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Abstract

| P/ MPLS networ ks use packet switching (with the feature store-and-
forward) and are based on statistical nmultiplexing. Statistica
multiplexing is essentially a variant of tine division multiplexing,
which refers to the asynchronous and dynam c allocation of |ink
timesl ot resources. In this case, the service fl ow does not occupy a
fixed tineslot, and the length of the tinmeslot is not fixed, but
depends on the size of the packet. Statistical nultiplexing has
certain chall enges and conplexity in neeting determnistic QS, and
its delay performance is dependent on the used queuei ng mechani sm
Thi s docunent further describes a generic tinme division nultiplexing
schene for layer-3 in an I P/ MPLS networks, called tinmeslot queueing
and forwarding (TQF) nmechanism TQF is an enhancenent based on TSN
TAS and allows the data plane to create a flexible tineslot mapping
schenme based on available tinmeslot resources. It defines a cyclic
period consisting of multiple timeslots where a flowis assigned to
be transmited within one or nore dedicated timeslots. The objective
of TQ-is to better handl e | arge scaling requirenents.

Status of This Meno

This Internet-Draft is submtted in full confornmance with the
provi sions of BCP 78 and BCP 79.

Peng, et al. Expires 16 April 2026 [ Page 1]



Internet-Draft

Ti mesl ot Queuei ng and Forwardi ng

Cct ober 2025

Internet-Drafts are working docunents of the Internet Engineering

Task Force (1 ETF).
wor ki ng docunments as Internet-Drafts.

Note that other groups may al so distribute
The list of current Internet-

Drafts is at https://datatracker.ietf.org/drafts/current/.

Internet-Drafts are draft docunments valid for a maxi num of six nonths
and may be updated, replaced, or obsol eted by other docunents at any
time. It is inappropriate to use Internet-Drafts as reference
material or to cite themother than as "work in progress.”

This Internet-Draft will expire on 16 April 2026.

Copyri ght Notice

Copyright (c) 2025 | ETF 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 Legal

Provisions Relating to | ETF Docunments (https://trustee.ietf.org/

| i cense-i nfo)
Pl ease revi ew these documents carefully,

and restrictions with respect to this docunent.

extracted fromthis docunent nust
described in Section 4.e of the Trust Legal

in effect on the date of publication of this docunent.
as they describe your rights
Code Conponents

i ncl ude Revised BSD License text as
Provi sions and are

provi ded without warranty as described in the Revised BSD License.

Tabl e of Contents

1.

Pwn

Noo

8.
9.
10.

D

NNANN

1
1

I ntroduction .
.1. Requirenents Language .
Ter m nol ogy . .o
Overview . .

Ti mesl ot Mappi ng Rel atl onshl p
.1. Deduced by BTM

.2. Deduced by BOM .
Resources Used by TQF .

Arrival Postion in the Orchestratlon Perlod

Resi dence Del ay Eval uati on .
1. Residence Delay on the Ingress Node .
2. Residence Delay on the Transit Node .
3. Residence Delay on the Egress Node

4. End-to-end Delay and Jitter .

Fl ow States in Data-plane . .

Queue Allocation Rule of Round Robl n QJeue
Queue Allocation Rule of PIFO Queue . .
0.1. PIFOwith On-tinme Scheduling Mde
0.2. PIFOwth In-tine Schedullng Mode

11. dobal Tineslot ID

Peng,

et al. Expires 16 April 2026



I nternet-Draft Ti mesl ot Queuei ng and Forwardi ng

12. Multiple Ochestration Periods
13. Admi ssion Control on the Headend
14. Frequency Synchroni zation
15. Eval uations . .
15.1. Large Scallng ReqU|renents Nhtchlng Degree
15.2. Taxonorny Consi derations .
15.3. Exanples . . .
15. 3. 1. Fbavymelght Loadlng Exanple
15.3.2. Lightweight Loadi ng Exanpl es
15.3.2.1. Gid Reference Topol ogy .
15.3.2.2. Ring-Mesh Reference Topology .
16. | ANA Consi derations . .
17. Security Considerations
18. Acknow edgenents
19. References .
19.1. Normative References
19.2. Informative References
Aut hors’ Addresses
1. Introduction

Cct ober 2025

28
30
31
31
32
34
34
34
37
38
45
56
56
56
56
56
58
59

| P/ MPLS networ ks use packet switching (with the feature store-and-
forward) and are based on statistical mnultiplexing.
of supporting nmultiplexing in the network was first seen in the tine

division nultiplexing (TDM,

The di scussi on

frequency division nultiplexing (FDV

and ot her technol ogi es of tel ephone conmuni cati on network (using
circuit switching). Statistical nmultiplexing is essentially a

variant of tinme division nultiplexing,
asynchronous and dynam c al |l ocati on of

the service flow does not occupy a fixed tineslot,

the timesl ot
contrast,
sampling frame (or terned as tinme frane)
fixed length tineslots,
all ocated to a specific service.
resources in statistica

which refers to the
link resources. In this case,
and the | ength of

is not fixed, but depends on the size of the packet. In

synchronous tine division multiplexing means that a

i ncludes a fixed nunmber of
and the tineslot at a specific positionis
The utilization rate of
mul ti plexing is higher than that

i nk
in

synchronous tine division multiplexing. However, if attenpting to
provide determ nistic end-to-end delay in packet sw tched networks
based on statistical multiplexing, the difficulty is greater than

t hat

in synchronous tine division nultiplexing.

The main chal | enge

is to obtain a determ nistic upper bound on the queuei ng del ay, which
is closely related to the queuei ng mechani smused in the network.

In addition to | P/ MPLS networKk,
t echnol ogi es,

ot her packet swi tched network
such as ATM al so di scusses how to provide

correspondi ng transm ssion quality guarantee for different service
types.

Peng,

et al.

Bef ore servi ce communi cati on
connection to reserve virtual path/channel resources,
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and use fi xed-
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I ength short cells and tinmeslots. The advantage of short cell is
small interference delay, but the disadvantage is | ow encoding
efficiency. The mapping rel ationship between ATM cells and timeslots
is not fixed, so it still depends on a specific cells scheduling
mechani sm (such as [ ATM LATENCY]) to ensure del ay perfornmance.

Al t hough the cal cul ation of del ay performance based on short and
fixed-length cells is nmore concise than that of |IP/ MPLS networks
based on variable | ength packets, they all essentially depend on the
queuei ng nechani sm

[ TAS] introduces a synchronous tine-division nultiplexing nethod

based on gate control list (GCL) rotation in Ethernet LAN. Its basic
idea is to calcul ate when the packets of the service flow arrive at a
certain node, then the node will turn on the green light (i.e., the

transm ssion state is set to OPEN) for the correspondi ng queue
inserted by the service flow at that time duration, which is defined
as Tinelnterval between two adjacent itens in gating cycle. The
Timelnterval is exactly the tineslot resource that can be reserved
for service flow. A set of queues is controlled by the GCL, with
round robin per gating cycle. The gating cycle (e.g, 250 us)
contains a lot of itenms, and each itemis used to set the OPEN CLOSED
states of all traffic class queues. By strictly controlling the

rel ease tine of service flow at the network entry node, nmultiple
flows always arrive sequentially during each gating cycle at the

i ntermedi ate node and are sent during their respective fixed tinmeslot
to avoid conflicts, with extremely | ow queuei ng del ay. However, the
GCL state (i.e., itens set, and different Tinmelnterval val ue between
any two adjacent itens) is related with all admtted fl ows that
passes through the node. Calculating and installing GCL states
separately on each node has scalability issues.

[ CQF] introduces a synchronous tinme-division multiplexing method
based on fixed-length cycle in Ethernet LAN. [ECQF] is a further
enhancenment of the classic CQF. CQF with 2-buffer nobde or ECQF with
x-bin node only uses a small nunber of cycles to establish the cycle
mappi ng between a port-pair of two adjacent nodes, which is

i ndependent of the individual service flow The cycle mapping nmay be
mai nt ai ned on each node and swaped based on a single cycle id carried
in the packet during forwarding ([!|-D. eckert-detnet-tcqf]), or al
cycle mappings are carried in the packet as a cycle stack and read
per hop during forwarding

([1-D. chen-detnet -sr-based-bounded-| atency]). According to [ ECQF],
how many cycles (i.e., x-bin node) are required depends on the
proportion of the variation in intra-node forwarding delay relative
to the cycle size. |If the proportion is small, 3-bin is enough,
otherw se, nore than 3 bins needed. Conpared to TAS, CQF/ ECQF no

| onger nmai ntains GCL on each node, but instead replaces the |arge
nunber of variable length of tinmeslots related to service flows in

Peng, et al. Expires 16 April 2026 [ Page 4]
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GCL with a small nunmber of fixed length cycles unrelated to service
flows. Thus, CQF/ECQF sinplifies the data plane, but |eaves the
complexity to the control plane, by calculating and controlling the
rel ease tinme of service flow at the network entry, to guarantee no
conflicts between flows in any cycle on any internedi ate nodes.

In order to neet the large scaling requirenents, this docunent

descri bes a scheduling mechani smfor enhancing TAS. It defines a
cyclic period consisting of multiple timeslots that share limted
buffer resources, and a flowis assigned to be transmted within one
or nore dedicated tinmeslots. It does not rely on tine
synchroni zati on, but needs to detect and nmintain the phase
difference of cyclic period between adjacent nodes. It further
defines two scheduling nodes: on-tine or in-time node. This

mechani smis naned Ti mesl ot Queueing and Forwarding (TQF), as a
suppl enent to | EEE 802.1 TSN TAS. In TQF, the selected I ength of the
cyclic period (i.e., gating cycle of TAS) depends on the | ength of
the supported service burst interval. Note that TQF is a |layer-3
solution and can operate over different types of QS sensitive

| ayer-2 including TSN but is not an alternative to TSN

Simlar to TAS and CQF/ ECQF, TQF is al so TDM based schedul i ng
mechani sns. However, their differences are as bel ow

* Conpared to classic TAS, TQF nay use round robin queues
corresponding to the count of tineslots during gating cycle, while
TAS only mai ntai ns queues corresponding to the nunber of traffic
cl asses and one of themis used for the Scheduled Traffic (i.e.,
Det Net flows). That neans TQF need nore queues than TAS (i.e.,
mul tiple tinmeslot queues vs single traffic class queue). However,
TAS needs to use other conplex nmethods to control the arriva
order of all flows sharing the same traffic class queue to isolate
them (so that each flow faces al nbst zero queui ng delay), while
TQF s tinmeslot queue naturally isolates flows by tineslot id of
gating cycle. TAS can be seen as a special case of TQF (where M=
1). And, TQ- with in-time scheduling node may use a single Push-
in First-out (PIFO queue to approxinmate the ultra-1low del ay of
TAS.

* Conpared to CQF/ ECQF, TQF on-tinme scheduling maintains round robin
queues corresponding to the count of tineslots during gating
cycle, while CQF/ ECQF maintains extra tolerating queues dependi ng
on the proportion of the variation in intra-node forwarding del ay
relative to the cycle size. There is no gating cycle with its
ti mesl ot resources designed by CQF/ ECQF, it needs to use
additional flow interleaving nethod to control the arrival order
of flows sharing the sane cycle queue to isolate flows (or
alternatively tolerate overprovision), while TQ- s tineslot queue

Peng, et al. Expires 16 April 2026 [ Page 5]
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naturally isolates flows by tinmeslot id of gating cycle. This is
al so the semantic difference between cycle id and tinmeslot id,
where the forner is used to indicate the NO of the aggregated
queues such as sending, receiving, or tolerating queue that share
the sane resources per CQF instance, rather than indicating the

i ndi vidual timeslot resource within the gating cycle like the
later. After defining tineslot resources in | P/MPLS network, TQF
does not limt the inplenmentations of the data structure type
corresponding to tineslot resources on the data pl ane, which may
be round robin queues, or a single PIFO queue.

