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Abstract 
To increase the flexibility of existing production control 
algorithms and reduce the variation and mean of fabrica-
tor cycle times, a Fluctuation Smoothing for the Variation 
of Cycle Time (FSVCT) policy was implemented at IBM’s 
200mm semiconductor wafer fabrication facility. Exten-
sions allowing for products with different cycle times and 
enabling the change of cycle time targets during produc-
tion were developed. The policy was named the Multi-Flow 
Production Index (MFPx), reflective of its capabilities. 
Increased production agility and a controlled variation of 
cycle time resulted from the implementation. 

Keywords 
Fluctuation smoothing, production control, WIP manage-
ment. 

I. INTRODUCTION 
As construction costs for state of the art 300mm semicon-
ductor wafer fabrication facilities rise (reaching US$4 bil-
lion or more) and competition between existing facilities 
increases, efficient manufacturing operation is essential.  
One facet of efficiency is a competitive cycle time, which 
can lead to reduced operating costs, faster time to market, 
shorter yield learning cycles, improved customer satisfac-
tion and increased market share and profit.  Despite com-
plications arising from the reentrant structure of semicon-
ductor wafer fabrication, simulation studies ([1, 2, 3]), ana-
lytic performance evaluation ([4]) and  implementation 
results  ([5,6]) have demonstrated that a careful choice of 
which lot to next process (production control or work in 
process (WIP) management) can have dramatic implica-
tions for the mean and variance of fabricator cycle time.  
 
Many control policies have been developed (and some de-
ployed) ranging from relatively simple policies (e.g., criti-
cal ratio) to more complex ones with the potential for supe-
rior performance (e.g., the mathematical programming 
based approach of [7]). At IBM’s 200mm semiconductor 
fabrication facility, a multi-objective production control 
policy combining elements of critical ratio and continuous 
flow methodologies had been employed for many years. 
One difficulty experienced in the application of such a pol-
icy was in treating the ever changing mix and volume of 
products released for production. As a consequence, lots 

whose production was deemed imperative were prioritized 
(sometimes overly so) at the expense of the nominal con-
trol decisions and the remaining lots.   
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Figure 1.  A simple reentrant process flow for a single 

product. 
 
IBM’s 200mm semiconductor fabrication facility features a 
highly reentrant process flow (lots of wafers return to vari-
ous toolsets time and again) with as many as thirty or more 
visits to certain tool groups.  The menu of products offered 
contains approximately thirty different semiconductor tech-
nologies each containing a dozen distinct products or more.  
To create a single semiconductor wafer, as many as four 
hundred stages of production may be required from on the 
order of one hundred distinct tool groups. Cycle times vary 
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by technology, product and business priority and generally 
range from forty to sixty days with an underlying produc-
tion time of around twenty days.  Figure 1 depicts a simple 
example reentrant process flow for a single product. 
 
To account for the highly volatile mix and volume, enable 
the treatment of lots with diverse cycle time requirements 
and reduce the variation of the cycle times about their ex-
pectations, a new methodology based on the fluctuation 
smoothing concepts of [1] was developed, see [6]. Existing 
batching and setup rules were not modified, only the rela-
tive importance of each lot was adjusted. The control pol-
icy, termed the MFPx for Multi-Flow Production Index, 
was implemented April 12, 2005. One of the MFPx’s pri-
mary objectives is to reduce the variation of expected cycle 
time for collections of lots about their mean. As suggested 
by the Pollaczek-Khinchin formula [8], one expects that a 
reduction in the mean cycle time will result.  
 
In this paper, two generic forms for a multiple cycle time 
FSVCT policy slack are developed. Also, this paper gener-
alizes the approach in [6] to enabling lots to change their 
cycle time targets during production.  The generalization is 
a key to the ability of the control to adjust for changes in 
the wafer release levels and allow for lots to change priori-
ties at the dictates of business requirements. Further, the 
consequences of the control policy to the variation of 
achieved cycle time and WIP levels following the imple-
mentation of the MFPx control are reviewed. 
 
