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Performance Analysis
and Modeling of Digital’s
Networking Architecture

Digital bas some of the highest perfurming networking prod,
industry today. Transfer rates of
bave been measared on an Ftbernet.
Jul performance analyses and plan
cycle. A ser of case siudies illustrates

ucls in the

3.2 megabits per second and bigher
These bigh speeds
ning at all stages of the developmeni
these analyses. These studies inciude

resull from care-

performance modeling for adapter placement in the physical layer;
W in the data lnk layer; path splitting in the nenpork layer; cross:
channe! piggybacking, timeout and congestion algoritbms in the
transport layer; and file transfer and terminal commumications in the
application layer. Completing the paper are studies on network traffic
measurements anid workload characrerization.

Performance analysis is an integral par of the
architectural design and implementation of net-
works at Digital Equipment Corporation. This
deliberate sicategy tas helped to make us the
industry leader in nerworking products. Some of
these products have the highes: performance
available roday. Task-to-task transfer rates of
mare than 3.2 megabits (Mb) per second have
been measured on an Ethernet local area nerwork
{LAN) connecting rwo MicroVAX Il systems,!

This paper describes 3 number of case studies
that illustrate the analyses done 1o improve the
performance of Digiwal's network products.
These analyscs are ongoing; they are planned for
every stage In the life cycles of products. The
design life cycle of a product consists of the fol-
Jowing stages: conceprualization, protoryping.
markeLing rescarch, development, sale, and field
support. Each stage takes place m a differen
organization within Digital. A research organiza-
tinn usually conceives an idea for a new product
An advanced development team then develops
the architectural specification and builds 3 pro-
totype 1o demonstrate the feasibility of the idca,
In turn, the marketing organization decides if the
product can be sold and how competitive it will
be, If they decide that the idea should become 2
product. the development organization will per.
form that wmsk.

Fach of those organizations has 1 team of
performance analyses who ensure thao the best
alsernatives are chosen at each stage. The sales
organizarion alse measurss product perfomminoe
and develops capacity planning and perfor-
mance-muning tools. The field suppon organizi-
tions monitor performance at customer sives and
feed the information back to the development
organizations. They then improve the product
through revisions, field changes, and updated
modeis.

To conduct performance studies, We use and-
Iytical modeling, simularion, and the taking of
appropriate measurcments. Which of these tech-
nigues 1o use depends upon the product devel-
opment stage and the time available w do the
siudy. Queuving theory, including operational
analysis, is exvensively used in amalytical model-
ing 2* Simulation models are usually developed
to solve specific problems = or ofton thoy arc
solved via gquening network solvers. Measure-
ments of operaional characteristics are tken of
the system as well as the workload, using both
softeare and hordware monitors. Teaffic mea-
surements are taken on Digiml's own networks,
as well 23 on those at customers’ sitea."” Tools
for capacity planning, moaitoring, and model-
ing are also used by the reams doing these per-
formance analyses, ®® 3ometimes we have o
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develop new performance metrics'!! o sfutistical
vomputation algoridms.

This paper presents the diversity of the perfor.
mance analysis techniques ased [0 COREIC thar
our networking products operate at high cffi-
ctencics. Many performance soudics of our prosd-
ucts have been published; we do not intend 0
reproduce them heee. We have selecied @ repec-
sentative group of unpublished case studies o
illustrare the diversioy of our approach wo perfor-
mance improvement. One typical problem feam
each of the key lavers of the nerworking architec
ure will be discussed. A discussion of workload
characterizacion and traffic analysis will close

the paper
Physical Layer Performance

we conducted many performance studies within
Digical to help set the parameters of the 10 Mb-
persecund Ethernet LAN. This is the same Ether-
net that, with cermain modifications, we pro-
posted for seandardizavion and was laver adopeed
as the [EEE 8023 standacd. The rerd mast inwcr-
esting probiems in the physical layer design arc
¢lock svachronization (phase lock loop versus
counter} and the plucement of adapters on the
Ethermet cable. We describe the laner problem
and the proposcd soluticn below.

At each adaprer, some fraction of the incoming
signal is reflected back along the cable, If
adapters are placed in close proximity. their
reflections may reinforce each other and inter-
fere with the signal.

