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Abstract: In this work, a tool is developed to study openadl aspects of manufacturing/production proceddest
studies of operations systems are concerned witimgidimes, queue lengths, servers' utilizatido, €his work, on the
other hand, is concerned with the yield of prodwgtnanufacturing processes with assembly operatiomgermittent
production environments. A novel approach is predoso study operational effects of processes' ifaperess.
Specifically, effects of the formation of defectiitems. The number of defective items and, hertoe,number of
conforming items that are formed in each executibaach activity in a process are random varialiieég number of
units of each component type in each (sub)-asseraplyowever, dictated by the assembly ratios. €guaently, the
actual numbers may not fit the planed targets dn ether. These differences might be small butsitb generate chaos
in the system. A generic model is proposed, wieithbles to investigate and analyse these effedtgaluate tactics
to handle them.

1 Introduction Widely used to define simulation is the term 'syste

This work is in the production/manufacturing domainRobinson [5], for instance, defines simulation,itaity as
It is concerned with operational aspects of pradatt “an imitation of a system” and many others; ei§][also
manufacturing processes, which involve assemblyse this term. Law and Kelton [7] define a systéobe a
operations, in intermittent production environmertgy., Ccollection of entities; e.g., people or machines #ct and
batch processing. No specific system is studied sutinteract together towards the accomplishment of esom
generic model is developed to Study Operationak:gfof |Oglcal end." Checkland [9] |dent|f!ed four mal!’asses of
processes’ imperfection. Specifically, the ramtfrzs of ~Systems: natural systems, designed physical systems
the formation of defective items. To illustratensider a designed abstract systems and human activity sgstem
carmaker who receives a deliveryrofvheels. Suppose When people and machines interact, both humanitgctiv
= 4R + mandm < 4. Then, since there are four wheels in 8YStém and designed physical system are involved, a
car, at leastn wheels will remain unused, more, kfis there are many examples of other combinations of
greater than the desired number of cars. Furthde,js Checkland's system types. Robinson [5] adopted "wvild
smaller than the desired number, a shortage igtetteal10] term operations systemser operating systemgor
despite the fact that at leastvheels remain unused. TheseSystems where human activities are applied to phbsi
miss-matches are created because the numbers €Bfities, including production systems, serviceesys and
conforming units in production processes are randofyPpPly chains. _ _ _
variables. The model proposed here is aimed ayisigd  AS a@n imitation, any simulation builds on a model o
these miss-matches and their effects on systen‘i'%e system it imitates and there are also dlsnnstl
performances. This work differs from other studies Petween various types of models. In the contexthisf
several manners. First, most stochastic models 8udy, the relevant distinction is between statid a
operations systems, as defined below, are concevited dynamic (simulation) models. "A static simulatioradel
waiting times, queue lengths, servers' utilizatiete,; e.g., 1S @ representation of a system at a particulae,ton one
[1]. Second, serial processes are considered inshaties that may be used to represent a system in whick tim
where inspections are included; e.g., the workievead in ~ SIMply plays no role,” while "a dynamic simulatiorodel
[2]. Third, long-range averages are examined;[8Jcand  "€Presents a system as it evolves over time." [7]
[4]. This study, on the other hand, is concernethwi _ Inoperations systems time usually plays a primaisy
quantities — numbers of conforming and defectivissiin ~ @ither directly — the throughput time in manufaitgr
processes, which involve assembly operations, and SYStems, waiting and service times in service syster
aimed at system dynamics and the examination efgun indirectly by averaging over time — inventories, rkvan
run relationships. Simulation is used because taetifies Process, queue lengths, utilizations of servers. et

are random variables with complex relationships regno Consequently, the vast majority of simulation stsdof
them. operations systems "track the system as it evolves
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continuously over time." ([8], p.3). The model deged follow the direction of the process — from the eterary

in this study is different since it tracks the megs of units components to the end-item. The operations carivitted

via the steps of the production process and througfito two sub-sets: those that have a single ergrama

repeated executions the process. Although timeepaas those that have two or more entrances. A sequehce o

the units move forward and between process's exest operations, each with a single entrance, represants

the proposed model is concerned with the numbeusitd, component — elementary or sub-assembly, of thd fina

the division between conforming and defective umitd product. Operations with multiple entrances, ondtieer

how these numbers are changed. Consequently,mes ti hand, represent assembly operations — the ent@ning's

are sampled and the simulations are not discretatev correspond to the components of the assembly wvithde

simulations. Rather, the term Monte Carlo simulgtias single leaving arrow is the assembled item — a sub-

defined by Law and Kelton [7], suits the presentdaio assembly or a final assembly. Operation #0 is thal f

