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1.0 Introduction

This project report is a detailed case study on the development and use of a query based
UML modeling tool. Throughout the last decade, UML along with its derivative, SysML
have been used throughout the software and engineering communities to model system
level architectures for various systems and subsystems. UML/SysML was designed to
provide simple but powerful constructs for modeling a wide range of systems engineering
problems. It is particularly effective in specifying requirements, structure, behavior, and
allocations, and constraints on system properties to support engineering analysis. The
language is intended to support multiple processes and methods such as structured,
object-oriented, and others, but each methodology may impose additional constraints on
how a construct or diagram kind may be used.

As flexible as UML/SysML may be, one of its drawbacks is that it is not very useful in an
interactive dynamic format. Once a UML model is created, it is essentially a static
system model that is little more than a “pretty picture”. It would be greatly beneficial if it
could be queried, and dynamically linked. Querying would enable an engineer to see
how a particular element in a UML model is linked to another element, and also how
changing one would alter the overall model. Currently this capability is lacking.
Although relatively intuitive on small systems, the ability to query and dynamically link
various UML models is of huge consequence on large and complex projects. This case
study looks at a software algorithm model, the UML Query and Link Analysis Tool
(UQLAT), for querying and dynamically linking UML models. Much of this work is
done by me as part of an Independent Research and Development (IRAD) effort for my
company, Raytheon. As a result of this, I am not allowed to disclose the actual algorithm
or screenshots of the querying tool. However, this case study will discuss the data
structure, general algorithm logic, and results of sample queries and dynamic links for a
particular system.

For this case study, in addition to the UQLAT, a full Verification and Validation analysis
was conducted on a hydraulic crane. The case study includes a full system architecture
development, including use cases, scenario development, requirements generation,
verification of the system, and finally validation using the UQLAT.



1.1 Scope

This case study focuses on the operational sequencing of an all-terrain hydraulic crane,
using positive (nominal) and negative (off-nominal) use cases to model overall system
behavior. The systems architecture describes crane operation across five distinct phases:

Pre-Start Initiation

Handling and Attaching the Load
Lifting the Load

Maneuvering the Load

Ending Lift

These five phases describe the entire operational lifecycle of a stationary crane. This
case study has chosen the route of using nominal and off-nominal use cases to describe
overall system architecture’. Nominal and off-nominal use cases are described using
activity diagrams in the Higraph style. Nominal use cases describe the crane system as it
is intended to operate during a particular phase, whereas the off-nominal use cases
describe how a nominal operation can be negatively affected, leading to either serious
injury or fatality. To arrive at the off-nominal use cases, a separate failure analysis was
conducted. The outcome of this failure analysis was the development of off-nominal use
cases. There can theoretically be hundreds of off-nominal use cases. However to keep
this case study manageable, only the most pertinent off-nominal use cases were included.
Each nominal use case was matched up to no more than 3 off-nominal use cases for
brevity.

Finally, only the nominal and off-nominal use cases presented in this case study are
analyzed using UQLAT.

! Reference 2



1.2 Assumptions

The analysis conducted for this report considers the hydraulic all-terrain mobile crane
system commonly used at various construction sites. The analysis is kept at a general
level without reference to a particular model.

Furthermore, the following conditions were used to bind and constrain the analysis of the
crane system for this report:

- Crane Type: Only all-terrain mobile cranes are considered for this report.
Crawlers, tower-cranes, floating platform cranes, derricks, lattice-structure cranes
and truck-based “non-outrigger” cranes are not covered by the analysis in this
report.

- Risk: Only safety-related risks are evaluated and analyzed for the failure analysis
when developing off-nominal use cases. Safety related risks are injury and
fatality. Mission assurance risk, financial risk, and any other non-safety risks are
not evaluated in this report.

- Operation: Only stationary crane operations are considered for this report. There
are additional crane safety requirements and conditions that exist for cranes when
in motion. However these requirements are beyond the scope of this report.

- Analysis Extent: The level of analysis for this case study is constrained at the
operational level. In other words, only the operational system architecture is
studied here. The various lower level mechanical, software, and electrical
functions are not discussed, unless there is a direct bearing on the operational
phases.




1.3 System Description

Hydraulic cranes are very simple by design but can perform monumental tasks that would
otherwise seem impossible. In a matter of minutes, these machines can raise multi-ton
bridge beams on highways, heavy equipment in factories and even lift beachfront houses
onto pilings. The hydraulic crane is based on a simple concept -- the transmission of
forces from point to point through a fluid. Most hydraulic machines use some sort of
incompressible fluid, a fluid that is at its maximum density. Oil is the most commonly
used incompressible fluid for hydraulic machines, including hydraulic cranes. In a simple
hydraulic system, when a piston pushes down on the oil, the oil transmits all of the
original force to another piston, which is driven up.

A hydraulic pump creates the pressure that moves the pistons. Pressure in a hydraulic
system is created by one of two types of hydraulic pumps: the variable-displacement
pump, and the gear pump. Most hydraulic truck cranes use two-gear pumps that have a
pair of inter-meshing gears to pressurize the hydraulic oil. When pressure needs to
increase, the operator pushes the foot throttle to run the pump faster. In a gear pump, the
only way to get high pressure is to run the engine at full power.

For this case study, a representative hydraulic crane model was chosen for comparative
analysis. The model chosen was the 200 ton-capacity Link-Belt ATC 3200 hydraulic
truck crane®. This crane uses a 388 in® diesel engine that generates up to 184 horsepower.
The engine is connected to three two-gear pumps, including:

e Main pump - This pump operates the piston rod that raises and lowers the boom,
as well as the hydraulic telescoping sections that extend the boom. The main
pump is able to generate 170.7 gpm of pressure. It generates more pressure than
the other two pumps because it is responsible for moving much more weight.

