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—— Abstract
In this supplementary material, we present two proofs, one related to the (min-plus) minimum
service curve for an arbitrary AVB Class under preemption with HOLD/RELEASE, and the other
one related to the impact of preemption overhead on the CBS credit behavior when comparing the
preemptive and non-preemptive modes. The proofs build upon similar proofs from literature [9, §],
extending and adapting them for the preemptive mode with HOLD/RELEASE and non-frozen
credit during the preemption overhead.
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1 Introduction and notations

We build upon the timing analysis results of the non-preemptive mode from [9, 2] and the
results from [8], extending them with a timing analysis for an arbitrary number of AVB classes
in the preemptive mode with HOLD/RELEASE (c.f. [4, 5], superseeded by [5]) for non-frozen
credit during the guard band interval in compliance with the standard. In time-sensitive
networks (TSN) networks, we have three types of traffic, namely scheduled traffic (ST), also
named time-triggered (TT) traffic, audio-video bridging (AVB), and best-effort (BE) traffic.
Similar to [1, 8, 6], we assume that ST, AVB, and BE traffic types are isolated in their
own queues and that the timed gates of IEEE 802.1Qbv [3] (superseeded by [5]) for two
different queues are not open at the same time. Additionally, AVB and BE are configured as
preemptable, while the ST queues are configured as express.

Any frame that has a size of [[}3* = 123 bytes or smaller cannot be preempted since, as
defined in [4, 5] the minimum frame size that can be preempted is [Zi" = 124 bytes. The
guard band window required before an ST open gate event in preemptive mode is equal
to Lgp = (1% + I{1q)/C = (123 + 20)/C, including the fragmentation overhead and the
inter-frame gap (IFG). During the guard band window, a frame can finish its transmission or
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be preempted [2] and the credit of the credit-based shaper (CBS) increases in this interval if
the gate for AVB queues is open. This non-frozen credit behavior is specified in the 802.1Q [5]
standard and has been addressed in [8]. The IEEE 802.1Q standard [5] also stipulates that
a preemption overhead log = 24 bytes [7] will be added to each fragment of a preempted
frame.

We summarize the notations used for the proofs in this supplementary material in Table 1.

2 Theorem 1 - Service Curve for AVB Traffic

A Network Calculus (NC)-based worst-case response-time (WCRT) analysis for two AVB
classes in the TSN/TAS+CBS architecture has been introduced in [9] which only looks at the
preemptive and non-preemptive behavior without HOLD/RELEASE and assumes that the
CBS credit is frozen during the guard band of the non-preemptive mode. A timing analysis
for an arbitrary number of AVB classes that considers both frozen and non-frozen credit
during the guard band of the non-preemptive mode has been presented in [8]. Neither of the
papers discussed the performance analysis in the preemptive with HOLD/RELEASE mode.
Although the preemptive mode with HOLD/RELEASE has been discussed in [2], the authors
consider the overhead and ST window together, which introduces pessimism since the credit
of the AVB traffic class will be reduced/increased rather than frozen during the preemption
overhead segment. In this section, we derive the service curve for multiple AVB classes M;
(i € [1,nlgg]), extended from [8] for the preemptive mode with HOLD/RELEASE.

» Theorem 1. The (min-plus) minimum service curve for an AVB Class M; (i € [1,n"p4])
in egress port h under preemption with HOLD/RELEASE is

h’M’i max +
BHPAH/R ) _ gy, |¢— @Bzt @om () + g

M; c idSly,

(1)

where o&p(t)(c.f. [9, 8, 2]) is the arrival curve of ST traffic scheduled according to the
pre-defined GCLs, ag% (t) is the arrival curve with respect to the extra overheads due to
the preemption mode, and cf* given by Lemma 2 is the mazimum credit bound of Class M;

with non-frozen credit during GB, which is compliant with the standard hypothesis.

2.1 Proof of Theorem 1

Proof: The proof builds closely upon the proof of Theorem 1 in [9] on the service curve
for AVB traffic. We define Ry (t) and Rf(/h (t) as the cumulative arrival and departure
functions of AVB streams of Class M; in egress port h. Similarly, RE.(¢), REg(t), RY;(t)
and REL(t), REL (1), RER(t), represent the cumulative arrival and departure functions of ST
streams, guard bands, and overheads in egress port h. Let ¢ € RT be a time point when the
queue Q\i;, of AVB Class M, is backlogged, i.e., RK/R (t) < R}l\l/li (t). We define s = sup{u <
t] en, (u) = 0, B§} (u) = Rl (u), Reb(u) = Rlip(u), Rely(u) = R (w), Riliy(w) = Ry (w)}.
This implies that Yu € (s, t], the queue Qu, is non-empty or ey, (u) < 0. Otherwise, we can
always find another s < s’ <t that satisfies ey, (s') = 0 and R3f (') = Ry (s'). Moreover,
it also implies that s is outside of ST window, guard bands, overheads duration. We define
the duration (s, t] the busy period of AVB Class M;.
Similar to [9], the interval At =t — s can be decomposed by

At = At~ + AtT 4+ AL,
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Table 1 Summary of notation.

