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What is Lean?

* \Waste elimination?

* A collection of practices (e.g., kanban)?
* A philosophy?

* A science?
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Science of Flows

Definition: A flow is a sequence of processes and stockpoints
(also called a “line” or a “routing”).
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Science of Flows
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1. Bottleneck Rate (r.): Rate of the work station with highest
utilization, which defines capacity of system

2. Raw Process Time (T;): Sum of the average process times of
each station in the line, which defines lower bound on cycle time

3. Critical WIP (W, =r, x T,): Minimum amount of WIP required
for line to operate at full capacity.



Capability Curve — Throughput
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i
Practical Worst Case Benchmark MICIGAN

Definition (Practical Worst Case): If the following
conditions hold:

1. Single-machine stations
2. Balanced line
3. Moderately high variability in process times

Then, the throughput for a given WIP level is given by

wip___
W, +WIP -1

THPWC =

where W, is the critical WIP.
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Benchmarking Example —

HAL, Inc.

Large Panel Line: produces unpopulated printed circuit boards

Recent Performance:
— Throughput = 1,400 panels per day (71.8 panels/hr)
— WIP =47,600 panels
— Cycle Time = 34 days
— Service = 75% on-time delivery

Is HAL lean?




HAL - Large Panel Line Processes

Lamination (Cores): press copper and prepreg into core blanks
Machining: trim cores to size

Internal Circuitize: etch circuitry into copper of cores

Optical Test and Repair (Internal): scan panels optically for defects
Lamination (Composites): press cores into multiple layer boards
External Circuitize: etch circuitry into copper on outside of composites
Optical Test and Repair (External): scan composites optically for defects
Drilling: holes to provide connections between layers

Copper Plate: deposits copper in holes to establish connections

Procoat: apply plastic coating to protect boards
Sizing: cut panels into boards
End of Line Test: final electrical test




Layout of the Large Panel Line
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HAL Capacity Data

Process Rate (p/hr) Time (hr)
Lamination 191.5 4.7
% Machining 186.2 0.5 @]
B || mteral Circuitize 114.0 3.6 A
% Optical Test/Repair - Int 150.5 1.0 HE
% Lamination — Composites 158.7 2.0 g
% External Circuitize 159.9 4.3 @
% Optical Test/Repair - Ext 150.5 1.0 =
Drilling 185.9 10.2 E]
% Copper Plate 136.4 1.0 @
% Procoat 117.3 4.1 HE
Sizing 126.5 1.1 TF
ﬁ EOL Test 169.5 0.5 %
b, To 114.0 33.9
Capacity: r, = 114 panels/day
Raw Process Time: T, =33.9 hours

Critical WIP: W,=r,T,=114 x 33.9 = 3,869 panels



		Process

		Rate (p/hr)

		Time (hr)



		Lamination

		191.5

		4.7



		Machining

		186.2

		0.5



		Internal Circuitize

		114.0

		3.6



		Optical Test/Repair - Int

		150.5

		1.0



		Lamination – Composites

		158.7

		2.0



		External Circuitize

		159.9

		4.3



		Optical Test/Repair - Ext

		150.5

		1.0



		Drilling

		185.9

		10.2



		Copper Plate

		136.4

		1.0



		Procoat

		117.3

		4.1



		Sizing

		126.5

		1.1



		EOL Test

		169.5

		0.5



		rb, T0

		114.0

		33.9






HAL Case - PWC Comparison

TH Resulting from PWC with WIP = 47,6007

w 47,600

TH = r, =
w+ W, —1 47,600 + 3,869 —1

114 =105.4

Much higher than actual TH of 71.8!

System is not lean because of excess inventory




HAL Internal Benchmarking
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Benchmarking Example —

HAL Procoat

* Procoat Process: coats panels with plastic coating

 Recent Performance:
— WIP around 1500 panels
— Throughput 1150 panels/day
— Desired capacity of 3000 panels/day
— Outside vendor being used to make up slack

Is Procoat lean?



