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Draft Recommendation ITU-T Y.qos-sre-rf 
Requirements and framework for service rates estimation with packet metadata 

for stateless admission control 
Summary 
[ITU-T Y.3129] specifies the requirements and framework for deterministic networking with a set of 
work conserving packet schedulers that guarantees end-to-end (E2E) latency bounds to flows. Y.3129 
also specifies the required packet metadata for guaranteeing the bounds.  
Y.3129, like other scheduling mechanisms for latency guarantee, relies on a resource reservation and 
commitment mechanism, which ensures the sum of the service rates of active flows is less than the 
link capacity, in all the links in a path. 
This Recommendation specifies the requirements and framework for identifying the service rates of 
active flows for admission control, without managing flow state information, but with the packet 
metadata already defined in Y.3129 and an added metadata.  
Keywords 
Admission, flow state, resource, latency guarantee, scheduler, service rate 
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Draft Recommendation ITU-T Y.qos-sre-rf 
Requirements and framework for service rates estimation with packet metadata 

for stateless admission control 

 Scope 
This Recommendation specifies the requirements and framework for identifying the service rates of 
active flows for admission control, without managing flow state information, based on the packet 
metadata defined by [ITU-T Y.3129] and an added metadata. It also specifies the considerations for 
how the framework is applied to the IMT-2020 network. 

 References 
The following ITU-T Recommendations and other references contain provisions, which, through 
reference in this text, constitute provisions of this Recommendation. At the time of publication, the 
editions indicated were valid. All Recommendations and other references are subject to revision; 
users of this Recommendation are therefore encouraged to investigate the possibility of applying the 
most recent edition of the Recommendations and other references listed below. A list of the currently 
valid ITU-T Recommendations is regularly published. 
The reference to a document within this Recommendation does not give it, as a stand-alone document, 
the status of a Recommendation. 
[ITU-T Y.3129] Recommendation ITU-T Y.3129 (2024), Requirements and framework for 

stateless fair queuing in large scale networks including IMT-2020 network. 

 Terms and definitions 

3.1  Terms defined elsewhere 
This Recommendation uses the following terms defined elsewhere: 
3.1.1 IMT-2020 [b-ITU-R M.2083]: Systems, system components, and related technologies that 
provide far more enhanced capabilities than those described in [b-ITU-R M.1645] 
NOTE – [b-ITU-R M.1645] defines the framework and overall objectives of the future development of 
IMT-2000 and systems beyond IMT-2000 for the radio access network. 

3.2  Terms defined in this Recommendation 

3.2.1 service rate: Amount of service per unit time guaranteed to a flow, as if it would be provided 
by a dedicated wire of the specified bandwidth between the source and receiver 
NOTE – [b-IETF RFC 2212] defines the service rate R to be the service that would be provided by a dedicated 
wire of bandwidth R between the source and receiver. 

 Abbreviations and acronyms 
This Recommendation uses the following abbreviations and acronyms: 
AMF  Access and Mobility Management Function 
AN  Access Network 
CN  Core Network 
E2E  End-to-end 
FIFO  First-In First-Out 
FQ  Fair Queuing 



- 5 - 
SG13-TD557/WP4 

FT  Finish Time 
GBR   Guaranteed Bit Rate 
GFBR   Guaranteed Flow Bit Rate 
gNB  next-generation NodeB 
PIFO  Push-In First-Out 
QoS  Quality of Service 
RACF  Resource and Admission Control Functions 
RSVP  Resource ReSerVation Protocol 
SMF  Session Management Function 
VC  Virtual Clock 
UE   User Equipment 
WFQ  Weighted Fair Queuing 

 Conventions 
In this Recommendation: 
The keywords “is required to” indicate a requirement which must be strictly followed and from which 
no deviation is permitted if conformance to this Recommendation is to be claimed. 
The keywords “is recommended” indicate a requirement which is recommended but which is not 
absolutely required. Thus, this requirement need not be present to claim conformance. 