Symbol Meaning
C Physical link rate
x The maximum non-preemptable frame size (123 bytes)
min The minimum preemptable frame size (124 bytes)
Lcs Guard band size with HOLD/RELEASE (143 bytes/C)
g Preemption overhead (20 bytes)
IFos MAC DA, MAC SA, FCS frame overhead (22 bytes)
lrcs Overhead of FCS for a frame (4 bytes)
lF;"lg;d Min payload (42 bytes) of the first fragment of a frame
155,‘1?;3 Min payload (60 bytes) for the subsequent fragments
lon Overhead (24 bytes) due to preemption
h Output port of a node
M; Priority/Class of AVB traffic
Qwm; Queue for AVB Class M;

i\i,B AVB queues with priority higher than or equal to M;
nlps The number of priorities for AVB traffic
BII\]/[’EPrH/ Rl (t) | Min-plus minimum service curve for AVB Class M; under preemption

with HOLD/RELEASE
idSlm;, , sdSIw;, | Idle and send slopes of the AVB class M;

o cﬁii“ Upper and lower bounds of credit for AVB Class M;
alr(t) Arrival curve for ST traffic

of, LISIT,Z- Starting time and duration of i*"* ST window on h

o?’i Relative offset " and j'* ST windows on h, i.e., o? — ot
PaeL GCL period on h

N&r Number of ST windows within the GCL period

ag’ﬁ“ (t) Arrival curve with respect to preemption overheads
lﬁ:"ax The maximum frame of AVB Class M; on h

7§Z§§yload The payload of the frame lenax

M, ,payload Leftover payload that has not been transmitted

l];’imax, l};’zmin Max and min AVB frame size with priority > M; on h
lglm ax Max AVB frame size with priority lower than M; on h
lg’gf i Preemption overhead after j** ST window on h

np M The max preemption times of a frame of AVB Class M;
Lp Guard band duration before 5" ST window on h
Ug’gfi,p}é’g“ Burst and rate of linear arrival curve of guard band duration
At Transmission duration of frames with priority M;

At Duration of higher priority frames from QX\Z:,B

AtLp Duration of a lower priority frame from Qi\l,B or BE
Atgs Guard band duration

Atéﬁ Overhead duration due to higher priority preempted frames
Atl\o/[ﬁ Overhead duration due to preempted frames of M,

Atst time slots reserved for ST traffic
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where At—, AtT, and At° are the accrued length of all periods where the credit is decreasing,
increasing, and frozen, respectively. For the preemption mode with HOLD/RELEASE,
At™ = Aty + Atl(\)/[ﬁ represents the transmission duration of AVB Class M; and the extra
overhead transmission time when frames of Class M; traffic are preempted by ST (express)
traffic, At® = Atgr is caused by ST traffic windows. Then we have

AtT = At — Atyr, — Aty — Atsr. (2)

The service curve for AVB traffic is defined by the CBS mechanism [8]. Similar to [8],
the credit ey, (t) of AVB Class M; increases with slope idSly;, when there is a frame waiting
in queue Qu, (during At™ when high-priority frames in Qum, € QX{,B are transmitted,
or guard band blocking due to preemption with HOLD/RELEASE etc.), and decreases
at rate sdSly;, = 1dSly, — C when the frame in the queue Qy, is being sent (during
At™ = Aty + Atl\o/[ﬁ). The credit ey, () of AVB Class M; remains frozen when the gate of
Qw, is closed during ST traffic transmission. Due to the definition of s, for Yu € (s, t], the
queue @y, cannot be temporarily empty when ¢y, (u) > 0. Thus, there is no case in which
the credit of AVB Class M; can be reduced from some positive value P to 0 due to resets.
Then the variation of credit for AVB Class M; during the time interval At =t — s can be
given by,

em, (t) — o, (8) = (At + AtdE) -sdShy, — (t — s — Ay, — Aty — Atsr) - idSly,

Thus, for the preemption mode with HOLD/RELEASE, the relation of service times for
AVB Class M;, ST traffic windows occupancy, guard bands and preemption overheads in any
interval At is

Aty, =[(t — s — Atgr)idSly, — C - Atgg; — o, (t) + en, (s)] /C. (3)
Moreover, the output of ST traffic during At =t — s is,

RB(1) — REA(s) = REA(1) — Rhp(s) = O - Atgr
< Rgp(t) — Rép(s) < alp(t — s),

where afip.(t) (see main paper) is the arrival curve of ST traffic scheduled according to GCL.
Thus,

Atgp < adip(t —5)/C. (4)
Similar to [9], we can obtain
At < gy (t = )/C, (5)

where ozg"gl ‘(t) (see main paper) is the arrival curve of overheads due to the preemption
mode.

