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Absteact — Zusaramenfassung

Mean Valued Aualysis of Closed Queuging Networks with Erlang Service Time Bistributions, The'clussical
pesn value analysis approach is extended 1o single class closed queucing networks containing Erlung
grvice time distributions and FCFS scheduling disciplines. A new formula lor the mean residence time
of jobs is derived. Each iteration provides self-checks for validity, and is repeated whenever invalid
seeults are detected. On the average. the solutions obtained vary by less than five percent from their
sspective simulation rosubis, '

Mitelwertanalyse flr geschlossene Bedienungssysteme mit Erlang-vericilten -Bedienmnpszeiten, Dic
Hasgische Mittelwertanalyse wird aul peschiossene Warteschlungennetze mit ciner Auftragskiasse,
Eang-verteilten Bedicnuagszeiten und FOFS Zuteilungsmechanismen erweitert. Fine neue Formel v
die mintlere Verweilzeit wird bergeleitet, Jede Iteration sicht Giltigkeitskonteollen vor und wird bei
Feststellung ungailtiger Lrgebnisse wiederholt, Die so gewonnenen Ldsungen unterscheiden sich im
Durehschnitt um weniger als 57, von entsprechenden Simulationsergebnissen. :

I. Introduction

Q“ﬁuemg networks have enjoyed great popularity as models of coniputer systems
abiﬁtc;r::)municatitm systems since the early 19705, This is px‘i;*{};iztii}"di;a to their
model multiple independent resources and the sequential vse. of these

ackg"‘-‘eﬂ by different jobs. The basic results of queueing theory were presented by
demg:,n {)JAC K63]. G{:srdtmfN{:chi LGORD67] zu{d Buzen | BU&L?H They
i ?tftficd that solutions to open and closed yueueing petworks with exponen-
y lgz':i?muii arrival and service times implementing u Ifirxt-:(‘43;‘31&-%31‘5153&@&:&
ﬁquim}&?p ii“fc‘ have ;::‘{;ff:f('f }nm{. f\ p«mfi‘nct form J;zzphc:f‘ihat a;ti stations
tatigp 4 }: um state }")!‘ﬁbilﬁh{ﬂlilcs consisting 103[ iugim:s representing z‘hc» mdmgtu;si
h‘hasrg e m the network, The rcsuitxfag implication is that iimnuimdim} slations
By i if f}my Were separale queucing systems. Baskett, Chandy, Munty, and
e S [BCM P75] extended these results 1o obtain produst fora solutions for

y £ . ; . e
~ osed, and mixed queucing networks with multiple job clusses. non-
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ex;{mcnﬁ;ﬂ ée‘rv’iz‘:e time distributions, and different queueing disciplip,
different types of queueing disciplines were recognized that vield 4 pmdes. Fopy
solution. These four are: Typel — First-Come-First-Served wigh, ex e
service time distributions: Type 1l — Round-Robin Pﬁ’QCﬁSSm‘-Sharing f{)lgfﬁﬁﬂtiﬂ
Typelll —  Infinite-Servers (IS): and TypelV — La‘st{’m}m—First«Se—P )
Preemptive-Resume (LCFS-PR). The latter three queueing disciplines can usr’fed.
general ‘sg:;g’j;;c,,;i_mb,(;";li;stribuzion having rational Laplace trunsform, ¢ any

Mean vai;iﬁ‘ﬁ‘r’ziii;i*six has enjoyved widespread popularity during recent years
exact technique for providing solutions to product form closed ueucing netwisa‘n
The'abasicvc{:*nce;ﬁ*éfmean value analysis is the application of an iterative proce e
10 calmliat{ﬁ'ﬁwax1 residence time. system throughput and the mean number of jobg.
A number of studics about mean value analysis have been published in the iasi{;‘m
years. These include the classical pupers by Reiser. Luvenberg [REISR07 agg b
Reiser [REIS817 as well as numerous contributions by other scholars [Z}QHQS!
NEUS81. KRZE84: LAZOR4. AKBOST]. The principle udvantage to mean ya;,,;
analysis lies in its ability to compute the performance measures without calculating
the normalizdtion constants. :