 Introduction 
There are emerging applications that require both latency and latency variation (jitter) bounds in 
large-scale networks [b-ITU-T Y.Suppl66]. In environments such as smart factories and remote 
device control services [b-ITU-T Y.3147], there are demands for a network service that guarantees 
the upper bound of latency and jitter.  
In order to satisfy such performance requirements of flows in a network, it is required to keep the 
total service rate of flows on each link lower than the capacity of the link. To ensure this, the 
admission control process is carried out for each flow before data transmission, which involves: 1) 
informing the service rate of the flow, 2) checking whether the total service rate on each link traversed 
by the flow is kept lower than the capacity, and 3) accepting the admission of the flow.  
A distributed algorithm such as Resource ReSerVation Protocol (RSVP) [b-IETF RFC 2205] will be 
an appropriate choice of such admission control protocols. With this kind of protocol, in order to 
adapt to changes such as establishments and terminations of flows, all nodes are required to maintain 
flow state information, including the service rates of individual flows. This flow-specific information 
is collectively referred to as “flow state.” The RSVP’s soft state mechanism, while designed for 
dynamic adaptation and graceful resource cleanup, mandates constant periodic refreshing of this per-
flow state. 
However, as the number of such flows increases, the complexity of managing the flow state 
information grows. When end-to-end latency guarantees must be achieved in large-scale networks 
with high link speeds and a massive number of flows, it is not practical to rely on solutions that require 
nodes to maintain the flow state information. Therefore, it is necessary to devise a method to infer 
the total service rates of links in order that admission control can be performed without managing the 
state information of flows.  
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[ITU-T Y.3129] specifies the requirements and framework for deterministic networking with a set of 
work conserving packet schedulers that guarantees end-to-end (E2E) latency bounds to flows. The 
schedulers in core nodes do not need to maintain flow states. Instead, the entrance node of a flow 
marks an ideal service completion time according to a fluid model, called Finish Time (FT), of a 
packet in the packet header. The subsequent core nodes update FT by adding a delay factor, which is 
a function of the flow and upstream nodes. The packets in the queue of the scheduler are served in 
the ascending order of FT. This mechanism is called the stateless fair queuing (FQ). 
[ITU-T Y.3129] specifies the mechanism of utilizing FQ without managing flow states in core nodes. 
The first node in the network creates state information for each packet, including FT and other 
necessary information, and writes them in the packet. Subsequent nodes infer the exact flow states at 
the node based on these records without managing flow state information. This mechanism provides 
a solution that enables isolation between flows in every node. The end-to-end (E2E) latency bound 
of a flow can be determined by adjusting the service rate to the flow. However, Y.3129 only specifies 
the data plane packet handling issues. The admission criteria based on the services rates of flows is 
still to be judged with the per-flow state managements on the control plane. 
This Recommendation specifies the requirements and framework for identifying the service rates of 
active flows for admission control, without managing flow state information, based on the packet 
metadata defined by [ITU-T Y.3129] and an added metadata. 

 Requirements  

7.1 General description 
Clause 7 specifies the requirements for the flow service rates identification in a link.  
To implement the proposed approach in this Recommendation, three main parts of requirements shall 
be met. The first is marking the metadata information on packets. The second is a determination of 
the estimation reference time and the inspection interval. The last one is an estimation process for 
service rates of flows in a link based on this information.  
These requirements assume the framework specified in Y.3129, as in Figure 1, is realized. In this 
framework, in the entrance node, where the flow arrives to the network, FT is calculated in the same 
way as a fair queuing (FQ) scheduler, e.g. Virtual Clock (VC) [b-Zhang], with the flow state. Next, 
in a core node, the FT has to be updated by a new value using a delay factor in a node, without the 
need for flow state. A delay factor is a node and packet specific parameter. By using the above 
framework, only the FT at the previous node and the delay factor are required when calculating the 
FT in the core node. These can be delivered by storing them in the form of metadata in the header of 
the packet. 
 

 

Figure 1 – Framework for E2E latency guarantee with stateless fair queuing [Y.3129] 
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The service rate of a flow is also written in the packets that belong to the flow.  
One property of the framework of Y.3129 is that FTs of consecutive packets of a single flow are 
strictly increasing. Therefore, the FTs of consecutive packets partition the time into non-overlapping 
intervals.  