The adapicr designers had specified that o ol
aoise level of 25 percent of the true signal level
was an acceprable limit. Since half of this noise
normully comes from other noise sources
{sparks, radiation, ¢1c_). the reflecied voluge
must be less than 12.5 percent of the signal
level.

The cumulative reflecton is actually strongest
at the wansmitier aself because of the amenua-
tiven of the signal and s eeflection as they propa:
gare through the cable. since the transminer s
not adversely affected by the reflection, how-
ever. adapiers placed next o the rnsmines arc
the maost sensitive 1o reflection problems. There:
fore, those adapiers were the best candidates for
anulyzing problems emsed by reflections.

It iz essential to mainmin some minimuoenm
separation between adaprers. To assist nerwork
installers, the BEthernet cable is marked at
2. S.merer inpervals; (he specificalions st thir

the sdaprers should be placed only at thuse
marks. That spacing was detcsmined from a
maode! thar simulated many different random
placerenns af i given oumbr of adaprers ¢n the
cable and determined the worst-Case refbection.
The simubacion guedel showocd that the worst
ciase ecurs when approximately 100 adapuers
are phaced on the marked eabvle. Wich 160 nodes.
the reflected volage cxcceded 10 percent of the
true signal ln only 24 of the 10,000 configura-
ticns that were simubited., In facy, the maximam
reflection observed for any placemens was 12,1
percent, well below the 23 pefcent noise
allomance,

It is casy o see why the 100-adapiers case
performs worse than orher cases with hoth
more and fewer adapters. With the cable marked
at 2 S.meter intervals, 3 single Ethernet seg-
ment (500 meters) can accommodate up o
200 adaprers. When the aumber of ddaprers i3
small, their reflections will be too small 1o cause
any problem. On the other hand, if the number
of adapeers is close o the maximum of 200, the
reflecrions from neighboring adaprers will tend
1o eance] cach other aut.

The cable marking aloac is no guaraniss
against experiencing reflection problems, Given
this or any other marking guideline. ivis still pos-
gibie to position adaprers so that the refleciions
reinforce. This happens if the adapiers are
placed A/2 apart. A being the wavelength at
which transmisstons are tiking pisce. For exam-
ple, for a 10-MHz signal traveling at a specd of
234 meters per microscoond, A s 234 meters,
the speed divided by the frequency. Hence. if the
adapters are placed spproximately 11.7 meters
apart, their reflecrions will reinforce

Data Link Laver Performance
A number of our studies about the performance
of the dara link layer in Ethernee have already
been published '2'* M. Marathe compared five
hack-off algucithms and concluded that none wis
sigmificancly berter than the Dinary exponential
back.off algoridhm.'? This simulation-based anal-
ysis also showed that the number of rerries
should be ingreased from the original B w 15
Response times at the user level have abio boen
sruclicd. Such studies shore that o L0 Mb-per-S0C-
ond Erhernect can suppost wp to several thousand
timesharing users. ' A capacity planning tool was
developed to study the system-level performance
for any given configuration® The performance
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spudies of extended LANS are discussed in this
issue of the Miedal TecBRica sl Ve

The e stwly describaed hwre wuses 3 very i m-
ple analytical model w0 gssist in designing an
Etheonet adapeer.

Three common appronches uwsed for interfac-
ing machines w a LAN zrc depicted in Figure 1
Case A represenis the approach used in ehe
Digital UNIBUS Etheraer Adaprer {DELNA)Y
praduct. Case B represents the approach used in
the Ethernet adapters made by 3COM Corpora-
rion for UNIBLUS and §-bus systems. Case C rep-
resents the approach used in adapters like the
Digital Q-bus Ethernet Adapeer (DEQNA) pro-
duct. Each approach has cemain agvaniages and
disadhvanmages.

In Case A the packess received are fint buff-
ered on the adaprer. then moved via direct mem-
ory access to buffers in the host's memory, Pack-
c1s (o be transmitted follow the same path,
except in reverse. The throughpur limic of the
device iz limited by how quickly it can move
packets hetween the adaprer and the host's
bufiers.