Despite their popularity, several drawbacks do exist with product form networks,
Probably the.most significant of these is the assumptions that must be made when
designing the system model. It is these assumptions that allow us to it a given model
to the format required for obtaining performance measures using product form
nctwork algorithms. Nevertheless, notall queueing network models will conformto
one of the classes tovered by product form algorithms. A queucing model containing
cven‘a single station not meeting one of the above mentioned four basic types does
not have a prodiict form solution. This introduces problems when one considers the
fact that service time' distributions tend to demenstrate a high variance at CPUs
{hyperexponental} and low variances at the I O devices (Erlang). Furthermore,
iﬁcﬁzmi‘ﬁf assuming an cxponertial service time distribution can introduce
significant errors into the results of performance evaluation for actual systems.

Thero ar 1f ‘ii?{?gfsiiﬁ,ﬁf}"ard methods for obtaining performance measures of an non®
product form nctwork. First. assumptions can be simplificd to the point where o8
of the product form types now fits the model. The model can then e analyzed uxmgl
exact analysis. However. this procedure leads 1o results that are exact but no
applicable to the actual system in question.

FW RO can be used
s using the transitiol
 the increase®
¢ all but s®

Secondly. numerical methods, as proposed by Stewart [ST
These methods are based the computation of state probubilitics us
rate matrix. Due to the rapid growth of the transition rate matrix » !‘1§
number of stations and.or jobs. the mcthod is inappropriate 1o
queucing nelwork muodels.

: ks
Third and finally. approximation methods exist for solutions to ¢ litiw*f‘g f’:;w;fge
not fitting one of the types required for BCMP networks and its cx§0118ii?f;r’ibu;§on5
aricty of classical approximation methods exist for dealing n‘uh dis 15,
and. or scheduling disciplines not containing produet form [COU R77.
GELE75. KOBA74. KOUV86. MARIS0, WALSES].
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his work we propose un algarixzh:'n hasgd ou the theory of mean value analysis.
& classim} 1’3‘1&::‘&1:1 E’al‘uc analvsis I3 nmdfﬁcd to reflect the actions of a Frlang
T?;ribﬁied service time xx*h'cn (fguimg with # ?"'E1'};1-2\21}‘16&?:5I’S{-Sm‘i-‘cd (FCI'S)
qce discipline. The aigo;'?ihm iy conceptually and com ;‘)iuntigiml%}f simple, yet
Iy provides results within five pereent of the actual values. i

w{mili :
2. Extended Mean Value Analysis

we consider closed queucing network models having the following characteristics,
all models contain N single-server stations. Service times for these jobs are Eriang
aributed with a mwan value of 1 g, for 7= 1..... N and a cocflicient of variation
pec<l. The service discipline iy First-€ ’m’;}c«i-'ir:el—Sfmmf (HCES ai['sm[mns,
There ac¢ K jobs in the system, Jobs completing at station | procecd to'staton fwith
pmbzsbi“i}' Bist i

The above model docs not have u product form solution, :;:zIifhaf‘;;.i_.;njfmw conbitin 4n
Erang service time distribution and a First-Comue-First-Sersved (FCEFS) queusing
discipline. In other words. the existing preduct form network algorithms cannot be
utilized in obtaining accurate results for the performance méusurey.

The classical mean value analisis of Reiser Lavenberg [REISE0T developed from
two major theorems: The Arrival Instant Distribution Theorem by Seveik-Mitrani
[SEVCSI] and Littles Law. The first theorem allows the development of the
formula for mean residence vime of 4 job in the i-th station. i

LM T sadk—=H oo s v o 4l

ek

where £, (k1) is the mean number of Jobs i the i-th station assuming there are
(k~1}jobs in the entire network. Informally. the abuove formula states that the mean
Isidence time of a job entering the th station is given by ils own mean service time

the mean service time of all jobs alreads queaed or i service at that station.