If any specific time, t, is given, there must be only one packet, p, in a flow, whose FT is larger or 
equal to t while the FT of the previous packet, p-1, is less than t. Let us call this event that the packet 
p ‘encompasses’ the time t. A key observation is that there is only one packet that encompasses an 
arbitrary time, from a flow. The service rate identification is based on this observation. 
Moreover, the difference of the FT values of any consecutive packets remains the same across the 
nodes, because the FT value is increased by the same amount for the packets in a flow. The difference 
from the previous packet’s FT is written in the packet header, as well as the packet’s FT. Therefore, 
if a time is specified, the packet that encompasses the time can be identified, by just looking at the 
packet metadata. 
In order to identify the encompassing packets from all the active flows, the inspection interval should 
be large enough. Once the inspection interval is determined, the packets arrived during this interval 
are inspected and the service rates of all the flows are identified. 
Clauses from 7.2 to 7.4 specify the requirements for such a mechanism. 

7.2 Requirements for marking packet metadata 
The following are the requirements for marking packet metadata. The requirements R2~R4 in this 
Clause are derived from Y.3129. 
R1: The entrance node of a flow is required to mark the service rate assigned to the flow on all the 
packets belonging to the flow. 
R2: The entrance node is required to determine initial FTs for packets according to the flow state. 
R3: The entrance node is required to write FTs in the packet headers. 
R4: The core nodes are required to update FTs of packets.  
R5: The entrance node of a flow is required to mark the difference between the FTs of the current and 
the previous packets of the flow. 

7.3 Requirements for determining the estimation reference time and the inspection interval 
The estimation reference time, the reference time in short, is the target time at which the flow service 
rates are identified. The flow service rates at the reference time should be identified. To do so, all the 
packets encompassing the reference time should be identified.  
Any time, including the reference time, is encompassed by only a single packet from a flow. A packet 
is defined to encompass a certain time, if the time is within the interval (the previous packet’s FT, the 
packet’s FT].  
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The FTs of consecutive packets of a single flow are strictly increasing, according to Y.3129. 
Therefore, the FTs of consecutive packets partition the time into non-overlapping intervals. In Figure 
2, packets x and y from flows 1 and 2 encompass the time t. 

In order to identify if a packet encompasses a certain time, the packet and its metadata are inspected. 
The packets are inspected upon their arrivals. Note that the queued packets could also have been 
inspected, but this approach is generally more complex to implement. The inspection interval is the 
time interval, during which arrived packets are inspected to find out the packets encompass the 
estimation reference time. The inspection interval is defined to be the interval such that all the packets 
arrived during which should be inspected. It is also defined as the interval [inspection start time, 
inspection end time]. Note that the arrival time of a packet can be much smaller than its FT. 
The following are the requirements for determining the estimation reference time and the inspection 
interval. 
R6: The inspection start time is required to be larger than the current time. 
R7: The estimation reference time is required to be sufficiently greater than the inspection start time, 
such that the packets encompassing the estimation reference time are all inspected. 
R8: The inspection end time is required to be sufficiently greater than the estimation reference time, 
such that the packets encompassing the estimation reference time are all inspected. 

7.4 Requirements for identifying the service rates 
The following are the requirements for identifying the service rates of active flows at the estimation 
reference time. 
R8: It is recommended that packets and their metadata are inspected upon their arrival. 
R10: It is required to identify all the packets encompassing the estimation reference time. 
R11: It is required to identify the service rates of the packets encompassing the estimation reference 
time, based on the metadata written in the packets. 
R12: It is required to identify the total service rates of a link, by adding the service rates of the packet 
encompassing the estimation reference time. 

 Framework  

8.1 General description 
In Clause 8, the framework for identifying the flow service rates in a link is defined. Before going 
into the detailed description, it is summarized the symbols used in this Recommendation in Table I. 

 
TABLE I 

Mathematical Symbols used in this Recommendation 

Figure 2 – FTs of packets from two flows are denoted in the time axis. F(x) is the FT value 
of packet x in this node. Packets x and y encompass the time t. 
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Symbol Quantity 

𝑝𝑝 pth packet of the flow under observation. 

