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Firm
s com

pete on delivered value

Delivered value of a process = 
benefit driven by custom

er value – total process cost

Introduction to O
perations M

anagem
ent
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Strategic Trade-offs, Efficient Frontier, Inhibitors

•
W

aste – The consum
ption of inputs and resources that 

do not add value to the custom
er.

•
Variability – Predictable or unpredictable changes in 
the dem

and or the supply process. 
•

Inflexibility – The inability to adjust to either changes in 
the supply process or changes in custom

er dem
and.

Process Analysis and Im
provem

ent
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Process Flow
 D

iagram
 and Little’s LawLittle’s Law

Inventory = Flow
 rate * Flow

 tim
e 

I = R * T 
Inventory = I
Flow

 Rate = R
Flow

 Tim
e = T

Process Flow
 Diagram
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Process Analysis and Bottlenecks

Bottleneck – Resource w
ith 

the low
est capacity in a 

process. Understanding the 
location of the bottleneck is 
critical for im

proving a 
process. 

Process Analysis and Im
provem

ent
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Process Im
provem

ent

Strategies to im
prove:

•
Off-load the bottleneck

•
Balance the line

Pros and Cons of Specialization

Forecasting
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Forecasting



Inventory M
anagem

ent
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Introduction to Inventory

Raw
 m

aterial 
W

ork-in-process (W
IP) 

Finished goods 

Inventory M
anagem

ent
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EO
Q

 M
odel – constant dem

and w
ith non-perishable inventory

Inventory M
anagem

ent
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New
svendor M

odel

Inventory M
anagem

ent
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RO
P for Frequent O

rders

Safety stock = z*σ*√L

 RO
P = D*L + z*σ*√L

Length of the Q
ueue
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Tim
e to Serve Custom

ers

•Tim
e to serve the person arriving at tim

e 𝑇
=

𝑇
×

𝐷
𝑒𝑚

𝑎𝑛𝑑
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

−
1

 

•Tim
e to serve the 𝑄

th  person in the queue
=

𝑄
Capacity
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Average W
aiting Tim

e

•Tw
o factors that determ

ine average w
ait:

1.
Ratio of dem

and to capacity: Dem
and/Capacity

2.
Duration of the busy period
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Average tim
e to serve a unit=

12
×

𝑇
×

𝐷
𝑒𝑚

𝑎𝑛𝑑
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

−
1

 

M
anaging Peak Dem

and: Capacity

Adjusting Capacity?
•Pre-processing strategy – reducing the am

ount of w
ork 

needed to process a custom
er during the peak tim

e period by 
m

oving som
e of the w

ork to an off-peak tim
e.

If each custom
er requires less w

ork during the peak tim
e, the 

person’s capacity to serve custom
ers during that tim

e is 
increased.
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The Arrival and Service Processes

•Arrival process – the flow
 of custom

ers arriving to the 
system

. 
•Service process – the flow

 of custom
ers w

hen they are being 
served.

•Interarrival tim
e – the tim

e betw
een custom

ers arrivals to a 
system

. 
•Processing tim

e – the tim
e a custom

er spends w
ith a server. 
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Variation in the Arrival and Service Processes

•Coefficient of variation – the ratio of the standard deviation 
to the average. 
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In general,the coefficient of variation of the arrival process is defined as

𝐶𝑉𝑎
=

𝑆tandard deviation of arrival process
𝑎

 
 

and the coefficient of variation of the service process is definted as

𝐶𝑉𝑝
=

Standard deviation of service process
𝑝

 

A Q
ueuing M

odel w
ith a Single Server

•
Q

ueuing m
odel – an abstract representation of the queue that enables us to 

predict w
aiting tim

es and other perform
ance m

easures.
•

M
any different m

odels
•

In the An-ser exam
ple:

Novem
ber 7, 2024
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Predicting Tim
e in Q

ueue, Tq; Tim
e in Service; 

and Total Tim
e in the System

Given the queuing m
odel in previous slide, the average tim

e a custom
er w

aits in 
the queue is: 

Let’s use the above equation to estim
ate the average w

ait for custom
ers at the An-

ser call center in the hour betw
een 1 a.m

. and 2 a.m
.: 
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The Key Drivers of W
aiting Tim

e 

•Processing tim
e – capacity factor of the server.

