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Abstract

TCP slow start is designed to ranp up to the network congestion point
qui ckly, doubling the congestion wi ndow each round-trip tine until

the congestion point is reached, whereupon TCP exits the slow start
phase. Unfortunately, the default Linux TCP slow start

i mpl ementation -- TCP Cubic with HyStart [HYSTART] -- can cause
premature exit fromslow start, especially over wireless |inks,
degrading link utilization. However, without HyStart, TCP exits slow
start too |late, causing unnecessary packet |oss. To inprove TCP sl ow
start performance, this document proposes using the Slow start Exit

At Ri ght CHokepoint (SEARCH) al gorithm [KCL24] where the TCP sender
determ nes the congestion point based on acknow edged deliveries --
specifically, the sender conputes the delivered bytes conpared to the
expected delivered bytes, snpbothed to account for link |atency
variation and normalized to acconmpdate |ink capacities, and exits
slow start if the delivered bytes are | ower than expected. W

i mpl ement ed SEARCH as a Linux kernel v5.16 nodul e and evaluated it
over WFi, 4G LTE, and low earth orbit (LEO and geosynchronous (GEO
satellite links. Analysis of the results show that the SEARCH
reliably exits fromslow start after the congestion point is reached
but before inducing packet | oss.

Status of This Meno

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

Internet-Drafts are working docunents of the Internet Engineering
Task Force (I ETF). Note that other groups may also distribute

wor ki ng documents as Internet-Drafts. The list of current Internet-
Drafts is at https://datatracker.ietf.org/drafts/current/.
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1.

I nt roducti on

The TCP slow start nechanismstarts sending data rates cautiously yet
rapidly increases towards the congestion point, approxinmately

doubl ing the congestion wi ndow (cwnd) each round-trip tine (RTT).
Unfortunately, default inplenentations of TCP slow start, such as TCP
Cubic with HyStart [HYSTART] in Linux, often result in a premature
exit fromthe slow start phase, or, if HyStart is disabled, excessive
packet | oss upon overshooting the congestion point. Exiting slow
start too early curtails TCP's ability to capitalize on unused |ink
capacity, a setback that is particularly pronounced in high
bandwi dt h-del ay product (BDP) networks (e.g., GEO satellites) where
the time to grow the congestion wi ndow to the congestion point is
substantial. Conversely, exiting slow start too | ate overshoots the
link’s capacity, inducing unnecessary congestion and packet | oss,
particularly problematic for links with large (bl oated) bottleneck
queues.

To determine the slow start exit point, we propose that the TCP
sender monitor the acknow edged delivered bytes in an RTT and conpare
that to what is expected based on the bytes acknow edged as delivered
during the previous RTT. Large differences between delivered bytes
and expected delivered bytes is then the indicator that slow start
has reached the network congestion point and the slow start phase
should exit. W call our approach the Slow start Exit At Ri ght
CHokepoi nt (SEARCH) al gorithm SEARCH is based on the principle that
during slow start, the congestion w ndow expands by one nmaxi mum
segnent size (MSS) for each acknow edgnment (ACK) received, pronpting
the transm ssion of two segnments and effectively doubling the sending
rate each RTT. However, when the network surpasses the congestion
point, the delivery rate does not double as expected, signaling that
the slow start phase should exit. Specifically, the current
delivered bytes should be twice the delivered bytes one RTT ago. To
acconmodate links with a wide range in capacities, SEARCH nornali zes
the difference based on the current delivery rate and since |ink

| atencies can vary over tinme independently of data rates (especially
for wireless links), SEARCH snooths the neasured delivery rates over
several RITTs.

Thi s docunent describes the current version of the SEARCH al gorithm
version 3. Active work on the SEARCH al gorithmis continuing.
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Thi s docunent is organized as follows: Section 2 provides term nol ogy
and definitions relevant used throughout this docunment; Section 3
describes the SEARCH algorithmin detail; Section 4 provides
justification for algorithmsettings; Section 5 describes the

i npl ementation status; Section 6 describes security considerations;
Section 7 notes that there are no | ANA consi derations; Section 8

cl oses with acknow edgnents; and Section 9 provides references.

2. Term nol ogy and Defitions

The key words "MJST", "MJST NOT*, "REQU RED', "SHALL", "SHALL NOT",
"SHOULD', "SHOULD NOT", "RECOMMENDED', "MAY", and "OPTIONAL" in this
docunent are to be interpreted as described in RFC 2119, BCP 14

[ RFC2119] and indicate requirenment |levels for conpliant CoAP

i mpl ement ati ons.