In Case B the packess received are also bulf
eted on the adapeer. In this case, however. the
packer buffer memory is dual ported. with the
host side being mapped into the address space of
the host, This scheme allows the host to examine
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Figure I Threa Wans of Organizing Huffers

packers in the buffcrs on the adkupter, without
using any hackplanc bus bandwideh 10 oeCEive
them. Hiwever. to recedve the packets, the host
must copy them w bulfers clacwhere i oy
with a progmmmed move

In Case C the packets flow in real-time inte
buflers in thw host memory. The backphane i5 i50-
lated From the chonnel with a firstin, Carst-oonel
{FIEQY) contral point. This approach reduces the
averhead on the host, as well as chat on the
adapter processors, 10 this Gese, howeower, EXCES
wive DMA-request latencies may cause owverflow
in the FIFD control; hence a packer may be lost
when seocived. When packets are reansaricoed,
these larencies may cause an underfiow in the
FIFO control: hence 1 packet may be abored.

The performance of the DEUNA adapecr Is sen-
sitive to rwo factors: the number of receive
buffers in the adapser, and the aumber of words
1o be transferred pec UNIBUS capoure. The num-
ber of receive buffers chosen affects the packer
joss rare in the adapter. The number of words
transferred affects the response to disks and other
derices on the UNIBUS system Trandferring 00
many wards per UNIBUS capuure may causc a
disk 10 experience “'data lates,” indicating thae
the disk could not ger the bus for dawa ransfer
within the required time.

We wanted to know if the aumber of buffers
chosen by the designers of the DEUNA adaprer
wonld cause these problems w occur.

We used a simple analytical model w dever:
mine the packer loss rate and a simulation model
1o determine the words per UNIBUS caprure. The
simulations showed that the DEUNA adaprer
shiould transfer only one word per UNIBLS cap-
ture. The analytical model is described here.

The packer-arrival process is assumed w fol-
low a ““bulk Poisson’" disiribution in which
burets of packets arrive at a rate of A bursts per
second. The number of packets per burst is
assiemed o be geometrically distributed with a
mean B, The buest size is thus described by the
formula

ok packets in burst)={1—1/8)} L T |

For mathematical convenience we assume thar
all service times are exponentinlly distributed:
this assumes thar packet lengihs ard eXponen-
tially distributed, with 2 mecan of L words per
packer. The [INIBUS bandwiddh is approximately
800,000 words per sccond. A fraction of that
Bandwidih, p words per secosd, is avallable for
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the transfers Between the DEUNA buffer and
memaory. The cest of the handwideh is usid up by
cransfers beeween the disk and memory, amd by
ather devices on the LNIBUS system.

If the DEUNA buffer has a capacity for not
more than N packets, then any packet arriving at
1 Full huffer will be lost. Let us st caloulare the
probabtlity F{n), DS = N, that there ure #
packers (inciuding the one. if any, in service}
gueucd at the DELNA adapier. The distriburion
of the number of packets in the quene has a rela-
tively simple form:

piry=(1 =1 —aXa") forn=0

and

Py = P(0) X (p/B) R o Y o fel=p=N

in which
p=h B 1L
anch

g=1={1l—pg/8

If 8 = |, the distribution of the arrival proccss
reduces to an ordirary Poisson disrribution, and
P (n) reduces o the classical solution of 3 space-
Timived M/M7T quene,

The packet loss probabilicy is

Plloss) = P(A) X (& —1+alfe

Here. F{N) is the probability thar the DEUNA
adapter is towmily full. Notice thas the loss proba-
bility exceeds PN} because of burstiness.

Figure 2 shows the loss probabilicy as a fumic:
tion of the number of buffers. This Casc assumds
an arrival rate of 300 packets per sccond and 2
UNIBLUS bandwidth of 22,000 words per second
{40 percent of the UNIBUS width) avaifablc
for eransfers berween the DEUTNA adaprer and
memary. Curves for other arcival rates and avail-
able bandwidihs can be similarly plowed. The
curves show clearly that the designess’ choice of
13 receive buffers will result in a loss rate of less
than one percent, even with a UNIBUS sysiem
that is relatively heavily loaded.

Network Layer Performance

The concept of path splitting was introduced in
Phase IV of the Digiral Network Architeciurs
{DNAY. In carlier DNA versions, the routers main-
rained only one path o cach destination even iF
severil paths of equal cost existed. The fol b
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Figure 2 Loss Protability with Burst Trajjic

ing case study illustrates how simple analyrical
models were used o demonstrate that path split-
ring can significantly improve o network's per-
formante.