•p is the processing tim
e

•Utilization Factor

•Variability Factor 
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ber 7, 2024
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Predicting the N
um

ber of Custom
ers W

aiting 
and in Service 
Iq  is the average num

ber of custom
ers w

aiting and Ip  is the average num
ber 

of custom
ers in service. As these are “inventories,” w

e can apply Little’s Law
 

to evaluate them
: 

If the tim
e w

aiting in the queue, Tq , increases, then the num
ber of people in 

the queue increases as w
ell. The average num

ber of people in service, Ip , is 
the sam

e as the utilization of the server: if the server is busy 80 percent of 
the tim

e, then 80 percent of the tim
e there is one person in service! 
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U
tilization, the N

um
ber of Servers, and Stable 

Q
ueues

•Using the An-ser exam
ple:

•
The capacity of each server is 1/p. The capacity of the call center w

ith m
 servers is m

 
tim

es the capacity of a single server, or m
/p. Hence, the utilization of the servers is:

Utilization
=

Flow
 rate

Capacity
=

1/𝑎
𝑚

/𝑝
=

𝑝
𝑎 ×

 𝑚

•
If An-ser has six agents, then their utilization is:

Utilization
=

𝑝
𝑎 ×

 𝑚
=

120
25 ×

 6
=

0.80
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U
nstable Q

ueue

Unstable queue – a 
queuing system

 in 
w

hich the dem
and 

rate exceeds capacity.
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Stable Q
ueue

Stable queue – a 
queuing system

 in 
w

hich the dem
and 

rate is less than 
capacity. 
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Predicting W
aiting Tim

e in Q
ueue, Tq

The equation for the average w
aiting tim

e in queue is sim
ilar to the analogous 

equation in the queuing m
odel w

ith a single server:
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Predicting Average N
um

ber in System

U
se Little’s Law

 to evaluate the average num
ber of w

aiting custom
ers: 

and the num
ber of custom

ers in service: 

These form
ulas are identical to the ones used for the single-server queue. 
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Q
ueuing System

 Design—
Econom

ies of Scale 
and Pooling 
Three key drivers of tim

e in queue of the m
ultiple-server:

1.
Capacity factor:

2.
The Utilization factor:

3.
The Variability factor:
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The Pow
er of Pooling

Econom
ies of scale – 

As the num
ber of 

servers increases, the 
system

 is m
ore 

resilient to high 
utilization (w

ait tim
e 

is less sensitive to 
high utilization) 
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W
hat is Lean O

perations?

•
Toyota Production System

 (TPS) – a 
fram

ew
ork used to run operations 

w
ith the goal of reducing both the 

w
aste of capacity (resources) and the 

w
aste of flow

 tim
e (flow

 units), 
thereby m

aking sure supply and 
dem

and are m
atched just in tim

e.
•

Lean O
perations: the term

 ‘Lean’ 
coined by Jam

es W
om

ack, it reflects 
TPS’s goal to elim

inate the w
aste from

 
the system

.
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Seven Sources of 
Production W

aste
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ber 19, 2024

Professor Grant
5

W
aiting 

(idle tim
e)

OverproductionInventory
Transport Overprocessing or 

incorrect processing

Rew
ork

Unnecessary m
otions 

and m
ovem

ents

W
hat is W

asted Tim
e?

•W
aste of tim

e at a resource – the w
aste of tim

e from
 

the perspective of a resource, w
hich reduces the 

capacity of the resource.

•W
aste of tim

e of a flow
 unit – the w

aste of tim
e from

 
the perspective of a flow

 unit, w
hich m

akes the flow
 

tim
e of that flow

 unit longer than w
hat is needed from

 
the custom

er’s perspective. 
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W
asting tim

e of a resource: 
W

hat are the types of w
ork?

•Non-value-added w
ork – does not add 

value in the eyes of the custom
er, but m

ust 
be done under the current conditions of 
the process in order to com

plete a unit. 

•Value-added w
ork –operations valued by 

the custom
er because they are required to 

transform
 the flow

 unit from
 its inputs to 

being the output the custom
er w

ants.
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Process 
1

Process 
2

Process 
3

O
EE

O
verall Equipm

ent Effectiveness (O
EE) – the percentage of total 

available tim
e that is used in a w

ay that adds value to the custom
er.
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Value-added percentage

Novem
ber 19, 2024

Professor Grant
12

The percentage of flow
 tim

e used for value-added w
ork.