« Pilot pressure counterweight pump - A hydraulic truck crane uses counterweights
on the back of the cab to keep it from tipping over. These are added and removed
by a hydraulic lift that has its own pump. The counterweight gear pump can
generate 1,400 psi.

e Steering/outrigger pump - One pump controls the steering and the outriggers. The
outriggers are used to stabilize the truck during lifting operations. Because
steering and outrigger operation are not performed simultaneously, they run off of
the same pump. This pump generates 1,600 psi.

Some basic parts of a hydraulic truck crane include:

e Boom - The large arm mainly responsible for lifting

o Counterweights - Multi-ton weights placed on the back of the cab to prevent the
crane from tipping during lifts

o Jib - Lattice structure that extends out of the boom

« Outriggers - Supports that keep the crane balanced

o Rotex gear - Large gear under the cab that allows the boom to be rotated

2 Appendix B



o Boom Level Indicator - Array of lights located in the cab just above the operator's
eye level; flashes if crane's lifting limits are reached
e Reinforced-steel cable

e Hook
e Clutch
e Joystick

The most recognizable part of any crane is the boom. This is the steel arm of the crane
that holds the load. Rising up from just behind the operator's cab, the boom is the
essential piece of a crane, allowing the machine to raise loads to heights of several dozen
feet.

Reinforced-steel cable lines run from a winch just behind the operator's cab, extending up
and over the boom and jib. The lines run up the boom and jib and attach to a metal ball
that keeps the lines pulled taut when no load is attached to the hook.

To maneuver the load, the boom has to be able to move right and left, as well as up and
down. Underneath the operator's cab is a Rotex gear on a turntable bearing that turns at
1.5 revolutions per minute (rpm). It is driven by a bidirectional, hydraulic motor mounted
on the cab and housed in a metal cover to prevent injuries. The rotation is controlled by a
foot-operated, hydraulic pedal in the cab.

Hydraulic truck cranes are used to lift heavy loads to tall heights, and it's important that
the truck be completely stable during the lifting operation. The tires don't offer the
necessary stability needed, so the truck employs outriggers that act as balances to keep
the crane from leaning too much to one side or the other. The outriggers use hydraulics to
lift the entire truck, tires and all, off the ground. The outriggers are comprised of the
beam, which is the leg of the outrigger, and the pad, which is the foot. Sometimes,
"floats™ or “load distribution blocks” are placed under the pad to dissipate the force of the
crane and the load over concrete or pavement. Floats are usually wood planks that are
lined up to create a base that is larger than the pad itself.

The Link-Belt ATC 3200 hydraulic truck crane has two basic types of controls for
maneuvering a load:

o Joysticks - There are two joysticks in the cab. One controls left-to-right
movement of the boom, and the other controls forward and aft movement.

o Foot pedals - These pedals are responsible for retracting and extending the
telescoping sections of the boom. They also control the amount of pressure being
generated by the pump.

Joy sticks and foot pedals are connected to hydraulic hoses that connect various hydraulic
rams to spool valves. The spool valve is connected to the hydraulic pump via a third hose
that is placed between the two hoses that run from the spool valve to the hydraulic ram.
When a joystick is pushed in one direction, it causes the valve to shut off one of the



hydraulic hoses leading to the ram and open the other. Which way the joystick is pushed
determines whether the piston in the hydraulic ram slides inward or out.

Prior to any lift, the operator enters data into a computer known as the boom level
indicator located inside the cab, including the weight of the object to be lifted and the
height to which it is to be lifted. This computer serves as the operator's backup, warning
the operator if the crane is being pushed beyond its capability. Using a binder of load
rating charts in the cab, the operator also determines the angle of lift and the radius of the
boom. Once all of this is entered, the computer can track the progress of the lift and warn
the driver if the crane is nearing its limitations. If the boom is lifted too high for the load
amount, a series of lights and audible alerts just above the inside of the front window will
begin to light up.

There are at least two other people needed to perform a lift properly, including the oiler
and the signalman. These two people along with any other construction crew involved
with the construction process comprise the “ground personnel”. The oiler is responsible
for making sure that all of the crane's parts are in place and secured prior to any lift. He or
she also acts as a spotter during a lift to ensure that the lift is being performed properly.
The signalman, as the name suggests, gives hand signals to the operator during the lift to
make sure the load is being maneuvered correctly.



2.0

System Architecture

The operational sequence of a crane consists of five distinct phases that are conducted in
order. Each of these five phases, in turn have many steps and actions that need to be
completed. The proper sequencing of actions are:

1.

2.

3.

4.

5.

Phase 1 Initiate pre-start inspection: these are a set of instructions and checklists
that a crane operator must ensure are in place before turning on the engine
Phase 2 Handle and attach the load: this phase includes the placement and
positioning of the load onto the crane hook

Phase 3 Lift the load: this phase is the actual raising of the crane boom with the
load fully attached (vertical movement)

Phase 4 Maneuver the load: this phase is when the load is cleared for horizontal
movement, and any subsequent vertical movements

Phase 5 End lifting: this phase includes the lowering of a load, and all post
landing operations

Initiate Pre- R Handle & _ Lift the Load R Maneuver the R End Lifting
Start Inspection ”| Attach the Load » ”| Load >
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5

Fig. 1 Crane Operational Phase



2.1 Inheritance View Diagram

The inheritance view shows a detailed view of the attributes and functions of the crane

system. The attributes and functions are split between the main system and the

subsystem of the crane.