The service could only be supplied for AVB traffic of class M; during Aty in the time
At~ when the credit is decreasing. Then, similar to [9], over the interval (s, ], considering
e, (1) < o™, em, (s) = 0, and Egs. (3), (4), (5), we have

RiE (1) — Ry (s) = C - Aty >

h,M; max
idSly <t e afdp(t—s)  agy (t—s)+ay )

c idSly,
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Since we have also Ryf (t) — Ryf (s) = Rif (t) — Ry, (s) > 0 and Ryf (t) is a wide-sense

increasing function, from which we derive

, +
ho(t—s) ol Mi(p — g) 4 cmax
«h > h . . e aST( _ —oH M;
Ry () > Ry, (s) +idSly, [t s C idShy,

bo(t—s) alMi(f — §) 4 cmax
> h : e s = o ( — —on AL
A i

+ }
1
Therefore, for the preemption with HOLD/RELEASE, the service curve B&’EPFH/ Rl (t) for

AVB Class M; is,

h,M; max ] T
hIPTH/R) ) g1, [t Calpe(t)  ogn () +af

C idSlyy,

3 Lemma 2 - Impact of overhead on the CBS credit

» Lemma 2. For the preemption with HOLD/RELEASE mode, the impact of overhead is
also reflected in the lower bound of credit compared with the non-preemption mode,

h,max max

min i i lo . ln T
CMm; = sdSl, - MO +'n’]}1”rM ) (SdSlMi ) TH + idSly; - CP ) .1{idSlMi'llr:];rx<_stlMi'lOH}’
(6)
h,M;

where np"* is the mazimum number of preemptions for a single frame of Class M;. The
upper bound on the credit with non-frozen state during guard band is computed using the
expression for the non-preemption mode proposed in [8],

i—1 i h, h,M;
D e T -

Sl idShy, + pgt — C

X = idSlyy, -

by replacing crf\}}jn with Eq. (6), and the guard band duration with L}&g]; in Eq. (8) below for

constructing the linear arrival curve of the guard band duration with the burst 0’5]1;/[" and the

rate p}g]gi [8].

The actual maximum guard band length before each ST window j is also related to the
maximum frame li:ﬂ 4% of AVB traffic with priority higher than or equal to M; in the current
node port, and the idle interval time between two adjacent ST windows 0?71» - 0?_1 i L}SlT’ j—1-

)

h,min
L P——

h,M; _ . = "nPr h h h
LGB,} = min {LGB, Lop — 105 =071, — L3r ;1 } (8)

C

3.1 Proof of Lemma 2

Proof: The proof is very similar to the proof in [8] that assumes the non-frozen credit during
guard bands, except that the additional overhead duration needs to be considered.
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[Lower bound] The credit of AVB class M; will be decremented only when the frame of
Class M; is being sent and during the overhead after the frame of Class M; is preempted.
Please note that when the frame is preempted, there will be a guard band with length Lgp
reserved, and the credit of all AVB classes will be increased with the corresponding idleSlope.
Therefore, the condition for reaching the minimum credit depends on the maximum frame
size lﬁjﬂax of Class M;, the relation between the idleSlope and sendSlope, and the maximum
number of times that a frame of Class M; can be preempted.

The credit increases by idSly, -I73/C in a GB duration, and decreases by —sdSlhy, -lou/C
during an overhead duration. If idSly, - IIEX > —sdSly, - lon, it means that the minimum
credit can only be reached at the end of the maximum frame transmission without being
preempted, i.e., cmm = lh M sdSlhy, /C. Otherwise, if idSly, - I"EX < —sd Sl - lown, the
minimum credit is reached when a maximum frame of Class M; is preempted the most
number of times. The highest number of preemption n];’rM" are related to the ST windows,
which can be calculated according to the GCL that has been computed offline (see main
paper). In such a case, the minimum credit equals to cjj™ = (lh . -I—nPrMi lon)-sdSly, /C+
a1 idSly, /C.