ℎ hth node in the path of the flow under observation 

𝑇𝑇 Estimation reference time 

𝑇𝑇 − 𝑇𝑇𝑠𝑠 Inspection start time 

𝑇𝑇 + 𝑇𝑇𝑒𝑒 Inspection end time 

𝐹𝐹ℎ(𝑝𝑝) ‘Finish time’ of packet p at node h 

∆𝐹𝐹ℎ(𝑝𝑝) Difference between FTs of packets p and p-1 at node h 

𝐴𝐴ℎ(𝑝𝑝) Arrival time of packet p at node h 

𝐿𝐿(𝑝𝑝) Length of packet p 

𝐿𝐿 Maximum overserved length of the packets from the flow under 
observation 

𝐿𝐿ℎ Maximum observed length of the packets at node h, over all the 
flows 

𝑟𝑟, 𝑟𝑟(𝑝𝑝) Service rate of the flow under observation 

𝑅𝑅ℎ Link capacity of node h 

𝑑𝑑ℎ(𝑝𝑝) Finish time increment parameter of packet p at node h. Called 
“delay factor”. 

The framework to obtain FT in core nodes, with the requirements defined in Clause 7 of [Y.3129], is 
as follows. 
First, in the entrance node 0, where a packet p from a flow arrives to the network, FT is calculated in 
the same way as a FQ scheduler, e.g. Virtual Clock [b-Zhang]. 

𝐹𝐹0(𝑝𝑝) = max{𝐹𝐹0(𝑝𝑝 − 1),𝐴𝐴0(𝑝𝑝)} + 𝐿𝐿(𝑝𝑝)
𝑟𝑟

,                                         (1) 

where 𝐹𝐹0(𝑝𝑝) is FT of p at the entrance node, and so on. 𝐹𝐹0(0) = 0. 

Next, in a core node h, 

𝐹𝐹ℎ(𝑝𝑝) = 𝐹𝐹ℎ−1(𝑝𝑝) + 𝑑𝑑ℎ−1(𝑝𝑝),                                                     (2) 

where, 𝑑𝑑ℎ(𝑝𝑝) = 𝐿𝐿
𝑟𝑟

+ 𝐿𝐿ℎ/𝑅𝑅ℎ. 

𝑑𝑑ℎ(𝑝𝑝) is a node and flow specific parameter, called the delay factor. Note that it is identical for all 
the packets in a flow. Also note that the delay factor 𝑑𝑑ℎ(𝑝𝑝) assumes zero time difference between 
nodes. The time difference is due to the propagation delay and the clock discrepancy. If this 
assumption should be removed for a realistic implementation, the delay factor can include this time 
difference value. 

By using (1) and (2), only 𝐹𝐹ℎ−1(𝑝𝑝) and 𝑑𝑑ℎ−1(𝑝𝑝) values are required when calculating FT in core 
nodes. 

8.2 Generation and update of metadata at an entrance node 
It is assumed that the packet length information is written in the packet header. Entrance node 
maintains the flow state, e.g. FT of packet (p-1) at node 0 (𝐹𝐹0(𝑝𝑝 − 1)), the maximum packet length 
of the flow (L), and the service rate allocated to the flow (r). It operates a clock to identify the arrival 
time of a packet. It collects the link information such as the maximum packet length of all the flow 
(L0) and link capacity (R0) to calculate the delay factor at node 0.  
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Upon receiving or generating packet p, the entrance node obtains FT of packet p at node 0 (𝐹𝐹0(𝑝𝑝)), 
according to the VC algorithm and uses it as the service order. If the queue is not empty, then it puts 
p in a sorted queue. It also obtains the FT of packet p at node 1 (𝐹𝐹1(𝑝𝑝)) before or during p is in the 
queue. It writes 𝐹𝐹1(𝑝𝑝), L, r, and ∆𝐹𝐹0(𝑝𝑝) in the packet as metadata for use in the next node 1. ∆𝐹𝐹0(𝑝𝑝) 
is defined to be the difference between 𝐹𝐹0(𝑝𝑝) and 𝐹𝐹0(𝑝𝑝 − 1). Clause 8.5 describes that ∆𝐹𝐹𝑖𝑖(𝑝𝑝) =
∆𝐹𝐹𝑗𝑗(𝑝𝑝) for any difference i and j. Finally, the entrance node updates the flow state information 
𝐹𝐹0(𝑝𝑝 − 1) to 𝐹𝐹0(𝑝𝑝). The operations in an entrance node are depicted in Figure 3. 