The paper is organized as follows. Section II reviews the 
fluctuation smoothing for the variation of cycle time 
(FSVCT) production control policy and develops generic 
extensions for the presence of multiple cycle times. Section 
III develops two methods enabling a change in cycle time 
targets for lots during production.  Section IV highlights 
the consequences of the policy implementation. Conclud-
ing remarks are presented in Section V. 

II. THE FSVCT POLICY AND EXTENSIONS 
The Fluctuation Smoothing for the Variation of Cycle Time 
(FSVCT) production control policy was first proposed in 
[1] and assigns to each lot a number termed slack.  When a 
tool becomes available to accept another lot into produc-
tion, it selects that lot with the least slack from among 
those lots to which it caters. In general, the FSVCT policy 
slack values for each lot may serve to guide batching (e.g., 
furnace and cleaning tools) and setup (e.g., ion implant and 
photolithography tools) decisions without providing ex-
plicit recommendations.   

II.1. The Basic FSVCT Policy 
Let Now be the time at which the control decision is to be 
made (i.e., the time at which a tool becomes available to 
accept another lot into production) and let α(l) be the arri-
val time of lot l to the fabrication facility (equivalently, the 
release time into production). For a manufacturing facility 

with a single product, the FSVCT policy defines the slack 
for a lot l as 

))(()](Now[:)( llls σρα −−−= . 
The first term in brackets is the time that the lot has been in 
the facility. The term σ(l) is the stage of production at 
which the lot resides (e.g., the 235th stage of production 
along the 400 stage route) and ρ(σ) denotes the expected 
remaining cycle time for a lot at stage σ until completion 
(including production time, queueing time and other over-
heads). The FSVCT slack value is thus the negative of the 
expected cycle time for lot l, if it travels at the expected 
pace from its present stage σ(l) until the end of production. 
 
The ρ(σ) may be found via simulation, analytic perform-
ance evaluation, measurement of actual performance or 
approximation. The key is that the values used in the slack 
calculation should be the expected values obtained when 
the fabricator is operated under the slack policy. The au-
thors in [6] discuss an approximate method to determine 
ρ(σ) in the absence of a fabricator model.  
 
Example 1.  Consider two lots l1 and l2 with [Now – α(l1)] 
= 10 days and [Now – α(l2)] = 21 days. Let the production 
route consist of 360 stages, each with an expected cycle 
time of four hours (perhaps consisting of 1.5 hours of ac-
tual production and 2.5 hours of queueing and other over-
heads).  The total expected cycle time is thus sixty days 
(360 stages * 4 hours/stage).  Let σ(l1) = 61 (l1 has com-
pleted 60 stages of production) and σ(l2) = 121 (l2 has 
completed 120 stages of production). 
 
Since l1 and l2 have 300 and 240 stages of production re-
maining, respectively, and each stage is expected to re-
quire four hours, ρ(σ(l1)) = 50 days and ρ(σ(l2)) = 40 
days. The FSVCT slack values are thus s(l1) = –10 days – 
50 days = –60 days and s(l2) = –21 days – 40 days = –61 
days. Since the slack for l2 is least (it’s expected total cycle 
time is the greatest), this lot will receive priority over lot l1.  
 
At each tool group, the FSVCT policy recommends pro-
duction of the lot with the greatest expected total cycle time 
(when continuing at the expected cycle time pace). As a 
consequence, lots proceeding faster than the expected cycle 
time will slow while lots proceeding more slowly will ac-
celerate. Thus, the FSVCT policy strives to drive all lots to 
the same total cycle time, so that one expects to reduce the 
variation of total cycle time. As suggested by the Pollac-
zek–Khinchin formula (see, for example, [8]), one also 
expects a reduction in the expected total cycle time. Simu-
lation studies in [1, 2, 3] and implementation results in [6] 
have demonstrated that the FSVCT policy can improve 
system performance over baseline policies such as first-in 
first-out (FIFO), critical ratio and other common dispatch-
ing heuristics.  
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II.2. Incorporating Multiple Expected Cycle Times 
For a manufacturing facility with a myriad of products, 
labeled p1, p2, …, pM, each with potentially different cycle 
time expectations, the basic FSVCT policy can be ex-
tended. Two extensions are developed here. First it is help-
ful to generalize the notation of Section II.1 for each prod-
uct pi. Let σi(l) denote the current stage of production for a 
lot l of product pi.  Let ρi(σ) denote the expected remaining 
cycle time for a lot l of product pi at stage σ.  Let ci(σ) de-
note a positive constant associated with stage σ of product 
pi lots.  
 
