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THE PUNCH LINE

Surgery 2005  Checklists

Aviation 1940  Standard Procedure Flying

Manufac. 1920 Taylorism
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INVENTION OF STANDARD 
PROCEDURE FLYING

In 1935, B-17 bomber 
prototype testing

Plane “too complex for 
one man to fly.” 

Solution = Checklists 
(1937)
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Feature—Evolution of HSR

The checklist—a tool for error management and
performance improvement

Brigette M. Hales MSca,*, Peter J. Pronovost MD, PhDb

aDepartment of Medicine, Sunnybrook Health Sciences Centre, Toronto, ON, Canada M4N 3M5
bDepartments of Anesthesiology and Critical Care, Surgery, and Health Policy and Management, Center for Innovation in
Quality Patient Care, Johns Hopkins University and Health System, Baltimore, MD 21231, USA

Abstract Levels of cognitive function are often compromised with increasing levels of stress and

fatigue, as is often the norm in certain complex, high-intensity fields of work. Aviation, aeronautics, and
product manufacturing have come to rely heavily on checklists to aid in reducing human error. The
checklist is an important tool in error management across all these fields, contributing significantly to

reductions in the risk of costly mistakes and improving overall outcomes. Such benefits also translate to
improving the delivery of patient care. Despite demonstrated benefits of checklists in medicine and
critical care, the integration of checklists into practice has not been as rapid and widespread as with other

fields. This narrative is a guide to the evolution of medical and critical care checklists, and a discussion
of the barriers and risks to the implementation of checklists.
D 2006 Elsevier Inc. All rights reserved.

1. Introduction

Human error is inevitable—particularly under stressful
conditions [1,2]. It has been demonstrated that levels of
cognitive function are compromised as stress and fatigue
levels increase [3], as is often the norm in certain complex,
high-intensity fields of work. This can lead to increased errors
in judgment, decreased compliance with standard proce-
dures, and decreased proficiency. Areas such as aviation,
aeronautics, and product manufacturing, in which safety and
precision are paramount in accurate service delivery, have
come to rely heavily on simple tools to aid in reducing human
error. An important tool in error management across all of
these fields is the checklist, a key instrument in reducing the
risk of costly mistakes and improving overall outcomes.

A checklist is typically a list of action items or criteria
arranged in a systematic manner, allowing the user to
record the presence/absence of the individual items listed to
ensure that all are considered or completed. A sound
checklist highlights the essential criteria that should be
considered in a particular area. Checklists can differ from
other cognitive aids or protocols in that they lie somewhere
in between an informal cognitive aid, such as a Post-It note
or a string around your finger, and a protocol, which
typically entails mandatory items for completion to lead the
user to a predetermined outcome. Checklists can provide
guidance to a user and act as verification (a bcheckQ) after
completion of a task, without necessarily leading users to a
specific conclusion.

Checklists can have several objectives, including memory
recall, standardization and regulation of processes or
methodologies, providing a framework for evaluations or
as a diagnostic tool [4]. However, regardless of the nature of
the checklist, the principal purpose of their implementation is

0883-9441/$ – see front matter D 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.jcrc.2006.06.002
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three innovations in 
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4Tuesday, May 7, 13



STANDARD 
PROCEDURE 

FLYING HAS 3 
PARTS
Checklists

Standard Procedures

Flying-by-the Numbers

5

A P P R O V E D  B - 1 7 F  a n d  G  C H E C K L I S T

BEFORE STARTI NG
1. Pilo t 's Preflight -COMPLETE
2. Form 1A  .CHECKED
3. Cont rols and Seats-CHECKED
4. F u el Transfer Valves & Swit ch- OFF
5. Int ercoolers- Cold
6. G yr o s-  UNCAGED
7. Fuel Shot-off Switches O P E N
8. G e a r  Switch-  NEUTRAL
9 C o w l  F lap s- Op en  Right

OPEN LEFT- Locked
10 T u r b o - O F F
11. I d l e  cut-oft- CHECKED
12. Throt t les CLOSED
13. H ig h  RPM-CHECKED
14. A ut op ilo t - OFF
15. De- icers and Anti- icers. Wing and