The second theorem allows the computation of the wetwork theotmglput.

24k~ R R e
PIRANLY EE
*i'iete i
p. ; A . B i A 3 i i
U 18 the probubility that o joh in the ~th station proceeds to the
F-th station.
'rhe f?

e s S 1 i ) re L X . .
b U smhe of jobs at the ~th station can also be derived from Litde's

Hoi

” k,(k)-e, A th)1;1k) L T
V=D i L el
B 0 iy

i assumed as the initind value Tor the ileration, 'The neration terminutes
% total number of jobs in the network is reached.
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As stated previously, mean value analysis can only be applied on prody :
networks. In particular; the Arrival Instant Distribution Theorem onl " forg

product Jorm networks. In order to develop the mean residence time ;z:xi?s
|

general networks, we use the following observation. The mean residence tip,
Job entering the station is computed by its own mean service lime th:'f“*' 8
residence time for all jobs waiting in the queue, and the remaming mean ge

for the job citrrently in service RS 7;. We notc that g, (k= 1) is the mean et

Jobs enqu&uﬁé}é}“ the i-th station given that there are (k— 1) jobs in !:henﬁz:g:r
Aok ‘ ik,
it i
tilky=—[1+g{k— )]+ RST,
#; : ]

When computing the mean residence time for all jobs waiting in the queue, we
that g, (k— 1) is equivalent to E,.{k—~ 1) if we remove [rom camizicration’mg ioh
currently receiving service at that station, p,(k — 1). Equation (4} for mean rcside}n‘;
time of a job entering station i now becomes: '

sfhicigarl |

hkyE— k-1 —p k=1

: (k) za-i tk=1)—p (k= 1]+ R8T, o)
We must now determinc the value of RS 7;, using the following well-known theorem
[SAUESI].

Theorem: The remaining mean service time of « job in service us ciewed by a new job

entering the M;G1-FCFS system is defined 1o be:

o p E[SY]
RST= - E[§*]=— ]
-2 2 E[S]
where e : 3
e CELS] ds the first moment of the service time.
o UPVE[S?Y s the second moment of the sercice time.
Proof: W
The variation coefficient is given by:
/ : rar[S]
~E[S]
where the variance is defined as rar [S]= E[S*]- E£[ST*
The above’t‘gi% ‘.;';q;:,gat'ions can be used to obtain :
CE[SP=E[$T1-E[SP ) e

ELs%)
E[S]

By substituting cquation (7} into equation (6} we obtain

(2 +NE[S)=

smmsler e pera By yE[S)

2
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,p:‘thﬁ mean serviee time is assumed Lo be = E [S]. It therefore follows that:

il PraehEi ,

-+ 11, 3 i e ()

‘wmmplems the proof. s e ]

qow insert this vasue for remaining seevice time into cquation t‘a) yie dm" the
Jowing equation for mean restdence time.

. L I i
SE(K)ZW Li*i*fi{f\‘~1}w;),~if\;—f}{+f { J;"{('f—{—‘})'
;zi ‘ 2 ';{ix LT
ﬁisgqualian can be re-written as: i
- l = .l s fk— 1 5T L
Glikl= [ kik—11]— ;},-{k——i}«l-f g Cder
H; i = 4’[{*‘ g na o
ol ’ : .
e s T 4
k=" [l +k1k l;}* k=1 1L
Hou s Pl
ad finally

( . g0 1 k
Gikl= [+kk= 1]+ j;\j!‘f{*—i}{(‘ h

#; # ]
f U s oy {4 el
Since p;{k — 1) =x; 2 {k — 1}. we can now obtain the formula for mean residence time
kra general network utilizing a First-Come-First- Served quwumz d;xuphm