Assume there are M packet sources in d net-
work and that ehe fth source nas @ e of L Ay
packets per second, for 1 =7/ =M and some
renl constant L. (We increase or decrease all tral-
fle by varying £)- Assume further that there
are & paths in the network and that the fth
path has a speed of u; packes per second, for
1=/ =N, The stochastic behavior of packet
aerival and teansmission is otherwise arbitrary.
Assume that the set of paths usable by source
fig 5, C141, 2, ..., Nl Now we compare fwo
SIfaLEgies:

1. No Splining — For each source 1, select a
path f & 5, with probability Fq = 0. In this
case all source § packers are sent on path jf.

2. Equiprobable Splining — For cach packet
from source §, select a path f ¢ 5, with proba-
biliry 1,/15,1. In this Casc the packel is scnl on
path j and successive paths are chosen inde-
pendently,

Fur a large enough overall load [actor L, the
mican waiting time per packet under equiproba-
ble spliting will be much lese tan it would be
under no spliting. This can be proven by show.
ing thar, with no splitting. there ¢xists a possible
ser of path assignments in which at least one path
will saturate before any path samurares onder
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equiprobable spliting, Since the mean waiting
time on a saiurated path is infinite, the averape
waiting time of all sources over all paths will
include an infinite werm and therefore will also
ke infinite

The performance impact of path spliwing can
he seen feom the following cxample. Assume the
simple configuration of rwo scndees and three
lines shown in Figure 3. Sender 1 has access
o paths | and 2; sender 2 to paths Zand 3.
Each sender sclects either accessible path with
cqual probability. Without pach spliting. bath
sources might select the same path (path 2} with
probability 1/4, or select scparae paihs wich
probability 3/4. The mean walting time [assunm-
ing M/M/1 servers] is

Wa = 3/4 % (100 —Ap) + 114X (1/(a — 2XN))

sounce | - IO~ rams
E:)—.- PATH 2
SOURCE §7 F

- ]I pamia

{a) Tun Sonrces and Three Patbs

S} TO~{ER, 1,

ete o

PROBABILITY 34

PRACBABILITY 14

FB) No Spliiting

(c) Equeiprobable Spiitting

Figure 3 Two Senders Transmitting on
Three Lines
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THE FACHET SERAVICE TIME

Figiire 4 Mean Waiting Time

With equiprobable path splitting, the input @i
vo patha 1 and 3 is 3/2 and the rake to path 2 is A,
The probability of a packet following path 1, 2,
or 3 is 124, 172, and 1/4 respectively. The mean
waiting time s

W, = (174 + 174) X (1 {s~ 421 + /23 (L e =1))

The values of the mean waiting time both with
and without splitting, W, and W, respectively,
are illustrared in Figure 4. Observe that satur-
tion occurs much earlier when there i3 no
splitting.

Anather advantage of parh spliting is that it
makes wraffic less bursty. Bursty traffic presents 4
serious problem in performance conurol, both in
average performance and in predictabiliry. With
burses, the mean waiting time can greatly
increase; in fact, if there is an average B packers
per burst, then the mean waiting time will be
abour B times that value predicted by an identi-
cally hoeaded MM/ 1 quewc.'” The waiting time
variance will similarly incrense, since the flesc
and last packets in a burst will experience mark-
edly different waiting times. The overall perfor-
miance is very difficult o control or guarntee in
such a sdituation

Pach splitting has & major dhvumge in this sit-
uation because it breaks up the burss, sending
each packer over a different path. The perfar-
mance of 3 network with bucsty traffic is thus
appreciably improved. In Ract, if there are mone
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paths usable by a source than there are packets
per hurst, then burstiness will have little effect
w0 cither the medi o e varince ol waiting
time. Cn the other hand, oaly two or rhiree aloer:
native ¢quiprobable paths are eacugh to
decrease the bursty-picket waiting time From
one-half to two-thieds for the first hop. The
packet bursis will tend to spread apart as they
propagate, so that the improvement in subse-
guent hops will be somewhar less.