Prop O F F
16. C ab in  Heat  O F F

R E V I S E D  3 - 1 . 4 4

PILOT'S DUTIES IN  RED

COPILOT'S DUTIES IN BLACK

E N G I N E  R U N - U P
1. B rakes- Locked
2. T r im T ab s-  SET
3. Exercise Turbos and  P,aps
4 C h eck Generators CHECKED & OFF
5 R u n  u p  Engines

B EF OR E T A K E O F F
1. Tailwheel- Locked
2. G yr o -  Set
3. Gen erat o rs- ON

AFTER T A K E O F F
1, W h e e l -  PILOT'S SIGNAL
2, Po wer  Reduction
3. C o wl  Flaps
4 W h e e l  C heck- OK  r ig h t - OK  LEFT

B EF OR E L A N D I N G
1. R ad io  Call, A lt imet er- SET
2 C r e w  Posit ions- OK
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STANDARD PROCEDURE FLYING = A 
FUNDAMENTAL NEW TECHNOLOGY
Procedures provide:

Repeatability, uniformity of outcomes
Teaching novices; MUCH faster than apprenticeship
Learning - can experiment with different procedures
Knowledge Transfer - distant bases use the same methods

Checklists: a simple way to (re-)enforce procedures
Fly by numbers: Best performance

  US AAF trained 200,000 pilots in WW II; 200 hours to combat
Checklist trained pilot inferior to expert pilots
But Luftwaffe + IJN required years to train expert pilots

6
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WHO ELSE USES PROCEDURES?

Manufacturing,  F. Taylor

Aviation, 1940s

Surgery, 2010?

Anesthesia?

Accounting?

Teaching?
7
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STD PROCEDURE FLYING 
TODAY

Source = Boeing, Transition to new B737 SOP, January 2006
8
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ADOPTION:
RESISTANCE FROM EXPERTS

Standard Procedure Flying redefined “good flying”

“You may be a famous fighter pilot, Mr. Schroeder, but you are lousy at 
instrument flying.” (American lieutenant talking to German 100 ace, 1956)

Seemed to devalue expertise and experience

“The book’s way” replaces “my way.” 

Many refused to make the switch. (St. Exupéry) 
   Barnstormers put to work doing primary training in the U.S. 

9
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ADOPTION:
CULTURE WARS

US Army Air Force - strategic bombers (1944)

US Army Air Force - tactical air force (1950)

US Navy (1965)

British Royal Air Force (1960s)

German Air Force (1955)

10
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WHY STRATEGIC BOMBERS?
11
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EXTREME PRECISION = 
SURVIVE

“Rejoin” through 15000 feet of clouds over the base. Midair collision?

 Lemay: “If there is anything that is necessary on a bomb run it is that there be no evasive action.  

Too many command pilots have their own special ways of taking over on the bomb run. ... . 

The lead plane must fly straight and level. What you must do on the bomb run is to let the 

bombardiers and the Nordens take over.”

12
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HARRY CROSBY:
A WING AND A PRAYER13
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OTHER PILOTS DIDN’T SWITCH

US fighters: Flying down Market Street in a 
P-38

US Navy: Battle of Midway

British: Memorize “drills of cockpit actions”

Germans: “It was the morally firm and 
mentally agile man that decides a battle.” 

US Navy transition to jets: 85% casualties
14
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THIS TRANSITION WON’T BE 
EASY FOR MEDICAL CARE!
Expert pilots who don’t follow procedure are better than newcomers who do!

Aviation overcame resistance by:

Newcomers who refused to comply got killed

Classical experts eventually got killed (Germany), or rotated home (US)

Military commands from senior commanders: 1945 Curtis Lemay, 1960s 
Navy leadership

Commercial aviation grew fast post-WW2, FAA and companies gradually 
weeded out pilots who did not keep up.

15
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TODAY’S AGENDA

Aviation: Technology = ability to control the world

Parallels among diverse industries

Why a “stages” theory?

Why evolve:  Science has better (management) properties

16
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KARMARKAR’S CHALLENGE

17
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HYPOTHESES 
ABOUT ART =>SCIENCE

1.All technologies/industries sit between pure art, and pure science

Manufacturing, law, retailing, pro sports, primary education, military....

