domain to be using
different Inposition and/or Disposition BitStringLengths. As stated
in Section 3:

"if a particular BFIR is provisioned to use a particular Inposition
BitStringLength and a particular Inposition sub-domain when inposing
the encapsul ati on on a given set of packets, all other BFRs with
BFR-ids in that sub-domain SHOULD be provisioned to process received
Bl ER packets with that BitStringLength (i.e., all other BFRs with
BFR-ids in that sub-donmain SHOULD be provisioned with that
BitStringLength as a Disposition BitStringLength for that
sub-domain)."

Note that m s-provisioning can result in "black holes”. |If a BFIR
creates a BIER packet with a particular BitStringLength and if that
packet needs to travel through a BFR that cannot process received

Bl ER packets with that BitStringLength, then it nmay be inpossible to
forward the packet to all of the BFERs identified in its Bl ER header
Section 6.10.1 defines a procedure, the "BitStringlLength
Conpatibility Check", that can be used to detect the possibility of
such bl ack hol es.

However, failure of the BitStringLength Conpatibility Check does not
necessarily result in the creation of black holes; Section 6.10.2
speci fies OPTI ONAL procedures that allow BIER forwarding to proceed
wi t hout bl ack holes, even if the BitStringLength Conpatibility Check
fails.

If the procedures of Section 6.10.2 are not deployed but the
BitStringLength Conpatibility Check fails at some BFIR the BFIR has
two choi ces:

0 Create BIER packets with the provisioned |Inposition
BitStringLength, even though the packets may not be able to reach
all the BFERs identified in their BitStrings.

0 Use an Inposition BitStringlLength that passes the Conpatibility

Check (assuming that there is one), even if this is not the
provi sioned Inposition BitStringlLength.
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Section 6.10.1 discusses the inplications of making one or the other
of these choi ces.

There will be tinmes when an operator wi shes to change the
BitStringLengths used in a particular BIER donmain. Section 6.10.3
specifies a sinple procedure that can be used to transition a BIER
domain fromone BitStringLength to another.

6.10.1. BitStringLength Conpatibility Check

When a BFIR needs to encapsul ate a packet, the BFIR first assigns the
packet to a sub-domain. The BFIR then chooses an Inposition
BitStringLength L for the packet. The choice of Inposition
BitStringLength is determ ned by provisioning. However, the BFIR
shoul d al so performthe BitStringLength Conpatibility Check defined
bel ow.

The conbination of sub-domain S and I nposition BitStringLength L
passes the BitStringLength Conpatibility Check if and only if the
foll owi ng condition hol ds:

Every BFR that has advertised its nenbership in sub-domain S has
al so advertised that it is using Disposition BitStringLength L
(and possibly other BitStringLengths as well) in that sub-donain.
(I'f MPLS encapsul ation (Section 2.1 of [MPLS BI ER ENCAPS]) is
bei ng used, this neans that every BFR that is advertising a |abel
for sub-domain S is advertising a | abel for the conbination of
sub-domain S and Disposition BitStringlLength L.)

If a BFIR has been provisioned to use a particular |nposition
BitStringLength and a particul ar sub-domain for sonme set of packets,
and if that conbination of Inmposition BitStringLength and sub-domain
does not pass the BitStringLength Compatibility Check, the BFIR
SHOULD log this fact as an error. It then has the follow ng two
choi ces about what to do with the packets:

1. The BFIR MAY use the provisioned Inposition BitStringLength

anyway. |If the procedure of either option 2 or option 3 of
Section 6.10.2 is deployed, this will not cause bl ack hol es and
may actually be the optimal result. It should be understood,

t hough, that the BFIR cannot determ ne by signaling whether those
procedures have been depl oyed.

2. If the BFIR is capable of using an Inposition BitStringLength
that does pass the BitStringLength Conpatibility Check for the
particul ar sub-domain, the BFIR MAY use that Inposition
Bit StringLength instead.
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Wi ch of these two choices to make is itself determ ned by
provi si oni ng.