(k= " i»é’;;(:";—-i) FOS X, Atk i}{c;»»’—'si')'f e SRk
i ‘ i X "
shere
§ represents the variation coefficient of the -th station’s serviee time
distribution, ;
¢ . ‘ ) . :
‘i";' represents the relative utilization of station /. o S N
i ' St

ﬁ‘houid be pointed out 1%1(:1 the new equettion {103 reduces to Lhm ieal mean vitlue
Wlysis, cquation (1), w hen the coeflicient of variation ¢; has the value one,

3

%Liiilf« staw is valid for all gucucing systems. seean u\.x,tqu;monx{‘}aud{ Slor
Tivation of system throughput and mesn number ol ;uha ) '

Eq“at":'"" (10). 2). and 37 allow vs W set up a recursive evaluation of the mean
ﬁ)ernce times, throughputs, and mean number of “jobs presaiitat all stations for a
al closeq queueing network model. Initial vadues aresshown below,

. k=0, s -0
“W}! the classical meun value anadvsis, our adgorithm Iumm;itw w imﬂ the total
Fof johs in the network is reached,

%Wn vitlue analysis algonthm revistons mentioned this B are x;mthu‘ 1o that
% by [REISTN]. [SAUEST] and [ BONDSS]. 1n this intermudiate form.
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however, the approximations do not provide accurate results. In fuct. the algori
demonstrates. an unstable behavior. The primary cause for inaceur acies 13%
\mianm:- of thc '»;tab}hh mndzizon the

plky=x, 2l <1,

Simply stated. this intermediate form of the algorithm permits a station t
utilization due g.reaier than 100, durmv the ﬁﬁmitons This 15
vmlam‘m of the queueuw theow -

an ab"iﬁﬁs

Our diaomhm , :emamzes this impossibility. Whmuer a4 stabiliny condij
violation occurs. a new utilization value is assigned to that station: =

p; tk)=0.99999 i

Introducing equation {11) modifis the balance of the network. We thep now
compute new throughput value for the current iteration.

| ey Fitky=pilk) (12
Since 2;(ki=¢, 21k) i follows from equations (11) and (12) that
itky=""099999. (13)
“J

Given this new lhrouz,hpui value, we can now compute the.correct utilization p, and
mean numb«,r of jobs &, (k) for all stations j=1..... N using cquation (3). This new
value for thr mwhput will reduce the mean number of jobs K, in cach station, Asa
result. the total number of jobs present will be smaller than f\ the number of jobs in
that 1temiwn

Z k; {£}<:?\

Wc d{,lwmim ihc numbci of remaining jobs by:
G K th=k = 2 ki k). (14
PR
The value &,,, is placed in the totally wilized station:
‘ kA =K k) +E 0 (K)

where iis the m’i;illg; utilized station. Since we now haveuan

{15}

ew total throughput and

» euraté
mean number of _]C&b% vilue for the totally utilized station. we yecompule an ac
mean rwda.m,t. tme 1, (k).

JAk)= -
¢; ~1&) i
{
[t should be noted that this last step. equation (16}, will improve thw aufll}‘}dmﬁ' 45 1he
results for this fteration. but will not cffect future iterations of the algorithtt:
value for mum l{,\id;.nti. time is not used in the next iweration.,
-
The following summarizes the Extended Mean Value Analysis Algorith
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Extended Mean Value Analvsis Alyorithim — EMVA