2. All* important industries/technologies tend to move toward science

3.Range between art and science breaks into discrete categories (stages)

4.Stage determines how to manage; how well it can be managed

Predictability/conformance quality; scalability/transferability/ramp-
up; training & people progress; forms of knowledge; how to learn

5.Knowing the stage has normative, descriptive, and predictive value.

  * Industry must have competition  
18
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STAGE DETERMINES PERFORMANCE 

More predictable: 
schedule

More reliable: safety

Cheaper: Non-fuel 
Operating cost per seat-
mile

More scalable: Flights/
year

More capacity: bigger !
19
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FROM ART TO SCIENCE: 
 FIVE STAGES OF CONTROL

1.1920s Heroic Flying                         Pure sensorimotor skill + experience

2.1930s Rules + Instruments  Flying  Rules of thumb

3.1940s Standard Procedure Flying   SOPs+ Checklists + Numbers

4.1960s Automated Flying               Equations  +  electronics  ➟ Feedback

5.1980s Computer Integration       Digital sensors + r t Optimization 

20
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FROM ART TO 
1917 Sopwith camel = Seat of the pants

2006 Global Hawk = Autonomous 
flight

Pilots = ultimate decision-makers

Pilots changed in concert with stage

21
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TECHNOLOGY EVOLUTION + 
KNOWLEDGE

Radical versus incremental innovation Abernathy,  Mowery, Teece, Nathan 
Rosenberg 1982, Richard Rosenberg, Nelson & Winter; 

Looking “inside the black box”  Mokyr, Rosenberg, Adler & Clark, Jaikumar 
& Bohn, Lapré & Nembhard

 History of manufacturing:  Taylor and Scientific Management    Aitken, 
Kanigel, ... 

Types of knowledge: Propositional/prescriptive; Know-why/Know how; 
Tacit/explicit...  Polanyi 1967; Edmondson, Winslow, Bohmer, Pisano

22
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Control 5: 
Computer 

Integration

MIMO 
Optimize; 
contingent

Control 4: 
Automation

SISO 
Feedback

Control 3: 
Standard 

Procedures

Procedure
s

Control 2: 
Rules + 

Instrument
s

Rules

Control 1: 
Heroic

S k i l l s /
i n t u i t i o n

S k i l l s /
i n t u i t i o n

Stage 1: 
Ignorance

2: 
Awareness 

of Xi

3: Measure 
Xi

4: Local 
gradient 
∂Y/∂Xi

5: Science 
equations 

(nonlinear)

6: Multivar 
causal 
system

Stage of Process C
ontrol

S t a g e  o f  C a u s a l  K n o w l e d g e

Knowledge/ Control Method Matrix

23
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1. CRAFT FLYING (1903-1930)

24
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CRAFT = DECISION MAKING USING TACIT KNOWLEDGE

Experts act in ways they can’t explain verbally. 

Motor skills, sensory-motor skills are obvious examples.  Sometimes 
can rationalize ex post, but decisions made too fast to have gone 
through that logical reasoning.

Tacit knowledge taught by practice, apprenticeship  

Medical residents, co-pilots, student teacher, sonar technicians  

Managers! 

Case method teaching = simulation of real-world decision making

Management still has large craft elements
25
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HEROIC FLYING:
 LEARN BY DOING OR DYING

French taught flying with the 
instructor on the ground.

Series of 5 graduated aircraft

Nobody understood stalls, much 
less spins. 

26
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 WHAT IS CRAFT? 
EXAMPLE: DEAD-RECKONING 

Flying in bad weather without 
getting lost

Compass (inaccurate) + clock + 
airspeed + altimeter (inaccurate)

Air speed + wind = ground speed

No radio = no wind estimate

Two methods: Fly along a road 
X
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2. RULES +INSTRUMENTS 
SUPPLANTED CRAFT

The artificial horizon  solved the insoluble
   “blind flying” problem.

