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ABSTRACT

Buffer-driven production strategies represent deoti’e mechanism to shield the
production system performance from the ill-effeofsvariability. In construction,
these production strategies have been an emerggug emong lean construction re-
searchers and practitioners alike. However, tregtill room to better understand the
relationship between performance and buffers instrantion, in order to develop
suitable buffer management approaches in projétthis exploratory research, the
relationship between productivity and buffer levielsepetitive projects is investigat-
ed by using Discrete-Event Simulation (DES) modellliAlso, a specific kind of in-
ventory buffer is studied: work-in-process (WIP).n&mber of simulation scenarios
with varying production parameters such as prodaciimount, production rate, vari-
ability levels and initial WIP buffer size were ted. Results show that even though
WIP buffer may not contribute to improving prodwdiy rates, but they provide very
good protection to productivity levels in case afrigbility conditions in projects.
This effect makes WIP buffer suitable for use igéascale repetitive projects where
a small disruption in production can lead to helmgges. Also mathematical relation-
ships between productivity and WIP buffer were gred, finding some good non-
linear relationships able to explain to a certaitest the impact of the WIP buffers
sizes on productivity.
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INTRODUCTION

Construction Projects seldom happen as ideallylasnpd. Nature's uncertainty in-
duces variability to spoil plans and becomes a miajctor in affecting project per-

formance and productivity. Variability leads to ffeetive production, increased cy-
cle times, increased cost, and derailed plansosdphically, this is better embodied
in the form of Hofstadter's Law, which states, dlivays takes longer than you ex-
pect”. Variability is a common phenomenon obseriregroduction systems (Hopp
and Spearman, 2000). In construction projectsabdiy manifests as the variable
behaviour of factors like production rate, labouoductivity, and construction
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schedules (Gonzélez et al. 2009). Using buffeomés of the ways to counter the neg-
ative effects of variability in construction projecespecially mitigation of productiv-

ity loss (Hopp and Spearman, 2000). In constructinrffers are generally classified
as inventory buffers, capacity buffers, and timédrs.

Research in this field of lean construction in thst two decades has improved
our understanding of the role of buffers as a petidn strategy in construction
(Alarcon and Ashley, 1999; Gonzalez and Alarcori®0Gonzalez et al. 2009 and
2011; Horman, 2000; Tommelein et al. 1998; amorwms). These authors claim
that a planned and deliberate use of buffers isttoction has a positive impact upon
project performance. Buffer-driven production stigaés can minimize the impacts of
variability, thereby achieving significant reduct®in lead times, waste and costs
associated with projects. Horman (2000) suggestsvthen a buffer is used correct-
ly, it not only provides a cushion or protectionf lit also increases the ability to re-
spond efficiently to changing conditions, and tiusy be used to maintain or even
increase system performance. Otherwise, a theal&tidfer level of zero is desirable
from a lean standpoint. Nevertheless, even theegroduction system needs a cer-
tain level of buffer to perform work. In other wardt appears that a ‘balance prob-
lem’ exists between the use of buffers to reduc@lidity impacts and overall pro-
duction system performance based on lean princ{@eszéalez et al. 2009).

In this research, the relationship between laboodyrctivity and inventory buffer
levels for repetitive building projects in a simtta-based case is investigated to
deepen the understanding on the nature of thisaeship. Thus, a specific kind of
inventory buffer is studied: work-in-process (WIR).construction, WIP can be de-
fined as the difference between the cumulative y@®g) of two consecutive and de-
pendent processes, which are characterized by afniterk in front of a crew to per-
form their work (Gonzéalez et al. 2009). Then, wguad that a more in-depth under-
standing about the extent to which buffers impgstesm performance is necessary by
performing further large-scale studies.

It seems to be that little research has been wmdsrtto understand the relation-
ship between buffers and labour productivity: Ftance, Horman (2000) analyzed
the impact of process dynamics on labour performaAtso, Horman and Thomas
(2005) studied the impact of material buffers dmolar productivity. Gonzalez et al
(2011b) analyzed the relationship between laboadymtivity and buffers in a real
repetitive construction project. However, previoasearches have some limitations
in terms of scope and purpose.