 

Figure 3 – Operations in an entrance node, modified from [Y.3129] to accommodate the 
added metadata ∆𝑭𝑭(𝒑𝒑) 

 

8.3 Update of FT at a core node 
A core node h collects the link information such as Lh and Rh. As in an entrance node, Lh is a rather 
static value, but still can be changed over time. Upon receiving packet p, it retrieves metadata 𝐹𝐹ℎ(𝑝𝑝), 
L, and r, and uses 𝐹𝐹ℎ(𝑝𝑝) as the FT value of the packet. It puts p in a sorted queue. It obtains 𝐹𝐹ℎ+1(𝑝𝑝) 
by adding 𝐹𝐹ℎ(𝑝𝑝) and the delay factor, and updates the packet metadata 𝐹𝐹ℎ(𝑝𝑝) with 𝐹𝐹ℎ+1(𝑝𝑝) before or 
during p is in the queue. The operations in a core node are depicted in Figure 4. ∆𝐹𝐹𝑖𝑖(𝑝𝑝) is identical 
for all i, hence it is not needed to be updated. 
  

Figure 4 – Operations in a core node, modified from [Y.3129] to accommodate the added 
metadata ∆𝑭𝑭(𝒑𝒑) 

 

8.4 Inspection interval determination  
The inspection start time is the time at which it begins searching for packets that encompass the 
estimation reference time t. Similarly, the inspection end time is the time at which it is stopped 
searching for packets that encompass the estimation reference time. 
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During the inspection interval, upon a packet arrival, metadata is extracted and updated from the 
packet. The inspection interval and the estimation reference time are calculated using the metadata 
and node information.  
Determination of an appropriate inspection period to ensure that every encompassing packet from all 
the active flows are captured. The detailed process of the inspection interval determination is out of 
scope of this Recommendation. However, there is a method to determine an inspection interval such 
that all the active flows are captured. It is described in Appendix I. 

8.5 Flow service rate and total service rate identification 
As it is specified in Y.3129, the service rate (r) and the maximum packet size (L) of a flow are 
important pieces of information for determining the FT values in core nodes, thus are carried in a 
packet as metadata. In this Recommendation we define a new metadata ∆𝐹𝐹(𝑝𝑝), the time difference 
between F(p) and F(p-1) at any node. The delay factor function, 𝑑𝑑ℎ(𝑝𝑝), which is added to 𝐹𝐹ℎ−1(𝑝𝑝) is 
a constant for packets in a flow. Therefore, ∆𝐹𝐹(𝑝𝑝) remains the same across all the nodes. That is, 

𝐹𝐹ℎ(𝑝𝑝) − 𝐹𝐹ℎ(𝑝𝑝 − 1) = ∆𝐹𝐹ℎ(𝑝𝑝) = 𝐹𝐹𝑖𝑖(𝑝𝑝) − 𝐹𝐹𝑖𝑖(𝑝𝑝 − 1) = ∆𝐹𝐹𝑖𝑖(𝑝𝑝) = ∆𝐹𝐹(𝑝𝑝), for all h and i.          (3) 

Using these metadata, at any node h, the 𝐹𝐹ℎ(𝑝𝑝 − 1) can be obtained, by just inspecting packet p. It 
can be determined whether the packet encompasses the estimation reference time. If it does, the 
service rate of the flow to which the packet belongs is added to the total estimated service rate. Since 
there exists only one packet per flow that encompasses the estimation reference time t during the 
estimation period, estimation of the total service rate becomes possible. The proof of this is detailed 
later in this section. When the estimation period ends, a new estimation period is calculated to repeat 
the total service rate estimation. 
The overall framework specified in Clauses from 8.2 to 8.5 are depicted in Figure 5. 
 

Figure 5 – Framework for service rates estimation for flows in a link 
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 Considerations for IMT-2020 networks 
The 5G QoS model is based on “QoS flows” (Clause 5.7.1.1 of [b-ETSI TS 123 501]). The QoS flow 
is the finest granularity traffic entity for QoS management in the IMT-2020 core network. A QoS 
flow can either guarantee the bit rate or not, i.e., Guaranteed Bit Rate (GBR) QoS flow or non-GBR 
QoS flow. The flow defined in this Recommendation matches the GBR QoS flow in IMT-2020 
networks. For GBR QoS flows, network resources are permanently allocated with QoS flow-level 
guaranteed flow bit rate (GFBR) values. 
IMT-2020 network consists of user equipment (UE), access network (AN), core network (CN), and 
data network [b-ITU-T Y.3102]. CN has multiple user plane functions, as data plane components, 
physically separated and distributed, with other control plane functions virtually distributed with the 
network slicing. 
In the 3GPP 5G System architecture, admission control is a critical function that determines whether 
a new request for network services (such as a PDU Session or a specific QoS Flow) can be accepted 
or must be rejected based on resource availability and policy constraints. The admission control is 
hierarchical and multi-dimensional, spanning across the network slice level, CN, and AN. The 5G 
system performs admission control at two primary levels to ensure both logical isolation (Slicing) 
and physical resource integrity (Radio).  
The overall admission procedure in IMT-2020 networks is as follows: 