Transport Layer Performance

Goveral studies have been published on the pes-
formance of the transport layer in the DNA strug-
ture (492302 Ope of the published studles is on
timewut algorichms. We Found that unider $us.
rained loss, all adaprive timeout algorithms
either diverge or converge to valies lower tan
the actual round-urip delay.'® 1f an algosithm
converges 1o a low value, it may cause [reqguent
unnecessary retransmissions, sometimes leading
1o negwork congestion. Therefore, divergence i
peeferabie in the sense that the retransmissions
are delaved.

HOST TEAMIMAL
KODE HODE
AFPLICATION TRANSPOAT TRAMEAOAT APPLICATION
LAYER LAYER LAYDR LAYEHR
FEAD —
AFUEET AGH
:AE;E?HH'H_\_‘_‘_‘-‘*-
| GREDIT = 1
e (R,
TERMINAL ﬁ[{tﬁ_ﬁ—#
DATHE
f{:
P AL J

Figure 5 Eight Transport Level Packets
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O ke lessot wie farned from the Smeout
alggorichm research was that i timeout il an
indicator of congestion in the neework, There-
fure, not onby should the source puiranamit the
packet on 2 timeout, but i should ziso @ke
action to reduce futare input into the nerwirk.
There is 4 timeout-hased congestion control pol-
icy catled CUTE (congestion contrul using nime-
auts af the cod-o-end layer) that manages these
actions. '

Amaong the new features of DNA Phase IV arc
cross-channel piggybacking, acknowledgment
withholding, and lzrger fow-control windows.
These features were introduced a3 the result of 2
stucly that concluded that straightforward termi-
nal communication over a DECnet network
would be siow. This conclusion lead evenmually
o the development of 2 new Incal area [FANSPOT
protocaol, called LAT, for teeminal commun-
icarions. These enfancements were also added
to the DNA trapsport protocol. This study is
described below.

In the DMNA structure, each rinspon connec:
rion Ias owo subchanncls: one for the uses, and
one for control. The user subchanne] carmes user
dara and their acknowledgments, called acks.
The control subehannel is used for Aow-control
packets and their scks. Protocol verificaiion can
be ensily achieved if the two subchanaels are
fndcpendent 0 that information on 0Re channel
is nat sent on the other. ln studying rerminal
communpicitions over 3 LAN, we discovered that
ezch terminal read took eight transpon prodocol
data umits (TPDUs), a8 shown in Figure 5. Each
unit consists of rwo application level packets: a
read reguest, and a data response. Each packet
requires a link service packet from the respeceive
receiver; this service packet permims the sender
1o send cne packet, The remaining four unies are
transpore level acks for these four packets,

Given the CPU time required per packet, we
compured that communication for remotc permii-
nals takes four times as much CPU time as that fog
lacal perminals. Therefore, our goal was (o
improve performance by a factor of fionu, We proe
ceeded in three ways 1o solve this problem. First.
we modified application programs 1o utilize
larger flow-control windows; second, we
searched for wavs o reduce the number of pack-
ets per 10 operation; third, we Lricd o reduce
tive CPU time required per packer. The fiest goal
was achieved by multbulfering, discussed Laer
in the section “Application Layer Performance.™
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The secomd goul was achicved by

» Cross-channel piggybacking — This tech-
|1 albomas prms ot coonerol acks o b Py
gytncked on monmal it packens or acks.

= Delayed acks — The receiver can delay an ack
for = small inderval. This delay increases the
probability of the ack being piggybacked on
the next data packer.

» Ack withholding = The recelver does not
acknowledge every packet, particularly if
expecting more packets from the source. The
sgurce can explicitly well the destination o
withhold sending an ack by serting a “No Ack
Required™ bit in 2 packer.

s No flow control — This aption allows flow
control to be disabled for those apphicasons
operating in request-response mode and thus
having 2 flow-control mechanism at the appli-
cation level.

& Multiple credits per link service packet —
Creditg are not sent as soon as each huffer
hecomes gvailable, Unless the oustanding
credits are very low, a liok service packet is
sent only when a reasonable number of buffers
becomes available.