[Upper bound] Let t € RT be a time instant at which the timed-gates for AVB traffic
classes open, and ¢y, () > 0. Additionally, let s = sup{u <t ‘ VQw; € Q%,B, en, (u) < 0}
As explained in [8], this implies that Vu € (s, t], 3Qw, € Qs e, (u) > 0, d.e., there exists
always a non—empty queue in Q avp» Since otherwise, there is always another s < s < t that
satisfies VQu, € Q aves oM, (s”) < 0. Since there is always at least one queue in Q avp that is
non-empty we have one of 3 cases for the frame:

it it sent in Qu, € Q%@B)

it is blocked due to ST traffic or due to guard band relating to the preemption with

HOLD/RELEASE. It can also be blocked due to a non-preemptive frame from lower

priority queues (Qi{}B, Q@pEr) that is in transmission before s since preemptable traffic

classes cannot preempt each other (note that the lower priority traffic cannot be preempted
by other higher priority AVB traffic but can be preempted by ST traffic))

it waits for the transmission of additional overheads due to the preemption.

Similar to [8], we look at the evolution of the credit value ey, () between s and ¢,
which increases with a rate of idSly;, when the frame in the queue Qy; is waiting (during
Atj\i/B + Atrp + Atgp + Atéfq). The credit decreases at rate sdSlhy, = idSly;, — C' when
the frame in the queue Qy, or its extra overhead is in transmission (during Aty + Algﬁ)
Finally, the credit remains unchanged when the gate of Qu, is closed during ST traffic
transmission Atgr, and, similarly to [8], may be reduced from some positive value Py, to 0
due to resets. Thus the variation of ¢y, (t) during (s, t] is similar to [8], with the addition of
the preemption overhead considerations,

em, (1) — en (s) = (AtMi + Atgﬂg) - sdSlyy,
+ (Atxyp + Atrp + Atep + AtSy) - idShy, — P, 9)

Since At5ip + Atpp 4+ Atap + AtSh = s —t — Ay, — Atgr — Atyyg; and Py, > 0, Eq. (9)
is modified into,

em, (t) — o, (8) < —Aty, - C — AtNE - O+ (t — s — Atgr) - idSly, . (10)

As in [8], we denote the sum of credits for AVB traffic with the priority higher than M;
with c<;(t) = Z;;ﬁ cum; (t). At any instant between s and t, c<;(t) increases at most at a rate
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low priority frame blocks the link (during Atpp), or during GB Atgp. Additionally to [8], the
credit sum can also increase during the overhead Atl(\)/[H for M; traffic. Conversely, the credit

given by 22711 idSly; when, as described in [8], a frame of M; uses the link (during Atyy,), a

sum c.;(t) decreases at least at a rate given by Z;;ll idSly; — C when higher-priority frames
are sent (during Atiyg) or during overhead Atgl for AVB class with higher priority than
M;. Finally, the credit sum c<;(t) is frozen during ST traffic transmission Atgr or is reduced
from some positive value to 0 due to resets, which is the same case as the credit variation for
the M; traffic class. Then, similar to [8] but with the additional overhead considerations, the
variation of c.;(t) between s and ¢t is

c<i(t) — c<i(8)

= (AtMi + Atpp + Atgp + Atg”ﬁ) . Z idShy,
j=1
) ) i—1 1—1
R o T
j=1 =1 (11)

Since Atiyp + Atk = s — t — Atw, — Atrp + Atg — Aty — Atst and Py, > 0, Eq. (11)
is modified into,

c<i(t) —c<i(s) < (AtM,-, + Atrp + Atgs + Afl(\)/[ﬁ) -C

+ (t — S — AtST) . (ZZldSIMJ - C> . (12)
j=1

Moreover, as discussed in [8], Atpp-C < MAXje(it1nk ] {5 IBE ) = 129 and Atgp-C <

ool + pol - (t — s — Atgr), where ogyy and pyy are the burst and rate of the linear arrival
curve of the guard band duration, respectively, derived from Theorem 3 and Lemma 4 in [8]

by considering L}é’gf 5 in Eq. (8) instead. Meanwhile combining Eq. (12) we have,

cai(t) — cci(s) — (Atyg, + Atpgy) - C — 122 — g0k

t—s — Atgr < — : (13)
S idSly, + po — C
By applying Eq. (13) into Eq. (10), it is obtained that
CM; (t) - CM&,(S) <
t_,idSly, + pMs — C
R A e N AR
J(t) — ey _ [max _ M;
ceill) —cails) Z I 2 06h g,
Zj:l ldSIMj + prB -C
) _ ) _ qmax _ M,
< C<Z(t) C<1(8) l>z UGB . ldSIM1 (14)

TS, + 4 —C

Since c«i(s) <0, em; (s) <0, 23;11 idSlw; + po — C <0, and ci(t) > z;;ll cﬁij“, we find
that the extra overhead due to preemption does not have an impact on the expression of the
upper bound for the credit, which remains the same as in [8], namely

i—1 min max M;
Z_j:chj — 127 —ogp

em, (1) < idShy, - =2 . .
S 2 idShy, + poip — C
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