In this docurment, the term"byte" is used in its now customary sense
as a synonymfor "octet".

_ACK: _ a TCP acknow edgenent.

_bins: _the aggregate (total) of acknow edged delivery bytes over a
smal | time w ndow.

_congestion window (cwnd): _ A TCP state variable that linmits the
anount of data a TCP can send. At any given tinme, a TCP fl ow MJST
NOT send data with a sequence number higher than the sum of the

hi ghest acknow edged sequence nunber and the m ni num of the cwnd and
recei ver w ndow.

_norm _ the normalized difference in current delivered bytes and
previously delivered bytes.

_round-trip tinme (RTT): _ the round-trip time for a segnent sent until
the acknow edgenent is received.

_THRESH: _ the norm val ue above which SEARCH wi || consider the
congestion point to be reached and the slow start phase exits.

3. SEARCH Al gorithm

The concept that during the slow start phase, the delivered bytes
shoul d doubl e each RTT until the congestion point is reached is core
to the SEARCH algorithm In SEARCH, when the bytes delivered one RTT
prior is half the bytes delivered currently, the bitrate is not yet
at capacity, whereas when the bytes delivered prior are nore than
hal f the bytes delivered currently, the |link capacity has been
reached and TCP exits slow start.
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One challenge in nonitoring delivered data across multiple RTTs is

|l atency variability for some links. Variable latency in the absence
of congestion - comon in some wireless links - can cause RTTs to
differ over tine even when the network is not yet at the congestion
point. This variability conplicates conparing delivered bytes one
RTT prior to those delivered currently in that a lowered | atency can
make it seemlike the total bytes delivered currently is too | ow
compared to the total delivered one RTT ago, making it seemlike the
link is at the congestion point when it is not.

To counteract link latency variability, SEARCH tracks delivered data
over several RTTs in a sliding wi ndow providing a nore stable basis
for comparison. Since tracking individual segment delivery times is
prohibitive in terms of menory use, the data within the sliding

wi ndow i s aggregated over bins representing small, fixed time

peri ods. The wi ndow then slides over bin-by-bin, rather than sliding
every acknow edgenent (ACK), reducing both the conmputational | oad
(since SEARCH only triggers at the bin boundary) and the nenory
requirenents (since delivered byte totals are kept for a bin-sized
time interval instead of for each segnent).

3.1. Algorithm Qverivew

An overvi ew of the SEARCH al gorithm (that runs on the TCP server
only) is provided bel ow.

In lines 1-2, upon initialization of a TCP connetion, the SEARCH
wi ndow (W is set based on the initial round trip tinme (init_rtt),
and the delivery history (hist) is cleared.

The main part of the SEARCH algorithmruns in lines 3-10 when an ACK
is received. Line 3 does bookkeepi ng, updating the delivery history
(hist) based on the current tine and the TCP ACK sequency number
(sequence_nunj.

Li ne 4 conmputes the nunber of bytes delivered in the current SEARCH
wi ndow, using hist to tally the delivered bytes fromthe current tine
(now) to now minus W Line 5 does the sane conputation, but for the
delivered bytes for the previous rtt - i.e,. fromnow mnus an rtt to
now mnus an rtt mnus W

Line 6 computes the difference between the current delivered bytes
and the previous delivered bytes, doubling the latter value since
under normal slow start congestion wi ndow growmh the delivered bytes
wi || approxi mately double each round-trip tinme. Line 7 normalizes
this difference since it is the relative delivered bytes that matter
- i.e., it is the delivered bytes no |onger doubling - independently
of the actual byte anounts - that indicates the chokepoi nt has been
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reaced. Line 8 conpares this nornalized difference (normdiff) to
the SEARCH t hreshold (THRESH), and if this threshold has been
surpassed then slow start exits.

SEARCH ALGORI THM OVERVI EW

upon TCP connection

1. W= 3.5 * init_rtt // SEARCH wi ndow si ze

2: hist[] ={} /I Array holding delivery history

on ACK arrived (sequence_num rtt):

/'l Update delivery history.
3: update_hist(hist, sequence_num

/1 Conpute current and previous RTT deliveries.