1.1. Requirenents Language

The key words "MJST", "MJST NOT*, "REQU RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMMENDED', "NOT RECOMVENDED', "MAY", and
"OPTIONAL" in this docunent are to be interpreted as described in BCP
14 [ RFC2119] [ RFC8174] when, and only when, they appear in al
capitals, as shown here

2. Term nol ogy
The following ternmnology is introduced in this docunent:

Timeslot: The unit of TQF scheduling. It needs to design a
reasonabl e val ue, such as 10us, to send at |east one conplete
packet. Different nodes can be configured with different |ength
of timeslot.

Ti mesl ot Scheduling: The packet is stored in the buffer zone
corresponding to a specific tineslot id, and nay be sent before
(in-time node) or within (on-tine node) that tineslot. The
timeslot id is always a NO fromthe orchestration peri od.

Service Burst Interval: The traffic specification of DetNet flow
generally follows the principle of generating a specific burst
anmounts within a specific length of periodic burst interval. For
exanpl e, a service generates 1000 bits of burst per 1 nms, where 1
nms is the service burst interval

Orchestration Period: The orchestration period is a cyclic period
and used to instantiate tineslot resources on the link. The
sel ection of orchestration period | ength depends on the service
burst interval of DetNet flows, e.g., the Least Common Miltiple
of service burst intervals of all flows. It is actually the
gating cycle in TAS, just with different queue all ocation rules.
It contains a fixed count (ternmed as N and nunbered fromO to
N-1) of tineslots. For exanple, the orchestration period include
1000 tinmeslots and each tinmeslot length is 10 us. Miltiple
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orchestration period length may be enabled on the link, but al
nodes included in the Det Net path must interoperate based on the
same orchestration period length. A specific orchestration
period | ength can be used to indicate the correspondi ng TQF
schedul i ng i nstance.

Ongoi ng Sendi ng Period: The orchestration period which the ongoi ng

sendi ng timesl ot bel ongs to.

Schedul ing Period: The scheduling period of a TQF scheduling

i nstance depends on the hardware’s buffer resources that is
supported by the device. |Its length reflects the count of the
timesl ot resources (termed as M and nunbered fromO to M1) with
rel ated buffer resources that is actually instantiated on the
data plane, which is limted by hardware capabilities.
Scheduling period I ength may be |l ess than or equal to
orchestration period length in the case of on-tine node, or

| arger than or equal to orchestration period length in the case
of in-time node. Packets belonging to a specific timeslot (in
orchestration period) will be napped and stored in the buffer
zone of the corresponding timeslot of the scheduling period.

Incoming Tinmeslot: For the headend of the DetNet path, the current

timeslot of UNI at which a flow arriving and after being policing
is the incomng tineslot. For any intermediate node of the

Det Net path, the timeslot contained in the packet received from
the upstream node (i.e., the outgoing tineslot of the upstream
node) is the incomng tineslot. An incoming tinmeslot id is the
timeslot in the context of the orchestration period.

Qutgoing Tinmeslot: Wen sending a packet to the outgoing port,

according to resource reservation or certain rules, it chooses to
send packet in the specified tinmeslot of that port, which is the
outgoing tineslot. An outgoing tinmeslot idis the tineslot in
the context of the orchestration period.

Ongoi ng Sending Tinmeslot: When the end of the incomng timeslot to

Peng,

whi ch t he packet bel ongs reaches a specific port, the timeslot
currently in the sending state is the ongoi ng sending tineslot of
that port. Note that the ongoing sending tineslot is different
with the outgoing tinmeslot. An ongoing sending tineslot idis
the timeslot in the context of the orchestration period.
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3. Overview

Thi s schene introduces the tinme-division multiplexing scheduling
mechani sm based on the fixed length tineslot in the I P/ MPLS networKk.
Note that the time-division nmultiplexing here is a L3 packet-I|eve
schedul i ng mechani sm rather than the TDM port (such as SONET/ SDH)
inplemented in L1. The latter generally involves the time frane and
the correspondi ng fram ng specification, which is not necessary in
this document. The data structure associated with tineslot resources
may be inpl enented using round robin queues, or a single PlIFO queue,
etc.

Figure 1 shows the TQF schedul i ng behavior inplenmented by the
i ntermedi ate node P through which a determ nistic path passes.

i ncom ng slots:

i,j,k @pP
+---+ +---+ +---+
| PEL| --------------- | P| -------emmma-- | PE2|
+---+ +---+ +---+
orchestration period (OP)
T S N AUy S
| O] 2] 2] 3] ... ... |N1]
T +-- -+
N
Qut goi ng slots |
a,b,c @P |
Det Net path ------------------ O------mmmmmm - >
|\
| \ (rank by a,b,c @P)
access slots: | \-----mmmmmmmmmi o +
a,b,co @P v |
R R + L Y,
| | queue-0 @lot 0 | [\ +---+
| . + | +-- -+
| | queue-1 @lot 1 | | | +---+
Schedul ing < R + +---+
Period (SP) | | . | A +---+
| o e e e e oo + | +---+
| | gqueue-n @lot M1 \ +---+
L + +-- -+
(Round Robi n Queue) (PIFO

Figure 1: Tinmeslot Based Schedul i ng Mechani sm
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Where, both the orchestration period and the scheduling period
consist of multiple tineslots, the nunber of timeslots supported by
orchestration period is related to the length of the service burst
interval, while the nunber of tineslots supported by scheduling
period is limted by hardware capabilities, and it may be
instantiated by a Round Robi n queue or PIFO

A TQF enabled Iink may configure multiple TQF scheduling instances
each with specific orchestration period | ength. Nodes communicate
wi th each other based on the same instance.

Each TQF scheduling instance related to a specific orchestration
period | ength may configure its service rate, and the sum of service
rates of all instances nust not exceed the port bandwidth. For a TQF
schedul i ng instance, the total anount of bits that can be consuned in
each timeslot is generally not exceeding the result of the service
rate multiplied by the tineslot |ength.

For each orchestration period length, all nodes in the network does
not require phase alignnent. The phase difference of orchestration
peri od between adj acent nodes shoul d be detect ed.

For a specific orchestration period configured on different links in
the network, these links may configure different tinmeslot |engths
because their capabilities vary, for example, the link capability of
the edge nodes is weaker than that of core nodes.

In Figure 1, a DetNet path consunmes tinmeslots i, j, k fromthe
orchestration period of the link PEL-P, and a, b, ¢ fromthe
orchestration period of the link P-PE2 respectively. Fromnode P's
perspective, i, j, k are incomng tineslots, while a, b, c are
outgoing tineslots. The cross connection between an incom ng
timesl ot and an outgoing tinmeslot will result in the correspondi ng
resi dence del ay, which depends on the offset between the incom ng and
outgoing tineslots based on the phase difference of the orchestration
periods of |ink PE1-P and P-PE2.

An outgoing timeslot in the orchestration period will finally access
the mapped tineslot in the scheduling period. There is a mapping
function fromthe tineslot z in the orchestration period to the

timeslot z° in the scheduling period, i.e., z =f(z). For exanple,
the mapping function may be z° =2z, z7 =z + offset, 22 =z %M and
z’ = randon(z), etc. VWhich function to use depends on the queue

all ocation rule and data structure instantiated for timeslot
resources. In this docunment, two mapping functions are mainly

introduced: z7 =z %M (in the case of round robin queue), and z' = z
(in the case of PIFO.
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The controller plane function used for TQF, to cal cul ate a Det Net
path with the allocated timeslots that nmeets the flow requirenents,
can be found in [I-D. peng-detnet-tqf-controller-plane].

4. Tineslot Mapping Rel ationship

In order to determine the offset between the incom ng tineslot and
the outgoing timeslot in the context of specific TQF scheduling
instance that is identified by orchestration period length, it is
necessary to first determine the ongoi ng sending tineslot that the
incomng tineslot falls into, i.e., the mapping relationship between
the incoming tinmeslot and the ongoi ng sending tineslot.

Two nethods are provided in the foll owi ng sub-sections to determne
the mapping rel ati onship between the incomng tineslot and the
ongoi ng sendi ng tineslot.

4.1. Deduced by BTM

Figure 2 shows that there are three nodes U, V, and Win turn al ong
the path. All nodes are configured with the sane orchestration
period length (termed as OPL), which is crucial for establishing a
fixed tineslot mapping relationship between the adjacent nodes.

* Port_u2 has timeslot length L_u2, and an orchestration period
contains N u2 tineslots.

* Port_vl has tineslot length L_vl, and an orchestration period
contains N vl tineslots.

* Port_v2 has timeslot length L_v2, and an orchestration period
contains N v2 tineslots.

Hence, L u2*N u2 = L vi*N vl = L v2*N v2. 1|In general, the link
bandwi dt h of edge nodes is snall, and they may be configured with a
larger tinmeslot |length than the aggregat ed/ backbone nodes.

It has been mathematically proven that if the |east comon multiple
of L_u# and L_v# is LCM OPL is also a multiple of LCM

Node U may send a detection packet fromthe end (or head, the process
is simlar) of an arbitrary tineslot i of port_u2 connected to node
V. After a certain link propagation delay (D _propagation), the

packet is received by the incom ng port of node V, and i is regarded
as the incoming timeslot by V. At this time, the ongoing sending
timeslot of port vlis j, and there is tinme T_ij left before the end

of the tineslot j.

Peng, et al. Expires 16 April 2026 [ Page 10]
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This mapping relationship is ternmed as:
* <instance OPL, port_u2 slot i, port_vl slot j, T.ij>

To avoid confusion, this mapping relationship is called the base
timesl ot mapping (BTM, as it is independent of the DetNet flows.

I nst ead, anot her mapping relationship that depends on the specific
flow, e.g., between the outgoing timeslot of port_u2 and the outgoing
timeslot of port_v2, is called the forwarding tineslot mapping (FTM

BTMis generally maintained by node V when processi ng probe nessage
received fromnode U  However, node U may also obtain this
informati on fromnode V, e.g, by an ACK nessage. The advant age of
mai ntai ning BTM by node Uis that it is consistent with the
unidirectional link fromnode Uto V, so it is nore appropriate for
node U (rather than V) to advertise it in the network. A BTM
detection nethod can be found in [I-D. xp-i ppmdetnet-stanp], and the
advertisenent nethod can be found in

[1-D. peng-lsr-determnistic-traffic-engineering].

Note that this document does not recomrend directly detecting and

mai nt ai ni ng BTM between the outgoing tinmeslot of port_u2 and the
ongoi ng sending tineslot of port _v2 (i.e., the outgoing port of
downstream node V), as this is too trivial. |In fact, as shown above,
mai ntai ni ng only BTM between the outgoing tinmeslot of port_u2 and the
ongoi ng sending timeslot of port_vl (i.e., the inconing port of
downstream node V) is sufficient to derive other mapping

rel ati onshi ps.
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| port_ul
Node U

| port_u2
R L OP of port_u2 ------------------- >|
. . +
I | i I
o m e e e - e +
(departured from port_u2)

v
R L OP of port_u2 ------------------- >|
N T +
I (A I
S o e o m m o e e e e e e e e e e e e e e m e oo +

S S o e e e e e e e e e e e oo oo +
I I j I I
Fom e Fom e o mm e e e e e e eee oo s +
I OP of port_vl ----------mmmommmoon >|
I
Node V |
\ (intra-node forwarding del ay)
port_v2 \
o Fomm o - o m e e e e e e e e e eee oo s +
I [ I
Fom e e e oo - B S, o mm e e e e e e e e e e e meamaoo- +
R R OP of port_ v2 ----------m-mmommm-- >
p
port_wil
Node W

Figure 2: BTM Detection

Based on the above detected BTM and know ng the intra-node
forwardi ng delay (F) including parsing, table |ookup, internal fabric
exchange, BTM between any outgoing tinelot x of port_u2 and the
ongoing timeslot y of port_v2 can be derived.