&

#;w all stations i=1 10 N do
e K (0}=0
» 1’,{037‘{3‘ s :
o compule . -he maan aumber of visits hy w job to siaton 7000 0 0
s compute ¥, the relative wilization of station
end
for all jobs o the setwork k=1 w0 K da
for all sttions 7V - o v de
e complite muean residence o i1k using cquntion 110
end
e vomputc system throughput «{ki using syuation {23
for all stations i=1 10 N do
e computy ean number of jobs Lk uing equation (3
e compute utilization ol vach station using x; and 2 (5 :
gnd
§f there existy a2 g > (199999 then
@ sut p e LG9
& recompuic throughput value using cquation 1.4
for all stations i=1 1w N do
& recompuic mein numbaer of jobs from wu,umum;-
end ‘ i
e dotermipe the munber of remaining jobs £, from equation (14
e add 4., 1 the mean number of jobs £, for the totally wilized stution. aguation {15)
@ vorreet the mean restdenee Yime 1) Tor the wtally wiiliced stution. cygation {16
eandif ‘
end {for k=1 to K}
ol

o the following numerical example. the general Row of the algorithm is vutlined.

3. Example

Consider a closed central server model with N =3 (1 CPUL 21O stations and
=3jobs. The CPU service time is I3 rlany distr dmu,d with mean value g, = 2and
1ﬂli‘latn:n'z coeflicient ¢, =0.707. The 1O service times are also Erlung distributed
mean values 176, =035 und Ly, — 1 and with the same coefficient of vartion
§=0.707 (for 7=2.31. The transition probabilitics are gwm tu ;:,, = ;mﬂ

AT

first iteration provides us the lollowing results:

f{ly=2 (77
Li1y=0.25 A1) =0.363 C k=001
f3{1)=0.5 R R

?’ *Peat the iterations for k=2 und & - 3 and obtain the following results

L {=4637 k(312517
L{3)1=0.276 (31— 0,543 o s R
:03)==00.613 R 3T =333
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£,(3)=0.136
p3(3)=0.271

Obviously, the first station is totally utilized, so we set
B e L S O

and compute the new throughput value

P e iy

Hy

¢y

2{3)=

We recompute the performance mezsure as follows:

£ 3y=089 K(3)=2319
oy aias k,(3)=0.138
ﬂ3(3}={}25 f(} {(3)=0.306

- The sum éf'k,’ {S)V{fal‘ués does not provide 3, the total number of jobs in the network
We determine the aumber of “lost™ Jobs by equation (5):

i Kpom=0.237
and obtain by adding this valuc to the totally utilized station the following
e K, (3y=2.556

The final results are listed in the following table:

HES e

e

1 i

EMVA Exuct Deviation !
0.999 0.995 0 l
R 0 i
0.25 0.249 8 Belhy
2 k%
flo 2356 2.587 ] l

. 0a3R 0132 4.5

0.306 oo 8.9

The deviations are computed from the following formula:

' : Exact— EMVA
- Derviation = {J— e -—H . 100
i Exact f

4. Evaluation M
We have derived a formula for the mean residence time in a closed queucing ﬂc*g?.g
with an Erlang service time distribution and Firsi-Come»%’irxx.-Servciw pxact
queucing discipling. Theése networks do not have a product form. and t in %8
solutions are not realizable. The technique provides approximate results (V1
pereent on the average) for such networks.
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alg{mthm presented appears w have the advantage 1lml it incor pm ates the
,gdafd mean value analysis as 4 subsel of itself, .
different networks containing 1wo o ten stations were andlynd i‘n the
¥ ed algorithm. with the number of jobs ranging from ten w 150 in cach
ork In all cases. »¢ observed variations of less than fifteen pereent from the
tion results. The vast majority of these showed varidtions bencath five
1 It is clearly evident that this teehnigue is capable of accurate modcling. It
id be noted that all instances iy which our algorithm show eda relatively hwl
ation from the actual results {over 10 pereent). the numbux imalxu.! were qum.
gll.ln such cases the relative error might appear large ev m mu;..fh the dlffuanu,

gthe two numbers i3 insignificant. Under these circumstances. the relative error
;ﬁnﬁt be considered a reliable indicator of the accuracy of our algorithm,

ydetailed comparison between EMVA and other existing algorithms has also been
méuctﬁd As mentioned in the introduction. several approxinite methods have

propt:ssed in the last decade for closed gueucing networ iﬁ.h wuh s.w.m,ml SCTVICE
mgéistribuuom Our siud» has shown that the Method of Maric [\1 ARI 807 isthe
gt retiable of these methods. if for networks in which all stations: contain u
aefficient of variution ¢ greater than 0.5 {¢; = .5). This fuct eliminawey um analsis of
giworks containing any station with an Erlang service nmu di\irfbulmn ui Inur or
xre phases by the Method of Maric. : ;