4: curr_delv = conpute_del v(hist, now - W now)

5: prev_delv = conpute_delv(hist, now - W- rtt, now - rtt)
/1l Check if rate has not doubl ed.

6: diff = curr_delv - 2 * prev_delv

7: normdiff =diff / (2 * prev_delv)

8: if (normdiff >= THRESH) then

9: exit_slow start ()

10: end if

3.2. The Conplete Al gorithm

The conpl ete SEARCH al gorithm (that runs on the TCP server only) is
shown bel ow.

The core of the algorithm overvi ew presented above is preserved in
the conplete algorithmbelow. But in order to nade the code
practical, the delivery history information fromthe TCP ACKs is

bi nned, aggregating delivered byte information over a small tine
period. Mintaining the bins is done via a circular array, with
checks to make sure the array has enough data for the SEARCH
computations (i.e., bins over tine period Wfor the current delivery
wi ndow, and bins over tine period Wfor the delivery wi ndow for the
previous round-trip tine). In addition, the total nenory footprint
used by the bins is nmanaged via bit shifting, decreasing the
delivered byte values stored when they get too |arge.

The paranmeters in CAPS (lines 1-7) are constants, with the

INFTIAL_RTT (on line 1) obtained via the first round-trip tine
measured in the TCP connecti on.
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The variables in Initialization (lines 9-12) are set once, upon
establ i shnment of a TCP connecti on

The variable *now* on lines 13 and 27 is the current systemtine when
the code is called

The vari abl e sequence_numand rtt in the ACK arrived() function
(above line 13) are obtained upon arrival of an acknow edgenent from
the receiver.

The variable *cwnd* on lines 54 and 55 is the current congestion
wi ndow.

Lines 1-8 set the predefined paranmeters for the SEARCH al gorithm

The wi ndow size (WNDOWSIZE) is 3.5 tinmes the initial RTT. The
delivered bytes over a window is approximated using 10 (W bins, with
an additional 15 additional bins (EXTRA BINS) bins (for a total of 25
(NUM BINS)) to allow conparison of the current delivered bytes to the
previously delivered bytes one RIT earlier. The bin duration

(BI N_DURATION) is the wi ndow size divided by the nunber of bins. The
threshold (THRESH) is set to 0.35, and is the upper bound of the

perm ssible difference between the previously delivered bytes and the
current delivered bytes (normalized) above which slow start exits.
The nmaxi um val ue for each (MAX BIN VALUE) can be | ess than | argest
TCP sequence number.

Lines 9-12 do one-tinme initialization of search variables when a TCP
connection is established. By setting the bound boundary (bin_end)
to O intially, that neans the first ack that arrives is placed in the
first bin.

Once a TCP flow starts, SEARCH only acts when acknow edgenents (ACKs)
are received and even then, only for the first ACK that arrives after
the end of the latest bin boundary (stored in the variable bin_end).
Thi s check happens on line 13 and, if the bin boundary is passed, the
bin statistics are updated in the call to update_bins() on |ine 14.

In update_bins() (lines 27-48), in nmost TCP connections, the tine
(*now*) will be in the successive bin, but in sonme cases (such as an
RTT spi ke or a TCP connection without data to send), nore than one
bi n boundary may have been passed. Line 27 conputes how many bins
have been passed.

On line 28, if nore than one RTT of bins has been mi ssed (see the
"M ssed Bins" section for an expl anation), then the SEARCH paraneters
are reset via reset_search(). The reset_search() function (lines
56-62) re-initializes the bin index (curr_index), the scale factor
(scale factor) and the bin end tine (bin_end). On line 59, if there
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has been a whol e SEARCH wi ndow (W of bins missed, the bin duration
(BI N_DURATION) is reset, too, based on the current RTT (lines 60 and
61) .

O herwise, if nmore than one bin has been passed, any such "ski pped"
bins are updated with the nost recently updated bin. These skipped
bins are updated via the loop in lines 31-33. Line 34 updates the
current bin index (curr_idx) based on the number of bins that have
been passed (again, typically this will be 1) and line 35 updates the
next bin boundary (bin_end) based on the nunber of passed bins
(passed_bins) and the bin duration (Bl N DURATI ON)

In lines 36-47, the nmenory used by each bin can be reduece (e.g., a

ul6) to be less than the nenory used for a TCP sequence nunber (e.g.,
a u32). To handle this, when updating the bin value, on line 36 the
sequence nunber is first scaled by the scale factor (initially set to

0). |If the scaled value is larger than the nmaxi numval ue the bin can
hold (MAX BIN VALUE, set to the largest ul6 by default), then lines
39-42 shift (scale) the value (bin_value) until it fits. In lines

43-45, all the previous bin values that had only been scal ed by the
previous scale factor are re-scaled by the additional anount
(shift_anmount) and the total scaling (scale factor) updated in line
46.