CRANE MAIN SYSTEM

ATTRIBUTES FUMCTIONS
Boom Length H ook Strength Pre-Start Initiation
Counterweight Clutch Integrity Handle and Atach
Rotex Gear Strength Joystick M ovement Lift

Jib Length Wl aneuver
Outrigger Integrity End Lit

Boom Level Indicator Integrity

Cable Strength

CRANE SUBSYSTEM

ATTRIBUTES FUMCTIONS
Guard | ntegrity Drum Integrity Pre-Start Initiation
Turrtakle Mowvement M ation Contral Movetn ent Handle and Attach
Tire Pressure Hydraulic Pump Pressure Litt

Hydraulic Cylinder Leakage M aneuver
Hydraulic Fitter Integrity End Litt

Fig. 2 Inheritance View Diagram
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2.2 Class Diagram

The class diagram depicts the overall structural breakdown of the crane along with its subsystems. Each
subsystem is shown with its major function.

Fig.3 Crane Class Diagram

CRANE
v v v v v v
Boom Counterweight Rotex Gear Boom Level Clutch Joystick
Indicator
Lift () Tipping () Rotation () Load Limit () Brake () Position ()
Support () Balance ()
v
Reinforced Jib
Steel Cable
Lift () Support ()
v v
Hook Outrigger
Attach () Balance ()
Lift () Support ()




2.3 Initial Use Case Diagram

CRANE

ACTOR y| Initiate Pre-Start Inspection

/ ’{ Handle and Attach the Load

| Lift the Load

Crane Operator N

Signalman L

S Maneuver the Load

Oilman L

|

){ End Lifting

Fig.4 Initial Use Case

2.4 Nominal Phase Use Cases

This section describes the nominal use cases for the five operational phases of the crane.
Activity diagrams using the Higraph notation is employed to show the time sequence and
order of the various functions and actions within each phase. The Activity diagrams
describe how a particular phase is supposed to properly execute its operations. The
rectangular boxes are action elements, whereas the rounded boxes are state elements.
Action elements represent events that require user input (ex. pressing a button or typing
in a number). State elements represent events that are an outcome of a particular Action
element. State elements represent conditions, and do not need to be acted upon.
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Use Case 1 - Phase 1: Initiate Pre-Start Inspection

Description: The crane operator goes through a pre-start checklist for safety
Primary Actor: Crane Operator

Pre-Conditions: Crane Operator has access to the crane

T=1
Eramre proper
chechlist

— ¥
Chechlist eramed

Fig. 5 Phase 1 Activity Diagram
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Use Case 2 - Phase 2: Handle and Attach the Load
Description: Load is measured, calibrated and put onto the crane hook
Primary Actor: Crane Operator, Oilman

Pre-Conditions: Pre-Inspection checklist was conducted
T=1 T=12 T=3 T=4
Buare o mrorhdrs Buame crame has Hunme a Ehare anodiig
bad mdiator W marofachmer s W fixctionds load ¥ boom lerel
bad ckatt tudic ator dicator
- . B - ¥ ) r’;r—“\ r‘;r—"\
Workirg load Crame has Finctiming bad Work g boom
indicator I atefachTer’s indicator lerel indicator
load chart.
i, N v, J . .
T=5 ‘ T=5 T=7
Fepectropescable | Bowre lerel Fame periodic
o] before celf-diagpostic of
operatioral ccle the boom lerel
ndicator softanre
Epe/fcatle Lewel gronmd Driggnoeic
Trupected
. L -/

T=9
Irepect e kotrical

1 [ 3 — 14
£k
7

Fig 6 Phase 2 Activity Diagram.
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Use Case 3 — Phase 3: Lift the Load
Description: Crane lifts the load after it has been attached

Primary Actor: Crane Operator
Pre-Conditions:

Pre-Inspection checklist was conducted,
The load has been handled and attached

T=1 T=2 T=3 T=4 T=13
Hunre Ereare ckar Bunme dmamic Ernx e hoom Erere bad ic
avperded lbad s path o AEather effects o lemel mudicator rot rotated
ared k ckar are ihocaatrol iz mrorhig
¥ r L‘ kL 3

- Iy g
Snepetided Clear swing Lraam i Boom lewel Loadrot
bad area clear path e atter effacts Hdic ator rotte d

conrolk d wnrhs
L

.

o

Fig.7 Phase 3 Activity Diagram
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Use Case 4 - Phase 4: Maneuver the Load

Description: Crane moves the load to the desired position

Primary Actor: Crane Operator, Signalman

Pre-Conditions: Pre-Inspection checklist was conducted,
The load has been handled and attached
The load has been lifted successfully

T=1 T=12 T=3 T=4
Restrain axdden Brunare crame Restrain smpty Camy boom
acceleration and drachxe is Tookis live wrifh directio
de caleration 1 maectedagmiet | 1 of moticn
boom and b
Tofation
Sndder Crave sinyhme Empty books Boom camied &
e eleration and prote cted Testraired liwe with
dece kration drection of
Testrafred mation
N, s
T/ T/ T/ T=5
Ergnze clatch
Chich ergnzed
N L
T=6
Bruzage jorpstick
r;’—_\
Torpetich: engnzed

Fig.8 Phase 4 Activity Diagram
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Use Case 5 - Phase 5: End Lifting

Description: Crane lands the load, and lifting is brought to an end.