Note: The m
easure focuses on tim

e of a 
flow

 unit (flow
 tim

e) w
hereas OEE focuses 

on resource tim
e. (of a resource)

The Architecture of the Toyota Production 
System

: 4Ps
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P
hilosophy

P
rocesses

P
eople

P
roblem

 solving

A long-term
 

approach that 
favors quality and 
capabilities over 
short-term

 financial 
goals

Continuous process 
flow

s that m
atch 

supply w
ith 

dem
and, aim

ing to 
reduce w

astage of 
flow

 tim
e and 

capacity

Respectful 
interactions w

ith 
em

ployees and 
partners 
em

phasizing skill 
developm

ent and 
grow

th

O
ngoing 

im
provem

ent of 
the operations 
leveraging the 
experience of the 
front-line 
em

ployees

Im
provem

ent M
ethods

•Kaizen – the process of m
aking sm

all changes to 
the process w

ith the goal of elim
inating w

aste.
•Just-in-tim

e (JIT) Production – supplying a unit 
of dem

and w
hen and w

here it is needed, thus 
avoiding unnecessary inventory. 
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TPS Pillar 1: Single-U
nit Flow

 &
 Just-in-Tim

e 
Production
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•
Run like the tortoise, not the hare – an ancient fable used by 
Ohno to illustrate that a steady and even pace (the tortoise) 
w

ins over a pace that is uneven across tim
e (the hare) 

•
Single-unit flow

 – operate at a flow
 of one unit at a tim

e from
 

one resource to the next instead of operating based on transfer 
batches. That is, no batching is allow

ed. W
hile batching m

ay 
save the setup tim

es but m
oves supply out of sync w

ith 
dem

and.
•

By sm
ooth and even flow, create balance (w

ith no idle tim
e) 

and m
atch supply w

ith dem
and

vs.

Key flow
 concept: sm

ooth and continuous flow
 that m

atches supply w
ith 

dem
and – the process produces the right m

aterials in the right am
ounts at the 

right tim
e (Just-in-tim

e).



TPS Pillar 1: Single-U
nit Flow

 &
 Just-in-Tim

e 
Production
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•
Im

plem
enting a pull system

•
Transferring units' piece by piece (no transport batching)

•
Operating on takt tim

e
•

Leveling the dem
and rate so that the takt tim

e does not constantly 
change and providing the flexibility in the process to produce 
different variants of a product. 

Achieving sm
ooth single-unit flow

 
requires som

e changes in the process. 

•
Pull system

 – the resource furthest dow
nstream

 (closest to the m
arket) is paced 

by m
arket dem

and. In addition to its ow
n production, it also relays the dem

and 
inform

ation to the next station upstream
, thus ensuring that the upstream

 
resource also is paced by dem

and. It is an operating system
 in w

hich the 
production of a unit is only initiated w

hen a dem
and occurs.

•
To im

plem
ent a pull system

, tw
o form

s of process control:
•

Kanban – production and inventory control system
 in w

hich production instructions and parts 
delivery instructions are triggered by consum

ption of parts dow
nstream

. 
•

M
ake-to-order – the release of w

ork into a system
 only w

hen a custom
er order has been 

received for that unit.
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Professor Grant
18

Pull system

Com
puting Takt tim

e &
 Determ

ine a Level 
Production Schedule 
The rate of process flow

 ought to be dictated by dem
and. The dem

and 
tim

e is translated to a takt tim
e, setting the rhythm

 for the process. 
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TPS Pillar 2: Expose Problem
s &

 Solve Them
 

W
hen They O

ccur
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Professor Grant
25

Process circles to address 
quality problem

s

1.Detect Q
uality Problem

s 
2.Analyze Root Cause 
3.Avoid recurrence

TPS Pillar 2: Expose Problem
s &

 Solve Them
 

W
hen They O

ccur
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•
Jidoka: Upon detection of a problem

, shutting dow
n the 

m
achine to force a hum

an intervention, w
hich in turn triggers 

process im
provem

ent.
•

Detect-stop-alert – the philosophy of halting production 
w

hen a quality problem
 is discovered.