New explicit knowledge:

How to build the instruments

Rules for using them

When to ignore them

28
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MANY CRAFT EXPERTS 
AVOIDED THE NEW SYSTEM

[The] mechanistic version of flying ran directly counter to the prevailing 
mythology of flight that good pilots were born, not made. ...  but a series of 
events beginning with Charles Lindbergh's famous transatlantic flight 
gradually overcame professional pilots' resistance to the new rule-based 
method of blind flying. ....
Habituation was necessary because the central problem in blind flying was 
one of faith. Pilots had to learn to believe in their instruments rather than 
themselves. [Emphasis added, Conway 2006]
Spatial disorientation still kills pilots today (Graveyard spiral: John F. 
Kennedy, Jr.)

29
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LEARNING BY APPRENTICESHIP

After a thunderstorm, Copilot 
Gann is told to land the plane by 
himself - with a broken artificial 

horizon. (~1934) 

“We will now learn what it’s like to make real 

approach without an artificial horizon  …. 

Now concentrate. Forget I’m here.” 

Then as we start the turn for the final 

descent, which is always the most 

complicated and demanding in 

accuracy,  ...

Surgeon Gawande’s second try at inserting a 

central line ( ~1995)

 I stabbed the needle in too shallow and then too deep. ... I tried 

one angle after another. Nothing worked. Then, for one brief 

moment, I got a flash of blood in the syringe, indicating I was 

in the vein. ... But ... when I pulled it free I dislodged the needle 

from the vein. The patient began bleeding into her chest wall. 

After an X ray showed that I had not injured her lung, he had 

had me try again on the other side with a whole new kit. I still 

missed, however, and before I turned the patient into a 

pincushion he took over. 30
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5. OPTIMIZATION - THE 
HIGHEST STAGE (SO FAR)

Automation on steroids - many variables, many equations

Impossible before microprocessors

Solve for better solutions, not just adequate ones

What altitude? Optimal flight trajectory. Tradeoff fuel, speed, turbulence

31
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CFIT:SIGHTSEEING  IN 
Navigation: Flight program in the 
computer had been changed without 
informing pilot

New path flew over Mt. Erebus (12,400 
feet)

Pilots thought they were over McMurdo 
Sound, could not see water due to clouds

They descended to 1500 feet....  
32
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SOLUTION: LOOK-AHEAD 
GPS for location + height map of N. America = pseudo-contour 

map

X
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FINELY DIFFERENTIATED 
WARNING TECHNOLOGY

7  Decision rule groups. Highly situation dependent eg one is just 
for landing

Multiple sensors

Multiple displays and conditional messages: 

normal status Altitude 100 feet during landing

Warning messages: Sinkrate + yellow light

Emergency messages: Pull up! Pull up! + red light
X
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ALGORITHM IMPROVEMENTS

0

1

2

3

4

1996 1998 2000 2003

False ground proximity warnings 

Source: Honeywell, Nuisance_Warnings_Reduction.pdf. 

Based on analysis of 2.3M flights

Terrain Awareness 12-5

Closure rate detection curves are the most difficult of the classic GPWS algorithms to design. Tall
buildings, towers, trees, and rock escarpments in the area of final approach can cause sharp spikes in the
computed closure rate. Modern Mode 2 algorithms employ complex filtering of the computed rate, with
varying dynamic response dependent upon phase of flight and aircraft configuration. The Mode 2
detection algorithm is also modified by specific problem areas by using latitude, longitude, heading, and
selected runway course — a technique in the EGPWS termed “Envelope Modulation.” 

Landing configuration closure rate warnings are termed Mode 2B; cruise and approach configurations
are termed Mode 2A. Figure 12.3 illustrates some of the various Mode 2A curves, including the original
first Mode 2 curve, the current standard air transport Mode 2A “Terrain-Terrain-Pull-Up” warning
curve, and the DO-161A nominal Mode 2A warning requirement. Note that the Class B TSO C151
EGPWS does not use a radio altimeter and therefore has no Mode 2. 

12.3.3 Mode 3 — Accelerating Flight Path Back
into the Terrain after Take-off

Mode 3 (Figure 12.4) is active from liftoff until a safe altitude is reached. This mode warns for failure to
continue to gain altitude. The original Mode 3, still specified in DO-161A as Mode 3A, produced warnings
for any negative sinkrate after take-off until 700 ft of ground clearance was reached. The mode has since
been redesigned (designated 3B in DO-161A) to allow short-term sink after take-off but detect a trend
to a lack of climb situation. The voice callout for Mode 3 is “Don’t Sink.” This take-off mode now remains
active until a time-integrated ground clearance value is exceeded; thus allowing for a longer protection
time with low-altitude noise abatement maneuvering before climb-out. 