HAL Procoat — Layout

Loader Clean Coat 1 Coat 2 Unloader
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HAL Procoat —
Capacity Calculations

(M|
MICHIGAN

Process Std Dev

orLoad Process Conveyor Number

Machine| Time Time Trip Time of Setup Rate Time

Name (min) (min) (min) Machines MTTF MTTR Avail Time (p/day) (min)
Clean1 0.33 0 15 1 80 4 0.95 0 3377 36.5
Coat1 0.33 0 15 1 80 4 0.95 0 3377 36.5
Coat2 0.33 0 15 1 80 4 0.95 0 3377 36.5
Expose 103 67 - 5 300 0 0.97 15 2879 121.9
Develop 0.33 0 2.67 1 300 3 0.99 0 3510 22.7
Inspect 0.5 0.5 - 2 - 1.00 0 4680 0.5
Bake 0.33 0 100 1 300 3 0.99 0 3510 121.0
Mi 161 64 - 8 - 1.00 0 3488 161.0
Touchup 9 0 - 1 - 1.00 0 7800 9.0
2879 545.7

Capacity: r, = 2,879 panels/day

Raw Process Time:

Critical WIP:

T, =546 min =0.47 days

W, =r,T,=1,343 panels
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		Batch Size		60
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HAL Procoat — Benchmarking

TH Resulting from PWC with WIP = 1,500:

W 1500
w+W,-1" 1500+1343 -1

TH 2,879 =1520

Much higher than actual TH of 1,150!

System is not lean because of insufficient capacity




HAL Procoat Case — Internal

Benchmarking Outcome
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Cause of Performance Degradation? |

Variability!

Variability

Suppliers Inventory Capacity Inventory Customers

Time
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Variability

* Definition (Variability): Variability is anything that causes
the system to depart from regular, predictable behavior.

May be consequence

of manufacturing
* Sources of Variability: practices

— machine failures — workpace variation
- setups — differential skill levels
— material shortages — material handling
— vyield loss — demand fluctuations
- rework — engineering change orders
— operator unavailability — product variety
™~ May be consequence

of business strategy



Variability and Queueing

Queue Time
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Queueing Theory

Principle (Queueing): At a single station with no limit on the
number of entities that can queue up, the waiting time due to
queueing Is given by:.

U
Ti =V X X T
Queue Time (1 — U)

< 7

where V = variability factor, U = utilization, T = average process
time for an entity at the station.

22



Variability Buffering

Principle (Variability Buffering): Variability in a
production or supply chain system will be buffered by come
combination of inventory, capacity and time.

Excess Inventory

Excess Inventory

Variability Reduction

Excess Delay
Capacity Time

Excess Delay
Capacity Time



Variability Buffering Examples

* Pens: variable demand Excess Inventory
— can’t buffer with time (backorder a pen?)
— can’t buffer with capacity (too slow/expensive
— must buffer with excess inventory

« Ambulance Service: variable demand/service
— can’t buffer with inventory (service system)
— can’t buffer with time (violates objectives) Excess Delay
— must buffer with excess capacity Capacity Time

« Organ Transplants: variable supply/demand
— can’t buffer with WIP (perishable)
— can’t buffer with capacity (ethically anyway)
— must buffer with delay time



The Factory Physics Prism
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Definition of Lean

Definition (Lean): Production of goods and services is lean if it
is accomplished with minimal buffering costs

Implication: lean involves variability reduction
and buffer optimization

Bejects wa Stes Ineficlent

& Defects Transporation



Toyota Improvement Cycle

. . Substitute
Eliminate . Reduce
. capacity for Reduce
direct . capacity
inventory variability
waste buffers
buffers

Phase 0: Phase 1: Phase 2: Phase 3:
Direct line supply “Two-shifting” Kanban 3-shift operations
Lean layout TQM

Best practices TPM, etc.