•
Andon – a system

 consisting of a visible board and a cord 
running adjacent to the assem

bly line. Any em
ployee 

detecting a problem
 can pull the cord to stop the line. 

•
Inform

ation turnaround tim
e (ITAT) – the tim

e betw
een 

creating a defect and receiving the feedback about the 
defect.

Andon exam
ple:

Andon – a system
 consisting of a 

visible board and a cord running 
adjacent to the assem

bly line. Any 
em

ployee detecting a problem
 can 

pull the cord to stop the line. 
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Inform
ation turnaround tim

e 

Inform
ation turnaround tim

e (ITAT) – the tim
e betw

een creating a 
defect and receiving the feedback about the defect
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TPS Pillar 2: Expose Problem
s &

 Solve Them
 

W
hen They O

ccur
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•
Kaizen: stands for continuous im

provem
ent, the process of 

m
aking sm

all changes to the process w
ith the goal of 

elim
inating w

aste. 
•

Genchi genbutsu – gather firsthand inform
ation from

 the situation by 
going and observing the situation yourself, collecting data, and 
analyzing the data. An im

portant philosophy behind kaizen.

•
Poka-yoke – foolproofing an operation to avoid the recurrence 
of defects.
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Types of Variability (G
oogle Searches)
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W
ilm

ette

Gas

Dom
inos

InherentExternal

PredictableUnpredictable

Variation exists everyw
here. Defects are 

driven by variability
•

Natural variation (com
m

on cause 
variation) – occurs in a process as result 
of pure random

ness 
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•
Assignable cause variation – occurs because 
of a specific change in input or in 
environm

ental variables. 
•

Undesirable, and avoidable, so w
e need 

to identify and elim
inate the cause(s) for 

this type of variation

16 fl oz
16 fl oz

in-control
Do not react!

Investigate!!
Out-of-control

Q
uality Fram

ew
ork

Novem
ber 21, 2024

Professor Grant

11

Process
x1x2x3x4x5x6

y
1

y
2

y
m

Input Variables:
variables in a 
process that are 
under the control 
of m

anagem
ent. 

O
utput Variables:

m
easures 

describing the 
quality of the 
output of the 
process. 

Environm
ental variables

Statistical process control (SPC) – a 
fram

ew
ork in operations m

anagem
ent built 

around the em
pirical m

easurem
ent and the 

statistical analysis of input, environm
ental 

and outcom
e variables. 

Abnorm
al – a variation is abnorm

al if is not 
behaving in line w

ith past data; this allow
s 

us to conclude that w
e are dealing w

ith an 
assignable cause variation and are not 
facing random

ness in the form
 of com

m
on 

cause variation. 



The Statistical Process Control Fram
ew

ork

•Set of specifications – a set of rules 
that determ

ine if the outcom
e 

variable of a unit is defective or not.
•Root cause – a root cause for a 

defect is a change in an input or an 
environm

ental variable that initiated 
a defect.

•Robust – the ability of a process to 
tolerate changes in input and 
environm

ental variables w
ithout 

causing the outcom
es to be 

defective.
Novem

ber 21, 2024
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Specification Lim
its

•
Low

er specification lim
it (LSL) – the sm

allest outcom
e value that does not trigger a defective 

unit.
•

Upper specification lim
it (USL) – the largest outcom

e value that does not trigger a defective unit.
•

Specification w
idth – USL - LSL
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•
USL = 80.000

•
LSL = 79.900

•
Specification W

idth = 80.000 - 79.900 = 0.1

Process Capability Index

Process capability index – the ratio betw
een the w

idth of the 
specification interval of the outcom

e variable and the variation in the 
outcom

e variable (m
easured by six tim

es its estim
ated standard 

deviation). 
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Capability Analysis
•

Six-sigm
a program

 – a process 
that has 6 standard deviations on 
either side of the m

ean and the 
specification lim

it.
•

Defect probability – the 
statistical probability w

ith w
hich 

a random
ly chosen flow

 unit does 
not m

eet specifications.
•

Parts per m
illion – the expected 

num
ber of defective parts in a 

random
 sam

ple of one m
illion.