Lastly, on line 48, the latest bin is updated to the nost recent
scaled bin value - i.e., the latest ACKed TCP sequence number
(sequence_nun), scal ed/shifted by shift_anount.

Once the bins are updated, lines 15-17 check if enough bins have been
filled to run SEARCH. This requires nore than W(10) bins, but also
enough to shift back by an RTT to conmpute a wi ndow (10) of bins

t here.

If there are enough bins to run SEARCH, lines 18 and 20 conpute the
current and previously delivered bytes over a window (W of bins.
This delivered bytes over the windowis conputed in the function
compute_delv(). For previously delivered bytes, shifting by an RTT
may | and between bin boundaries, so the conputation is interpolated
by the fraction on either side, conmputed on |ine 18.

Li nes 49-51 conpute the delivered bytes over the bins, first by
taking the "upper" delivered wi ndow (which is 0, if fraction is 0),
then adding the "lower" delivered window, and finally returning this
sum
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Once conputed, the difference between expected delivered bytes (2 x
prev_delv) and the current delivered bytes (curr_delv) is normalized
(l'ine 21) and then compared to the threshold (THRESH) in line 21. |If
this difference is larger than THRESH, slow start exits, which is
handl ed by the function exit_slow start().

The exit_slow start() function is on lines 52-55. Wen exiting slow
start at the chokepoint, SEARCH is delayed in its prediction by

al most exactly two RTTs. SEARCH can conpute exactly how many extra
byt es have been added to the congestion wi ndow (cwnd) beyond this
point. The cwnd is reduced by this anount, before setting ssthresh
to the cwnd (line 55). This exits slow start.

SEARCH 3.1 ALGCORI THM

ameters:

W NDOW SI ZE = INITIAL_RTT x 3.5

W= 10

EXTRA BINS = 15

NUM BI' NS = W+ EXTRA BI NS

BI N_DURATI ON = W NDOW SI ZE /| W

THRESH = 0. 35

MAX_BI N VALUE = OxFFFF // 16-bit

M SSED BIN LIMT = al pha x (I NI TIAL_RTT / BI N_DURATI ON)

tialization():

bi n[ NUM BINS] = {}
curr_idx = -1
bin_ end =0
scale factor = 0

ACK_arrived(sequence_num rtt):

13:
14.

15:
16:
17:

18:
19:
20:
21:
22:
23:

/1 Check if passed bin boundary.
if (*now* > bin_end) then
updat e_bi ns()

/1 Check if enough data for SEARCH
prev_idx = curr_idx - (rtt / BI N_DURATI ON)
if (prev_idx > W and

(curr_idx - prev_idx) < EXTRA BINS then

/1l Run SEARCH check
curr_delv = conpute_delv(curr_idx - W curr_idx)
frac = (rtt nod BI N_DURATI ON) / BI N _DURATI ON
prev_delv = conpute_delv(prev_idx - W prev_idx, frac)
normdiff = (2 x prev_delv - curr_delv) / (2 x prev_delv)
if (normdiff >= THRESH) then

exit_slow start ()
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24 end if
25: end if // Enough data for SEARCH
26: end if // Each ACK

/1 Update bin statistics.

/1 Handl e cases where nmore than one bin boundary passed.
/1 Scale bins (shift) if larger than max bin size
updat e_bi ns():

27: passed_bins = (*now* - bin_end) / BIN DURATION + 1

/1 Mssed too many bins, or app limt rate --> reset SEARCH
28: if (passed_bins > MSSED BINLIMT || is_app_limted()) then
29: return reset_search()

30: end if

/1 For remaining skipped, propagate prev bin val ue.
31: for i = curr_idx+1 to (curr_idx + passed_bins)
32: bin[i nmod NUM BINS] = bin[curr_idx]
33: end for
34: curr_idx += passed_hins
35: bin_end += passed_bins x Bl N DURATI ON