1) Session request: The UE initiates a PDU session establishment or service request. 
2) Slice validation in CN: The Access and Mobility Management Function (AMF) or the Session 

Management Function (SMF) queries the Network Slice Admission Control Function to 
check if the slice's UE/Session quota is exhausted. If full, the core rejects the request 
immediately. 

3) AN resource check: If the core approves, the SMF sends the QoS Profile to the next-
generation Node B (gNB) via the AMF.  

4) Local radio resource management decision: The gNB performs an internal check whether the 
Packet Delay Budget for the 5G QoS Identifier can be guaranteed and whether there is enough 
Physical Resource Block capacity for this GFBR.  

5) Confirmation: The gNB responds with a setup response. If rejected, it provides a cause value 
(e.g., No Radio Resources Available). 

The service rate estimation process, which is specified in this Recommendation, can be used in CN. 
In CN, the sum of the GFBR values of the admitted GBR QoS Flows is the critical parameter used as 
the criteria for the admission decision. This parameter can be efficiently obtained by the process 
defined in this Recommendation. 

 Security considerations 
The QoS management of the IMT-2020 network includes user equipment, access networks, and core 
networks that are subject to security and privacy measures. Sensitive information should be protected 
as a high priority in order to avoid leaking and unauthorized access. Security and privacy concerns 
should be aligned with the requirements specified in [b-ITU-T Y.2701] and [b-ITU-T Y.3101]. 
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Appendix I 

Determination method of an inspection interval to guarantee to capture all the 
flows within the interval 

 
In this Appendix, a method to determine the inspection interval and the estimation reference time is 
specified. 
Let us define the inspection start time to be the time at which we begin searching for packets that 
encompass the estimation reference time 𝑇𝑇. Similarly, define the inspection end time to be the time 
at which we stop searching for packets that encompass the estimation reference time. 
During the inspection interval, upon a packet arrival, the estimation reference time, T, is compared 
with the packet’s finish time, F(p), and 𝐹𝐹(𝑝𝑝) − ∆𝐹𝐹(𝑝𝑝). If the packet p satisfies the inequality (I.1) 
below, then the service rate, r(p), of the packet is extracted from the header. The service rates of all 
such packets are summed up to obtain the total link service rate. 

 𝐹𝐹(𝑝𝑝) − ∆𝐹𝐹(𝑝𝑝) < 𝑇𝑇 ≤ 𝐹𝐹(𝑝𝑝).                                             (I.1) 
How should we determine the start and end times to ensure that we find all the packets that encompass 
T? 
First, the estimation reference time is determined as a sufficiently distant time after the inspection 
start time. We denote t* as the inspection start time. The time difference between t* and 𝑇𝑇 is denoted 
as 𝑇𝑇𝑇𝑇. There exists a 𝑇𝑇𝑇𝑇 that ensures that all the packets encompassing the estimation reference time 
arrive later than 𝑇𝑇 − 𝑇𝑇𝑇𝑇, as proven as follows: 

Theorem 1. Let 𝑇𝑇 be the estimation reference time, and t* be the inspection start time. Let 

 𝑇𝑇𝑇𝑇 = 𝑚𝑚𝑚𝑚𝑚𝑚
𝑝𝑝

{𝐵𝐵𝐵𝐵(𝑝𝑝)/𝑟𝑟(𝑝𝑝)} + 𝐷𝐷𝐷𝐷,                                 (I.2) 

where 𝐷𝐷𝐷𝐷 = 𝑚𝑚𝑚𝑚𝑚𝑚
𝑝𝑝
�∑ 𝑑𝑑𝑖𝑖(𝑝𝑝)ℎ−1

𝑖𝑖=0 � , h represents the current node, and 𝑑𝑑ℎ(𝑝𝑝)  is the delay factor. 