Let t is the offset between the end of the tinmeslot x of port_u2 and
the beginning of the orchestration period of the port_v2.
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ot = ((JTHA)*Lvl - Toij’ + OPL + (x-i)*L_u2 + F) % OPL
Then,
* oy = [t/L_v2]

And the time T_xy left before the end of the tineslot y is:
* T xy = (y+1)*L_v2 - t

Thi s docunent recommends that the time of each port within the sane
node must be synchronized, that is, all ports of a node share the
same |l ocal systemtinme, which is easy to achieve. It is also
recomrended that the begin time of the orchestration period for al
ports within the same node be the sanme or differ by an integer
multiple of OPL, e.g, maintaining a global initial tinme as the

| ogi cal begin tinme for the first round of orchestration period for
all ports. Wether node restart or port restart, this initial tine
shoul d continue to take effect to avoid affecting the tineslot
mappi ng rel ati onshi p between each node. Depending on the

i mpl ementation, considering that the initial time may be a historica
time that is too far away fromthe current systemtinme, regular
updates may be nade to it (e.g, self increasing k*OPL, where k is a
natural nunber) to be closer to the current systemtine.

4.2. Deduced by BOM

Figure 3 shows that there are three nodes U, V, and Win turn al ong
the path. Simlar to Section 4.1, it still has L_u2*N u2 = L _v1*N vl
= L _Vv2*N v2

Node U may send a detection packet fromthe head (or end, the process
is simlar) of the orchestration period of port_u2 connected to node
V. After a certain link propagation delay (D _propagation), the
packet is received by the incom ng port of node V. At this tine,
there is tine P uv left before the end of the ongoing sending period
of port_v1.

This mapping relationship is termed as:
* <instance OPL, port_u2, port_vl, P _uv>

This mapping relationship is called the base orchestration-period
mappi ng (BOV), which it is independent of the DetNet fl ows.

BOM is generally maintained by node V when processi ng probe nessage

received fromnode U  However, node U may al so obtain this
informati on fromnode V, e.g, by an ACK nessage. The advant age of
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mai ntai ning BOM by node Uis that it is consistent with the
unidirectional link fromnode Uto V, so it is nore appropriate for
node U (rather than V) to advertise it in the network. A BOM
detection nethod can be found in [I-D. xp-i ppm detnet-stanp], and the
advertisenent nethod can be found in

[1-D. peng-lsr-determnistic-traffic-engineering].

| port_ul
Node U
port _u2
R OP of port_u2 ------------------- >|
S IR e T TS +
I (. I
R o e e m e e e e e e e e e e e e e e e e e mmm e e +

(departured from port u2)

\' (link del ay)
\

I
I Puv -----mmmi e - >|
%
S S oo m e e e e e e e e e e ao - +
I I I
R LR OP of port_vl -------------------- >|
port_vi
\
Node V \ (intra-node forwarding del ay)
\
port _v2 \
oo S o m e e e e e e e eee— oo +
I I I
T R, o e e e e e e e e e e e e e e +
R L OP of port_v2 -------------------- >|
port_wl
Node W

Figure 3: BOM Detection
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Based on BOM and knowi ng the intra-node forwarding delay (F), the
mappi ng rel ati onshi p between any outgoing timelot x of port_u2 and
the ongoing timeslot y of port_v2, can be derived.

Let t is the offset between the end of the tinmeslot x of port_u2 and
t he begi nning of the orchestration period of the port_v2.

* t = ((x+1)*L_u2 + OPL - P.uv + F) % OPL
Then,
* oy = [t/L_v2]
And the time T xy left before the end of the tineslot y is:
* T xy = (y+1)*L_v2 - t
5. Resources Used by TQF

The operation of TQF scheduling nechanismw |l consume two types of
resources:

* Bandwi dth: Each TQF scheduling instance nmay configure its service
rate that is a dedicated bandw dth resource fromthe outgoing
port, and the sum of service rates of all instances must not
exceed the port bandw dth.

* Burst: The burst resources of a specific TQF scheduling instance
can be represented as the corresponding bit amounts of all
timeslots included in the orchestration period. The total anount
of bits that can be consuned by flows in each tineslot is
general ly not exceeding the result of the service rate multiplied
by the tinmeslot |ength.

6. Arrival Postion in the Orchestration Period

Generally, a DetNet flow has its TSpec, such as periodically
generating traffic of a specific burst size within a specific length
of burst interval, which regularly reaches the network entry. The
headend executes traffic regulation (e.g, setting appropriate
paraneters for |eaky bucket shaping), which generally nake packets
evenly distributed within the service burst interval, i.e, there are
one or nore shaped sub-burst in the service burst interval. There is
an ideal positional relationship between the regulated tinme (the
monent when each sub-burst |eaves the regulator) and the
orchestration period of UNI port, that is, each sub-burst corresponds
to an ideal incomng tinmeslot of UNI port. Based on the idea
incomng tinmeslot, an ideal outgoing tinmeslot of NNI port nay be
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sel ected and consunmed by the sub-burst.

For exanple, if a DetNet flow distributes m sub-bursts during the
orchestration period, the network entry should maintain mitens for
that flow

* <OPL, ideal incoming slot i_1, ideal outgoing slot z_1>

* <OPL, ideal incomng slot i_2, ideal outgoing slot z_2>

* <OPL, ideal incoming slot i_m ideal outgoing slot z_np

However, the packets arrived at the network entry are not al ways
ideal, and the regulated tinme may not be in a certain ideal incomng
timeslot. Therefore, an inportant operation that needs to be
performed by the network entry is to determ ne the ideal incomng
timeslot i based on the regulated time. This can first deternine the
actual incomng tinmeslot based on the regulated tine, and then match
an itemwith the ideal incomng tinmeslot that is closest to and not
earlier than the actual incomng tineslot. Alternatively, another
mat ch operation is to match an itemw th the ideal outgoing tineslot
that is closest to and not earlier than the actual incomi ng tineslot.
Note that all sub-bursts of the same flow nust use the same match
operation, otherw se, inconsistent operations may cause themto
conflict in the same outgoing tinmeslot.

Figure 4 shows, for sone typical DetNet flows, the ideal incomng

timeslots in the orchestration period of UNI, as well as the idea
outgoing tineslots of NNI consumed by these DetNet flows.
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Figure 4: Rel ationship between SBI and OP

As shown in the figure, the service burst interval of flows 1, 2, 3
is equal to the orchestration period length, while the service burst
interval of flow 4 is only 1/3 of the orchestration period | ength.

* Flow 1 generates a small single burst within its burst interval,
whi ch may consune tinmeslot 2 or other subsequent tineslot of NN

* Flow 2 generates two small discrete sub-bursts within its burst
interval and al so be shaped, which may respectively consunme slots
4 and N-1 of NNI;

* Flow 3 generates a large single burst within its burst interva
but not be really shaped (due to purchasing a | arger burst
resource and served by a | arger bucket depth), which may al so be
split to nultiple back-to-back sub-bursts and consume mnultiple
consecutive tineslots, such as 8 and 9 of NN
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* The service burst interval of flow4 is only 1/3 of the
orchestration period. Hence, construct flow 4 with 3 occurrence
of the flow 4 within an orchestration period. So flow 4 is
simlar to flow 2, generating three separate sub-bursts withinits
burst interval. It may consune tinmeslots 3, 7, and N-1 of NNI.

7. Residence Delay Eval uation
7.1. Residence Delay on the Ingress Node

On the headend H, the received flow corresponds to an ideal incom ng
timeslot i of UNI port. Although there is actually no tineslot
mappi ng rel ati onshi p established between the end-system and the
headend, it can still be assuned that the end-system applies the sane
orchestration period as UNI, and the BOMwi th phase aligned is
detected. Then, according to Section 4, for the above incom ng
timeslot i, the ongoing sending tineslot j of NNI port, as well as
the remaining time T_ij of tineslot j , can be deduced.

An outgoing timeslot z of NNI, which offset o (>=1) timeslots fromj,
can be selected for the flow That is, z = (j+0)%\ _h2, where N h2 is
the nunber of tineslots in the orchestration period of NNI.

Thus, on the headend H the residence delay obtained fromthe outgoing
timeslot z is:

Best Residence Delay = F + T_ij + (o0-1)*L_h2
Worst Residence Delay = F + T_ij + L_hl + o*L_h2
Aver age Residence Delay = F + T_ij + (L_hl + (20-1)*L_h2)/2

where, L_hl is the tineslot length of UNI port, L_h2 is the
timeslot |length of NNI port.

The best residence delay occurs when the flow arrived at the end of
the ideal incoming tineslot i, and sent at the head of the outgoing
timesl ot z.

The worst residence delay occurs when the flow arrived at the head of
the ideal inconmng tineslot i, and sent at the end of the outgoing
timesl ot z.

The delay jitter within the headend is (L_hl + L_h2). However, the
jitter of the entire path is not the sumof the jitters of all nodes.

Peng, et al. Expires 16 April 2026 [ Page 18]



I nternet-Draft Ti mesl ot Queuei ng and Forwardi ng Cct ober 2025

Note that there is a runtine jitter, as mentioned in Section 6, which
depends on the deviation between the regulated time t0 and the begin
time of the ideal incomng tineslot i, called the arrival deviation,
i.e., i.begin - t0. A maximumarrival deivation can be set for each
sub-burst of the flow. The maxi num arrival deviation can be set as
the interval between the adjacent ideal incoming tinmeslots. The
schedul i ng period length also affect the value of maxi num arriva
deviation (refer to Section 13). Even if t0 is in the ideal incomng
timeslot i, there will usually be a negative value of arriva
deivation. Further operations to elimnate jitter (refer to

Section 7.4) must consider any possible positions of tO uniformy.

7.2. Residence Delay on the Transit Node

On the transit node V, according to Section 4, for any given incomn ng

timeslot i, the ongoing sending tineslot j of the outgoing port
(port_v2), as well as the remaining tine T ij of tineslot j, can be
deduced.

An outgoing tinmeslot z of the outgoing port, which offset o (>=1)
timeslots fromj, can be selected for the flow That is, z =

(j +0) %N v2, where N v2 is the nunber of tineslots in the
orchestration period of port_v2.

Thus, on the transit node V the residence delay obtained fromthe
outgoing tineslot z is:

Best Residence Delay = F + T ij + (o0-1)*L_v2
Worst Residence Delay = F + Tij + L u2 + o*L_v2
Average Residence Delay = F + T_ij + (L_u2+(20-1)*L_v2)/2

where, L u2 and L v2 is the tinmeslot length of port _u2 and port_v2
respectively.

The best residence delay occurs when the flowis received at the end
of the incoming tinmeslot i and sent at the head of the outgoing
timesl ot z.

The worst residence delay occurs when the flowis received at the
head of the incomng timeslot i and sent at the end of the outgoing
timeslot z.

The delay jitter within the node is (L_u2 + L_v2). However, the
jitter of the entire path is not the sumof the jitters of all nodes.
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7.3. Residence Delay on the Egress Node

Generally, for the determnistic path carrying the DetNet flow, the
fl ow needs to continue forwarding fromthe outgoing port of the
egress node to the client side, and al so faces the issues of
queuei ng. However, the outgoing port facing the client side is the

part of the overlay routing. It is possible to continue supporting
TQF nechanismon that port. In this case, the underlay DetNet path
will serve as a virtual link of the overlay path, providing a

determnistic delay perfornance.

Therefore, for the underlay determ nistic paths, the residence dal ay
on the egress node is only contributed by the forwardi ng delay (F)
i ncludi ng parsing, table | ookup, internal fabric exchange, etc.

7.4. End-to-end Delay and Jitter

Figure 5 shows that a path from headend P1 to endpoint E, for each
node Pi, the tineslot length of the outgoing port is L_i, the intra-
node forwarding delay is F_i, the remaining tine of the mapped
ongoi ng sending timeslot is T_ i, the nunmber of timeslots offset by
the outgoing tineslot relative to the ongoing sending tinmeslot is

0 i, especially on node P1 the tineslot length of UNl is L_h, then
the end to end delay can be evaluted as follows (not including link
propagati on del ay):

Best E2E Delay = sum F_i+T_i+o_i*L_i, for 1l<=i<=n) - L. n + F_e
Worst E2E Delay = sum(F_i+T_i+o i*L i, for 1l<=i<=n) + L h + F_e

oo -+ oo -+ oo -+ oo -+ oo -+
| P --- | P2| --- ] P3| --- ... --- | Pn| --- | E|
-+ -+ -+ -+ -+

Figure 5: TQF Forwarding Path

The best E2E del ay occurs when the flow arrived at the end of the

i deal inconming tineslot and sent at the begi nning of the outgoing
timesl ot of each node pi. The worst E2E del ay occurs when the flow
arrived at the beginning of the ideal incomng tineslot and sent at
the end of the outgoing tineslot of each node Pi. The E2E del ay
jitter is (L_h + L_n).