Altitude loss is computed by either sampling and differentiating altitude MSL or integrating altitude
rate during loss of altitude. Because a loss is being measured, the altitude can be a corrected or uncorrected
pressure altitude, or an inertial or GPS height. Typical Mode 3 curves are linear, with warnings for an
8-ft loss at 30 ft AGL, increasing to a 143-ft loss at 1500 ft AGL.

FIGURE 12.3 Mode 2 curves.
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Source:  8438ch12.pdf  Terrain Awareness p 12-5
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NOW USE FLIGHT 
MANAGEMENT SYSTEMS  

4-dimensional control: fly to Lat, Long, Altitude, at Time 14:22:30

Flight Management Systems incorporates  economics

Adding fuel consumption /cost calculation with many levels of 
sophistication

Going to international flight: much wider range of temperatures, altitudes 
affect optimum

In-flight automatic updating, as actual weather/performance deviate from 
X

37Tuesday, May 7, 13



GLASS COCKPIT + 
SUPERVISORY 

CONTROL
The aircraft flies itself; the pilot monitors, and 

stands ready to override.

Pilots are also needed for situations that are outside 
the design parameters of the system. Example: 

impossible mechanical failures like double-engine 
failure, DC-10 crash

Many issues of human/machine interaction;how to 
34
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FROM ART TO SCIENCE: 
 FIVE STAGES OF CONTROL

1.1920s Heroic Flying                         Pure sensorimotor skill + experience

2.1930s Rules + Instruments  Flying  Rules of thumb

3.1940s Standard Procedure Flying   SOPs+ Checklists + Numbers

4.1960s Automated Flying               Equations  +  electronics  ➟ Feedback

5.1980s Computer Integration       Digital sensors + r t Optimization 

35
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36

WHAT CHANGES WITH 
TECHNOLOGICAL PROGRESS?

Craft/Art Engineering Science

Tacit knowledge Knowledge = Equations + Code

Idiosyncratic methods Procedures + Algorithms

Random result Predictable, uniform

Control by people Computerized

Learn by apprenticeship Replicate by software
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MANAGEMENT METHODS SHIFT

Type of workers

Managerial control eg 
supervision

Training:   Apprenticeship 
�University education
    ��Build software

Productivity, quality, 
  reliability, rework...

Capabilities
37
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X

 

 English 
System  

American 
System 

Taylor  
System 

 Statistical 
Process 
Control  

Numerical 
Control 
(CNC) 

 
CIM/ FMS 

Year 1810  1860 1928 (1900) 1950  1976  1987 
# of People  40 150  300  300  100  30 
Productivity 
Increase  

 4:1  3:1  3:1  3:2  3:1  3:1  

 Number of 
Products  ∞  3  10  15  100  ∞  

Worker 
Skills 
Required 

Mechani
cal craft Repetitive Repetitive Diagnostic 

 
Experime

ntal 

Learn/ 
generalize/ 

abstract 

N
at

ur
e 

o f
 W

o r
k 

 Control of 
Work 

 
Inspecti

on of 
work 

 Tight 
supervisio
n of work 

Loose of 
work/ tight 
contingenc

ies 

 Loose of 
contingenc

ies 

 No 
supervisio
n of work 

 No 
supervision 

of 
work 

 Process 
Focus 

 
Accurac

y 

Precision: 
Repeatabili

ty 
(machines) 

 Precision: 
Reproducibi
lity 
(processes) 

 Precision: 
Stability 

(over time) 

 
Adaptabil

ity 

 Versatility 

 Focus of 
Control 

 Product 
functiona
lity 

 Product 
conforman

ce 

 Process 
conforman

ce 

 Process 
capability 

Product/ 
process 
integration 

 Process 
intelligence 

T
e c

hn
o l

o g
y  

K
e y

s  

 Instrument 
of Control 

Microme
ter 

Go/No-Go 
gauges 

 Stop 
watch 

 Control 
chart 

Electronic 
gauges 

Professional 
workstation 

 

*CHANGING NATURE OF WORK
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OTHER EXAMPLES OF ART ↔ 
SCIENCE

Semiconductor manufacturing - recipe for next generation chips

Harrah’s Casino - PhD statistician as CEO

Amazon and Google - continuous experiments on page design

Product development - how predict its behavior before it’s built?