However, while Law and Kelton conclude that "Monteassembly in Figure 1. Consequently, an OPC haeea tr

Carlo simulations are generally static rather tiygramic”,  structure — at least one but maybe more arrowdisreted

the systems considered here have a dynamic nacaede to each cycle or square box, while only one arrew i

in an intermittent production environment distinctdirected away from any such entity. Any OPC witboren

executions of a process are interrelated. than one end-item can be decomposed — one chariawit
The model is generic in the sense that it modelg ontree structure for each end-item. The activity in a

the production process to which many other fungticen arrowhead is the immediate successor of the activithe

be added; e.g., information management regardsidual arrow's tail.

guantities that are generated and can be usedifioref

needs. Additionally, while production environmerie @

considered here, the principle behaviour also sgitsice

systems. In medicine, for example, erroneous disigrw

imperfect treatment may result in the return(s)tioé
patient. Similarly, the failure of a student inaurse forces n n
A

her/him to repeat the course. In these cases,atenp or
the student are, in many senses, analog to defaatii's in °
production systems.

2 The Skeleton of the Model

The model proposed here is built on an old todhe- t
operations process charfOPC). Process charts were
introduced by Frank and Lillian Gilbreth in 19211]J1
From this early presentation emerged the OPC, whsch
one of the most useful techniques in manufacturing
planning. Actually, it is a 'diagram' of the maraifaing
process. It has been used in many ways as a ptpanih
control device. With the addition of other datacdin be
extremely useful in manufacturing management." Tlt#3

American Society of Mechanical Engineers estabtishe i

standard for the OPC [13], of which the followingrgbols
are used here: cycles represent operations anckdomiees

(2
©

inspections, while arrows represent flows of matés). Figure 1 An Operations process chart with assemntips
Each task — operation, inspection, and so on, lmas a _
identification (ID) code. Usually, a list of all ¢htasks Frequently, several units of the same componer typ

accompanies each OPC and provides additionafe assembled in a single unit of the (sub) asserely.,
information as proposed by Apple [12]: each tadiisfly ~ four wheels in a car, several processors in a mulitessor
described, the performing station is identifiecdhqass and computer, etc. The number of units of a compongre in
set-up times are specified, etc. This list is, ezhllroute its immediate (sub)assembly is é#ssembly ratipwhich is
sheet' and the tasks' IDs refer the OPC to therslueet the core input to material requirements plannindREt
and vice versa. In this study, other additions,ctdre not The assembly ratios are provided by the bill-ofenats
included in the route sheet, are also considered. (BOM); e.g., [14], and can easily be added to tRE€G on
An example OPC is illustrated in Figure 1. Theeach link, which enters assembly operation, the

operations in the figure are numbered from 0 toviile ~ corresponding assembly ratio is marked, as in Eigur

the inspections are numbered separately and ipposiie Another type of information is the corresponding
order to distinguish between the two groups. Theves Probabilistic data: the defect rate of each openatind the
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error rates — of type | and type Il errors, of eexdpection. x;. Note that many more units that are defective ftzam
This information is necessary for many types oflgses through operationin thej™ pass because the numbers for
as illustrated in the sequel, but has never besoceged each task depend also on previous tasks and thelmod
with the OPCs until the recent study of Eben-Chditd  keeps track of these numbers.