Addi tional operation can be taken to further elimnate jitter. A

| at ency deviation (E) can be included in the packet for this purpose.
In order to let all packets of the same flow experience the sane end-
to-end delay that equals to the summary of the nmaxi mum arriva
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devi ation and the worst E2E del ay, the flow entrance node can set E
as maxi mum arrival deviation mnus arrival deviation, and the fl ow
exit node can update E as E plus departure deviation plus timeslot

| ength, where departure deviation equals to the beginning of the
outgoing tineslot mnus the actual departure tinme fromthe schedul er
The departure deviation is also used to locate the right outgoing
timeslot z in the case of in-time scheduling node (refer to

Section 10. 2).

8. Flow States in Data-plane

The headend of the path needs to mamintain the tineslot resource
information with the granularity of sub-burst of each flow, so that
each sub-burst of the DetNet flow can access the mapped tinesl ot
resources. However, the internedi ate node does not need to maintain
states per flow, but only access the tineslot resources based on the
timeslot id carried in the packets.

[1-D. pb-6man-determ nistic-crh], [|-D.p-6man-deternmni nistic-eh]
defined methods to carry the stack of tineslot id in the IPv6
packets.

9. Queue Allocation Rule of Round Robin Queue

The buffer resources may be organized in the formof fixed nunber of
round robin queues. In this case, only on-time scheduling node is
supported. In-tinme scheduling node may cause urgent and non urgent
packets to be stored in the sane queue.

The nunber of round robin queues shoul d be designhed according to the
nunber of tineslots included in the scheduling period. Each tinmeslot
corresponds to a separate queue, in which the buffered packets nust
be able to be sent within a tinmeslot.

The I ength of the queue, i.e., the total nunber of bits that can be
sent for a tinmeslot, equals to the allocated bandw dth of the
correspondi ng TQF instance (see Section 12) nultiplied by the

ti mesl ot | ength.
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Figure 1 shows that the scheduling period actually instantiated on
the data plane is not conpletely equivalent to the orchestration
period. The scheduling period includes Mtinmeslots (fromO to M1),
while the orchestration period includes Ntinmeslots (fromO to N-1).
Nis an integer multiple of M In the orchestration period, from
timeslot 0 to M1 is the first scheduling period, fromtineslot Mto
slot 2M1 is the second scheduling period, and so on. Therefore, it
is necessary to convert the outgoing timeslot of the orchestration
period to the target tinmeslot of the scheduling period, and insert
the packet to the round robin queue corresponding to the target
timeslot for transm ssion

A sinple conversion nmethod is:
* target scheduling timeslot = outgoing timeslot %M

This is safe when 0 < Mis always followed, where o is the nunber of
of fset timeslots between the outgoing tinmeslot z and the ongoing
sending timeslot j (please refer to Section 7).

Next, a brief denmonstration was provided that the sub-burst that
arrives at the outgoing port during the ongoing sending tineslot (j)
can be safely inserted into the correspondi ng queue in the scheduling
peri od napped by the outgoing tinmeslot z, and that queue will not
overfl ow.

Assum ng that each tineslot in the orchestration period has a virtua
queue, for exanple, terned the virtual queue corresponding to the
outgoing tineslot z as queue-z, the packets that can be inserted into
queue-z may only cone fromthe follow ng flows:

During the ongoing sending tineslot j = (z-M1+N) %N, the flows
that arrive at the outgoing port, that is, these flows nmay consume
the outgoing tinmeslot (z) according to o = M 1.

During the ongoing sending tineslot j = (z-M2+N) %N, the flows
that arrive at the outgoing port, that is, these flows nay consume
the outgoing timeslot (z) according to o = M2

During the ongoing sending timeslot j = (z-1+N) %N, the flows that
arrive at the outgoing port, that is, these flows may consune the
outgoing tinmeslot (z) according to o =1

The total consuned burst resources of all these fl ows does not
exceed the burst resource of the outgoing tineslot (z).
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Then, when the ongoing sending tinmeslot changes to z, queue-z wll be
sent and cleared. In the following tine, starting fromtinmeslot z+1
to the last tinmeslot N-1, there are no | onger any packets inserted
into queue-z. CGhviously, this virtual queue is a great waste of
queue resources. |In fact, queue-z can be reused by the subsequent
outgoing timeslot (z+M%\. Nanely:

During the ongoing sending tineslot j = (z+1) %\, the flows that
arrive at the outgoing port, that is, these flows may consune the
outgoing tineslot (z+M %\ according to o = M 1.

During the ongoing sending tineslot j = (z+2)%\, the flows that
arrive at the outgoing port, that is, these flows may consune the
outgoing tineslot (z+M %\ according to o = M 2.

Duri ng the ongoing sending tinmeslot j = (z+M1)%, the flows that
arrive at the outgoing port, that is, these flows may consune the
outgoing tinmeslot (z+M %\ according to o = 1.

The total consuned burst resources of all these fl ows does not
exceed the burst resource of the outgoing tineslot (z+M %N

It can be seen that queue-z can be used by any outgoing tinmeslot
(z+tk*M 9%\, where k is a non negative integer. By observing
(z+tk*M 9%\, it can be seen that the mininmumz satisfies 0<= z< M that
is, the entire orchestration period actually only requires M queues
to store packets, which are the queues corresponding to Mtineslots
in the scheduling period. That is to say, the mininumz is the
timeslot id in the scheduling period, while the outgoing tineslot
(z+tk*M% N is the tineslot id in the orchestration period. The
latter obtains the former by moduling M which can then access the
queue corresponding to the forner. |In short, the reason why a queue
can store packets fromnultiple outgoing tineslots w thout being
overflowed is that the packets stored in the queue earlier (nore than
M timesl ots ago) have al ready been sent.

For exanple, if the total length of all queues supported by the
hardware is 4G bytes, the queue | ength corresponding to a tineslot of
10us at a port rate of 100G bps is 1Mbits, then a maxi num of 32K

ti mesl ot queues can be provided, and TQF schedul er can use sone of
the queue resources, e.g., Mnmay be 1K queues to construct a
scheduling periold with 10 ns, and the correspondi ng orchestration
period may be several 10ns.
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10.

10.

10.

Queue Allocation Rule of PIFO Queue

The buffer resources may al so be organized in the form of PIFO queue.
In this case, both in-time and on-tine scheduling node can be easily
supported, because packets with different rank al ways ensure
schedul i ng order.

1. PIFOwth On-time Scheduling Mde

In the case of on-tinme node, the buffer cost of PIFO queue is the
same as that of round robin queues. It can directly use the begin
time of the outgoing tinmeslot z as the rank of the packet and insert
the packet into the PIFO for transm ssion

* rank = z.begin

Here, the outgoing tineslot z refers to the outgoing tineslot z that
is after the arrival tinme at the scheduler and closest to the arriva
tine.

The rule of the on-time scheduling node is that if the PIFOis not
enpty and the rank of the head of queue is equal to or earlier than
the current systemtine, the head of queue will be sent; otherw se,
not .

2. PIFOwth In-time Scheduling Mde

In the case of in-tinme node, the buffer cost of PIFO queue is
generally larger than that of on-tine node due to burst accurul ation
[ SP- LATENCY] provides gui dance for eval uating excess buffer
requirenents.

Simlar to Section 10.1, it can directly use the begin tine of the
outgoing tineslot z as the rank of the packet and insert the packet
into the PIFO for transm ssion. However, due to in-tine scheduling
behavi or, the expected outgoing tinmeslot z nay not be the current
outgoing tineslot z that is closest to and after the arrival tine at
the schedul er, since there are repeated z in different rounds of
orchestration period. The expected outgoing tinmeslot z nmay be far
away fromthe arrival tine.

A departure deviation nmay be carried in the packet to help | ocate the
expected outgoing tineslot z.

On the headend node:

* Match the ideal incoming tineslot i and outgoing tineslot z based
on the regulated tine.
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11.

* rank = z.begin

* \Wen the packet |eaves the headend, the departure deviation is set
to z.begin mnus the actual departure tinme fromthe schedul er
The departure deviation is carried in the sendi ng packet.

On the intermedi ate node:
* (Obtain departure deviation fromthe received packet.

* Use the result of the arrival tine plus the departure deviation as
the ideal arrival tinme, to |ocate the expected outgoing tineslot z
that is after and closest to this result.

* rank = z.begin

* \When the packet |eaves the internedi ated node, the departure
deviation is updated to z.begin mnus the actual departure tine
fromthe scheduler. The updated departure deviation is carried in
t he sendi ng packet.

The rule of the in-time scheduling node is that as long as the PIFO
is not enpty, packets are always obtained fromthe head of queue for
transm ssi on.

In sunmary, the in-tinme scheduling with the help of departure

devi ation, can suffer fromthe uncertainty caused by burst

accunul ation, and it is recomended only depl oyed in snmall networks,
i.e., alimted domain with a small nunber of hops, where the burst
accurnul ation issue is not serious; The on-tinme scheduling is
recommended to be used in | arge networKks.

G obal Tineslot ID

The outgoing tinmeslots discussed in the previous sections are |oca
timeslots style for all nodes. This section discusses the situation
based on global tineslot style.

G obal tineslot style refers to that all nodes in the path are
identified with the sane tinmeslot id, which of course requires al
nodes to use the sane tineslot length. There is no need to establish
FTM for the DetNet flow on each node or carry FTMin packets. The
packet only needs to carry the unique global tinmeslot id. However,
the di sadvantage is that the | atency performance of the path may be

| arge, which depends on BOM between t he adjacent nodes. Another

di sadvantage is that the success rate of finding a path that nmatches
the service requirenents is not as high as | ocal tineslot style.
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G obal tinmeslot style requires that the orchestration period is equa
to the scheduling period, mainly considering that arrival packets
with any global tinmeslot id can be successfully inserted into the
correspondi ng queue w thout overflow However, as the ideal design
goal is to keep the scheduling period | ess than the orchestration
period, further research is needed on other nethods (such as

basi cally aligning orchestration period between nodes), to ensure
that packets with any global timeslot id can queue normally when the
scheduling period is less than the orchestration peri od.

Conpared to the local tineslot style, global tineslot style neans
that the incomng tinmeslot i nust nmap to the outgoing tinmeslot i too.

As the exanple shown in Figure 6, each orchestration period contains
6 tineslots. Node V has three connected upstream nodes Ul, U2, and
U3. During each hop forwardi ng, the packet accesses the outgoing
timesl ot corresponding to the global tineslot id and forwards to the
downstream node with the global tineslot id unchanged. For exanpl e,
Ul sends some packets with global slot-id O, termed as g0, in the
outgoing tinmeslot 0. The packets with other global slot-id 1~5 are
simlarly termed as g1~g5 respectively. The figure shows the
scheduling results of these 6 batches of packets sent by upstream
nodes when node V continues to send them
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Figure 6: d obal Tinmeslot Style Exanple
In this exanpl e:

*  BTM between the outgoing tineslot of UL and the ongoi ng sendi ng
timeslot of Vis i ->1i, so the global outgoing timeslot for the
incomng tinmeslot i is i+6 (i.e., belongs to next round of
orchestration periold).

* BTM between the outgoing tineslot of U2 and the ongoi ng sendi ng
timeslot of Vis i ->1i-1, so the global outgoing tineslot for the
incomng tinmeslot i isi (i.e., belongs to current round of
orchestration periold).

*  BTM between the outgoing timeslot fromU3 and the ongoi ng sendi ng
timeslot of Vis i ->i+l, so the global outgoing tineslot for the
incomng tinmeslot i is i+6 (i.e., belongs to next round of
orchestration periold).