On the other hand, different studies have used BfRers in construction (Alar-
c6n and Ashley, 1999; Alves and Tommelein, 2004&Hard et al. 2005; Gonzalez
et al. 2009, 2011a and 2011b; Gonzéalez and AlargdhQ; Sakamoto et al. 2002;
Tommelein et al. 1998; Walsh et al. 2007). All thessearches have produced inter-
esting theoretical and practical results in terfnthe WIP buffer use in construction.
However, they still provided limited information dine relationship between perfor-
mance as productivity and buffers. By using the gxdwt capabilities of computer
simulation, this research attempts to provide morgightful information and
knowledge on this relationship between productiaityl buffer sizes. The following
sections address the research methodology andatigestudy before moving to dis-
cussion and the main conclusions of this research.
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RESEARCH METHODOLOGY

In this paper, a Discrete Event Simulation (DESYHeiling approach was used as the
main research methodology. DES is a suitable appraa construction projects con-
sist of events in the form of completion of disereiits of work in a chronological
order. Work was performed in the following ordej: Literature review of buffers
and their management in relation to project pragitgtand performance. 2) Forming
a DES based computer model for simulating a repetibuilding project (RBP),
specifying parameters for relating productivity aNiP buffers based on the Gonza-
lez et al. (2009) research (Figure 1 shows a sfiaglischematic of the model). 3)
Developing test cases and experiment parametersspanding to the test cases. 4)
Doing simulation for the test-cases and generdtiegrequired data; and finally. 5)
Processing the data and understanding the requl&iibns we chose to seek.

Input Pr.1 Bf. 1-2 Pr.2 Bf. 2-3 Pr.3 Bf. 3-4 Pr.4 Bf 4-5 Pr.5 Output

Figure 1: Simplified model of an RBP consistingba$equentially dependent pro-
cesses (Pr. #) and the 4 intermediary WIP bufi8fs#-#)
(adapted from Gonzalez et al. 2009).

PROBLEM DISCUSSION

We used simulation-modelling to study the relati@tween WIP buffers and Labour
productivity. This allows us to study a very langeiety of construction projects con-
sisting of a large diversity in the range of theject parameters such as production
amount, initial WIP buffer, estimated productiorieraand variability.Production
amount is the number of repeating units that are to bestacted. It represents the
project size Production rate is the estimated rate at which the constructiomld/o
happen considering full efficiency of the laboudanachines and considering perfect
coordination between them with no effect of vari&pi I nitial WiP-Bf is the size of
the first buffer that is developed between any sgquential processes. The second
process shall not begin until the requisite amadmdroduction in the first process is
completed to create the required initial bufféariability adds a statistical random-
ness to the estimated production rate using thiicieat of variation of duration (ra-
tio between average and standard deviation of idmjatWe also used a Beta proba-
bility distribution to induce variability (Gonzales al. 2009).

We assume that all the sequential processes haveathe estimated production
rate and variability. It is also assumed that paotid is in terms of entities as ‘units’
and the unit time scale is taken as 1 day. WIPebsftor ‘buffer’) and productivity
are calculated on a daily basis. Daily productivitg actual production happening in
a day is different from the estimated productiote (@imply ‘rate’) due to all factors
covered under variability.

The large variety in the generated data allows wsolbserve the buffer-
productivity relations from several dimensions. Tddapted simulation model con-
sisted of a project having 5 sequential processsglting in 4 sets of buffers — one
for each pair of sequential processes (see Figurdete, we have analyzed only the
first buffer (i.e. the buffer between process 1 @hdas it is the one directly affected
by the variability of the preceding process (pracks All subsequent buffers are af-
fected by the buffers preceding them too, resuliing compounded effect of varia-
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bility and a more complex behaviour to underst&idce this is an exploratory work,

we are not stating a very definite hypothesis eit®gt buffers help counter negative
effects of variability on project performance. Ag are not hypothesizing and only
exploring possibilities, we shall like to consigelarge range of values of the project
parameters to be able to draw out significant dtativie and qualitative relations be-

tween buffers and productivity.

TeST CASES

In total, 260 test cases are defined to generateldtaset. Each test case is simulated
100 times and results from all 100 runs are averageet stable values. The Project
parameters and their values used are given in Thblgue to the large number of
cases, we used a standard format for denoting ;cBgsds given in Table 2, along
with a concise list of the cases. ExtendSim soféweas used for simulation using the
DES model previously discussed and later Matlab wsasl to process the data.