Not e that discarding the packets is not one of the all owabl e choices.
Suppose, for exanple, that all the BFIRs are provisioned to use
Imposition BitStringLength L for a particular sub-domain S but one
BFR has not been provisioned to use Disposition BitStringLength L for
sub-domain S. This will cause the BitStringLength Conpatibility
Check to fail. |If the BFIR sends packets with BitStringLength L and
sub-domain S, the mis-provisioned BFR will not be able to forward
those packets, and thus the packets may only be able to reach a
subset of the BFERs to which they are destined. However, this is
still better than having the BFIRs drop the packets; if the BFIRs

di scard the packets, the packets won't reach any of the BFERs to

whi ch they are destined at all

If the procedures of Section 6.10.2 have not been depl oyed, choice 2
above m ght seemlike a better option. However, there m ght not be
any lnmposition BitStringLength that a given BFIR can use that al so
passes the BitStringLength Conpatibility Check. If it is desired to
use choice 2 in a particular deploynment, then there should be a
"Fal | back Disposition BitStringLength" (call it "F') such that:

o0 Every BFR advertises that it uses BitStringLength F as a
Di sposition BitStringLength for every sub-donain, and

o If a BFIRis provisioned to use Inposition BitStringLength X and
I nposition sub-domain S for a certain class of packets but the
BitStringLength Conpatibility Check fails for the conbination of
BitStringLength X and sub-domain S, then the BFIR will fall back
to using BitStringLength F as the Inposition BitStringlLength
whenever the Inposition sub-domain is S

It is RECOVWENDED that the value of F be the default BitStringLength
for the encapsul ati on bei ng used.

W j nands, et al. Experi ment al [ Page 35]



RFC 8279 Miul ticast with BIER Novenber 2017

6.10.2. Handling BitStringLength M smat ches

Suppose that a packet has been Bl ER-encapsulated with a
BitStringLength value of X and that the packet has arrived at BFR- A
Now suppose that according to the routing underlay the next hop is
BFR-B, but BFR-B is not using X as one of its Disposition
BitStringLengths. What should BFR-A do with the packet? BFR-A has
three options. It MJST do one of the three, but the choice of which
procedure to followis a local matter. The three options are:

1. BFR- A MAY discard the packet.

2. BFR-A MAY re-encapsul ate the packet, using a Bl ER header whose
BitStringLength value is supported by BFR-B.

Note that if BFR-B only uses Disposition BitStringlLength val ues
that are smaller than the BitStringLength val ue of the packet,
this may require creating additional copies of the packet.

Whet her additional copies actually have to be created depends
upon the bits that are actually set in the original packet’s
BitString.

3. BFR-A MAY treat BFR-B as if BFR-B did not support BIER at all,
in which case BFR-A applies the rules of Section 6.9.

Note that there is no signaling that enables a BFR to advertise which
of the three options it will use.

Option 2 can be useful if there is a region of the BlIER domai n where
the BFRs are capable of using a long BitStringLength as well as a
regi on where the BFRs are only capable of using a shorter

Bi t Stri ngLengt h.

6.10.3. Transitioning fromOne BitStringLength to Another
Suppose one wants to migrate the BitStringLength used in a particul ar
Bl ER domai n fromone value (X) to another value (Y). The follow ng
m gration procedure can be used. This procedure allows the BFRs to
be reprovisioned one at a tine and does not require a "flag day".

1. Upgrade all the BFRs in the donmain so that they use both value X
and value Y as their Disposition BitStringlLengths.

2. Reprovision the BFIRs so that they use BitStringlLength value Y as
the Inposition BitStringlLength.

3. One may then optionally reprovision all the BFRs so that they no
| onger use Disposition BitStringLength X
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7. Operational Considerations

BIER offers a radical sinplification over current IP multicast
operations: no tree-building control plane, no per-flow forwardi ng
state, no Reverse Path Forwarding (RPF), no Rendezvous Point (RP),
etc. BIER packet forwarding/replication is along the unicast paths
to each bit position set in the packet, ensuring that the

encapsul ated mul ticast packets follow the same path as unicast to
each set bit in the header. The BIER FIB can be derived fromthe
SPF-cal cul ated unicast FIB or fromany other forwarding-path
calculation in or out of band. Each bit will follow this unicast
path fromthe entry point of the BIER domain to the edge device with
that assigned bit.

Due to these differences, operational expectations fromtraditiona
mul ticast solutions do not apply to a BIER domain. There is no
granul ar per-flow state at each node defining a tree. NMonitoring
flows at the forwardi ng-plane level ((S,G entries) is not provided
in a BIER node. BIER FIB packet counters nmay be naintained for

BFR-ids or next-hop neighbors. Any flow based netrics will require
deeper packet inspection; this topic is outside the scope of this
docunent. In this way, BIER is again nore |ike unicast.

It is this reduction in state that allows for one of the key
operational benefits of BIER deterninistic convergence. The BIER
FI B can converge inmmedi ately after the unicast FIB regardl ess of how
many multicast flows are transiting the links. Careful nonitoring of
(S, G utilization is not required within a Bl ER donai n.