It can be seen that packets from Ul and U3 has | arge residency del ay
in the node V, while packets from U2 has small residency delay in the
node V.

It should be noted that if round robin queue is used, for the orgina
BTMi ->1i (exanple of Ul), or i ->i+1 (exanple of U3), the packets
need to be stored in a buffer prior to the TQF schedul er (such as the
buffer on the input port side) for a fixed |latency (such as servera
timeslots) and then released to the scheduler. Oherwise, directly

inserting the queue nmay cause jitter, i.e., part of the packets

bel onging to the sanme incomng tineslot i can be sent in the outgoing
timeslot i, while the other part of the packets has to be delayed to
be sent in the next round of tineslot i. This fixed-latency buffer
is only introduced for specific upstreamnodes. 1t can be determ ned
according to the initial detection result of BTM between the adj acent
nodes. |If the original BTMis i ->1i or i ->i+l, it needed,

ot herwi se not. After the introduction of fixed-latency buffer, the
new detection result of BTMw Il no longer bei ->i, or i -> i+l

If PIFO queue is used, there is no need to introduce a fixed-I|atency
buffer because in this case, rank = i.begin + OPL, and it will not be
schedul ed to be sent in the current outgoing tineslot i, but in the
next round. However, in this case the PIFOitself serves as a fixed-
| at ency buffer.
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12.

For the headend, the residence delay is sinmlar to Section 7.1. For
a flow which has the ideal incoming tineslot i, it nmay select a

gl obal outgoing timeslot z based on the BTMi -> |, where, j is the
ongoi ng sending tineslot of the ougtoing port, and the tineslot

of fset o equals (N+z-j) N

For transit nodes, the residence delay is simlar to Section 7.2, in
addition to considering possible |atency contributed by the above
fixed-latency buffer. For a flowwth the global incomng tineslot
z, it still select the global outgoing tinmeslot z based on the BTMz
-> ], where, j is the ongoing sending tineslot of the ougtoing port,
and the tineslot offset o equals (N+z-j) %N

The end-to-end delay equation is simlar to Section 7.4, in addition
to considering possible cunulated | atency contributed by the above
fixed-latency buffer.

Mul tiple O chestration Periods

A single orchestration period may not be able to cover a w de range
of service needs, such as some with a burst interval of nicroseconds,
whil e others have a burst interval of mnutes or even larger. Wen
using a single orchestration period to sinultaneously serve these
services, the timeslot |length nay be mcroseconds, resulting in the
need to include a | arge nunber of tineslots in the orchestration
period. The final result is a proportional increase in the buffer
size required for the scheduling period.

Mul tiple orchestration periods each with different length may be
provided by the network. A TQF enabled link can be configured with
mul tiple TQF scheduling instances each corresponding to specific
orchestration period length. For sinmplicity, the orchestration
period length itself can be used to identify a specific instance.

For exanple, one orchestration period length is 300 us, terned as
OPL- 300us, which is the LCM of the burst interval of the set of flows
served. Another orchestration period length is 100 nms, terned as
OPL-100ns, which is the LCM of the burst interval of another set of
flows served. Each orchestration period instance has its own
timeslot length. The tineslot length of a | ong orchestration period
i nstance shoul d be | onger than that of a short orchestration period
instance, and the former is an integer multiple of the latter. But
the long orchestration period itself may not necessarily be an
integer multiple of the short orchestration period.

As shown in Figure 7, both link-a and link-b are configured with n
orchestration period instances, with the correspondi ng orchestration
period lengths OPL_1, OPL_2, ..., OPL_n in ascending order. For each
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orchestration period length OPL_i, the dedi cated bandw dth resource
is BWU i for node U (or BWV_i for node V), and the timeslot length
is TL_Ui for node U (or TL_V_i for node V). For each TQF enabl ed
link, the sum of dedicated bandw dth resources of all TQF scheduling
i nstances nust not exceed the total bandw dth of the I|ink

+-- -+ l'ink-a +---4 l'ink-b +---+
| UL e | Ve | Wi
+-- -+ +-- -+ +-- -+
OPL_1 OPL_1
TL_U 1 TL_V_ 1
BWU 1 BWYV_1
OoPL_2 OoPL_2
TL_U 2 TL_V_2
BWU 2 BWYV_2
OPL_n: OPL_n:
TL_U n TL_V_n
BWU n BWV_n

Figure 7: Miltiple TQF Instances

Due to the fact that long orchestration periods serve DetNet flows
with large burst intervals, for a given burst size, the larger the
burst interval, the | ess bandw dth consunmed by the Det Net fl ow.
Therefore, it is recormended that the bandw dth resources of the |ong
orchestration period is less than that of the short orchestration
period, which is beneficial for reducing the buffer required for |ong
orchestration peri od.

I nterworking between different nodes is based on the sane
orchestration period. That nmeans that the tineslot mapping described
in Section 4 should be maintained in the context of the specific
orchestration period. The orchestration period | ength should be
carried in the forwarding packets to let the DetNet flow to consume
the tinmeslot resources corresponding to the TQF scheduling instance.

If round robin queues are used, each TQF scheduling instance has its
own separate queue set. Tine division nultiplexing scheduling is
based on the granularity of the mninumtineslot |ength of al
instances. Wthin each time unit of this granularity, the queues in
the sending state of all instances are always scheduled in the order
of OPL_1, OPL_2, ..., OPL_nN.
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13.

If PIFO queue is used, all TQF scheduling instances nay share a
single PI FO queue. An inplenmentation may use rank (i.e., the
begi nning of the outgoing tineslot z) plus tinmeslot length to
determne the insertion order of two packets fromdifferent

i nstances, so that the packet fromthe short orchstration period
inserted at the front.

Adm ssi on Control on the Headend

On the network entry, traffic regulation nust be perfornmed on the
incom ng port, so that the DetNet flow does not exceed its T-SPEC
such as burst interval, burst size, maxi num packet size, etc. This
kind of regulation is usually the shaping using | eaky bucket comnbi ned
with the incom ng queue that receives DetNet flow. A DetNet flow may
contain discrete nultiple sub-bursts within its periodic burst
interval. The |eaky bucket depth should be | arger than the nmaxi mum
packet size, and should be consistent with the reserved burst
resources required for the maxi mum sub-burst.

The schedul i ng mechani sm described in this document has a requirenent
on the arrival tine of DetNet flows on the network entry. It is
expected that the distribution of sub-bursts (after regul ation) of
the DetNet flow will always appear in an ideal incomng tineslot of
UNI port. However, a maxinmumarrival deviation is pernitted. Based
on the ideal inconming tineslot, an ideal outgoing tinmeslot is
selected. For a single DetNet flow, the network entry may maintain
mul ti ple forwardi ng states each containing <ideal incomng tineslot,
i deal outgoing tineslot> due to nany sub-bursts within the service
burst interval. It is possible to set different nmaxi mumarriva
deviation for different sub-bursts of the sanme flow, to elinmnate the
jitter between them

For exanple, the network entry may maintain up to 3 sub-burst
forwarding states for a flow Ildeally, all packets of this flow are
split into 3 sub-bursts after regul ation, each sub-burst matching one
of the states. Here, 3 is the maxi mum sub-bursts for this flow, and
it does not always contain so many bursts within the burst interva
during each conmmuni cati on.

The arrival deviation should not exceed o-1 for late arrival case, or
Mo-1 for early arrival case, where o is the offset between the
outgoing tineslot and ongoi ng sending tineslot as nentioned above.
Intuitively, large o can tolerate large late arrival deviations,
while small o (or large Meven for large 0) can tolerate large early
arrival deviations.
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14.

15.

Restricted arrival deviation is beneficial for the design goal that
scheduling period is smaller than the orchestration period, and
packets can al ways be successfully inserted into the scheduli ng queue
(RR or PIFO without overflow. An unrestricted arrival deviation may
contain one or nore scheduling periods, and therefore there is an
overflow risk when inserting packets into the queue associated with
the ideal outgoing tineslot z at the regulated timne.

O herwi se, for randomy arriving DetNet flows, it can be supported by
taking a large M (or even M= N) (option-1) to accommpdate random
arrival, or it can be supported by introducing an explicit buffer put
before the schedul er on the network entry to let the arrival tine

al ways nmeet the arrival deviation linitation (option-2).

* Note that due to randommess of arrival time, the packet may just
m ss the scheduling (or arrive too earlier) and need to wait in
the scheduling queue (in the case of option-1) or the explicit
buffer (in the case of option-2) for the next orchestration
peri od.

Note that the arrival deviation on the ingress node, as well as the
departure deviation on the egress node, nmay cause runtine jitter
during forwarding. A latency deviation (E) calculated by arriva
devi ation and departure deviation can be used to elimnate jitter at
the network egress on demand. This will achieve zero jitter
performance netrics.

Frequency Synchroni zation

The basi c explanation for frequency synchronization is that the
crystal frequency of the hardware is consistent, which enables al
nodes in the network to be in the sane inertial frane and have the
same time lapse rate. This is a prerequisite for TQ-F mechanism The
rel ated frequency synchroni zati on nechani sns, such as | EEE 1588-2008
Precision Tinme Protocol (PTP) [IEEE-1588] and synchronous Ethernet
(syncE) [syncE], are not within the scope of this docunent.

Sonetimes, people also refer to the frequency asynchrony as the
timesl ot rotation frequency difference caused by different node
configurations with different tineslot |lengths. This docunent
supports the interconnection between nodes with this type of
frequency asynchrony.

Eval uati ons
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15.1. Large Scaling Requirenents Matching Degree

This section gives the evaluation results of the TQF nechani sm based
on the requirenents that is defined in
[1-D.ietf-detnet-scaling-requirenments].
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Requi renment s | Evaluation | Not es |

[} e ———————————— e ——_—_———_ s —p——————————(————r L

.1 Tolerate Tine | Yes | No time sync needed, only need|

Asynchr ony | | frequency sync (3.1.3). |

g Fom e e o - o m e e e e e e aaao o +

.2 Support Large | | The tineslot mapping covers |

Si ngl e- hop | Yes | any value of |ink propagation |

Pr opagati on | | del ay. |

Lat ency | | |

g Fom ek o m e e e e e e e aaao o +

.3 Accompdate the | | The higher the service rate, |

Hi gher Link | Partial | the nore buffer needed for the|

Speed | | same tinmeslot |ength. |

T R o e e e e e e e e e e aa o - +

.4 Be Scalable to | | Multiple OPL instance, each |

the Large Nunber | | for a set of serivce flows, |

of Flows and | | w thout overprovision. |

Tol erate High | | Utilization may reach 100% |

Utilization | Yes | l'ink bandw dt h. |

| | The unused bandw dth of the |

| | tinmeslot can be used by |

| | best-effot flows. |

| | Calculating paths is NP-hard. |

o T o m e e e e e e aaa oo +

.5 Tol erate Fail ures| | I'ndependent of queueing |

of Links or Nodes| N A | mechani sm |

and Topol ogy | | |

Changes | | |

g Fom e e o - o m e e e e e e aaao o +

.6 Prevent Flow | | Flows are isolated fromeach |

Fl uct uati on | Yes | other through tineslots. |

T R o e e e e e e e e e e aa o - +

.7 Be scalable to a | | E2E latency is liner with hops|

Large Nunber of | | , fromultra-lowto | ow |

Hops wi th Conpl ex]| Yes | latency by multiple OPL. |

Topol ogy | | E2E jitter is low by on-tine |

| | node. |

| | Calculating paths is NP-hard. |

o e e e e e oo oo R o mm e e e e e e a— oo oo +

.8 Support Multi- | | I'ndependent of queueing |

Mechani sns in | N A | mechani sm |

Si ngl e Dorai n and| | |

Mul ti - Domai ns | | |

T R o e e e e e e e e e e aa o - +
Figure 8: Evaluation for Large Scaling Requirenents
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15.

15.

2. Taxonony Consi derations

[1-D.ietf-detnet-datapl ane-taxonony] provides criteria for
cl assifying data pl ane sol utions.

For performance, the per hop | atency doninant factor of TQF is the
of fset between incom ng tinmeslot and outgoing tineslot that is
asigned to the flow.