Table 1: Value ranges of the project parameterd umssimulation

Parameters Abbreviation Levels
Production Amount Prod.Amt 25-500 units
Production Rate Prod.Rate 0.1-10 units/day
Initial WiP-Bf IWiP-Bf 1-100 Units
Variability Var. 25% - 98%

Table 2: Overview of test cases grouped by prod.amt
since other parameters are limiting ones

Cases & their Parameter Ranges (Case No./Prod. Amt/IWiP/Prod.Rate/Var) | Cases
(001-036) /25/(1, 5,10)/ (0.1, 0.5, 1) / (25, 50, 75, 98)% 36
(037-116) / 100/ (1, 5, 10, 25) / (0.1, 0.5, 1, 2.5, 5) / (25, 50, 75, 98)% 81
(117-260)/500/(1,5,10,25,50,100)/(0.1, 0.5, 1, 2.5, 5, 10)/(25, 50, 75, 98) % 126

Technically the project consumed over 2000 hoursamfiputation time and human

effort — processing several billion numerical valland several hundred tables and
graphs for all logically relevant combinations efst cases. A few representative
graphs were selected for analysis and discussitimisrpaper.

CALCULATIONS

Data from ExtendSim was as tables of cumulativelgpection vs. time giving discrete
integral values of cumulative production in eachgass and the time-step at these
points (Figure 2). All buffers and IWiP-Bf are show Figure 2. Warm-up and trail-
ing periods shown are periods in a project withbadfer in the system and are ig-
nored for buffer and productivity calculations. Thecessed simulation data is as
simple buffer vs. productivity tables. Although wiscussed earlier that in this study
we shall look at only the buffer between the fiigb processes, but we process data
for all processes considering further research eybis study.

Buffer size is the difference between the cumuéativoductions of consecutive
activities at any point of time. Daily productivitalues are the differences between
the production values for a single activity betweensecutive days. Both, the buffer
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and productivity are shown graphically in FigureTRe buffer size on day ‘m’ is re-
lated to the productivity on day ‘m+1’. Hence, thggocessed tables are stateless —
that is, they do not bear any information regardimg particular time of the project
that they represent; they just provide a correspooéd between the buffer-size on one
day and the productivity levels on the next day.

For a structured analysis, several groups of casge created based on certain
criteria of parameter values; these shall be empthin subsequent sectiobairing
analysis, several graphs with different sets ohpeaters were developed and a few
representative ones were chosen for discussionob¥erved that a power-function
approximation provides good and relatively bettemelations (i.e. good coefficient
of determination, B compared to other curve fitting methods — thuligepresenta-
tive graphs have been developed using the powetiumapproximation

Production of 100 units with Rate = 1 unit/day and IWiP = 20 units
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Figure 2: Time-based progress of a project havipgoesses, 100 units of produc-
tion, a prod. rate of 1 unit/day, an IWiP of 20tarand a variability of 25%.

0.6 55

Productivity loss Comparison _ Productivity v/s WiP Size

-
~R? = 0.6068 5

R?=0.7284,,

-

- ——

=4
o

- —

= =057 el - R*=0.8535 -~ e
F Re-06722 ez 04201 5 /’:/ e T RE=0.7082
[} g - Dl
- - ke
7 Rt 3 <
£ 04 ol ]
2 e 3
= 4
z R T4/
> )/ 2 /
B 03 s £
] 4 / ——Power (04 25-1-0.5-25) 3
] B35
o / 2 |
& / ----Power (05 25-5-0.5-25) -8 K
0.2 ——Power {144 500-25-5-25)
/ ~ - Power (32 25-5-0.5-98) 3
/ / ----Power (145 500-50-5-25)
o — -Power (33 25-10-0.5-98) — -Power (146 500-100-5-25)
- 25
o 2 4 6 8 10 0 20 40 50 80 100

WiP Buffer Size (Units) WiP Buffer Size (Units)

Figure 3: Productivity-Buffer curve for Figure 4: High IWIiP gives better
small project and variable IWiP productivity-loss mitigation as Bf reduc-
es

VARIABLE INITIAL BUFFER SIZE (IWIP)

Our first criterion is to understand the produdjivivs. buffer-size relation with
changes in the IWiP-Bf. Figure 3 and Figure 4 repr¢ two widely apart ranges of
Prod. Amt and IWiP-Bf amongst the test cases. Iim figures, for every unit reduc-
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tion of buffer, the percentage productivity degtaafais lesser for higher IWiP. In
Figure 3, we see that productivity is falling ae thuffer size reduces but is not in-
creasing much beyond the production rate. Prodtictwalues as such are lower for
higher variability (hence, in Figure 3, Case 05 lngber productivity than Case 32).