Once this information is added, the number of defec

units that are generated in every pass througtparaton 3.2  Assembly Operations

and the resulting numbers of the inspections — tymed The defect rate of an assembly operation is notits
type Il errors, can be sampled. Then, each pramsse own defect rate, but of the arriving components, tiue to
tracked step-by-step as explained in the folloveiegtions. the mutual effects among the components, as deratedt
Obviously, parallel execution of multiple processes in [15]. Suppose an assembly consistsKoEomponent

also be simulated, whenever desired. types, with assembly ratioa, , k=1, ...,K. Suppose also
that Qj conforming units and defective units of
3 Sampling component typé arrive to assembly operationn thej"

The novelty of the approach proposed here is tgolam pass through it. Then, the mean defect rate ofnatsiye
the required numbers individually and use the OBC operationi in thej™ pass through it is:
calculate the final outcome. These samplings asedan

the following assumptions: 1- 1 —dy) T[Qijn/(Quji + xl.].k)]m"" (1)
1) Independence between operations and inspections.
2) Independence between different operations.  This is the binomial success rate for the sampling.
3) Independence between item’s units. Moreover, the number of trials for the samplingaguhe

The first assumption is rather common; e.g. [18le T number of units that can be assembled:
second assumption is justified by the fact thatheac
operation is performed in either a different statim on a ]
different part and the third assumption follows imelicit Nij = min, {lQijk + xijk/mkl} @)
assumption that the process is in control. Thufectige
units are formed only due to random causes; €1g], [ where|x] denotes the integer part of x. The generated
These three assumptions justify the applicabilityttee  binomial number,x; is the number of defective (sub)
binomial distribution for all numbers and the udethee  assemblies while min +xj)/mg- X; is the number of
inverse transform algorithm; e.g., [8], p.56, fanpling. conforming (sub) assemblies that are assembledetteny
This method requires the number of trials, the esgcate all assembled units including the defective undstinue
and a random number from a uniform (0,1) distrimitifor  to the next step in the process.
each execution. The derivation of the numbersiaitand Note that Qi +Xix) - mdM;j > 0 units of any component

the success rates is the new component of the gedpotype are not used by assembly operatiam thej" pass
approach and is detailed in the following sub-sesti through it. What happened to these units is infiia¢on
while the calculations of the final outcome aresidered system's performance and the analysis of theset®ffe

in the next section. N _ motivated the development of the proposed model, as
As noted, two types of entities are considered discussed in Sections 4 and 5.

operations and inspections and there is an inherent
difference between these types. In inspectionss gan be 3 3 Inspections
removed from the flow. A unit that is rejected doest In inspections, as noted, units are removed froen th
continue with the other units — even if not wasted, fiow. The removed units are of two types: defectivits
rejected unit should be repaired or reworked. Tumalvers  anq conforming units, which are falsely rejecteérror
of units is changed in operations, too, but notésgoval. type I. On the other hand, not all defective urdte
In any assembly, at least two component types OUlits  getected and some slip through — error type II.
of the same type are assembled. Thus, the numbeiitsf ~ consequently, two numbers should be sampled anckhen
that leave an assembly operation is no larger &mnof o (0,1) uniform random numbers — one for eaclorerr
the entering numbers. type are required. The rate of type | erooris the success
) rate andQ";j, the number of conforming units that enter

3.1 Non-assembly Operations _ inspectioni in thej™" pass through it, is the number of trials

_Let d denote the mean defect rate of operatiamd to determine the number of false rejectidpswhile Q°;
Q" are the numbers of conforming units that arrive te g, -f; conforming units pass the inspection. In addition,
operationi in thej" pass through it. Then, the number of, defective units also pass the inspection. The liypeor
new defective Units, which are formed in this Oﬁerﬂin rate B and the number of defective units that enter

this passx; is a binomial random variable with a succesgspectioni in thej™ pass through it are used to sample this
rated andQ"; trials. The number of conforming units thatyymber, in a similar manner.

leave operatiom in thej" pass through it igQ°“}; = Q" -
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In Sum, both the number of conforming units and thare rather small and vary from pass to pass. Thates a
number of defective units that travel each arroveath challenging inventory management task — where gpke
pass through the OPC can be tracked as descriloz@.abrecord keeping, etc., as illustrated in the negtise.

This enables to determine the output — the numlber o
conforming units of the end item that is producedifthe 5  ||lustrative Runs

specified input for each pass through the OPC. The purpose of this section is two-fold. First to
_ illustrate the operation of the model and then to
4  System's Dynamics demonstrate some possible applications.