7.1. Configuration

A BI ER domai n requires that each edge node (BFER) be given a unique
bit position in the BIER mask (BFR-id). The BFR-id nust be
configured on each BFER and associated with a unique |IP address of
that BFER  Any existing nmanual or automated configuration tools nust
provi de access to BIER-specific configuration. The association of
the BFR-id with a unique address of the BFER to which it is assigned
must al so be advertised into the IGP of the BIER domain. This may be
inplied fromthe BIER configuration or require | GP-specific
configuration. This docunment does not dictate any specific
configuration nethodol ogy.

8. | ANA Consi derati ons

Thi s docunent does not require any | ANA acti ons.
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9. Security Considerations

VWen BIER is paired with a particular nmulticast flow overlay, it
inherits the security considerations of that layer. Simlarly, when
BIER is paired with a particular routing underlay, it inherits the
security considerations of that |ayer.

If the BIER encapsul ation of a particul ar packet specifies an SI or a
BitString other than the one intended by the BFIR, the packet is
likely to be msdelivered. |If the BIER encapsul ati on of a packet is
nmodi fied (through error or nal feasance) in a way other than that
specified in this docunent, the packet nmay be mnisdelivered. Sone
nmodi fications of the BlIER encapsul ation, e.g., setting every bit in
the BitString, may result in (intentional or unintentional)

deni al - of -servi ce (DoS) attacks.

If a BFIRis conpromi sed, it nay inpose a BIER encapsul ation with al
the bits in the BitString set; this would also result in a DoS
att ack.

Every BFR MUST be provisioned to know which of its interfaces lead to
a Bl ER donai n and whi ch do not. BIER- encapsul ated packets MJST NOT
be accepted from outside the BIER donain. (Reception of

Bl ER- encapsul at ed packets from outside the Bl ER donmain would create
an attack vector for DoS attacks, as an attacker might set all the
bits in the BitString.)

If two interfaces lead to different BIER donmins, the BFR MJUST be
provi sioned to know that those two interfaces |lead to different BIER
domains. |If the provisioning is not correct, BlIER encapsul ated
packets fromone BIER domain may "l eak" into another; this is likely
to result in msdelivery of packets

DoS attacks may al so result fromincorrect provisioning (through
error or nal feasance) of the BFRs.

If the procedures used for advertising BFR-ids and BFR-prefixes are

not secure, an attack on those procedures may result in incorrect
delivery of BIER-encapsul ated packets.

W j nands, et al. Experi ment al [ Page 38]



RFC 8279 Miul ticast with BIER Novenber 2017

10.

10.

10.

Ref er ences
1. Nor mat i ve Ref erences

[ RFC2119] Bradner, S., "Key words for use in RFCs to Indicate
Requi renment Level s", BCP 14, RFC 2119,
DO 10.17487/ RFC2119, March 1997,
<https://www.rfc-editor.org/info/rfc2119>.

[ RFC3443] Agarwal, P. and B. Akyol, "Tinme To Live (TTL) Processing
in Multi-Protocol Label Switching (MPLS) Networks",
RFC 3443, DO 10.17487/ RFC3443, January 2003,
<https://www. rfc-editor.org/info/rfc3443>.

[ RFC8174] Leiba, B., "Anmbiguity of Uppercase vs Lowercase in
RFC 2119 Key Words", BCP 14, RFC 8174,
DO 10.17487/ RFC8174, May 2017,
<https://ww. rfc-editor.org/info/rfc8174>.

2. I nformati ve References

[ BGP_BI ER_EXTENSI ONS]
Xu, X., Ed., Chen, M, Patel, K, Wjnands, 1J., and A
Przygi enda, "BGP Extensions for BIER', Wrk in Progress,
draft-ietf-bier-idr-extensions-03, August 2017.

[ Bl ER_WPN|
Rosen, E., Ed., Sivakumar, M, Aldrin, S., Dol ganow, A ,
and T. Przygienda, "Milticast VPN Using BIER', Work in
Progress, draft-ietf-bier-nvpn-09, Novenber 2017.

[ Boi vi e_Fel drman]
Boivie, R and N. Feldman, "Small G oup Multicast”, Wrk
in Progress, draft-boivie-sgm02, February 2001.

[1SI'S Bl ER_ EXTENSI ONS]
G nsberg, L., Ed., Przygienda, A, Aldrin, S., and J.
Zhang, "BIER Support via ISIS", Wrk in Progress,
draft-ietf-bier-isis-extensions-06, Cctober 2017.

[ MPLS_BI ER_ENCAPS]
Wjnands, |J., Ed., Rosen, E., Ed., Dol ganow, A,
Tantsura, J., Aldrin, S., and I. Meilik, "Encapsul ation
for Bit Index Explicit Replication in MPLS and non- MPLS
Net wor ks", Work in Progress, draft-ietf-bier-npls-
encapsul ati on-12, Cctober 2017.