We observed similar results for projects of largige as in Figure 4, having the
highest prod. amt. amongst the test cases couptbdavwhigh prod. rate. Again, the
relative productivity loss is lower for higher IWilh Figure 4 we also observe a
saturation in productivity for very large buffezes as the curve is asymptotic. At
this point, we can say that there exists a ‘balgmmoblem’, which discourages us to
use very large initial buffer sizes. It also disames very small initial buffers, which
result in steep productivity loss with a reducingfer-size. In the folowing sections,
we explore other project parameters and study hey affect productivity.

PRODUCTION RATE AND PRODUCTION AMOUNT FACTOR

It is possible that production disruption can peehae less problematic for a larger
project as it has many chances to bounce backawk tfue to its large time-scale.
Similarly projects with very low production ratesaynhave a greater possibility of a
bounce-back at some point due to the inherently sminedule. Projects having a very
high production rate must have processes runningraally at a good efficiency or
else a bounce-back to normal schedule might bedliffas everything is happening
so quickly in it. To understand this, we take ugitBations as follows:
H | | | . Scaled Productivity (Similar RAR)
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Figure 5: Scaling Productivity allows
comparing performance of projects with
varying prod. rates

Figure 6: Scaled Productivity for projects
with a similar RAR

1. Medium project size and normal production rate values (Figure 5)

Production rate varied from 0.1 to 1 unit(s)/daye \@bserved that in the case with
production rate of 1 unit/day, there was a gremgract of buffer-size reduction on
productivity as compared when production rate wadsubits/day. Thus, higher rate
projects were more affected by variability.

2. Projectswith smilar Prod. Rateto Prod. Amt. Ratio (RAR) (Figure 6)

Here we choose cases with an RAR of 0.04-0.05, wisiconstant enough consider-
ing that it varies from 0.0002 to 0.05 acrossest tases. After scaling the productiv-
ity values to unity, we see in Figure 6 that prdolity loss in all the cases is similar
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— differing only by an offset value. The offset s&eto be the result of interaction
between the production amount and variability andeduces as the production
amount increases from 25 to 100 units. Relativadpetivity degradation for 25%
variability is lesser than for 98% variability. Rrots with a high RAR seem to bene-
fit from higher variability probably because sudstf projects can quickly recover
from setbacks and get back on schedule quickhhowit much help from WiP buff-
ers. This shows that when RAR is fixed, produgfidegradation due to variability
follows a predictable pattern and that buffers halitigate variability effect more
when the variability is low. Thus, we realize tiRAR is a key factor in deciding the
effect of buffers on productivity.

3. Largeproject sizeand very low production rate values (Figure 7)

With an RAR of 0.0002 (500 units at 0.1 units/day® have a very slow and large
project in Figure 7. We see that productivity remsaalmost unchanged for all sizes
of daily buffer and initial buffer sizes. There seeno productivity loss mitigation
and hence no significance of buffers. Given the siad rate of the project, it seems
the project can be on track by itself, without &dxts help.

VARIABILITY EFFECT

Variability seems to have a double role; the negatole of hampering productivity
has been discussed already. However, if variabdéy reduce productivity, it can
sometimes increase it too. As in Figure 8, dudaéohigh 98% variability, the produc-
tivity and buffer size could get bumped up at tine$evels higher than the produc-
tion rate and IWIP respectively. However, for 25%iability, the productivity and

buffer sizes were more range bound. Hence, duehteréntly high buffers sizes, the
98% variability cases enjoy better productivitydagitigation without any added ef-
fort. Also, for 98% variability, there is not mudifference in the productivity levels
when varying the IWiP; which although is signifitdor 25% variability.

Productivity Rate (Units/day)

. 120 500 250.1-25 |

0 20 40 60 80 100
Buffer Size (units)

Figure 7: Very high Prod. Amt. and low Prod. Ra#s ho benefits from buffers.
Productivity is almost constant throughout withctiuations for very low buffer sizes.

It seems that variability alone does not degradelyuctivity, but a combination of
production rate and variability seems much morpaasible for it. A low production
rate cannot keep up with variability induced obletscbut a high production rate can
cover up quickly and also overcome any reductionsuiffer sizes — restoring the pro-
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ject back on schedule. This allows “high-productiogh-rate” projects to self-
mitigate their productivity degradation project@sitive impact of variability.