Primary Actor: Crane Operator, Oilman

Pre-Conditions: Pre-Inspection checklist was conducted,
The load has been handled and attached
The load has been lifted successfully
The load has been maneuvered successfully

T=1 T=12 T=3 T=¢
Lavd arerload | Senme are | Putcontrols duthe .| Sethombes
4 et acciderdal o O orresml -
trame 1 postia
e Ty r It r_"‘ r‘_‘r_‘\
Load latuded Crarwe senmed Cairok mooff o Erabes cet
Tt al positior
. . 0 0 4 . . ¢ S -
@ @ @
¢ Disengnge master
c ek
—
Iffaster chich
dietzazed
. . 00
T=6
a SUp enge
Ergire stopped

Fig.9 Phase 5 Activity Diagram
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25 Off-Nominal Use Cases using Scenario Development

Off-Nominal use cases were developed for the five crane operational phases. The
nominal use cases described in section 2.4 depict the sequence of events that are expected
to occur during the normal execution of a particular phase. It does not factor in
unexpected events, failure events, and other disturbances. However, these events are
important in understanding how a system fails, and consequently lead to fatalities. Off-
Nominal use cases can be developed using Failure Mode and Error Analysis (FMEA)
techniques, and in particular Cause and Effect Hazard Analysis (CEHA). Furthermore,
this design project extends the idea presented by Uchitel, Kramer, and Magee in using
behavior models by using implied scenarios, as well as correlating positive and negative
use cases®. CEHA analysis involves the identification of all possible initiating and
contributory hazards that lead to an adverse event flow leading to harm. For this project,
a separate CEHA analysis was conducted to identify the major failure points and events,
as well as their criticality and consequence levels. These were then combined to form
negative or off-nominal use cases in the form of implied scenarios. That work is beyond
the scope of this report, but the end results of the CEHA is summarized in Table 1. For
each nominal use case, there can be tens of hundreds of off-nominal use cases. However,
to keep this project manageable, only the most pertinent off-nominal use cases are
discussed for each phase. Finally, each nominal use case is matched up to its
corresponding off-nominal use case, by analyzing which off-nominal and nominal use
cases have the strongest cause and effect relationship. Some nominal use cases only have
one off-nominal use case, while others have many. Some off-nominal use cases are also
repeated by other nominal use cases.

It is important to realize that the off-nominal use cases presented in this report are just
few of the possible scenarios that exist for each nominal use case. It is by no means an
exhaustive list. It should be evident that nominal use cases represent the way a system is
intended and expected to work ( a positive), whereas the off-nominal use cases depict the
undesired flow of events (a negative). As described by Uchitel, Kramer, and Magee *,
the use of positive and negative implied scenarios are extremely beneficial in discovering
system weakness and pitfalls when designing a system, that may not be as easily
discovered by simply using UML/SysML or other modeling tools. This in turn, helps one
design a more robust and error proof nominal system architecture.

% Reference 2
* Reference 2

18



Failure # Primary Hazard Definition Contributor Consequence
1 Poor Startup Crane’s inability to | - LTA Training Injury
startup in - LTA Physical
accordance with and Mental
established safety | Coordination
procedures - LTA Procedural
Checklist
2 Forward and backward Crane’s ability to - Crane not Fatality
Instability resist overturning designed with
in the direction shortest allowable
opposite the boom | boom
point while in the - Insufficient
unloaded condition | outrigger structural
integrity
- Imbalanced
weight distribution
on all wheels
- Excessive design
margin between
center of gravity
and the axis of
rotation
3 Boom Hoist Mechanism Boom hoist - Insufficient rope | Fatality
Instability mechanism capacity in the
supports the boom | boom hoist drum
and controls the to cover all
boom angle positions
- Insufficient rope
strength in the
boom hoist drum
- LTA braking
mechanism to
prevent accidental
boom lowering
- Failure of load-
hold check valve
4 Load Hoist Mechanism Load hoist - Load hoist drums | Fatality
Instability mechanism is a with LTA power
hoist drum and - Insufficient
reeving system thermal rating for
used for lifting and | load hoist drum
lowering loads brake and clutch
- Insufficient rope
strength in load
hoist drums
- Lack of anti-
drum rotation
controller
- Lack of anti-
drum rotation
hold-check valve
mechanism
- Improper foot
rest
5 Swing Mechanism The swing - Lack of boom Fatality

Instability

mechanism rotates

support

19




the boom and cab
to position it over
a desired location

- LTA rotational
Brake hold

- Differential
rotational braking

Manual Control Controls include - LTA ergonomics | Fatality
Inaccessibility manual levers, - Lack of neutral
switches, and positions for
buttons that are control levers
used to maneuver - Excessive
and position loading on hand-
various parts of the | levers
crane - Excessive travel
distance on hand
levers
Rope and Cable Slippage | Ropes and cables - LTA design Injury
provide the means | factor for ropes
to hold and carry and cables
loads, as well as - Use of fiber-core
secure various ropes
parts of the boom - Use of rotation
and jib resistant ropes
- Non-smooth
sheave grooves
- Non form-fitting
sheave grooves
- LTA sheave
bearing lubrication
port
Poor Cab Design Cab is the enclosed | - Inadequate Fatality
housing for the protection from the
operator and the weather
control station - Shrouded
visibility from
inside the cab
- Inadequate egress
and ingress
- Exhaust gas
leakage into the
cab
- Improper seating
arrangement
Poor Boom Design Boom is the main | - LTA boom stop Fatality
lifting structure on | structural strength
the crane, and - LTA jib stop

includes the
additional jib
structure

structural strength
- Lack of
automatic boom
hoist shut-off

Table 1 FMEA - Cause and Effect Hazard Analysis
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2.6 Nominal vs. Off-Nominal Use Cases

Off-Nominal Use Case 1
Reference: Failure # 1

Description: The crane operator creates an operational hazard due to poor startup
procedures

LTA LTA LTA LTA
Inadequate Physical Mental Procedural
training coordination coordination checklist
\ 4
Poor Startup

\ 4
Pre-Operational Hazard

Fig. 10 Off-Nominal Use Case 1
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Off-Nominal Use Case 2
Reference: Failure # 2
Description: Forward and backward instability of the crane leads to tipping