𝑑𝑑ℎ(𝑝𝑝) = 𝐿𝐿ℎ𝑚𝑚𝑚𝑚𝑚𝑚 𝑅𝑅ℎ⁄ + 𝐿𝐿 𝑟𝑟⁄ . DF is defined to be the upper bound of the sum of delay factors of any p 
over any path into the current node.  If t* = 𝑇𝑇 − 𝑇𝑇𝑇𝑇 then packets arriving before t* do not satisfy (I.1); 
thus, these packets do not encompass T. 

Proof: In this case, from (2), 𝐹𝐹ℎ(𝑝𝑝) ≤ 𝐹𝐹0(𝑝𝑝) + 𝐷𝐷𝐷𝐷,∀𝑝𝑝.  According to Lemma 2 in [b-Joung], 
𝐹𝐹0(𝑝𝑝) = 𝐵𝐵𝐵𝐵(𝑝𝑝)/𝑟𝑟(𝑝𝑝)  + 𝐴𝐴0(𝑎𝑎), where a is defined as the activation packet of the active period to 
which p belongs. Ba(p) represents the sum of packet lengths from a to p. Here, a is always the packet 
preceding p, or they are the same packet (a ≤ p). As a result, 𝐹𝐹ℎ(𝑝𝑝) ≤ 𝐵𝐵𝐵𝐵(𝑝𝑝)/𝑟𝑟(𝑝𝑝)  + 𝐴𝐴0(𝑎𝑎) + 𝐷𝐷𝐷𝐷 ≤
𝐵𝐵𝐵𝐵(𝑝𝑝)/𝑟𝑟(𝑝𝑝)  + 𝐴𝐴ℎ(𝑝𝑝) + 𝐷𝐷𝐷𝐷. If any p satisfies 𝐴𝐴ℎ(𝑝𝑝) < 𝑡𝑡∗, then 𝐹𝐹ℎ(𝑝𝑝) ≤ 𝑡𝑡∗ + 𝐵𝐵𝐵𝐵(𝑝𝑝)/𝑟𝑟(𝑝𝑝)  + 𝐷𝐷𝐷𝐷. 
By setting 𝑇𝑇𝑇𝑇 = 𝑚𝑚𝑚𝑚𝑚𝑚

𝑝𝑝
{𝐵𝐵𝐵𝐵(𝑝𝑝)/𝑟𝑟(𝑝𝑝)} + 𝐷𝐷𝐷𝐷, we can ensure that packets arriving before t* do not 

encompass t. ■ 
Typically, the maximum value of Ba(p) is the maximum burst size of the flow to which p belongs. 
On the other hand, the end time of packet inspection is also determined as a time sufficiently after the 
estimation reference time. For example, if we determine the inspection end time as (t + Te), then 
packets arriving after the end time, t+Te, do not satisfy (I.1). This is proven as follows. 

Theorem 2. Let T be the estimation reference time, and t^ be the inspection end time. Let 𝑇𝑇𝑇𝑇 =
𝑚𝑚𝑚𝑚𝑚𝑚
𝑝𝑝

{∆𝐹𝐹(𝑝𝑝)} over all the packets in the link. 

Setting t^ equal to T+Te ensures that packets arriving after t^ do not satisfy (11). 

Proof: According to Theorem 2 in [b-Joung], it is proven that 𝐶𝐶ℎ(𝑝𝑝) < 𝐹𝐹ℎ(𝑝𝑝),  where 𝐶𝐶ℎ(𝑝𝑝) 
represents the time when packet p's service at node h is actually completed. Therefore, 𝐴𝐴ℎ(𝑝𝑝) <
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𝐶𝐶ℎ(𝑝𝑝) < 𝐹𝐹ℎ(𝑝𝑝). Let p^ denote the packet arriving at node h at (T+Te). Then, 𝐴𝐴ℎ(𝑝𝑝^) < 𝐹𝐹ℎ(𝑝𝑝^). By 
setting 𝑇𝑇 + 𝑇𝑇𝑇𝑇 = 𝐴𝐴ℎ(𝑝𝑝^), we ensure that 𝐹𝐹ℎ(𝑝𝑝^) is greater than T+ ∆𝐹𝐹(𝑝𝑝) for all the packets arriving 
after p^, which do not satisfy (I.1). ■ 
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