Had only a single pass or a series of independessgs
through the OPC been executed it would have bestatia 5.1 Model's operation
Monte Carlo simulation as defined by; e.g., Law and Table 1 portrays a single pass through the prookss
Kelton [7], but here, the execution of many passeskey. Figure 1 with no initial inventories. In the lefdlamn, the
A simulation which consists of a series of indemarid activities are identified: 'o' indicates operatiovhile 'i'
executions of the process — passes through thev@BId  indicates inspection and the numbers match the atsmib
be very similar to stochastic analyses of projedt®ere Figure 1. A mean defect rate of 1% is assumed dohe
activities' durations are sampled to determineptiogect's  operation, while mean rates of 3% for type | earod 2.5%
critical path in each run; e.g., [18]. Howeverinitermittent  for type 1l error are assumed for each inspection.
production environments distinct process executiares (Obviously, the rates are equal just for simpliica and
not independent. Residual inventories might beifferent rates can be used just the same.) Thendec
constructed, as noted above, during each execatitine  column lists the immediate successor of eachiactnd
process due to the stochastic nature of the yietds ratios  the assembly ratios are specified, were relevating third
of conforming units in production processes. Theseolumn from the left.
inventories turn the system into a dynamic systgm b

interrelating distinct executions of the processnasach Table 1A single pass through the process

execution, units that were produced in earlier etiens Ac. | Imm. | Asse-] Number | Number | Number

can be used and units that are produced now m@hten | ID | succ. mbly | of of of units

used now and left for future use. Formally=l;j..+ Pij — ratio | defective| conform-| not

Gij, wherel;; is the inventory at the end of tjfeexecution units ing units | used

of operatiori, P, is the amount processed in operation 00 | -- 11 094 5

its j" execution andi; is the amount of units processed in"jg | o0 4 1 4050 31

operationi and consumed by subsequent operations. THigg™ | o0 2 1 2009

is, actgally, a we_zll-known equation, which is usied o2 |9 49 4175

dynamic production planning; e.g., [6, 10], but in—57 g 31 2064

production planning an indexfor time periods is used 57 5 1 4 4220 a

instead of, and here, the time intervals between successi % | o2 > 0 8458 1

executions of the process might be of differengtbs. 5 o2 3 15 12664 =
Moreover, the inventories considered here can be

constructed around assembly operations only: elitbfere !4 ol 2 3 4188 !

the assembly operations of sub-assemblies orthédinal 13 91 1 1 2120 26

assembly. Production plans take into account tHectle o7 !7 98 4352

rate of each operation. Yet, the actual quantiesandom 06 !6 0 89 8722

numbers. Aiming at averages in long term plannthg, 05 !5 411 13089

maximal number of final assemblies should be askeb | 04 | 14 90 4360

in each path. In some cases more than planned vbeuld| 03 | i3 34 2180

produced — adding to the inventory, while in otbases | 010 | o7 0 45 440%

less than planned would be produced and the ineoém | 09 | 05 263 13237

be used to fill the gap, keeping the average ardhed | 08 | 04 0 54 4396

target. Maximal numbers should also be assembledaf |i2 | 03 3 4 6654 16

sub-assembly, but miss-match between componens,typeil | o3 1 1 2213 q

as indicated above, can result in residual invéegoiThis | 013 | 09 0 1271 13378

includes cases where the number of arriving ugitetan | 012 | i2 127 6873

integer multiple of the assembly ratio of the cepanding ol1! i1 43 2277

component type. For example, of 23 wheelsonlyScan | g15]| o012 0 64 6936

be made with a residue of three. ol4 | o11 0 19 2301

Following this discussion, the number of units ale
item which are not used in each pass through tbeeps
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The three columns on the right side of the tabke athe number of trials for the sampling for operat@ This

numbers of units, which were set aiming at therabbgeof
1,000 conforming units of the end item, on average
accounting for both: the assembly ratios and thfectle
rates. (see [15]). Operations 6, 8, 10, 13, 14 Hndre

also leaves 16 = 6,658 22214 unused units at i2. The
defect rates are 1/2,213 and 4/6,654, respectieelthe
arriving units from il and i2. Consequently, théederate
of 03 is 1-0.99(2,213/2,214)6,654/6,658), were 0.99 =

leaves in th®©PCof Figure 1 — each has no arrow pointing] - the self-defect rate of 03. The sampling resuite34