These observations can be further understood frigwé-9 showing normalized
productivity levels of small and medium sized pobge We see that the solid lines
(lower production rates) are situated below théndddines (higher production rates).
Further, for the same production rate, productilétyels are lower for higher varia-
bility — the negative role of variability coming.ifThus, for a given variability, a
higher production rate project will be more effitieConversely, for a given produc-
tion rate, a lower variability will result in bettefficiency. Also, in Figure 9, the
RAR is similar for the cases and hence we do nossark differences in productivity
levels due to variability change as in the cas€igbire 8 although the observations
are similar.

DISCUSSION

Upon exploring the results, it was clear that paiiity levels do not depend only on
the buffer levels but also on other factors and g@mbinations, such as:

» Interaction of Production Rate and Variability.
» Interaction of Production amount and ProductioreRat
» All three parameters together (Production ratejaldity, Production Amount)

It is highly indicative that a power relation gomsrthe relationship between produc-
tivity and buffer-size. The power relation congilg resulted in the best correlation
amongst all possible function approximations penied.

Productivity variation (Normalized)
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Figure 8: In large and fast projects, &igure 9: Projects with a similar RAR.

higher var. results in larger Bf. sizesnjgher production rates seem to bene-
and hence more effective productivi- it slightly from high variability

ty loss mitigation
The average daily labour productivity decreaseshasbuffer size reduces. A high
IWIP size does not ensure higher productivity leyblt it does ensure better reliabil-
ity and protection against negative effects of afaitity. For a given reduction in
buffer size, a higher IWiP will result in the loweslative loss of productivity. This
means that buffers are much more important in laocgée and highly demanding pro-

55
Buffer Size (units)
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jects such that any production disruption can tdsuheavy losses. Further, produc-
tivity degradation is lesser in projects with lowariability than in projects with high
variability. Also, this difference in degradatioeduces as the production amount in-
creases. Thus, buffers protect the project betteéng lower variability.

Variability has a two-faced role; the positive rglgows in projects of high prod.
rate and prod. amount. Also, for high variabilitihere is not much difference in
productivity levels with varying IWiP — but it isghificant when variability is low.

For very large buffers, there is saturation in ity levels in an asymptotic
nature. This indicates there is a ‘balance problexisting between the use of buffers
to reduce variability impacts and overall produetigystem performance based on
lean principles (Gonzalez et al. 2009). A smallfbusuffocates production, but after
a certain large size of buffer, any further incee@s buffer size does not offer any
significant advantage towards improvement of pragitg, instead it merely adds to
longer project schedules.

For projects with very low RAR, there seems no nieeduffers. Here, produc-
tivity remains almost unaffected for all buffer &@s and IWIiP buffer sizes. The low
production rate and long schedule ensures thapritject is able to self-stabilize it-
self. RAR is a key factor in deciding the impacthoiffers. Also, when the RAR is
fixed, productivity degradation due to variabiliigllows a fixed pattern. In practice
this indicates that project performance can beipted more reliably once we fix the
RAR. So ideally, larger projects should progresa &ster rate with a large labour
and smaller projects should progress with a slaats with less labour. It would be
meaningless to put a lot of labour in a small prognd very less labour in a large
project — both situations inefficient in their owgspect. For the same production rate,
productivity levels are lower for higher variabjlitFor a given variability, a higher
production rate will yield more productivity effemcy, and for a given single produc-
tion rate, a lower variability will provide morefigient production.

This nature of productivity due to the interconmeecinteraction of variability,
production rate, and production amount is very darafed and developing general-
ized empirical relations relating productivity aodffer sizes is very difficult for eve-
ry possible situation. Even though this study pomtla large amount of synthetic
data, only simple quantitative and qualitative tieles are easily drawn out from the
results obtained. An even more greatly involvedlgtis definitely required to arrive
at concrete relations, which can be directly usegite for construction projects.

CONCLUSION

The productivity vs. buffer size relation appeassbe a “balance problem”. Very
small buffer sizes result in low productivity andylin sensitivity of production to-
wards variability. But beyond a certain buffer sideere is no significant advantage
in mitigating productivity loss due to variabilithlthough, buffers are in general use-
ful for protecting system performance — the improeats in productivity are within
boundaries. We found these trends very clearly. él@w in fast moving and large
scale projects, variability does not have thatdaaghegative impact as otherwise
cause the projects have very fast rate or ample time schedule to bounce back to
the right schedule.

After the simulation experiments in this seminade&ch considering many fac-
tors, we realize that the relationship between petdity and buffer size is best ex-
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plained by non-linear power functions. Through Hert large-scale studies, we can
better understand the relations of productivityrmather project parameters to have
better manage buffers on-site in an effective way.
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