Military - counter-insurgency in a new country 

38
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4

Reducing Process Errors Reduces Risk 

of Wrong Site Surgery

Defects 

in the 

Process

Process

Risk

Wrong

Site

Surgery

Booking Errors

Verification Errors

Distractions/Rushing

Inconsistent Site Marking

No Safety Culture

Time Out Errors

Sc
he

du
lin

g

Pr
e-

op
/H

ol
di

ng

To reduce the risk of wrong site surgery, all potential errors 

must be identified from scheduling to the operating room.

Wrong site surgeries are relatively rare events and, therefore, are difficult to study.  Research has shown that there is usually no one root cause of failure. Instead, such 

events are frequently the result of a cascade of small errors that are able to penetrate organizational defenses.  In his 1997 book “Managing the Risks of Organizational 

Accidents,” James Reason presents the Swiss Cheese Model of Defenses as a conceptual framework for studying and preventing unwanted outcomes.  Organizations 

design multiple layers of defenses—represented by the slices of the Swiss cheese—to protect against accidents and sentinel events.  Defenses are imperfect, and 

accidents happen when errors and weaknesses align.  It is important to examine the failures in an organization’s defenses to fully understand the event and reduce the 

risk of future failures.   The organizations that participated in the Center’s Wrong Site Surgery project focused on finding and reducing weaknesses in the perioperative 

process from scheduling to incision in an operative case.

O
pe

ra
tin

g 
R

oo
m

Sa
fe

ty
 P

ra
ct

ic
es

an
d 

Pr
oc

ed
ur

es
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Control 5: 
Computer 

Integration

MIMO 
Optimize; 
contingent

Control 4: 
Automation

SISO 
Feedback

Control 3: 
Standard 

Procedures

Procedure
s

Control 2: 
Rules + 

Instrument
s

Rules

Control 1: 
Craft

S k i l l s /
i n t u i t i o n

S k i l l s /
i n t u i t i o n

Stage 1: 
Ignorance

2: 
Awareness 

of Xi

3: Measure 
Xi

4: Local 
gradient 
∂Y/∂Xi

5: Science 
equations 

(nonlinear)

6: Multivar 
causal 
system

Stage of D
ecision M

aking

S t a g e  o f  C a u s a l  K n o w l e d g e

Knowledge/ Decision Method Matrix

40
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FLIGHT ENGINEER ↔ 
MARKETING MANAGER
AIRPLANE ↔ BUSINESS

 Flight engineer:

Monitor systems

Adjust activities

Respond to status questions

Juggle priorities

1980s operations 1980s marketing

Monitor job 
progress

Monitor market 
activity

Coordinate 
incoming supplies, 

workers

Coordinate sales 
pitches

Schedule delivery 
dates Adjust ad placement

Report problems, 
delays

Status Report to 
higher levels

X
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KNOWLEDGE AND METHODS 
NEVER REACH PURE SCIENCE

Perfection never reached

Horizontal extensions: more things that go wrong

Vertical extensions: better control, higher performance under normal 
conditions. 

Better engines

Better navigation - now achieved through GPS + good software

41
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UNUSUAL FLYING 
42
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WHY IS SURGERY BEHIND 
MANUFACTURING & AVIATION?

Art is superior, and antithetical?

Adoption lags?

Not exposed to competition (based on safety/outcomes/cost)?

Lack of underlying knowledge

Standard procedure flying: analysis of processes & errors

Computer integratd flying: enough knowledge for feedforward control
43
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NEW REQUIREMENTS ➯ 
REGRESS STAGE

Airline industry keeps adding new 
requirements

Passenger comfort; on-time

Noise abatement

Pollution?