into it. This is indicated by the '0' values in th&sembly
ratios of these operations, which thus serve asttiréing
points for the calculations. Material for 7,000tarenters
operation 15, which constitutes the number ofgrat this
operation in this pass. Consequently, 64 defeativiés

were sampled from the binomial distribution with 1%pf o2

success rate (the mean defect rate), 7,000 triadsaa

defective units and 2,180 conforming units. In tizee
component types are involved, which arrive fronm6snd

i7. The number of trials is 4,224 = min {4,224,488/2},
[12,679/3]}. Ten unused units are left in i6 and 7 units in
i5. No defective unit arrive from i6. Hence, thdate rate

is 1-0.992,213/2,214)8,458/8,458)(12,664/
12,679§. Notice the numbers of residual units. 1 unitdin i

cumulative probability which was sampled from theéyecause the total number of units: 4,188 + 3 isaytti26

uniform (0,1) distribution. 2,320 trials were uséar
operation 14, 13,500 trials for operation 13, 4,#E0s for
operations 8 and 10 and 8,811 trials for operabioThe
immediate successor of operation 015 is 012. Tinebeu
of conforming units which enters this operatio,836 =

units in i3, which suffice for additional 26 subsamblies,
but have no matching components.

Table 2A single pass through the process with final

inspection

7,000 — 64 = the number of trials for samplingdégctive [ Ac. [ Imm. | Asse- NuF;nber Number | Number
new units from this operation join the previous 627 | |p | succ. | mbly | of of of units
units together, leaving 6,873 conforming units. The ratio | defective| conform-| not
numbers for 011, 09, 07 and 04 — the successondf units ing units | used
013, 010 and 08 are determined in exactly the saaye [ 1 0 996 0
The successor of 09 is 05. Hence, the number at§ tfor o0 | FI 11 1028
05 are the 13,237 conforming units, which arriveo® 59~ o 4 1 4188 33
from 09. Of these, 148 units turn defective, jomthe 263 5~ oo 2 1 2077 d
defective units that arrive from 09, too. The sgsoes of o2 19 50 4317
012, 011, o7, 06, 05 and 04 are all inspections. ol s 37 2134

For each inspection, two numbers should be sampleg:
the number of defective units that are missed dipd s !7 02 1 4 4363 g
through the inspection and the number of falsectiejes. !6 02 2 9 8739 L
The details of 012 are used for the sampling folF&se !5 02 3 15 13134 48
rejections are of conforming units. Hence, 6,8%8< are !4 ol 2 3 4330 ]
used for sampling with a success rate of 3% —dhe of 13 91 1 1 2189 20
type | errors. 219 conforming units are falselyecegd, |97 | I7 101 4499
leaving 6,654 to continue, with another 4 defectimits, | 96 | 16 0 92 9008
out of 127, which slipped through the inspectiamitarly, 05 | I5 426 13574
only 2,213 of the 2,277 conforming units that aerte i1 | 04 | i4 93 4507
continue, with the addition of a single defectivituThese | 03 | i3 35 2247
principles are used also for the sampling of i4j65and | 010 | o7 0 47 4553
i7. The successors of all these inspections arendsyg 09 | 05 273 13727
operations. 08 | o4 0 56 4544

Recall the difference between operations andi2 | o3 3 4 6844 7
inspections, which is noted in the beginning of thied i1 03 1 1 2289 g
section. The total number of units is not changddler | 13| 09 0 137 13868
moving from 015 to 012, from 014 to ol1, or in ttker [ o127 i2 130 7070
routes. In contrast, in the inspections the numlages [ o171 i1 44 2356
gh?n%gd, due to the removal of units which are éeem| 5157 512 0 65 7135

efective.