To achieve che third goal, reducing the CPLU
time per packet, we uscd 2 hardware momnitor (0
measure the time spent in varous routines. We
founed that in a single-hop loopback expenment,
only one third of the CPU rime at the source was
attributable 1o DECner prowocol routines. The
remainder was associated with the driver for the
line adapter; operating system functions, such as
bulfer handling and scheduling; and miscella-
meous overheads asseciated with periodic evenrs,
such aa timers, stzius updates, OF the ime spent
in the DECner protocol, 30 peroent was spent in
counter npdares and statistics collection. Simi-
larly, 21 percent of the time spent in the link
driver was used in 3 two-instruction loop that
implemented a small defay. The nct result of
modifving these rourines and implementing the
architectural changes mentioned above is that
we achieved our farget of improving the perfor:
fance by a facier o Foane

Application Layer Performance
The three key network applications are file trans-

fer, mail, and remote terminal communications.
Earlier, we discussed some of the werminal com-

munication performance issues. The new LAT
proocol has been designed o provide efficient
peroingil communicition. This protocol and i
peerformance are described in chis issue of the
Digite! Technical fouwrnal ** In this section, we
will describe some performance issues in file
pransier.

File transfer in DA wkes place via a ncowork
object called 3 file access listener (FAL), which
in marn uses an applicadon level prowocol called
the disk aceess proteco]l (DAP). Measurements of
an initial veesion of FAL revealed thar the remote
file transfer took an excessively long elapsed
pime. A sphsequent analysii snowed thar the sin-
gle-block “send-and-wait™ promcoel used by FAL
wuas responsible for that excessive tme. The
el FAL waived for the remode write operation
to finish before sending the next block. Thus the
advantage of larger flow.control windows
offered by the rranspont protocols were ignoned
by the application software. The sugpested reme-
dies were ro allow multiblocking and multi-
buffering.

Multibuffering consists of allowing scveral
buffer writes to proceed simultaneously, an
action similar o the window mechanism used at
the wansport layer. Multibuffering allows paral-
lel operations at the source and destination
nades and at the link, thus coasiderably reducing
the elapsed time and enhancing throughpac.
Experiments have shown chat there is consider-
able gain in throughpur as the buffering level
increases from one o rwo. Further increases do
result in bewer pesformance, but the amount of
gain is smaller,

Multiblocking consists of sending more than
one block per FAL write, which decreases CPU
time and the disk rotational larency (the time
spent in waitng for the disk o come under the
heads at the sam of cach write). As with multi-
buffering, the clapsed time is considerably
reduced and the throughput 15 enhanced.

Workload Characterization and
Traffic Analysis

The results of a performance analysis study
depend very heavily on the workload wsed. To
keep up with continuously clhanging load char-
acteristics, we regulasly conduct system and net-
work workload measorements, Workload charac-
terization studies enable us not only 1w use the
correct workload for our analysis but also o
implemem our products mure efficiently.
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A study of the system usage hekhavior at six dif-
ferent universitics showet that @ significant por-
tion [abour 30 percent) of the user's time is
spent in editing.** This conclusion lod us 10 use
aur text editor  EDT) as the key wser level beach-
mark for nerwork pesfurmance studies. The stady
results aiso led to the transpors layer perfor-
mance improvements discossed earlier.

A study of nerwork traffic a MULT. showed that
the packets exhibit i sugurce locality.”” That i,
given a packer going from A w B, the probabitity
is veey high thar the next packet on the link will
e going either from A to B or from B to A Theze:
phservations helped us improve our packet-for.
warding slgurithm in bridges. The Forwarding
decision is cached for use with the packets amiv-
ing next. A two-entry cache has been foumd 1
produce a hit rate of 60 percent, Fesulting in sig-
nificant savings in table lookup.

The principal cause of seurce locality is the
increasing sizc of data objects being gransported
gver computer netwaorks. The sizes of data
objects have grown faster than packet sizes have.
Packer siges ave generally been limited b thic
buffer sizes and by the necd o be compatible
with older versions of nerwork protocols, Trans-
fer of a graphic sereen could involve data trns-
fers of zround two million bits. This increase in
information size means that most communica-
flons involve a teain of packers, not just ome
packer. The commonly used Poisson arrival
model Is a special case of the tain model.”