Crane not Insufficient Imbalanced Recessive
designed with outrigger weight design margin
shortest structural distribution on between center
allowable boom integrity all wheels of gravity of

crane and the
axis of rotation

A 4
Forward and Backward Instability

\ 4
Loss of Crane Stability or (Tipping)

Fig. 11 Off-Nominal Use Case 2
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Off-Nominal Use Case 3

Reference: Failure # 3
Description: Poor boom and rope conditions lead to loss of boom hoist stability

Insufficient Insufficient Less than Failure of load-
rope capacity in rope strength in adequate (LTA) hold check
the boom hoist the boom hoist braking valve
drum to cover drum mechanism to
all positions prevent
accidental boom
lowering

Y
Boom Hoist Mechanism Instability

\ 4
Loss of Boom Hoist Mechanism Stability

Fig. 12 Off-Nominal Use Case 3
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Off-Nominal Use Case 4

Reference: Failure # 4
Description: Poor drum and rope conditions lead to loss of load hoist stability

Load hoist Insufficient LTA Lack of Lack of anti- Poor
drums with thermal rating rope anti-drum drum rotation foot
LTA power for load hoist strength rotation hold-check rest
drum brake in load controller valve
and clutch hoist mechanism
drums

A 4
Load Hoist Mechanism Instability

\ 4
Loss of Load Hoist Mechanism Stability

Fig. 13 Off-Nominal Use Case 4
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Off-Nominal Use Case 5
Reference: Failure #5

Description: Poor brake hold and boom support lead to erratic swinging

Lack of boom
support

LTA rotational
brake hold

Differential
rotational
braking

A 4

Swing Mechanism Instability

\ 4
Erratic Swinging

Fig. 14 Off-Nominal Use Case 5
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Off-Nominal Use Case 6
Reference: Failure # 6
Description: Poor ergonomics lead to positional errors

LTA Lack of neutral Excessive Excessive travel
ergonomics position for loading on distance on
control levers hand-levers hand-levers

\ 4
Manual Control Inaccessibility

\ 4
Inability to Hold Position

Fig. 15 Off-Nominal Use Case 6
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Off-Nominal Use Case 7

Reference: Failure # 7

Description: Poor rope and cable strength leads to premature lifting and landing

LTA
design
factor for
ropes and
cables

Use of
fiber-
core
ropes

Use of Non- Non-
rotation smooth form
resistant sheave fitting
ropes grooves sheave
grooves

LTA
sheave
bearing
lubrication
port

A 4

Rope and Cable Slippage

A 4

Premature Lifting and Landing of Loads

Fig. 16 Off-Nominal Use Case 7
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Off-Nominal Use Case 8

Reference: Failure # 8

Description: Poor ergonomic and cab design issues lead to operator errors

Inadequate
Protection
from the
weather

Shrouded
visibility
from inside
the cab

Inadequate
egress and
ingress

Exhaust gas
leakage into
the cab

Improper
seating
arrangement

A 4

Poor Cab Design

A 4

Degradation of Operator Coordination

Fig. 17 Off-Nominal Use Case 8
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Off-Nominal Use Case 9
Reference: Failure # 9

Description: Poor boom design leads to boom overturning

LTA boom stop
structural
strength

LTA jib stop Lack of
structural automatic boom
strength hoist shut-off

\ 4
Poor Boom Design

\ 4

Overturning of the Boom

Fig. 18 Off-Nominal Use Case 9

Allocation of Nominal to Off-Nominal Use Cases:

Phase (Nominal)

Failure (Off-Nominal)

1: Initiate Pre-Start Inspection

2: Handle and Attach the Load

3: Lift the Load

4: Maneuver the Load

N
™|©
©

5: End Lifting

Blw|w |-

9
4
5
6

o oo

Table 2 Use Case Allocation
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3.0 Requirements

The requirements generated for this report are done by extensive research of hydraulic cranes. These
operational and design requirements are gathered by researching various crane manufacturing operational
specifications, and design specifications. The requirements presented here are pertinent and applicable to the
five operational phases of a crane. Verification and Validation of these requirements, however, require that a
specific hydraulic crane model be chosen. For the purposes of this report, the Link-Belt ATC 3200 hydraulic
truck crane was chosen. Operational and Design specifications were obtained from the manufacturer °, and a
full requirement verification and validation was conducted for this particular crane model.

3.1 Generation of Crane Operational Requirements

Req. # Main Requirement Derived Requirement
1 To protect against tipping due to excessive 1.1 Utilize only cranes with appropriately designed booms
moment loading
2 To protect against accidental lowering of boom | 2.1 Install new braking system
2.2 Test load-hold valve
2.3 Install load-hold valve
2.4 Test complete braking hydraulic system
2.5 Test braking and valve at the extremes of load and range
3 To prevent backward crane tipping 3.1 Adequate boom structural design
3.2 Install jib stop mechanism
3.3 Install boom hoist shutoff mechanism
4 To prevent buckling of outriggers 4.1 Reinforce weak outriggers with tension cables
5 To prevent crane tilt 5.1 Test crane unloaded before utilizing it with loads on level surface
5.2 Change wheels and tires
5.3 Check suspension system
6 To prevent rope damage 6.1 Ensure enough rope length to support all maximum boom
extensions
7 To prevent accidental load crashing 7.1 Install adequate power supply for drum
7.2 Install new rope
7.3 Install properly thermal rated brakes and clutch
7.4 Ensure adequate ergonomics (foot rest, seating, etc...)
7.5 Install new anti-drum rotation controller
7.6 Install anti-drum rotation mechanism
8 To prevent non-smooth rotation of turntable 8.1 Install rotational brake hold that prevents accidental and
differential braking related movements
9 To permit reliable and smooth physical 9.1 Install or modify cab area for each operator
coordination of the operator in conducting crane | 9.2 Ensure engine exhaust is prevented from entering the cab
operations.
10 To ensure Operator and Ground Personnel can 10.1 Ensure there is a built-in communication channel between the
communicate Crane Operator and Ground Personnel