The first generic form for the multiple cycle time FSVCT 
(MCT–FSVCT) slack is the total cycle time form, which is 
defined as 

( )[ ] ( ))())(()(Now:)( lcllls iiii σσρα ⋅−−−= , 
for a lot l of product pi. This is the form employed at IBM’s 
200mm semiconductor fabricator with ci(σ) = CTNOR / CTi, 
for all σ, for an arbitrary normalization constant CTNOR 
(e.g., 40 days) with CTi denoting the expected total cycle 
time for a lot of product pi (just entering the facility and 
proceeding on pace). Due to the capability of the MCT-
FSVCT policy to provide variation control properties for 
multiple products with different expected total cycle times, 
the control policy (with the choice ci(σ) = CTNOR / CTi) 
was named the Multi-Flow Production Index or MFPx at 
IBM’s 200mm fabricator. For products with multiple target 
cycle times corresponding to different customers to which 
different cycle times have been committed, one may create 
a separate label pi for each.  
 
Example 2. Consider two lots, l1 of product p1 and l2 of 
product p2, with [Now – α(l1)] = 11 days and [Now – α(l2)] 
= 21 days. Suppose the expected remaining cycle time until 
the lots exit the fabricator are given as ρ(σ(l1)) = 20 days 
and ρ(σ(l2)) = 40 days. Further consider that the scaling 
constants for lots of product pi are ci(σ) = CTNOR / CTi, 
where CTNOR = 40 days, CT1 = 30 days and CT2 = 60 days. 
 
The expected total cycle time for lot l1 is 31 days if it con-
tinues at the expected pace and CT1 = 30 days (lot l1 will 
be one day late). The expected total cycle time for lot l2 is 
61 days if it continues at the expected pace and CT2 = 60 
days (lot l2 will be one day late). 
 
The MCT–FSVCT slack values are s(l1) = –[31 days] * 
CTNOR / CT1 = –[31 days]*[40 days / 30 days] = –41.33 
days and s(l2) = –[61 days]*[40 days / 60 days] = –40.67 
days. Since the slack for l1 is least, it will receive priority 
over lot l2 if they are at the same tool group. Note that both 
lots are expected to be one day late, but that since lot l1 has 
a shorter nominal expected total cycle time (CT1), one day 
is of greater import (resulting in less slack). 
 

The second generic form for the MCT–FSVCT slack is the 
lateness form, which is defined as 

( )[ ] ( ))())(()(Now:)( lcCTllls iiiii σσρα ⋅−−−−= , 
for a lot l of product pi. Here, CTi is the expected total cy-
cle time for a lot of product pi (just entering the facility and 
proceeding on pace). Note that the term in the square 
brackets is the expected lateness of lot l if it proceeds at the 
expected pace from its current stage of production. This 
form of the MCT-FSVCT policy is not employed at IBM.  

III. ADJUSTING CYCLE TIME TARGETS DURING 
PRODUCTION 
To facilitate business agility, allow for mutable customer 
demands and respond to random yield fluctuations, IBM’s 
production control organization required the new MFPx 
policy to enable the implementation of changes in the ex-
pected cycle times of lots during production. The desired 
behavior was for lots to proceed from the moment of 
change at the pace dictated by the new expected cycle 
times provided.  For lots already in production, the cycle 
time changes would apply to future stages of production 
and not to those stages that were supposed to have been 
completed prior to the expected cycle time updates. For all 
lots released into the fabrication facility following a change 
in the expected cycle time values, merely calculating the 
MFPx slack value with updated values for ρi(σ) and CTi is 
sufficient. For lots presently in the fabrication facility, to 
employ the updated values for ρi(σ) and CTi in the slack 
calculation, one must also adjust the arrival time used. 
 