W j nands, et al. Experi ment al [ Page 39]



RFC 8279 Miul ticast with BIER Novenber 2017

[ OSPF_BI ER_EXTENSI ONS]
Psenak, P., Ed., Kumar, N., Wjnands, |J., Dol ganow, A,
Przygi enda, T., Zhang, J., and S. Aldrin, "OSPF Extensions
for BIER', Work in Progress, draft-ietf-bier-ospf-bier-
ext ensi ons-09, October 2017.

[ RFC6513] Rosen, E., Ed., and R Aggarwal, Ed., "Multicast in
MPLS/ BGP | P VPNs", RFC 6513, DO 10.17487/ RFC6513,
February 2012, <https://ww.rfc-editor.org/info/rfc6513>.

[ RFC6514] Aggarwal, R, Rosen, E., Mrin, T., and Y. Rekhter, "BGP
Encodi ngs and Procedures for Multicast in MPLS/BGP IP
VPNs", RFC 6514, DO 10.17487/ RFC6514, February 2012,
<https://www. rfc-editor.org/info/rfc6514>.

Acknowl edgenent s

The authors wish to thank Rajiv Asati, Alia Atlas, John Bettink, Ross
Cal l on (who contributed much of the text on deterninistic ECWP),
Nagendra Kumar, Christian Martin, Neale Ranns, Albert Tian, Ranji
Vai t hi anat han, Xi aohu Xu, and Jeffrey Zhang for their ideas and
contributions to this work.

The authors al so wish to thank Sue Hares, Victor Kuarsingh, and Dan
Romascanu for their reviews of this docunent.

W j nands, et al. Experi ment al [ Page 40]



RFC 8279 Miul ticast with BIER Novenber 2017

Contributors

The foll owi ng people contributed significantly to the content of this
docunent and shoul d be consi dered co- aut hors:

Gregory Cauchi e
Bouygues Tel ecom
Emai | : gcauchi e@ouyguest el ecom fr

Mach( Guoyi ) Chen
Huawei
Emai | : mach. chen@uawei . com

Arkadiy Gul ko

Thonson Reuters

195 Br oadway

New Yor k, NY 10007

United States of Anmerica

Emai | : arkadiy. gul ko@ honsonreuters. com

W m Hender i ckx

Noki a

Coper ni cusl aan 50

Antwerp 2018

Bel gi um

Emai | : wi m henderi ckx@oki a. com

Martin Horneffer

Deut sche Tel ekom

Hanmer Str. 216-226

Mienster 48153

Ger many

Email : Martin. Horneffer@el ekom de

Luay Jalil

Veri zon

1201 East Arapaho Rd.

Ri chardson, TX 75081

United States of Anerica
Email: luay.jalil @erizon.com

Uwe Joorde

Deut sche Tel ekom

Hamrer Str. 216-226

Muenster D-48153

Cer many

Emai |l : Uwne. Joorde@ el ekom de

W j nands, et al. Experi ment al [ Page 41]



RFC 8279 Miul ticast with BIER Novenber 2017

Greg Shepherd

Ci sco Systens

170 West Tasnmn Drive
San Jose, CA 95134
United States of Anerica
Emai | : shep@i sco. com

Jeff Tantsura
Email: jefftant.ietf@nail.com

W j nands, et al. Experi ment al [ Page 42]



RFC 8279 Miul ticast with BIER Novenber 2017

Aut hors’ Addresses

I Jsbrand W jnands (editor)
Cisco Systems, Inc.

De Kl eetlaan 6a

D egem 1831

Bel gi um

Email: ice@i sco.com

Eric C. Rosen (editor)

Juni per Networks, Inc.

10 Technol ogy Park Drive

West ford, Massachusetts 01886
United States of Anmerica

Emai | : erosen@ uni per. net

Andr ew Dol ganow

Noki a

438B Al exandra Rd #08-07/10
Al exandra Technopark

Si ngapore 119968

Si ngapor e

Emai | : andr ew. dol ganow@oki a. com

Tony Przygi enda

Juni per Networks, Inc.

1194 N. Mathil da Ave.
Sunnyval e, California 94089
United States of America

Emai | : prz@ uni per. net

Sam K. Aldrin

CGoogl e, Inc.

1600 Anphitheatre Parkway
Mountain View, California 94043
United States of America

Email: aldrin.ietf@mail.com

W j nands, et al. Experi ment al [ Page 43]