The two major components of 2 nerworking
workload are the packet slze distribution and
the inrerarrival time distribution. ]. Shech and
1. Hupp made the classic measurements of these
components for Ethernet traffic. ™ Their tests
have been repeated many rimes at mrany placcs,
including Digital. The bimodal nature of the
packet size distribution and the bursry nature of
the arrivals are now well accepred faces; we will
not elaborae ferther on them,

The uilizativn of perworks is generally very
low. Measurements of Ethernet traffic at one of
our sofcware engineering facilities with 50 w0 60
aetive VAX podes during normal working hours
showed that the maximum utilization during any
15.minute perivd was only 4 percent. Although
higher momenmary peaks are cemainly possible,
the kev observarion, confirmed by other smudles
as well, 1s that the network utilization is wor-
mally very low. While comparing two alierna:
tives, say H and L in Figure 6, some analysts

of Iigital s N efusrking Archifecinre

would choose alternative H, which performs bet-
rer ihan L umder hewy load hut worse under Light
lemdd. Our vicw of this choice is quite differens.
W feel that, while high performance at heavy
joad is important, it should not b ohoained ot
the cost of significanily lower peeformance ar
normal, light 1ead levels. Therefore, the choice
herween L and H would also depend upon the
performance of H at low loads,

PERAMIARANCE

L (LBGHT)

H JHEAVY)

el

Figure & Preferred Alternatives

Traffic monttoring is also used o study
the performance of nerworking aechitecturcs.
Table 1 shows a beeakdown of the DECnet traffic
during the normal working howrs at the same
engineertng facility. All values represent the
average of several 15-minute sampling intervals
The maximum and minimum values ohserved
during the monitoring period give an idea of the
large variability. The DECnet traffic typically
accounis for 6 pereent of the wotal packers
at this facility. The routing overhead s very low
($ percent). The protocol overhead comes
mastly from the end communication kayer {ECL),
which provides error control (acks), flow con-
trol, sequencing, and CONNCCion management.
Forry-four percent of DECact packois and 3% per-
cent of DECret byles are user-transmitted daa,
Thus the FCL overhead is approximately one
packes per user packet, which is low considering
ghat most BOL cannections are of shor duration
{one file wansfer of a few blocks). Furthermare,
the results of this sisdy confirm that we actually
did reduce the transport packets per application
level packet by 50 percent.
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Table 1 DEChet Packet Statistics
Average Maximum Minimum

DEChat packets (percent of total packets) a6 949 &0
CECHE! bytas [percent of 1wl byles) &8 ] 32
Routing gackets

Parcant of DECnel packets 4 52 1

Parcant of DECnet Dytas 5 ] 2
Transpor (ECL) s

Parcent E:.F u] pachets 95 b1t 48

Percent of DECHet byies a5 A 34
ECL data packets

Parcent of DECH1 s 44 51 3

Parcant of DECnet G0 a1 4
Usar fransmitied daia

Parcent of DECnet byles 349 GE 2

Parcent of ECL data Dytas g5 B4 50
imtraEthernat ECL data paokels

Percant of DECnat packets k] a9 34

Parcant of DECAat byles T 93 24

The table siso shows that, typically, B0 per- Acknowledgments

cene of ail packets and bytes are used in inranet-
work communication. That is, only 20 pescent of
the observed waffic originated from o was des-
tined for a node not in the Baciliy.

Summary

Performance analysis is an integral part of the
design and implemeniation of ncrwork archiree-
tures at Digital. Analytical, simulstion, and mea-
surement techniques are used ar every stage of 2
nerwork product's life cycle, This conscious
efforr has made Digital the industry leader in net-
working.

Owver the past decade, the link speeds have
Increased by o orders of magnitude; however,
the performance at the user application level has
not increased in proportion, mainly because of
high protocol processing overhead. The key w
producing high performance nerworks in the
future, therefors, lies in redecing the processos
overhead.

We have described a number of case siudics
that have resulted in higher performance foe the
Digital Networking Architecture. This perfor-
mance increase has come about by reducing the
number of packets, simplifying the packet pro-
cessing, and implementing protocols efficiemly.

The studies reporied in this paper were done
over 2 pericd of time by many Jifferent peaple,
some of whom are no longer with Digital, We
would also like w0 acknowledge Dah-Ming Chiu
{DEUNA bulfers) and Stan Amway (wraific mea-
surements), We would like tr express our grao-
tude to them and ocher analysts for allowing us o
imclude their resulis in this paper.
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