/1 Scale bins (shift) if too large
36: bin_value = sequence_num >> scal e_factor
37: if (bin_value > MAX_BI N VALUE) then
38: shift_amount = 0
39: whil e (bin_value > MAX BI N VALUE)

40: shift_amunt += 1

41: bin_value >>= 1

42: end while

43: for i = 0 to NUMBINS

44 bin[i] >>= shift_anount
45: end for

46: scal e_factor += shift_anount
47: end if

48: bin[curr_idx nod NUM BINS] = bin_val ue

/1 Conpute delivered bytes over bins, interpolating a fraction of each
/1 bin on the ends (default is 0).

comput e_del v(idxl, idx2, frac = 0):

49: delv = (bin[idx2+1 mod NUM BINS] - bin[idx1+1 nmod NUM BINS]) x frac
50: delv += (bin[idx2 mbod NUMBINS] - bin[idx1l nod NUMBINS]) x (1-frac)
51: return delv

/1l Exit slow start by setting cwnd and ssthresh
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t_slow start():
cong_idx = curr_idx - 2 x INITIAL_RTT / BI N_DURATI ON
overshoot = conpute_del v(cong_idx, curr_idx)
cwnd -= overshoot
ssthresh = cwnd

Reset SEARCH paraneters
et _search():
curr_idx = -1
scale factor = 0
bin_end = *now
i f passed_bins > Wthen
W NDOW SI ZE = rtt x 3.5
Bl N_DURATI ON = WNDOW SIZE /| W
end

SEARCH Par anet ers
W ndow Si ze (W NDOW SI ZE)

The SEARCH wi ndow snoot hs over RTT fluctuations in a connection that
are unrelated to congestion. The wi ndow size nust be | arge enough to
encapsul ate nmeani ngful link variation, yet snmall in order to allow
SEARCH to respond near when slow start reaches link capacity. In
order to determ ne an appropriate w ndow size, we anal yzed RTT
variation over time for GEQ, LEO, and 4G LTE links for TCP during
slow start. See [KCL24] for details.

The SEARCH wi ndow si ze shoul d be | arge enough to capture the observed
periodic oscillations in the RTT values. |n order to deternine the
oscillation period, we use a Fast Fourier Transform (FFT) to convert
measured RTT values fromthe tine donmain to the frequency domain.

For CEO satellites, the primary peak is at 0.5 Hz, nmeaning there is a
| arge, periodic cycle that occurs about every 2 seconds. Gven the
m ni mum RTT for a GEO connection of about 600 ns, this neans the
cycl e occurs about every 3.33 RTTs. Thus, a wi ndow size of about 3.5
times the minimum RTT shoul d smooth out the |atency variation for
this type of link.

While the RTT periodicity for the LEOlink is not as pronounced as in
the GEO link, the FFT still has a domi nant peak at 10 Hz, so a period
of about 0.1 seconds. Wth LEO s m ni num RTT of about 30 ns, the
period is also about 3.33 RTTs. Thus, a wi ndow size of about 3.5
times the mni mum RTT should smooth out the |latency variation for
this type of link, too.
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Similarly to the LEO link, the LTE network does not have a strong RTT
periodicity. It has a dom nant peak at 6 Hz, with a period of about
0.17 seconds. Wth the mnimum RTT of the LTE network about 60 ns,
this means a wi ndow size of about 2.8 tinmes the minimumRTT is
needed. A SEARCH default of 3.5 tinmes the m nimum RTT exceeds this,
so should smooth out the variance for this type of link as well.

4.2. Threshold ( THRESH)

The threshol d determ nes when the difference between the bytes
delivered currently and the bytes delivered during the previous RTT
is great enough to exit the slow start phase. A snall threshold is
desirable to exit slow start close to the ‘at capacity’ point, but
the threshold nmust be | arge enough not to trigger an exit from sl ow
start prematurely due to noise in the neasurenents.

During slow start, the congestion wi ndow doubl es each RTT. In idea
conditions and with an initial cwnd of 1, this results in a sequence
of delivered bytes that follows a doubling pattern (1, 2, 4, 8, 16,
...). Once the link capacity is reached, the delivered bytes each
RTT cannot increase despite cwnd growt h.

For exanple, consider a window that is 4x the size of the RIT. After
5 RTTs, the current delivered wi ndow conprises 2, 4, 8, 16, while the
previous delivered windowis 1, 2, 4, 8 The current delivered bytes
is 30, exactly double the bytes delivered in the previous w ndow.
Thus, SEARCH woul d conmpute the normalized difference as zero.