To define the updated arrival time, additional notation is 
required. As before, let ρi(σ) and CTi be the expected re-
maining and total cycle times, respectively, for lots of 
product pi prior to any adjustment of the cycle time targets. 
For a lot l of product pi such that Now – α(l) < CTi (the lot 
is not yet expected to have completed production), let η(l) 
denote the stage of production at which a lot l would be 
located if it had proceeded at the expected cycle time. That 
is, if Now – α(l) < CTi, let η(l) be the stage of production σ 
such that  

( ) )(σρα −≥− iCTlNow , 
and 

( ) )1( +−<− σρα iCTlNow , 
where ρi(σ+1) = 0 if σ is the last stage of production for 
product pi.  
 
Denote the adjusted (newly updated) expected remaining 
and total cycle times as ρ’i(σ) and CT’i, respectively. For a 
lot of product pi with Now – α(l) < CTi, define the adjusted 
arrival time as 

( )[ ]
( ) ( ) ( )[ ]

( ))(
))(()(Now)(                     

)(:)(

'

'''

l
lCTll

lCTNowl

i

ii
i

ii

η
ηραη

ηρα

∆
−−−

∆−

−−=
, 
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where ∆i(σ) = ρi(σ) – ρi(σ+1) and ∆’i(σ) = ρ’i(σ) – 
ρ’i(σ+1). As Figure 2 depicts, the updated arrival time α’(l) 
is Now minus the time (based on the new expected remain-
ing cycle times ρ’i(σ)) the lot should have been in manu-
facturing given that it is expected to be at stage η(l). The 
third term in the definition of α’(l) accounts for the propor-
tion of time that the lot would have penetrated into stage 
η(l). 
 

 
Figure 2. For a lot expected to be at a certain stage of 
production, the adjusted time since arrival is reduced 

when the expected cycle times are reduced. 
 
In the case that the lot should have already completed pro-
duction, that is Now – α(l) is greater or equal to CTi, define 

( ) .:)( ''
⎥
⎦

⎤
⎢
⎣
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i
i CT

lNowCTNowl αα  

 
Example 3.  Consider a product p1 requiring 100 stages of 
production with an expected cycle time of six hours per 
stage.  Suppose that a lot l1 of product p1 has 50 stages of 
production remaining and has been present in the fabrica-
tor for 330 hours (i.e., Now – α(l1) = 330 hours).  The ex-
pected cycle time values are ρ1(j) = 6*(101-j) hours, for j = 
1 to 100, and CT1 = 6*100 = 600 hours.  
 
Since, Now – α(l1) < 600 hours, one may deduce that lot l1 
should be at the η(l1) = 56th stage of production. This is 
clear because the expected total cycle time for lots starting 
production is 600 hours, so that 270 hours remain until lot 
l1 is expected to exit the fabricator (if it had proceeded at 
the nominal cycle times throughout). Since 270 hours cor-
responds to 45 full stages of production remaining, lot l1 
should have just entered the 56th stage of production. This 
can be more systematically deduced by applying the defini-
tion of η(l1) given above. 
 
If the expected cycle time for lots of product p1 is adjusted 
to three hours per stage of production, the adjusted cycle 
time values are ρ’1(j) = 3*(101-j) hours, for j = 1 to 100, 
and CT’1 = 3*100 = 300 hours. Application of the defini-
tion of α’(l) yields that  

( )[ ] ( ) ( )[ ]

[ ] .165
6

2703003303165

6
))56((330

3)56300)( ''

hours

CT
lNow ii

i

=⎥⎦
⎤

⎢⎣
⎡ +−

+=

−−
+−=−

ηρ
ρα

 
To determine the slack for lots in production following an 
adjustment to expected cycle times, employ the updated 

expected cycle time and arrival time values.  Below, the 
formula for the MFPx employed at IBM’s 200mm fabrica-
tor is provided for a lot of product pi: 

( )[ ] .
'

))((')('Now:)('
i

NOR
ii CT

CTllls ⋅−−−= σρα  

Note that the stage of production is not changed as only the 
cycle times and arrival time have changed (the lot is still at 
stage σi(l)).  
 