HAL Procoat Case




HAL Procoat — Layout

Loader Clean Coat 1 Coat 2 Unloader
IN— [F — | | — | | —| |— 0O
Touchup
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HAL Procoat — Capacity Data
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MICHIGAN

Process Std Dev

orLoad Process Conveyor Number

Machine| Time Time Trip Time of Setup Rate Time

Name (min) (min) (min) Machines MTTF MTTR Avail Time (p/day) (min)
Clean1 0.33 0 15 1 80 4 0.95 0 3377 36.5
Coat1 0.33 0 15 1 80 4 0.95 0 3377 36.5
Coat2 0.33 0 15 1 80 4 0.95 0 3377 36.5
Expose 103 67 - 5 300 0 0.97 15 2879 121.9
Develop 0.33 0 2.67 1 300 3 0.99 0 3510 22.7
Inspect 0.5 0.5 - 2 - 1.00 0 4680 0.5
Bake 0.33 0 100 1 300 3 0.99 0 3510 121.0
Mi 161 64 - 8 - 1.00 0 3488 161.0
Touchup 9 0 - 1 - 1.00 0 7800 9.0
2879 545.7

Current throughput = 1150 panels/day

Expose is bottleneck, but is underutilized (U = 1150/2879 = 40%)

Coater is starving Expose (variability bottleneck?)
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The Factory Physics Prism

=iFactoryPhysicsms

* Increase bottleneck capacity: break spelling at Expose

 Reduce bottleneck process variability: training at Expose

* Reduce arrival variability at bottleneck: field ready Coater parts



HAL Procoat — OQOutcome
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Applying Lean to Health Care

 Emergency Department Overcrowding
— High utilization
— High variability in arrivals and treatment

— Long waits (4-5 hour average, much longer for low priority
patients)

 Improvement Options
— Increase capacity (expensive)
— Reduce variability

33



Arrival Variability Reduction

About Contact Facebook Twitter

| | OUiCkER i mi;-c-n.rk?

Hold My Place in Line Now

Choase where andwhen to avoidthe line St. Mary Medical Center : : Hold My Place
Hobart, IN - Next time: 5:00 am - More Info »

“Fast Pass” for Emergency Departments



Arrival Variability Reduction

DNMC always there.

DETRUIT MEDICAL CENTER

ABOUT DMC PATIENT SERVICES PHYSICIAN SERVICES MEDICAL LIBRARY SERVICE LINES DMC HOSPITALS

America’s Best
E.R. Docs are
always there.

Home | Site Map ' Email | Printer-friendhy

DMC ER Current Wait Times TExTsze A- A+
Scroll Over a Stopwatch to Find Each Hospital on the Map Search this site

M @ @ M &

CHILDREN S HOSPITAL DEI'ROIT RECENING- DMC SURGERY HI.IRON \.I".ALLE‘Ir SINAL SINAI—GRACE
OSPITAL SPITAL FIND YOUR

DMC Specialist

Posting wait times so patients who can “smooth” will
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Process Variability Reduction —

Virtual Streaming of Patients

Conventional “pooling” protocol

/ Arrival Triage
o Metrics:
= Ea ) W I N ——
‘f '-'_'—é‘i EE‘# P)‘% __> 3332222 > _ . Tlme tO f|rSt
TEE LEEE L | g s treatment (TTFT) for
- g Admit (A) patients
New “virtual streaming” protocol Length of stay (LOS)
e for Discharge (D)
e | patients

Note: ESI-2 patients are medically higher priority than ESI-3 patients



Benefits of Virtual Streaming

Improvements (hrs)
over Current Pooling Practice

|
Virtual Streaming (Phys. = (3,5), Beds=(22,38])
|

1.01

nt (hrs)
g

Improveme

0.20

ol PLITS
0.00 V_l
0.20

TIFT(24) TTFT (34) LOS (20) LOS (3D)

Results
e TTFT for ESI-2 A patients (2A) gets 6 min worse, but gets 60 min better for 3A patients
e LOS of ESI-2 D patients (2D) gets 2 min better and gets 88 min better for 3D patients
Reasons
* Virtual Streaming reduces waiting variability by dividing capacity between streams
* Physicians within streams can standardize policies (job shop/flow shop analogy)
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Conclusions

* There is an underlying science to lean — the science of
flows

« Capability curve analysis provides a form of internal
benchmarking

« Variability and utilization combine to cause delay

« The factory physics prism provides a framework for
applying lean to a wide range of systems

Q-
~~
/
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