Once the cwnd ranps up to nmeet full |ink capacity, the delivered
bytes plateau. Continuing the exanple, if the link capacity is
reached when cwnd is 16, the delivered bytes growth would be 1, 2, 4,
8, 16, 16. The current delivered window is 4+8+16+16 = 44, while the
previously delivered window is 2+4+8+16 = 30. Here, the normalized
di fference between 2x the previously delivered wi ndow and the current
wi ndow i s about (60-44)/60 = 0.27. After 5 nore RTTs, the previous
delivered and current delivered bytes would both be 16 + 16 + 16 + 16
= 64 and the normalized difference would be (128 - 64) / 64 = 0.5.

Thus, the normvalues typically range fromO (before the congestion
point) to 0.5 (well after the congestion point) with values between 0
and 0.5 when the congestion point has been reached but not surpassed
by the full w ndow.

To generalize this relationship, the theoretical underpinnings of
this behavior can be quantified by integrating the area under the
congesti on wi ndow curve for a closed-formequation for both the
current delivered bytes (curr_delv) and the previously delivered
bytes (prev_delv), the normalized difference can be conputed based on
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the RTT round relative to the "at capacity" round. While SEARCH
seeks to detect the "at capacity" point as soon as possible after
reaching it, it nmust also avoid premature exit in the case of noise
on the link. The 0.35 threshold val ue chosen does this and can be
detected with 2 RTTs of reaching capacity.

4.3. Nunber of Bins (NUM BINS)

Dividing the delivered byte wi ndow into bins reduces the server’s
menory | oad by aggregating data into nanageabl e segnents instead of
tracki ng each packet. This approach sinplifies data handling and
m nimzes the frequency of w ndow updates, enhancing server
efficiency. However, nore bins provide nore fidelity to actua
delivered byte totals and all ow SEARCH to make deci sions (i.e.
compute if it should exit slow start) nore often, but require nore
menory for each flow. The sensitivity analysis conducted here ains
to identify the inpact of the nunber of bins used by SEARCH and the
ability to exit slow start in a tinely fashion.

Using a wi ndow size of 3.5x the initial RTT and a threshold of 0.35,
we varied the nunber of bins from5 to 40 and observe the inpact on
SEARCH s perfornmance over GEO LEO and 4G LTE downl oads. For al
three links, a bin size of provides nearly identical performance as
SEARCH running with more bins, while 10 minimzes early exits while
havi ng an at chokepoint percentage that is close to the naxi num

4.4, Mssed Bins (M SSED BIN_LIMT)

For nost TCP connections, each bin covers about 1/2 an RTT of tine.
Thus, nost bins have multiple ACKs that arrive before the bin
boundary passes. However, in some cases, when an ACK arrives it may
be after nore than one bin boundary in tinme. This could be because
of intermttent network congestion, delayed end host scheduling, or
end hosts without data to send. |In such cases, the sender won't get
confirmation of the expected doubling of the delivered bytes each RTT
even though this lack of doubling is probably not due to congestion
on the forward link. So, in this case, SEARCH does not exit slow
start. However, the delivered byte data in the bins that is used as
the congestion signal (i.e., the lack of doubling) is no |onger clean
and so the SEARCH variables are reset (in reset_search()). By
default, SEARCH does this if nore than about two RTTs of bins are

m ssed (Line 8 sets the M SSED BIN LIMT), representing not receiving
ACKs for a full round-trip tine nultiplied by an al pha factor - the
current recommendation is for an al pha of 2, but this can be tuned as
needed.
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4.5. MAX_BI N_VALUE

Based on our analysis (see [KCC25] for details), storing the incom ng
values in a u32 is not needed - since SEARCH conpares previously
delivered bytes to currently delivered bytes, the relative_anpunts
are all SEARCH really needs. This neans fewer bytes - ul6 or even u8
- can be used for each bin w thout sacrificing SEARCH accuracy. In
fact, the approach presented -- bit-shifting on denmand, only when

val ues get too large - is tunable to different environnments by
adjusting the MAX BIN VALUE constant (line 7), doing so based on the
menory needs and possibly the link capacity of the server. TCP
servers that handle only a few connections but are on a high-capacity
link may choose to use large bins - u32 or even larger if the kerne
uses |l arger values for TCP - since per-flow nenory overhead is not an
issue but fidelity to the acked bytes could be. Conversely, TCP
servers on resource-constrained devices may use small bins - u8 or
even snaller - if the per-nmenory overhead is critical and the network
capacity is not |arge

When bit-shifting is required - i.e., the incomng value is too | arge
to fit into the bin - there is some CPU overhead in the shift itself
and in the shift for each previously-stored bin. There could be
multiple shifts required (i.e., the shifting is done in a loop in
lines 39-42, but in practice, there is typically only one shift or at
nmost two.