Realgorithm in its current form s mnable to handle hyper- L\{mnuuml sérvice lmh.,
trbution. The accuracy ol its results to appear o deteriorite in thase cases. The
gece complexity of the algorithm is the same as that of the-clussigud.mean value
aalysis. That is. O [N (K -+ 1J]. where N represents the number ofstations in the
wwork and K the number of jobs. Analyzing the time complexity of EMVA shows
be on the same order as that of the classical mican value analysis. Both the 1izm
@space complexity of EMVA show it 1o be superior Ihz. u.qunummlx of uthe

Poximate muhoda

5. Appendix

mefoiiowam is a list of all models tested in the simulations. B u.h mnck% contains a
introduction. o jormal listing of parameters. and the compirison: bebween
“nded mean value analysis and “the stmulation i‘uuhx Nn, déviations are
Puted by the following formula: e

5 j[ sindation o exacty — analytical :m*;iuz«’i
¢ =

3, ' simnfarion {or exact)

Maodel 1 : i dst Bow

ht Mode] s wmpma,d of three stations repr esenting a CPLU And lwc) 1 0 devices.
Modef s 4 combimution of exponential and Erlang service time dxxmbuuunx
"Db" Were tosted so t}mt exactanalysis could be mu.m;.d ilu, Met hod of Marric



and also the Extended Product Form (EPF) technique is included for co

The MVA 3 "35_,@0:15 are obtained by assuming the coefficient of var;aﬁifm
: >

CI' = I .

5 3
) 1
i 5y & - !
| Swtion | Number # e i Pis y
; T‘W s » s i Pi3
CPIF 7 PR i 1 4] 4.5
i (-6 RS T 2 0.3 07071 i g g's
: itk i e
- 2 - T i
Mean Residence Time — {5}
Exact EM}’& Dey. Maric Dev, . EPF Dex. 2 MVa ND:;“
26437 1 28617 [ 2 2em 2080 2w g8l 1 S50 O PO
52500 5 4792|870, L S215 | 06°, | 5227 | 04, | sd41 | g
1as | g4 o, 1432 | 1o, | 1449 0% 415580 e

Mean Number of fobs ~ £1(5)

Fxact | EMVA } Dev. } Marie Dev. EPF | Dev. MVA Dev.
o |

2.205 2392 | g4e, 2.229 1.1%, 2,229 L% | 2187 | 08%

2.190 20031 g3, 2174 0.7, 2,162 {1 L 0.1%

0604 0604 t o 039 | oo, 0.608 e, 0.626 36%

! ! : { i :

ass Utilization — p{$
c- - . e o -~ — e -m----—w-v—-"—‘_'—“
Exact  EMVA | Dev. I Mt | Bew EPF Dev. mMvAa | Dew
st ! S L N SNSRI WO
P08 | Om36 | 0, . 0833 a, 0.830 07, 1 b 3‘;:?
0.834 0.836 o, | a3 0", 0827 | 08, 0.80% ;ﬂ
LomF i eE ot el b, o, | 0419 o, 0.4 ;
i el s o i W Tt e R 5%
Throughput — 2{5)
Ll - ‘ PTERTS PRt R AT Rl ks
Exact EMVA Marie Dov, EP¥F i Dev.
& (i T : Yo
0.424 0.836 0.533 % oY, 1 0830 gt
0417 048, 0416 o4, | 0413 S H O R
0417 | 0418 D416 i 0, 1 0.413 0, 5 s

e
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Model 2
el tests a network composed of Erlang service time distribution stations

re were K =20 jobs in this example. The Method of Mari¢ cannot analyze
t’:i We compare the EMVA results with simulation. E?F and MX A