In assemblies, the assembly ratios should alsakent 0l4] oll 0 2 2380

into account. Going bottom-up, 03 needs to be densdl All the rules for the calculations have now been

first. In this operation, a single unit that argvieom il is
assembled with 3 units from i2. The numbers ofvarg
units are 2,214 from i1 and 6,658 from i2 and sid@&i 4
< 6,658/3, only 2,214 units will be assembled dnd is

presented and the calculations up to the end-itertiruie
in the same way. The final assembly — 00, endsithp394
conforming units and 11 defective units. The
corresponding outgoing quality is 994/ (11 + 994)8-9%

~17
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a bit higher than the mean value of 98.8%. Bothesmcan 5.2 Systems' dynamics and possible applications
be improved if a final inspection is added aftes fmal of the model

assembly. The mean value of the outgoing quality The development of the model was motivated by the
increases to almost 99.97% and the results ofititdes desire to study the effects of the residual inveeso- the
pass with final inspection (FI) are listed in TaBle unused units in Tables 1 and 2. To illustrate carse pass
However, the additional inspection also involves f8¥e  through the process has been executed, with ambutit
rejections. Consequently, the input had to be &B®é by final inspection. These executions have been peedrin
1/(1-.03) - 1 ~ 3.1% in order to maintain the taxfe,000 two different settings. First, independent passhe t
conforming units. This is the sole source for tietences  residues of the first pass have not been usectisehond,
between Tables 1 and 2 — the same uniform (0, Horan and the residues of both passes are accumulated, ffte
numbers and the same mean defect rates have been Ugsidues of the first pass have been used in toadeass.
Of course, however, with different numbers of unite  The results are presented in Table 3. The passhsuti
numbers of trials are changed and, in additiondéfect final inspections are shown on the top part, wihieepasses
rates of the assembly operations. The final reseftects with final inspection are shown in the lower paf the
the improvement — while the same number of defectitaple. In the bottom of the table, the column sitkee put
units, 11, have been assembled in 00, none sliwedgh  in words. Non-assembly operations are excluded fiven

the final inspection. The number of conforming 8rié  taple since, as noted in the beginning of Sectipth8
about the same — the difference can be attributettié number of units is not changed in these operations.

modulo operator in the calculations of the assembly
operations. This is also related to the differamnbers of
unused units.

Table 3System's Dynamics

First pass ¥ pass without residues | "“pass with residues
ID |IS | AR | #D | #Conf. | 11| #D| #Conf.| 12| 11+l12 #DO #Conf| I2
00 11 994 7 1002 9 14 7 1003 15
i9 |00 4 1 4050 31 2 4035 1 32 2 4035 2B
< i8 |00 2 1 2009 0 2020 2 2 0 2020 D
= [02 |9 49 4175 5] 416p 51 4165
e |ol |i8 31 2064 23 2094 23 2094
= |7 |02 1 4 4220 3 4213 0 0 3 4213 D
2 |6 |02 2 0 8458 14 5 8478| 51 61 5 8478 61
5 |i5 |02 3| 15 12664 1 8| 12734 94 101 § 12734 101
}% i4 |ol 2 3 4188 1 1 4233 0 1 1 4233 L
g |i3 |ol 1 1 2120 24 0 2119 2 28 q 2119 28
S |03 |i3 34 2180 2( 2178 20 2178
i2 | o3 3 4 6654 14 3 6639| 48 64 3 6639 64
il | o3 1 1 2213 4 2 2196 0 0 2 2196 D
Fl 0 96| -4 O 1006 6 2 0 1008 4
o0 | FI 11 1028 1 1036 7 1038
i9 |00 4 1 4188 33 2 4172 2 35 2 4172 27
i8 |00 2 1 2077 4 O 2089 3 3 0 2090 D
S (02 ]9 50 4317 53 4306 53 4306
:3: ol | i8 32 2134 23 216H 23 2166
2 L7 |02 1 4 4363 d 3 4356 0 0 3 4356 D
= i6 |02 2 0 87353 14 5 8756| 43 44 5 8756 44
7} 13
-fflg i5 |02 3| 15 13134 48 8| 13204 5 183 8| 13204 183
S |i4 |ol 2 3 4330 1 1 4376 1 2 1 4376 D
> i3 |o1 1 1 2185 24 0 2193 5 25 q 2197 28
o3 | i3 35 2247 2( 2254 20 2258
i2 | o3 3 4 6844 4 3 6830 11 13 3 6830 il
il | o3 1 1 2289 4 2 2272 0 8 2 2272 4
ID — activity identification #D — number of defese units
IS — immediate success #Conf.— number of conforming uni
AR — assembly ratio Ix — residual inventory a #md of the X pass
~18 ~
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