4.6. App Limted (is_app_limted())

If the sending rate for TCP flowis limted by the application and
not by the congestion window, then the delivery rate will not double
each RTT during slow start. SEARCH (and any congesti on- poi nt
detection algorithm) will not be able to tell when the chokepoint has
been reached. Line 28 detects if the flowis application-limted via
is app_limted() that is intended to be a query to the TCP stack

When it is, SEARCH resets its paraneters

5. Depl oynent and Performance Eval uations

Eval uati on of hundreds of downl oads of SEARCH across GEO, LEO and 4G
LTE network |inks conpared to TCP with HyStart and TCP wit hout

HyStart shows SEARCH al nbst al ways exits after capacity has been
reached but before packet | oss has occurred. This results in
capacity limts being reached quickly while avoiding inefficiencies
caused by | ost packets.

Eval uation of a SEARCH i npl enentation in an open source QU C library

(QUIdy) over an emul ated GEO satellite link validates the
i npl ementation, illustrating how SEARCH detects the chokepoint and
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exits slow start before packet |oss occurs. Evaluation over a
comrercial GEO satellite Iink shows SEARCH can provide a medi an

i mprovenent of up to 3 seconds (14% conpared to the baseline by
limting cwnd growth when capacity is reached and del ayi ng any packet
| oss due to congestion.

Detail s can be found at [ KCL24] and [ CKC24].
6. Inplenentation Status

This section records the status of known inplenmentations of the

al gorithm defined by this specification at the time of posting of
this Internet-Draft, and is based on a proposal described in

[ RFC7942]. The description of inplenentations in this section is
intended to assist the IETF in its decision processes in progressing
drafts to RFCs. Please note that the listing of any individua

i npl ementation here does not inply endorsenent by the |ETF.
Furthernmore, no effort has been spent to verify the information
presented here that was supplied by I ETF contributors. This is not

i ntended as, and nust not be construed to be, a catal og of available
i npl ementations or their features. Readers are advised to note that
ot her inplenentations may exi st.

According to [ RFC7942], "this will allow reviewers and worki ng groups
to assign due consideration to docunents that have the benefit of
runni ng code, which nmay serve as evidence of val uabl e experinmentation
and feedback that have made the inplenmented protocols nore nmature.

It is up to the individual working groups to use this information as
they see fit".

As of the time of witing, the follow ng inplenentati ons of SEARCH
have been publicly rel eased:

Li nux TCP
Source code URL:

https://github. com Project-Faster/tcp_ss_search.git
(https://github.conm Project-Faster/tcp_ss_search.git)

Source: WPl Maturity: production License: GPL? Contact:
cl aypool @s. wpi . edu Last updated: May 2024

QicC
Source code URLs:
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https://github. com Project-Faster/quicly/tree/generic-slowstart
(https://github. com Project-Faster/quicly/tree/generic-slowstart)
https://github. com Anber Cronin/ quicly
(https://github. cont Anber Croni n/ qui cl y)
https://github. com Arber Croni n/ qperf (https://github.conl Anrber Cronin/

gperf)

Source: WPl Maturity: production License: BSD-style Contact:
cl aypool @s. wpi . edu Last updated: My 2024

7. Security Considerations

Thi s proposal nakes no changes to the underlying security of
transport protocols or congestion control algorithns. SEARCH shares
the sanme security considerations as the existing standard congestion
control algorithm][RFC5681].

8. | ANA Consi derati ons

Thi s docunent has no | ANA actions. Here we are using that phrase,
suggested by [ RFC5226], because SEARCH does not nodify or extend the
wire format of any network protocol, nor does it add new dependenci es
on assigned nunbers. SEARCH involves only a change to the slow start
part of the congestion control algorithmof a transport sender, and
does not involve changes in the network, the receiver, or any network
pr ot ocol

Note to RFC Editor: this section may be renoved on publication as an
RFC.
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