For functional characteristics, TQF is periodic, flow level for
traffic granularity, and bouned for tinme bounds.

* Periodic: Periodicity of TQF contains two characteristics, the
first is that there is a tinme period P (i.e., orchestration
periold) containing nultiple time slots, and the second is that a
flowis assigned repeatly to a particular set of tinme slots in
that tinme period P

* Flow level: TQF enhances TAS by extendi ng the number of queues for
Scheduling Traffic (i.e., from1l to N), and may all ocate one queue
(represented by tinmeslot id) to each flow or a fl ow aggregate.
Custom zing different tinmeslots for different flows will nmake them
i nterl eaved.

* Bounded: The transm ssion conpletion of a packet will be in the
outgoing tineslot to which the packet belongs, i.e., after the
begi nning of the timeslot and before the end of the tineslot.

[1-D.ietf-detnet-datapl ane-taxonony] also specifies the suitable
categories of solutions for DetNet. According to the above
functional characteristics, TQ-F will nmap to flow | evel periodic
bounded cat egory.

3. Exanples

Thi s section describes the exanple of how the TQF nmechani sm supports
DetNet flows with different |atency requirenments.

3.1. Heavywei ght Loadi ng Exanpl e

Thi s exanpl e observes the service scale and different |atency bound
supported by the TQF mechani smin the heavywei ght | oadi ng case.

Figure 9 provides a typical reference topology that serves to
represent or measure the nultihop jitter and | atency experience of a
single "flowi" across N hops (in the figure, N=10). On each of the
N outgoing interfaces (represented by circles in the figure), "flow
i" has to conpete with different flows (represented by different
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synmbol s on each hop). Especially, the conpeted flows arrive
simul taneously at multiple incomng ports, with the same starting
time when nmeasuring their respective residence tinme. The
characteristic of this reference topology is that every |ink that

"flow i" passes through may be a bottleneck Iink with 100% network
utilization, causing "flowi" to achieve the worst-case |atency on
each hop.

As shown in Figure 9

* Network transm ssion capacity: each link has rate 10 Gbhps.
Assumi ng the service rate of TQF scheduler allocate the total port
bandwi dt h.

* TSpec of each flow, maybe:

- burst size 1000 bits, SBI 1 ns, and average arrival rate 1
Mops.

- or, burst size 1000 bits, SBlI 100 us, and average arrival rate
10 Mops.

- or, burst size 1000 bits, SBI 10 us, and average arrival rate
100 Mops.

* RSpec of each flow, mybe:

- E2E | atency 100us, and E2E jitter |ess than 10us or 100us.

- or, E2E latency 200us, and E2E jitter | ess than 20us or 200us.
- or, E2E latency 300us, and E2E jitter | ess than 30us or 300us.
- or, E2E latency 400us, and E2E jitter | ess than 40us or 400us.
- or, E2E latency 500us, and E2E jitter | ess than 50us or 500us.
- or, E2E latency 600us, and E2E jitter | ess than 60us or 600us.
- or, E2E latency 700us, and E2E jitter | ess than 70us or 700us.
- or, E2E latency 800us, and E2E jitter | ess than 80us or 800us.
- or, E2E latency 900us, and E2E jitter | ess than 90us or 900us.

- or, E2E latency 1000us, and E2E jitter |ess than 100us or 1ns.
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Fi gure 9: Heavywei ght Loadi ng Topol ogy Exanpl e

For the observed flowi (marked with *), its TSpec and RSpec may be
any of the above. Assuming that the path cal cul ated by the
controller for the flowi passes through 10 nodes (i.e., node 0~9).
Especially, at each hop, flowi may conflict with other conpetitive
flows, also with sinlar TSpec and RSpec as above, originated from
ot her sources, e.g, conpeting with flowset "@ at node 0, conpeting
with flowset "#" at node 1, etc.

For each link along the path, it may configure OPL-10ms instance with
dedi cat ed bandwi dth 10 Gops, containing 1000 tineslots each with

| ength 10us. Assuming no |ink propagation delay and intra node
forwarding delay, if flowi consunmes outgoing timeslot by o=1, it can
ensure an E2E | atency of 100us (i.e., o * TL * 10 hops), and jitter
of 20us(on-time nmode) or 100us (in-time node). The consunption by
other o values is sinlar.
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The tabl e bel ow shows the possible supported service scales. As
flows arrived synchronously, the consunmption of each tineslot in the
orchestration period may be caused by any value of o. For example,
if the ideal incoming tineslots of all flows are perfectly

interl eaved, then they can all consune tineslots by o=1 to get per-
hop | atency 10us, or all consune tinmeslots by 0=2 to get per-hop

| atency 20us, etc. However, due to the fixed length of OPL, after
all tinmeslot resources are exhausted by specific o value, it neans
that there are no tinmeslot resources used by other o values. Another
exanple is that the ideal inconming tineslots of all flows are the
sanme, then sonme of them consune tinmeslots by o=1, some consune

timeslots by 0=2, and so on. |In either case, the total service scale
is OPL * C/ burst_size, that is conposed of sum(s_i), where s_i is
the service scale for o =i. The table provides the total scale and

the average scal e corresponding to each o val ue.

Note that in the table each row only shows the data where all flows
served based on all o values have the sane TSpec (e.g, in the first
row, TSpec per flowis burst size 1000 bits and arrival rate 1 Myps),
while in reality, flows served based on different o val ues generally
have different TSpec. It is easy to add rows to describe various
conbi nati ons.

| TSpec: | total = 10000 |
| 1000 bits R e s i e e il S S
| SBI 1 s | 2000] 1000] 1000| 1000| 1000| 1000| 1000| 1000] 1000] 1000]
| TSpec: | total = 1000 |
| 1000 bits I e s I e e e SRR S P
| SBI 100 us | 100] 100] 100 100| 100| 100] 100 100| 100| 100|
| TSpec: | total = 100 |
| 1000 bits I R R e e e R SR
| SBI 10 us | 20| 10| 10| 20| 10| 10| 10| 10| 10| 10 |

Fi gure 10: Timeslot Reservation and Service Scal e Exanpl e
3.2. Lightweight Loading Exanples
The foll owi ng exanpl es observe how the preset service scale is

supported and nmapped to different tinmeslots by the TQF nechanismin
the |ightweight |oading case.
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In these exanples, the network only contains a small nunber of
bottleneck links with low network utilization, and it can be
considered as the |ightweight |oading case of Figure 9. Lightweight
| oadi ng usual |y neans having a smaller cal cul ated worst-case | atency
per hop, or the actual |atency experienced doesn’t reach the worst-
case | atency.

15.3.2.1. Gid Reference Topol ogy

[1-D.ietf-detnet-datapl ane-taxonony] describes a grid topol ogy
(Figure 11) with partial nesh. Three flow types, i.e., audio, video,
and CC (Command and Control) are considered to require determnistic
net wor ki ng services. Anong them audio and CC fl ows consune |ess
bandwi dth (1.6 Myps per flow and 0.48 Mps per flow respectively) but
both require | ower E2E | atency (5ns), while video fl ows consune nore
bandwi dth (11 Mops per flow) but can tolerate |arger E2E | atency
(10ns).

Src 1 Src 2 Src 3
I I I
[ + [ + [ +
Dst 1-| Node 1| <--| Node 2|-->| Node 3|-Dst 4
E + E + E +
I n I
\Y | \Y
[ S, + [ S, + [ S, +
Dst 2-| Node 4|-->| Node 5| <--| Node 6|-Dst 5
T + T + T +
N | N
I \Y I
F-- - - - + F-- - - - + F-- - - - +
Dst 3-| Node 7| <--|Node 8|-->| Node 9|-Dst 6
[ + [ + [ +
I I I
Src 4 Src 5 Src 6

Figure 11: Lightweight Loadi ng Topol ogy Exanpl e

According to the preset rules that generate a unique route for every
source and destination pair, the details of all paths are as foll ows:

Srcl-1-Dst1l
Srcl-1-4-Dst?2
Srcl-1-4-5-8-7-Dst3
Srcl-1-4-5-2-3-Dst4
Srcl-1-4-5-8-9-6-Dst5
Srcl-1-4-5-8-9-Dst6
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Src2-2-1-Dst 1
Src2-2-1-4-Dst 2
Src2-2-3-6-5-8-7-Dst 3
Src2-2-3-Dst4
Src2-2-3-6-Dst5
Src2-2-3-6-5-8-9-Dst 6
Src3-3-6-5-2-1-Dst 1
Src3-3-6-5-2-1-4-Dst 2
Src3-3-6-5-8-7-Dst 3
Src3-3-Dst4
Src3-3-6-Dst5
Src3-3-6-5-8-9-Dst 6

Src4-7-4-5-2-1-Dst 1
Src4-7-4-Dst 2

Src4-7-Dst 3
Src4-7-4-5-2-3-Dst 4
Src4-7-4-5-8-9-6-Dst5
Src4-7-4-5-8-9-Dst 6
Src5-8-7-4-5-2-1-Dst 1
Src5-8-7-4-Dst 2
Src5-8-7-Dst 3
Src5-8-7-4-5-2-3-Dst 4
Src5-8-9-6-Dst5
Src5-8-9-Dst 6
Src6-9-6-5-2-1-Dst 1
Src6-9-6-5-2-1-4-Dst 2
Src6-9-6-5-8-7-Dst 3
Src6-9-6-5-2-3-Dst 4
Src6-9-6-Dst5
Src6-9-Dst 6

Where, flows to destination Dstl and Dst6 are audio flows, flows to
destination Dst2 and Dst5 are CC flows, and flows to destination Dst3
and Dst4 are video flows. FEach path carries 10 flows, e.g., the path
"Srcl-1-Dst1" carries 10 audio flows. |t can be seen that the

| ongest path contains 7 hops, and the bottleneck Iink involves |ink
(2-3) and link (8-7), both of which have 10 audio flows, 60 video
flows, and 10 CC fl ows.
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Gid topology in this exanple only contains a small nunber of
bottleneck links with low network utilization, and it can be
considered as the |ightweight |oading case of Figure 9. Lightweight
| oadi ng usual |y neans having a smaller cal cul ated worst-case | atency
per hop, or the actual |atency experienced cannot reach the worst-
case | atency.

According to the | ongest path and the expected E2E | atency, the per-
hop | atency bound for each type of flow can be estimated, i.e., 700us
for audio and CC fl ows, 1400us for video flows. This means that the
TQF nechani sm needs to provide appropriate tineslots, and the of fset
bet ween the incoming tineslots and outgoing timeslots mapped by flow
audi o, CC, and video, cannot be |arger than 700us, 700us, 1400us,
respectively.

A TQF instance with OPL-5nms may be configured on each link in the
network. The reason for choosing OPL-5ns is that it is approximately
the Least Common Multiple of the packet intervals of the three type
of flows. In this exanple, the regul ated packet interval (i.e.,
packet _size / service_rate) for flows audio, video, and CC are 1.25
ms, 1.1 ms, and 5 ns, respectively. So, within each OP, it contains
4 audi o packets per flow, 5 video packets per flow, and 1 CC packet
per flow Taking an audio flow as an exanple, its four discrete
packets will occupy four ideal positions in OP, and these packets can
be denoted as four sub-bursts, nanely sub-burst 1, 2, 3, and 4.
Simlarly, a CC floww |l occupy one ideal position in OP, by sub-
burst 1. And, a video floww |l occupy five ideal position in OP, by
sub-burst 1, 2, 3, 4, 5, respectively.

Consi dering the maxi mum packet size is 12000 bits (fromvideo flow)
and the link capacity is 1 Gops, timeslot length 100us is selected to
acconmodat e at | east such a single packet. Intuitively, if the link
capability is larger, such as 10 Gops, the tineslot |ength can be
chosen to be smaller, such as 10us.

Al 't hough the nunber of flows on different |inks varies, to sinplify
the description, the collection of various types of flows on

bottl eneck and non bottleneck links is taken as the nunber of flows
on each link to calculate the tineslot resource requirenents. So the
load is slightly increased and it is assuned that the nunber of each
type of flows on a |ink reached 60.