•
Target Variation – the largest 
am

ount of variation in a process 
that does not exceed a given 
defect probability. 
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x
C

p
P{defect}

ppm

1 
0.33 

0.317 
317,000

2 
0.67 

0.0455 
45,500

3 
1.00 

0.0027 
2,700

4 
1.33 

0.0001 
63

5 
1.67 

0.0000006 
0,6

6 
2.00 

2x10
-9 

0,00

Control Chart
•

Provides a visual representation 
of variation in the process.

•
Track process param

eter over 
tim

e
   - m

ean
   - percentage defects

•
 Distinguish betw

een
   - com

m
on cause variation 

      (w
ithin control lim

its)
   - assignable cause variation 
      (outside control lim

its)
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•
Low

er control lim
it (LCL) – a line in a control chart that provides the sm

allest value 
that is still acceptable w

ithout being labeled an abnorm
al variation.

•
Upper control lim

it (UCL) – a line in a control chart that provides the largest value 
that is still acceptable w

ithout being labeled an abnorm
al variation.

Conform
ance Analysis 

X-bar-bar – The average of X-bars. 
A long-run center line w

hich is the 
average across all points
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…
Here, w

e have 25 sam
ples, 

each sam
ple is of size 5 

(n = 5 observations per sam
ple)

•
Standard deviation for all parts (across the 25 
sam

ples) given as 0.017846

•
Estim

ated Standard Deviation of X-bar:
•

ESD = Standard deviation / √n
•

ESD = 0.017846 / √5 = 0.007981



X-bar Control Chart

•
If any sam

ple is out of the control lim
its, then conclude the process is out of control.

•
Also look for patterns to detect a behavior that m

ay result in the process being out of control.
•

Patterns to look for:
•

Is there a trend (upw
ard or dow

nw
ard)?

•
Is there a long sequence of points above (or below

) the center line?
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Investigating Assignable Causes 

•Defect occurrence reflects som
e abnorm

al variation in the outcom
e 

variable. 
•

Result of abnorm
al variation in input or environm

ental variable
•Control Chart w

ill alert that an assignable cause variation has 
occurred.

•
Look for w

hat input or environm
ental variables led to this result – investigate 

the root cause for the abnorm
al variation.

•
How

?
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Fishbone/Ishikaw
a/Cause-effect diagram
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Pareto diagram
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Investigating Assignable Causes: W
hy

Five W
hys – a brainstorm

ing technique that helps em
ployees 

to find the root cause of a problem
, in order to avoid stopping 

too early and not having found the real root cause. 

W
hy did this happen?

W
as a potential cause the true root cause? W

as it a sym
ptom

? 
1.

By asking “W
hy” five tim

es, w
e can get to the underlying root cause 

as opposed to just dealing w
ith the sym

ptom
s of the problem

s.
2.

W
e can observe the responsible or root cause of the problem

.
Novem

ber 21, 2024
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H
ow

 to Elim
inate Assignable Causes and 

M
ake the Process M

ore Robust

•
Early w

arning signs on input and 
environm

ental variables: 
There typically exists som

e lag tim
e 

betw
een the occurrence of a 

variation. At this point, an alert w
ould 

be placed providing for earlier 
intervention to the root cause of the 
variation.
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•
O

verengineering
M

ake the process so that it can do w
ell, 

even under exceptional conditions.

Source: https://productdesignm
anagem

ent.com
/over-engineering/ •

Foolproofing: 
Change the w

ork in such a w
ay 

that the operator cannot 
com

plete the task if a m
istake 

has been m
ade. The side benefit 

provides the operator feedback, 
thus reducing the likelihood of 
future reoccurrence of defective 
outputs. 

O
verengineering

Foolproofing
Early w

arning signs on input 
and environm

ental variables



Tw
o (sim

ilar) Fram
ew

orks for M
anaging 

Q
uality

Som
e com

m
onalities:

•
Avoid defects by keeping variation out of the process 

•
If there is variation, create an alarm

 and trigger process im
provem

ent actions
•

The process is never perfect – you keep on repeating these cycles
Novem

ber 21, 2024
Professor Grant
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Andon cord

Ishikaw
a Diagram

Build-in quality

Toyota Production System
Six Sigm

a System