Trans-ocean, stratosphere, N. 
Pole 

  Each creates new control needs

All industries face new challenges

New product requirements

New regulations

New outside technology 
opportunities

Competition forces novelty
44
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SUMMARY

Technologies (including businesses) proceed through five stages of control 
(possibly more)

Each stage required new knowledge

Each stage gave better performance 

Each stage required new control methods & concepts to take advantage of 
new abilities

Move back toward art when conditions change
45
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COMMENTS & DISCUSSION
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Better Engines

Aerodynamics

Materials (Wood, Al, better Al)

Controlling the aircraft (flying)

(Control central to all technology: tolerances limit 
capability, and control determines tolerances.)

FLYING: TECHNOLOGY AS 
CONTROL

47
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MODEL KNOWLEDGE AS 

Axiom: Core of technological knowledge
 is knowledge about causality 
(in human- created systems)

Directed acyclic graph 
Judea Pearl: causal reasoning

Arrow = flow of causality (conditional probability; function)

Both variables  (nodes) & relationships (arcs) are knowledge
Systems of structural equations: X4 = f(X2, X3 ,X15)

As more learned, known causal graph grows

Differences from Bayesian networks: 
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737 COCKPIT 
SHOTS - 

SHOWING 
Before the “glass cockpit” era
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FLYING: PURE 
CRAFT TO 
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Fig. 10 Cockpit instrument growth. Fixed wing, single seat 
f igh ter  t ype  a i rcraf t  
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Fig. 11 Maximum speed of single seat aircraft w i t h  date of  
entry into service 

spent looking within the cockpit will reduce his chances o~ 
making a safe landing. Thus, a HUD can be of immense 
benefit in some, otherwise, marginal situations. In addition, 
the HUD has another advantage that its collimated image 
bestows. Since the image is presented at infinity, it is Less 
affected by vibration than conventional head-down 
instruments, as Fig. 14 so obviously shows. Despite its 
obvious advantages, the current HUDs have the serious 
shortcoming of an inadequate view. Only a small part of  the 
outside world can be seen through the HUD 'porthole' .  This 
results in HUD clutter which could be reduced if a larger 
field of  view could be provided. 

Despite the potential advantages of  CRT displays, and 
other electronic displays such as LEDs (light emitting diodes), 
LCDs (liquid crystal displays), plasma panels, etc, there is 
the danger that their full value will not be realised. The 
tendency to try to put too much information on the display 
is strong and must be countered by good ergonomics 
guidance. 

Since man is effectively a single channel device, albeit one 
that time shares, there is little to be gained by trying to 
present him simultaneously with all of  the information he 
needs throughout the entire flight. He can only process a 
relatively small amount of  it at any instant, even when 
working at peak capacity. Under periods of extreme stress 
his processing rate may be even further reduced and a 
surfeit of signals will in no way help him to return to his 
previous higher processing rate. This excess of signal 
presentation is already occurring with some instruments 
such as HUDs, hehnet mounted sights and displays. 

The helmet mounted display (HMD) could be described 
as the ultimate development of  the helmet mounted sight 
which itself comes mid-way between the HUD and HMD. 
The helmet mounted sight consists of a boresight with a 
limited amount of extra information added to it. The device 
is collimated and provides a simple display in front of the 
operator's eye. Figs. 15 and 16 show a typical helmet 
mounted sight and an example of  the clear presentation 
that might be produced in front of one of the eyes of  the 
pilot. It is designed to improve man's ability to aim weapons 
or sensors at potential targets by merely looking in the 
target's direction; sensors within the cockpit detect the 

Alternatively, information may be superimposed on the 
real world outside by using a head-up display (HUD). In 
this display the CRT image is projected onto a screen in 
front of the pilot and collimated, so that he sees the 
information 'outside' the cockpit at infinity. (See Fig. 14.) 
This enables him to maintain his view of the outside world 
without having to spend time to look 'head-down' and 
search for information from the conventional panel mounted 
instruments. The HUD is particularly useful when, for 
example, approaching a runway in fog where the pilot 
needs to keep his eyes skinned. In this situation, the pilot 
has little time to see and to recognise the runway and then 
to decide whether it is safe to at tempt a landing. Any time 

Fig. 12 Typical  check list, i l lust rat ing the versat i l i ty  of  the 
CRT display 
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Cockpit complexity: how much the 
pilot has to monitor and control
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