Figure 12 shows a possible tineslots mapped by flows on a link. Note
that it assumes that the first sub-burst of all flows (i.e., 60 CC
flows, 60 audio flows, and 60 video flows) arrive concurrently at the
same time TO (nearly before tineslot #0) and sone packets have to
experience |arger per-hop latency than others, and this is the worst
case. In fact, all flows may arrive in different tineslots
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so that the consuned outgoing tinmeslots are al so

naturally interl eaved and each packet nay experience snmaller per-hop

| atency (e.g.,

one tineslot |ength).

40 CC fl ows(sub-burst 1), 96 Kbits
2 audio flows(sub-burst 1), 4 Kbits

20 CC fl ows(sub-burst 1), 48 Khits
26 audi o flows(sub-burst 1), 52 Kbits

26 audio flows(sub-burst 1), 52 Kbits
4 video flows(sub-burst 1), 48 Kbits

8 video flows(sub-burst 1), 96 Kbhits
2 audio flows(sub-burst 1), 4 Kbits

8 video flows(sub-burst 1), 96 Kbits
2 audio flows(sub-burst 1), 4 Kbits

8 video flows(sub-burst 1), 96 Kbits
2 audio flows(sub-burst 1), 4 Kbits

8 video flows(sub-burst 1), 96 Kbits
remaining 4 Kbits

8 video flows(sub-burst 1), 96 Kbhits
remai ning 4 Kbits

8 video flows(sub-burst 1), 96 Kbits
remaining 4 Kbits

8 video flows(sub-burst 1), 96 Kbhits
remai ning 4 Kbits

8 video flows(sub-burst 2), 96 Kbits
remai ning 4 Kbits

8 video flows(sub-burst 2), 96 Kbits
remaining 4 Kbits

50 audi o fl ows(sub-burst 2), 100K bits
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| 10 audio flows(sub-burst 2),
| 4 video fl ows(sub-burst 2),
| remaining 32 Kbits

| 8 video fl ows(sub-burst 2),
| remaining 4 Kbits

| 8 video fl ows(sub-burst 2),
| remaining 4 Kbits

| 8 video fl ows(sub-burst 2),
| remaining 4 Kbits

| 8 video fl ows(sub-burst 2),
| remaining 4 Kbits

| 8 video fl ows(sub-burst 2),
| remaining 4 Kbits

| 8 video flows(sub-burst 3),
| remaining 4 Kbits

| 8 video fl ows(sub-burst 3),
| remaining 4 Kbits

| 8 video flows(sub-burst 3),
| remaining 4 Kbits

| 8 video fl ows(sub-burst 3),
| remaining 4 Kbits

| 8 video flows(sub-burst 3),
| remaining 4 Kbits

| 10 audio flows(sub-burst 3),
| 4 video flows(sub-burst 3),
| remaining 32 Kbits

| 8 video fl ows(sub-burst 3),
| remaining 4 Kbits

| 8 video flows(sub-burst 3),
| remaining 4 Kbits
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| #31 | 100 Kbits | 4 video flows(sub-burst 4), 48 Kbits |
| I | remaining 52Kbits |

| #32 | 100 Kbits | 8 video flows(sub-burst 4), 96 Kbits |
| | | remaining 4 Kbits |

| #33 | 100 Kbits | 8 video flows(sub-burst 4), 96 Kbits |
| | | remaining 4 Kbits |

| #34 | 100 Kbits | 8 video flows(sub-burst 4), 96 Kbits |
| | | remaining 4 Kbits |

| #35 | 100 Kbits | 8 video flows(sub-burst 4), 96 Kbits |
| | | remaining 4 Kbits |

| #36 | 100 Kbits | 8 video flows(sub-burst 4), 96 Kbits |
| | | remaining 4 Kbits |

| #37 | 100 Kbits | 8 video flows(sub-burst 4), 96 Kbits |
| | | remaining 4 Kbits |

| #38 | 100 Kbits | 8 video flows(sub-burst 4), 96 Kbits |
| | | remaining 4 Kbits |

| #40 | 100 Kbits | 10 audio fl ows(sub-burst 4), 20 Kbits |
| | | remining 80 Kbits |

| #42 | 100 Kbits | 4 video flows(sub-burst 5), 48 Kbits |
| I | remaining 52Kbits |

| #43 | 100 Kbits | 8 video flows(sub-burst 5), 96 Kbits |
| | | remaining 4 Kbits |

| #44 | 100 Kbits | 8 video flows(sub-burst 5), 96 Kbits |
| | | remaining 4 Kbits |

| #45 | 100 Kbits | 8 video flows(sub-burst 5), 96 Kbits |
| | | remaining 4 Kbits |

| #46 | 100 Kbits | 8 video flows(sub-burst 5), 96 Kbits |
| | | remaining 4 Kbits |

Peng, et al. Expires 16 April 2026 [ Page 43]



I nternet-Draft Ti mesl ot Queuei ng and Forwardi ng Cct ober 2025

| #47 | 100 Kbits | 8 video flows(sub-burst 5), 96 Kbits |
| | | remaining 4 Kbits |

| #48 | 100 Kbits | 8 video flows(sub-burst 5), 96 Kbits |
| | | remaining 4 Kbits |

| #49 | 100 Kbits | 8 video flows(sub-burst 5), 96 Kbits |
| | | remaining 4 Kbits |

Figure 12: Tineslot Resource Pool and Service Mapped in Gid Topol ogy
Each CC flow contributes only one sub-burst within the OP

* The first sub-bursts of all 60 CC flows, totaling 144 Kbits,
arrived nearly before tineslot #0, consune tineslots #0, #1. The
wor st -case per-hop latecy for the |ast packet sent is 200 us.

Each audio fl ow contri butes four sub-burst within the OP

* The first sub-bursts of all audio flows, totaling 120 Kbits,
arrived nearly before tineslot #0, consune tineslots #0, #1, #2
#3, #4, #5. The worst-case per-hop latecy for the |ast packet
sent is 600 us.

* The second sub-bursts of all audio flows, totaling 120 Kbits,
arrived nearly before tinmeslot #13, consume tineslot #13, #14
The worst-case per-hop latecy for the | ast packet sent is 200 us.

* The third sub-bursts of all audio flows, totaling 120 Kbits,
arrived nearly before tineslot #26, consume timeslots #26, #27
The worst-case per-hop latecy for the | ast packet sent is 200 us.

* The fourth sub-bursts of all audio flows, totaling 120 Kbits,
arrived nearly before tineslot #39, consunme tineslots #39, #40.
The worst-case per-hop latecy for the | ast packet sent is 200 us.

Each video flow contri butes five sub-burst within the OP

* The first sub-bursts of all video flows, totaling 720 Kbits,
arrived nearly before tineslot #0, consune tineslots #2, #3, #4,
#5, #6, #7, #8, #9. The worst-case per-hop latecy for the |ast
packet sent is 1000 us.

* The second sub-bursts of all video flows, totaling 720 Kbits,
arrived nearly before tineslot #11, consune tinmeslots #11, #12
#14, #15, #16, #17, #18, #19. The worst-case per-hop |latecy for
the | ast packet sent is 900 us.
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15.

* The third sub-bursts of all video flows, totaling 720 Kbits,
arrived nearly before tineslot #21, consume timeslots #21, #22
#23, #24, #25, #27, #28, #29. The worst-case per-hop |latecy for
the | ast packet sent is 900 us.

* The fourth sub-bursts of all video flows, totaling 720 Kbits,
arrived nearly before tineslot #31, consume timeslots #31, #32
#33, #34, #35, #36, #37, #38. The worst-case per-hop latecy for
the | ast packet sent is 900 us.

* The fifth sub-bursts of all video flows, totaling 720 Kbits,
arrived nearly before tineslot #41, consune tineslots #42, #43,
#44, #A45, #46, #47, #48, #49. The worst-case per-hop latecy for
the | ast packet sent is 900 us.

NOTE:

* |In the above process of resource allocation, the 10 flows carried
on each path are individually allocated burst resources. This is
the most general case, that is, although the 10 flows share the
same path, they are assuned to be independent of each ot her
However, in sonme cases, if these 10 flows are treated as a nacro
flow and policing is executed at the network entrance node for the
macro flow (the | eaky bucket depth is still the maxi num packet
size, but the | eack bucket rate is the aggregation rate), and
resources are reserved for the macro flow i nstead of the nmenber
flow, then it is still necessary to allocate tineslot resources
for the sanme total anounts of bursts, which will be nore evenly
distributed (i.e., nore interleaved) within the OP. For exanple,
a macro CC flow (including 10 CC nenber flows) contribute 10 sub-
bursts within the OP (5 nms), and each sub-burst size is 2400 bits.

* Video flows have 30 back-to-back packets per single burst, and are
bei ng regul ated on the flow entrance node, to support 60 video
flows on each Iink. Operators may increase the bucket depth for
video flows to nmake the shaped pattern and the original arriva
pattern as consistent as possible, but this will be harnful to
service scale. There is a tradeoff between burstiness, policing,
and service scale.

3.2.2. Ring-Mesh Reference Topol ogy

[1-D.ietf-detnet-datapl ane-taxonony] describes another hierarchica

Ri ng- Mesh topol ogy (Figure 13), where, node 1~9 are core routers, and
each | eaf group consists of 10 Ring networks. Each R ng network
(Figure 14) has 8 nodes, with one node connected to the core by a
separate inter-domain |ink.
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Again, three flow types, i.e., audio, video, and CC (Comrand and
Control) are considered to require determnistic networking services,
whose TSpec and RSpec are consistent with the above Gid exanple.

A flowset is defined that includes 7 audio flows, 7 video flows, and
32 CC flows, all of which share the sane Det Net path. For exanple,
node 1 in the source ring may send a flowset to node 7 in the
destination ring, and the DetNet path may be, 1-2-3-4-5-6-7-0 (source
ring), inter-domain |link, core, inter-domain link, 0-1-2-3-4-5-6-7
(destination ring).

The | ongest Det Net path may be 20 hops, where, 7 hops in the source
ring, 7 hops in the destination ring, 2 inter-domain hops, and 4 hops
in the core.

The preset routing of DetNet path is that, every flowset in a ring
network travels fromnode i to node (i+7)npd8, and each |eaf group
sends n flowsets (e.g., n =10, if a |leaf group contains 10 ring
networks) to the |eaf group (i+6)npdl2.

Take a flowset fromthe source ring to the destination ring as the
observed fl owset. The observed flowset will conpete with other 6
flowsets in the ring, and conpete with nore flowsets (com ng from
other |eaf groups) in the core. Note that there is no conpetition on
the inter-domain |ink.

In this example, it is no | onger assumes that every packet of al
flowsets, including the observed fl owset and the conpeted fl ow
sets, arrives simultaneously. Although assuning extrenmely high
concurrency can accommodat e any topol ogy with sone actua
concurrency, it underestimate the service scale that can be adnitted.
In fact, in the ring network, the concurrency at each hop is that
only two input interfaces conmpete for one output interface. For
inter-domain |inks, concurrency is even zero. |n the core network,
concurrency is also limted. By utilizing the know edge of
concurrency, nore reasonable allocation of slots can be applied for
all flows.

A TQF instance OPL-5nms with timeslot |ength 100us is configured on
each link in both ring and core networks.

In the ring network, a bad flow interleaving is that each node
generates a flowset at the sane tine (e.g., nearly before tineslot
#0). Assuming that each node prioritizes obtaining a snaller
timeslot offset for locally generated flowset, i.e., each node

all ocates tinmeslots for the local flowset starting from#0, while
all ocates later tineslots for the flowsets received from upstream
nodes. Wen a local flowset, e.g., f1l generated by Node 1, is sent
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to the downstrem Node 2, it will conflict with another |ocal flow
set, e.g., f2 generated by Node 2, and has to be assigned a | ater
timeslot (i.e., obtaining a larger tineslot offset). Since that f1l
is assigned a later outgoing tinmeslot on Node 2 neans that the
incomng tinmeslot on Node 3 is also later, it does not cause fl to
face nore queui ng delay on node 3 (and al so ot her downstream nodes).
Therefore, as the nunber of hops increases, a perfect flow
interleaving is formed. For exanple, on Node 1, the interleaved
flowsets received may be {fO, f7, f6, f5, f4, f3, f2}, anong which
fO (generated by Node 0) arrived the earliest and f2 (generated by
Node 2) arrived the latest. Note that on Node 1, f2 will be

term nated and not conpete for outgoing port.