Mean Service Rate Coeflicient of Variation Routing Probabilities

ty =40 07071 {2 phases) Pra= 045 pry=040, p =013

=073 {13773 43 3 phases) Pay = 14
fly =173 13.3000 (4 phases) Py =
Ra =04 0.4772 (5 phases) P

- Mean Residence Time ~ 1420 f L
EMVA Dev. EPF Dev, MVYA Dev,
0.3839 20.16%, 0.380 19% 02 Gt (e e 1 14
17.9342 L7 17.343 447, Pk ST N ) A
69682 0,51% 7.664 9.4% RO17001.2300%
30333 1.33%, 5.499 1% 6,405 10028599

Mean Number of Jobs - £(20)
EMYA Dev. EPF Dev. MVA Dev.
0.6398 2042 0.627 187, 069200 1 3025
134307 0827, 1291 4.8% 12.0837 1091y
4.6453 0.33%, $.093 9.3%, 36498 200317
1.2634 1,349 1.363 9.7, I:5743 26.49%;

Utilization — {20} G

EMVA. Dev. Murie Dev. MVA . Dev,
0.4219 1127, 0412 0.8, 0.4097 1427,
0.9999 0.38% 0.992 0 4’*« 0.9834 127
49000 E35% (1880 0 0.8741 1.38%
0.6328 1.41% 0.621 1.4% 0.6146 1515
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on Erlang distribation stations. Again,

compared with simulation and MVA results.

fifty jobs were tested. The EMVA results

1

, Taroughput — 4(20) i

Simulation | EMVA . Dev. EPF Dev. Mv;\\};?\‘

BT BT RO il

16627 16666 023% 1630 0.7% 191 b
0.7474 0.7499 0.33%, 0.744 0.4% 0.7376 1'42:"/‘ "
06553 | 06866 1.72% 0.664 L3%. 0.6556 93% «
02499 | 02499, 0.00%, 0.248 0.7% 0.2458 1?;3{3

Meodel 3

This model tests a network similar to the example in which a stress test is coaduq%

Station j f Mean Service Rate Cocflicient of Variation Routing Probabilities  *
padade =L 1.6000 {exponential) Pi2=0.7, p; =03 ~
2 =90 0.316228 {10 phases) P23 =05, py=03 y
3 #3=20 0.223607 (20 phases) P =06.py, =04
4 #e=0.75 0,200000 (25 phases) Pey =1 }
3
, Mean Residence Time — {30}
Simulation | EMVA Dev. MVA Dey. |
46.7597 v - 46.8557 0.21% 450783 3.59%
0.1163 0.1162 0.09°; 0.1205 361 ;{,
0.6250 0.6263 0.21%, 0.7407 18.51%
43763 43537 0.52°, 7.1404 63.16%
i : e
Mzun Number of Jobs — £(50)
Simulation ©© | EMVA Dey. ; MVA
46.8377 468556 0.04°, 450785
pogys 0.0814 0.12%, 0.0843
0.4067 .« 0.4071 0.10%; 0.4847
26740 26557 0.68%, 4.3556
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Utilization — p(50)

EMVA Dev., MVA :F, . Dev
0.9999 0.017, 09999 . .. 00:%
0.0777 0.13% 00777« v o0 013
0.3249 045y 013049~ i g qe0s
0.8133 0.18% 08124 & . 029Y
Throughput ~ /{50)
EMVA Dev. MVA Dev.
0.9999 0.18% 0.9999 L 0.18%
0.6999 0.10% 00993, L i 019%
0.6499 0.12% 0.6499 B 122
0.6099 0.20% 06003 it i029%
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