® Reference 5
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11 To ensure boom structural integrity is 11.1 Protect boom against environmental degradation
maintained 11.2 Ensure monthly inspections on boom structural integrity
11.3 Ensure proper boom coating to protect against corrosion
11.4 Use cranes designed for the proper weather conditions
12 To ensure boom structural integrity is 12.1 Protect against loose boom bolts and rivets
maintained
13 To prevent crane tipping 13.1 Check for counterweight attachment connections
13.2 Check for structural (i.e. cracks) within the counterweights
14 To prevent rope/cable slippage 14.1 Inspect drum/sheave weekly to ensure smoothness
14.2 Use proper drum lubrication to ensure minimum damage from
nominal rope/cable shear stress
15 To prevent load slippage from hook 15.1 Ensure proper monthly maintenance and inspection of hook
assembly
15.2 Do not use loads greater than the hook rating
15.3 Avoid harsh impact landing of hook and load hoist assembly
16 To give operator knowledge of crane capabilities | 16.1 Ensure load rating charts are always present before any
and limitations operation
16.2 Ensure periodic inspections check for updated and clearly
legible load rating charts
17 To prevent erratic spin of the turntable 17.1 Ensure turntable guard is in place
17.2 Inspect turntable gear mechanisms weekly for wear
18 To ensure smooth movement of boom, jib, and 18.1 Conduct monthly inspection of all levers and joysticks, including
load travel and response adjustments
18.2 Proper lubrication of connecting parts
19 To protect moving parts against environmental 19.1 Ensure guards to protect moving parts are in place before crane
damage operation
19.2 Conduct weekly inspections to determine condition of guard
19.3 Conduct weekly inspections to determine firm placement of
guard (including the bolts and rivets holding it in place)
20 To protect connecting parts (pins, bearings, rods, | 20.1 Conduct weekly inspections to assess connecting part condition
rivets) against environmental damage 20.2 Ensure guard is in place to protect connecting parts
21 To protect crane from tipping during heavy 21.1 Inspect tire condition before every operational cycle
lifting 21.2 Maintain proper air pressure in the tires
22 To prevent loss of hydraulic pressure due to 22.1 Conduct weekly Inspections for hydraulic hose leakage
ruptured hose 22.2 Replacement of hoses that exceed minimum threshold thickness
22.3 Proper placement of hoses to avoid scrubbing from other
mechanical parts
22.4 Ensure guard is in place
23 To prevent loss of hydraulic pressure due to 23.1 Monthly Inspections for hydraulic pump pressure

hydraulic pump failure

23.2 Ensure all leakages are fixed prior to operation

23.3 Minimize vibration by using appropriately rated dampeners
23.4 Ensure pump casing is not dented and is free from ruptures prior
to operation
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24 To prevent loss of hydraulic pressure due to 24.1 Monthly Inspections for hydraulic pump pressure
hydraulic cylinder damage 24.2 Ensure all leakages are fixed prior to operation
24.3 Minimize vibration by using appropriately rated dampeners
24.4 Ensure pump casing is not dented and is free from ruptures prior
to operation
25 To prevent loss of hydraulic pressure due to 25.1 Weekly to monthly replacement of hydraulic filter, as needed,

broken hydraulic filter

depending on operation cycles
25.2 Ensure properly recommended filter is
used

Table 3 Crane Operational Requirements
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3.2 Requirements Verification Matrix

A Requirements Verification Matrix allows one to formally verify if and how the top-level requirements are met
through a specific design implementation. For this report, the Link Belt crane design and operational
specifications were matched up against acceptable standard practice and design for hydraulic cranes as
designated by the American Society of Mechanical Engineers (ASME) and American National Standards
Institute (ANSI). The end result of the verification matrix is to find requirements that cannot be verified or have
not been implemented.

Table 4 Requirements Verification Matrix

Req. # Main Requirement System Requirement Reference Verified
1 To protect against tipping due to excessive Crane is designed in compliance with ASME/ANSI Yes
moment loading B30 design standard
(Ref. Link-Belt A:4.5)
2 To protect against accidental lowering of (Manufacturer needs to address) No
boom
3 To prevent backward crane tipping Crane is designed in compliance with ASME/ANSI Yes
B30 design standard
(Ref. Link-Belt A:4.5)
4 To prevent buckling of outriggers Crane is designed in compliance with ASME/ANSI Yes
B30 design standard
(Ref. Link-Belt A:4.5)
5 To prevent crane tilt Crane is designed in compliance with ASME/ANSI Yes
B30 design standard

(Ref. Link-Belt A:4.5)

Crane is given a final check down of its wheel and
suspension system before delivery to operator
(Ref. Link-Belt A:7.13)

6 To prevent rope damage Crane is designed in compliance with ASME/ANSI Yes
B30 design standard
(Ref. Link-Belt A:4.5)

Crane is given a final check down for adequate rope
length and quality before delivery to operator
(Ref. Link-Belt A:8.1)

7 To prevent accidental load crashing Crane is designed in compliance with ASME/ANSI Yes
B30 design standard
(Ref. Link-Belt A:4.5)

Crane is given a final check down for adequate
Drum (Ref. Link-Belt A:4.1)

Rope (Ref. Link-Belt A:8.1)

Thermal rating (Ref. Link-Belt A:7.1)
Ergonomics (Ref. Link-Belt A:10.5)