Figure 15 shows a possible tinmeslots mapped by flows on link-1-2 in
the ring domain. OQher links are simlar to link-1-2. For a flow
set, try to allocate snaller tineslot offsets for CC, then audio, and
at last video, as video flows have | oose | atency requirenents. For
sinmplicity, assuming no link propagation delay and intra node
forwardi ng del ay.

| Slot | Bursts | Servi ces Mapped |
S - I ' +
| #0 | 100 Kbits | 32 CC flows of f1 |
| | | 9 CCflows of fO |
R R o m mm e e e e e e e e e e e e e e e e e e e mm e meaa o - +
| #1 | 100 Kbits | 23 CC flows of fO |
| | | 18 CC flows of f7 |
S - TS +
| #2 | 100 Kbits | 14 CC flows of f7 |
| | | 27 CC flows of f6 |
R R o m mm e e e e e e e e e e e e e e e e e e e mm e meaa o - +
| #3 | 100 Kbits | 5 CC flows of 6 |
| | | 32 CC flows of f5 |
| | | 4 CC flows of f4 |
oo S IR e +
| #4 | 100 Kbits | 28 CC flows of f4 |
| | | 13 CC flows of f3 |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #5 | 100 Kbits | 19 CC flows of f3 |

| | | each 7 audio flows of f1, f0O, f7 (round 1) |
| | | 6 audio flows of f6 (round 1) |

| #6 | 100 Kbits | 1 audio flows of f6 (round 1) |

| | | each 7 audio flows of f5, f4, f3 (round 1) |
| | | 4 video flows of f1 (round 1) |
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oo S IR e +
| #47 | 100 Kbits | 1 video flows of f3 (round 5) |
R R o m mm e e e e e e e e e e e e e e e e e e e mm e meaa o - +
| #48 | 100 Kbits | |
S S . +
| #49 | 100 Kbits | |
oo S IR e +

Figure 15: Tineslot Resource Pool and Service Mapped in R ng Domain
Each CC flow contributes only one round within the OP

* The first round of all 7*32 CC flows, totaling 537.6 Kbits, arrive
sequentially in the duration fromtimeslot #0 to #5, consum ng
timeslots #0 to #5 respectively. The worst-case per-hop latecy is
100 us.

Each audio flow contri butes four sub-burst within the OP

* The first round of all 7*7 audio flows, totaling 98 Kbits, arrive
sequentially in the duration fromtimeslot #5 to #6, except that
the |l ocal generated 7 audio flows arrive at tineslot #0, consum ng
tinmeslots #5 to #6 respectively. The worst-case per-hop latecy is
500 us for the | ocal generated 7 audio flows, and 100 us for other
audi o fl ows.

* The second round of all 7*7 audio flows, totaling 98 Kbits, arrive
sequentially in the duration of tineslot #13, consuming tineslots
#13 respectively. The worst-case per-hop latecy is 100 us.

* The third round of all 7*7 audio flows, totaling 98 Kbits, arrive

sequentially in the duration of tinmeslot #26, consum ng tinmeslots
#26 respectively. The worst-case per-hop latecy is 100 us.
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*

The fourth round of all 7*7 audio flows, totaling 98 Kbits, arrive
sequentially in the duration of tinmeslot #39, consum ng tinmeslots
#39 respectively. The worst-case per-hop latecy is 100 us.

Each video flow contributes five sub-burst within the OP

*

The first round of all 7*7 video flows, totaling 588 Kbits, arrive
sequentially in the duration fromtimeslot #6 to #12, except that
the | ocal generated 7 video flows arrive at timeslot #0, consum ng
timeslots #6 to #12 respectively. The worst-case per-hop | atecy
is 600 us for the | ocal generated 7 video flows, and 200 us for

ot her audi o fl ows.

The second round of all 7*7 video flows, totaling 588 Kbits,
arrive sequentially in the duration fromtineslot #12 to #19,
except that the local generated 7 video flows arrive at tineslot
#11, consuming tinmeslots #12 to #19 respectively. The worst-case
per-hop latecy is 300 us for the |ocal generated 7 video flows,
and 200 us for other audio flows.

The third round of all 7*7 video flows, totaling 588 Kbits, arrive
sequentially in the duration fromtineslot #21 to #27, consum ng
timeslots #21 to #27 respectively. The worst-case per-hop |atecy
is 200 us.

The fourth round of all 7*7 video flows, totaling 588 Kbits,
arrive sequentially in the duration fromtineslot #31 to #37,
consumng tinmeslots #31 to #37 respectively. The worst-case per-
hop latecy is 200 us.

The fifth round of all 7*7 video flows, totaling 588 Kbits, arrive
sequentially in the duration fromtimeslot #41 to #47, consum ng
timeslots #41 to #47 respectively. The worst-case per-hop |atecy
is 200 us.

In the core network, the details of all DetNet paths are as foll ows:
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groupO -1-4-5-8-9- group6
groupl -2-1-4-5-8- group7
group2 -3-6-5-8-7- group8
group3 -3-6-5-8-7- group9
group4 -6-5-2-1-4- grouplO
group5 -9-6-5-2-1- groupll
group6 -9-6-5-2-1- groupO
group?7 -8-7-4-5-2- groupl
group8 -7-4-5-2-3- group2
group9 -7-4-5-2-3- group3
grouplO -4-5-2-3-6- group4
groupll -1-4-5-8-9- group5

Where, the bottleneck Iink-4-5 will carry 70 flowsets, in which, 10
flowsets each fromseparate inter-domain |ink, 30 flowsets from
node 1, and 30 flowsets from node 7

Anot her bottleneck link-5-2 will also carry 70 flowsets,in which, 30
flowset fromnode 6, and 40 fl owsets from node 4.

On the bottleneck Iink-4-5 a bad flowinterleaving is that there are
12 bursts conpeting for the outgoing interface. Their sizes are 1

1, 1, 1, 1, 1, 1, 1, 1, 1, 30, and 30 flowsets respectively.
Assumi ng that each incomng flowset arrives nearly before tineslot
#0. A sinple timeslot resource allocation nmethod similar to

Section 15.3.2.1 can be used (assum ng extrene concurrency), see
Figure 16. In fact, all flows may arrive in different tineslots
interl eaved, so that the consuned outgoing tinmeslots are al so
naturally interleaved and each packet nay experience snaller per-hop
| atency (e.g., one tinmeslot length), that is simlar to the nmethod in
ring domain.

| Slot | Bursts | Servi ces Mapped |
Fomm o - Fom e oo e +
| #0 | 1 Moits | 416 CC flows |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #1 | 1 Miits | 416 CC fl ows |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #2 | 1 Miits | 416 CC flows |
Fomm o - Fom e oo e +
| #3 | 1 Moits | 416 CC flows |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #4 | 1 Moits | 416 CC fl ows |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #5 | 1 Miits | 160 CC flows |

| | | 308 audio flows (round 1) |
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S R o +
| #6 | 1 Mits | 182 audio flows (round 1) |
| | | 53 video flows (round 1) |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #7 | 1 Mits | 83 video flows (round 1) |
Fomm o - Fom e oo e +
| #8 | 1 Mits | 83 video flows (round 1) |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #9 | 1 Mits | 83 video flows (round 1) |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #10 | 1 Moits | 83 video flows (round 1) |
Fomm o - Fom e oo e +
| #11 | 1 Miits | 83 video flows (round 1) |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #12 | 1 Moits | 22 video flows (round 1) |
| | | 61 video flows (round 2) |
Femmm o - Fom e o m m e e e e e e e e e e e e e e e e em e eeeao o +
| #13 | 1 Miits | 490 audio flows (round 2) |
S R o +
| #14 | 1 Moits | 83 video flows (round 2) |
R R o m mm e e e e e e e e e e e e e e e e e e e mm e meaa o - +
| #15 | 1 Moits | 83 video flows (round 2) |
Femmm o - Fom e o m m e e e e e e e e e e e e e e e e em e eeeao o +
| #16 | 1 Miits | 83 video flows (round 2) |
S R o +
| #17 | 1 Moits | 83 video flows (round 2) |
R R o m mm e e e e e e e e e e e e e e e e e e e mm e meaa o - +
| #18 | 1 Moits | 83 video flows (round 2) |
Femmm o - Fom e o m m e e e e e e e e e e e e e e e e em e eeeao o +
| #19 | 1 Miits | 14 video flows (round 2) |
S R o +
| #20 | 1 Moits | |
R R o m mm e e e e e e e e e e e e e e e e e e e mm e meaa o - +
| #21 | 1 Moits | 83 video flows (round 3) |
Femmm o - Fom e o m m e e e e e e e e e e e e e e e e em e eeeao o +
| #22 | 1 Moits | 83 video flows (round 3) |
S R o +
| #23 | 1 Moits | 83 video flows (round 3) |
R R o m mm e e e e e e e e e e e e e e e e e e e mm e meaa o - +
| #24 | 1 Moits | 83 video flows (round 3) |
Femmm o - Fom e o m m e e e e e e e e e e e e e e e e em e eeeao o +
| #25 | 1 Moits | 83 video flows (round 3) |
S R o +
| #26 | 1 Moits | 75 video flows (round 3) |
| | | 50 audio flows (round 3) |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #27 | 1 Moits | 440 audio flows (round 3) |
Fomm o - Fom e oo e +
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Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #29 | 1 Moits | |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #30 | 1 Moits | |
Fomm o - Fom e oo e +
| #31 | 1 Moits | 83 video flows (round 4) |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #32 | 1 Moits | 83 video flows (round 4) |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #33 | 1 Miits | 83 video flows (round 4) |
Fomm o - Fom e oo e +
| #34 | 1 Moits | 83 video flows (round 4) |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #35 | 1 Moits | 83 video flows (round 4) |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #36 | 1 Miits | 75 video flows (round 4) |
Fomm o - Fom e oo e +
| #37 | 1 Moits | |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #38 | 1 Moits | |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #39 | 1 Moits | 490 audio flows (round 4) |
Fomm o - Fom e oo e +
| #40 | 1 Moits | |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #41 | 1 Moits | 83 video flows (round 5) |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #42 | 1 Moits | 83 video flows (round 5) |
Fomm o - Fom e oo e +
| #43 | 1 Miits | 83 video flows (round 5) |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #44 | 1 Moits | 83 video flows (round 5) |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #45 | 1 Moits | 83 video flows (round 5) |
Fomm o - Fom e oo e +
| #46 | 1 Miits | 75 video flows (round 5) |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +
| #47 | 1 Moits | |
+o-m - - S ot o e e e e e e e e e e e e e e e e e e e mm— oo oo +
| #48 | 1 Moits | |
Fomm o - Fom e oo e +
| #49 | 1 Moits | |
Fom e e - - N o m m e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e oo +

Figure 16: Tineslot Resource Pool and Service Mapped in Core Domain
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16.

17.

18.

19.

19.

According to the above table, the worst-case per-hop latecy is 600 us
for CC, 700 us for audio, 1.3 ns for Video.

O her explanations are simlar to the previous exanple of Gid
ref erence topol ogy.

I ANA Consi derations
There is no | ANA requestion for this docunent.
Security Considerations

Security considerations for DetNet are described in detail in

[ RFC9055]. Ceneral security considerations for the DetNet
architecture are described in [ RFC8655]. Considerations specific to
the Det Net data plane are summari zed in [ RFC8938].

Adequat e adnmi ssion control policies should be configured in the edge
of the DetNet domain to control access to specific tineslot
resources. Access to classification and mappi ng tabl es nust be
controlled to prevent m sbehaviors, e.g, an unauthorized entity may
nmodify the table to map traffic to an unall owed tinesl ot resource,
and conpetes and interferes with nornmal traffic.
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