Example 4.  Let CTNOR = 450 hours. The MFPx (MCT-
FSVCT slack value) of lot l1 in Example 3, before the ad-
justment to cycle times, may be calculated as s(l1) = -(330-
50*6 hours)*(450 hours)/(600 hours) = -(630 hours)*(450 
hours)/(600 hours) = -472.5 hours. 
 
The MFPx of lot l1 in Example 3, after the adjustment to 
cycle times and arrival time, may be calculated as s’(l1) = -
(165-50*3 hours)*(450 hours)/(300 hours) = -(315 
hours)*(450 hours)/(300 hours) = -472.5 hours. 
 
Note that the slack value did not change after the expected 
cycle time adjustment. 
 
As suggested by Example 4, if the changes in the cycle 
time values for lots of product pi are linear, i.e., ρ’i(σ) = Ki 
ρi(σ) and CT’i = Ki CTi, for fixed constant Ki > 0, then the 
slack value s’(l) = s(l). This fact leads to an alternate and 
simplified methodology for the determination of the ad-
justed arrival time, obtained by setting the old slack equal 
to the new and solving for α’(l): 

[ ].)(:)(' lNowKNowl i αα −−=  
For linear changes in expected cycle time values, the result-
ing α’(l) calculated in this manner yields the same result as 
the more general case. Also in this case, the slack values 
are unchanged following a change to expected cycle time 
values. 
 
In general, the two methodologies are different; however 
the results are often similar. At IBM’s 200mm fabrication 
facility, the second approach is employed for simplicity of 
implementation even though expected cycle time changes 
may be nonlinear (as when loading changes cause modifi-
cations to the expected cycle time values). 

IV. IMPLEMENTATION RESULTS 
The ability of MFPx to control lots from different popula-
tions to achieve different cycle times while simultaneously 
reducing the variation of the cycle times about the means 
was considered a substantial increase in functionality be-
yond previous WIP management methodologies. During 
implementation, the fabricator experienced a reduction in 
wafer releases (and consequently WIP), thus obscuring the 
impact of our control. However, a substantial reduction in 
the variation of cycle time behavior does appear correlated 
with the implementation of MFPx (though we must still 

Arrival Time Expected CompletionExpected Stage at Time Now 

Updated Arrival Time Updated Expected CompletionExpected Stage at Time Now 
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extrapolate from system behavior before implementation to 
reach this conclusion). As wafer release levels were chang-
ing, it is difficult to distinguish the magnitude of variation 
improvement attributable to the MFPx control.   
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Figure 3.  Standard deviation of cycle time (averaged 

monthly) is reduced and itself has less variation. 
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Figure 4.  Average throughput trend does not signifi-

cantly appear to change (in low loading situation). 
 
Figure 3 demonstrates the reduction and tightening of the 
monthly variation of cycle time data as a function of mean 
cycle time. Figure 4 provides the aggregate rate at which 
stages of production that were completed within the fabri-
cator (summed throughput for all tools) as a function of the 
total number of wafers in the fabricator. In the relatively 
low loading regime in which the fabricator was operating 
(roughly 30% of the cycle time was due to queueing), there 
does not appear to be a difference in the general trend of 
the performance (though this is not unexpected in a low 
loading regime). 

V. CONCLUDING REMARKS 
A multiple cycle time FSVCT production control policy 
termed MFPx was implemented at IBM’s 200mm wafer 

fabrication facility in April, 2005.  Numerous extensions to 
the basic FSVCT policy were developed to ensure success-
ful implementation and that management needs were ful-
filled. Increased production control agility and a reduction 
in the variation of cycle time were achieved. 
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