Power supply(Ref. Link-Belt A:5.1)
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8 To prevent non-smooth rotation of turntable Crane is given a final check down for adequate Yes
Brakes (Ref. Link-Belt A:4.2)
9 To permit reliable and smooth physical Crane is designed in compliance with ASME/ANSI Yes
coordination of the operator in conducting B30 design standard
crane operations. (Ref. Link-Belt A:4.5)
Crane is given a final check down for adequate
Ergonomics (Ref. Link-Belt A:10.7)
10 To ensure Operator and Ground Personnel can | (Manufacturer needs to address) No
communicate
11 To ensure boom structural integrity is Crane Inspection Procedure Yes
maintained Environmental Protection and Maintenance (Ref. Link
Belt B: 5.1)
Boom Inspection and Maintenance (Ref. Link
Belt B:4.1)
12 To ensure boom structural integrity is Crane Inspection Procedure Yes
maintained Boom Inspection and Maintenance (Ref. Link
Belt B:4.1.5)
13 To prevent crane tipping Crane Inspection Procedure Yes
Counterweight Inspection and Maintenance (Ref. Link
Belt B:8.5.3)
14 To prevent rope/cable slippage Crane Inspection Procedure Yes
Drum/Sheave Inspection and Maintenance (Ref. Link
Belt B:9.5.5)
15 To prevent load slippage from hook Crane Inspection Procedure Yes
Hook Assembly Inspection and Maintenance (Ref. Link
Belt B:3.8)
16 To give operator knowledge of crane Lin Belt ATC 3200 All-Terrain Mobile Crane Yes
capabilities and limitations (Manufacturer’s Specification and Data Sheet)
17 To prevent erratic spin of the turntable Turntable (Rotex)Assembly Inspection and Yes
Maintenance (Ref. Link Belt B.16.5)
18 To ensure smooth movement of boom, jib, Motion Control Assembly Inspection and Maintenance Yes
and load (Ref. Link Belt B:12.3)
19 To protect moving parts against (Manufacturer needs to address) No
environmental damage
20 To protect connecting parts (pins, bearings, Connecting Parts Assembly Inspection and Yes
rods, rivets) against environmental damage Maintenance (Ref. Link Belt B:19.5)
21 To protect crane from tipping during heavy Tire and Wheel Assembly Inspection and Maintenance Yes
lifting (Ref. Link Belt B:18.5)
22 To prevent loss of hydraulic pressure due to Hydraulic System Assembly Inspection and Yes
ruptured hose Maintenance (Ref. Link Belt B:15.5.2)
23 To prevent loss of hydraulic pressure due to Hydraulic System Assembly Inspection and Yes
hydraulic pump failure Maintenance (Ref. Link Belt B:15.5.3)
24 To prevent loss of hydraulic pressure due to Hydraulic System Assembly Inspection and Yes
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hydraulic cylinder damage

Maintenance (Ref. Link Belt B:15.5.4)

25

To prevent loss of hydraulic pressure due to

broken hydraulic filter

Hydraulic System Assembly Inspection and
Maintenance (Ref. Link Belt B:15.5.7)

Yes

Using the Requirements Verification Matrix, the following three requirements were not met by the Link Belt
design and operational specifications:

Req. # Main Requirement System Requirement Reference Verified
2 To protect against accidental lowering of (Manufacturer needs to address) No
boom
10 To ensure Operator and Ground Personnel can | (Manufacturer needs to address) No
communicate
19 To protect moving parts against (Manufacturer needs to address) No

environmental damage

Table 5 Unmet Requirements
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3.3 Requirements Constraint and Analysis

Requirements Constraint and Analysis (RCA) checks for important safety critical requirements and then
analyzes them for limitations, feasibility, and ease of implementation. The purpose of RCA is to see how well
the requirements are developed and the extent to which they can be realistically and practically implemented.
The following are some of the more important safety critical hydraulic crane requirements analyzed using RCA.

Req. #

Derived Requirement

RCA

2

Install new braking system
Test braking at the extremes of load and range
Test complete braking hydraulic system

New braking system might have
inadequate life-cycle.
Accelerated testing of brakes
does not capture random
environmental conditions
experienced during operational
use.

Hydraulic braking system testing
might only be exposed to smooth
linear loadings, whereas
operational load movements are
often abrupt.

New braking system may not
have gone through adequate
independent testing, especially if
it is obtained through a
subcontractor.

Install jib stop mechanism
Install boom hoist shutoff mechanism

New shutoff/stop system might
have inadequate life-cycle.
Accelerated testing of
shutoff/stop system does not
capture random environmental
conditions experienced during
operational use.

Installation of shutoff/stop system
may not have factored in the need
of the operator to later modify the
system for operational flexibility.
New shutoff/stop system may not
have gone through adequate
independent testing, especially if
it is obtained through a
subcontractor.

Reinforce weak outriggers with tension cables

Tension cables can be easily
removed or damaged by the
operator.

Tension cables are a less than
satisfactory means of
compensating for a poorly
designed outrigger.

Tension cables might induce
excessive buckling stress beyond
the buckling strength of
outriggers.
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Change wheels and tires

Wheels and tires may not have
gone through adequate
independent testing, especially if
it is obtained through a
subcontractor.

Wheels and tires may not have
gone through adequate
environmental and road condition
testing

Operator may have modified
wheel and tire attachment system
without adequately understanding
its impact on the crane structure,
before transferring to a new
operator.

Ensure adequate ergonomics (foot rest, seating, etc...)
Adjust ergonomics for each operator

Manufacturer may only have
considered ergonomics for a
limited physical subset or size.
Operator may have modified
ergonomics irrecoverably before
transferring it to a new operator.

Install new anti-drum rotation controller
Install anti-drum rotation mechanism

New rotation mechanism and
controller might not capture
random environmental conditions
experienced during operational
use.

Installation of new rotation
mechanism and controller may
not have factored in the need of
the operator to later modify the
system for operational flexibility.
New rotation mechanism and
controller system may not have
gone through adequate
independent testing, especially if
it is obtained through a
subcontractor.

Install rotational brake hold that prevents accidental and
differential braking related movements

Brake hold may not be designed
to withstand brake holds for
excessively long periods of time
and excessive loads.
Availability of brake hold may
cause operator to develop the
habit of periodically leaving the
crane to go outside, exposing
ground personnel to the
dangerous condition of a hanging
load.

37




10

Communication channel between Ground Personnel and Crane

Operator

Wireless communication channel
between ground personnel and
operator can be degraded by
signal interference

A secondary communication
channel between the operator and
ground personnel would
minimize signal interference.

Table 6 Requirements Constraint and Analysis
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4.0  Query Modeling and Validation

Traditional UML/SysML is not very useful in an interactive dynamic format. In another
words, once a system model has been created in UML, it is essentially a static model,
with limited or nonexistent ability to be queried and modified dynamically. It would be
greatly beneficial if a system model that has been created can be queried to see how one
element is related to another and to see all its dependencies and hierarchy. Querying
would enable an engineer to see how a particular element in a UML model is linked to
another element, and also how changing one would alter the overall model. Currently
this capability is lacking. Although relatively intuitive on small systems, the ability to
query and dynamically link various UML models is of huge consequences on large and
complex projects.

This report looks at a software algorithm model, the UML Query and Link Analysis Tool
(UQLAT), for querying and dynamically linking UML models. Much of this work is
done by me as part of an Independent Research and Development (IRAD) effort for my
company, Raytheon. As a result of this, | am not allowed to disclose the actual algorithm
or screenshots of the querying tool, due to UQLAT being currently used for a Bid
Proposal. The UQLAT tool will however be openly disclosed and formally presented at
the 2007 INCOSE International Symposium to be held from June 24 — June 28, as part of
Raytheon’s demonstration. UQLAT will also be freely available for DOD projects.
However, this case study will discuss the data structure, and general algorithm of
UQLAT, as well as results of sample queries for the hydraulic crane system presented in
this report.

The system model that was used for this report includes the nominal and the off-nominal
use cases that were developed in Sections 2.4 and 2.5. Here nominal and off-nominal use
cases were modeled using UML type block structures. The particular UML diagram that
was used was the Activity diagram. UQLAT has been developed to see the link and
relationship between the various elements within the Activity diagrams, both for the
nominal and off-nominal use cases. The following six types of queries can be conducted
in UQLAT:

1) Query any one element within one phase

2) Query one element independently across many phases simultaneously

3) Query all the inputs from any one element within one phase

4) Query all the outputs from any one element within one phase

5) Query the link between any one element and other elements within one
phase

6) Query the level of any element within any phase
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UQLAT is a multi-year program, and therefore is still evolving. As a result, the
following are the current limitations of the tool:

4.1

UQLAT is limited to Activity diagrams currently

UQLAT is not capable of linking elements across multiple phases (i.e. how is this
element related to another element across all phases)

UQLAT only dynamically updates individual phases. So if one element changes
in one phase, the change is only reflected for that phase

Algorithm

UQLAT is a UML query tool that was designed and built using a combination of three
primary software tools:

ORACLE - A backend ORACLE database serve is used for the storage
organization of UML diagrams and all data

ORACLE Forms — A GUI is created using Forms to query UQLAT, as well as
display the results of a particular query

Python/SQL — Python and SQL are used to implement the algorithm used for
querying and processing

The general sequence of events for a query execution is shown and described below.

Query using GUI

A 4

Database
Processing

A

A 4

Algorithm
Processing

v
Query Display in
GUI

Fig. 17 Query Sequence of Events
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Step 1 — User enters a query against UQLAT using the custom GUI, by choosing one or
more parameters from the GUI window. All parameters, except one, are drop down
menu type lists that have their values pre-loaded into the GUI from the ORACLE
database, as the UML diagrams were being created. The only non pre-loaded parameter
is the Name box. This is a free text search box that will search the entire database for
specific keywords.

Step 2- The query will be passed onto the ORACLE database that houses the entire UML
diagram blocks, connections, text, etc...

Step 3 - Here a residing algorithm created in Python/SQL will execute automatically to
process the user’s input. The algorithm will continually search the database until it has
satisfied all the parameter inputs of the user.

Step 4 — Finally, the algorithm will provide the desired output, which will then be
displayed in a GUI format back to the end user.

4.2 Data Structure

The key ingredient to UQLAT’s algorithm is the creation of a unique data structure that
makes it conducive to be queried and linked. Every time an UML diagram is created in
UQLAT’s GUI, it stores each element (a block), connecting arrows, text descriptions,
time, hierarchy level, and inputs into the ORACLE database. The basic building block in
UQLAT is the block element, which are the rectangular boxes used to describe actions or
states in an UML diagram. These block elements, which are stored in the database using

the data structure are then processed by the UQLAT algorithm. The algorithm is

essentially a structured query mechanism that processes the user’s inputs based on the
closest search result and the closest relationship it has to any particular block element.
The current capability of UQLAT is limited to activity diagrams. The following table
fully describes the data structure used in UQLAT.

Data Element Type Description Comments
Block ID Mixed UQLAT automatically assigns each block Block ID serves as the
Numeric element a computer generated 1D making primary key for the
each block element an unique entity within entire UQLAT database
the UQLAT database
Name Text Textual description of a particular block Has to be text string
element only
Level Integer The hierarchy level at which a particular For this report, no more
block exists than 3 levels are
considered to keep
UQLAT manageable
Phase Integer The function that is being performed For this report, this
corresponds to Phases 1
through 5
Time Element Integer The sequence of events taking place. This
need not be in perfect sequence, but its
primary purpose is to tell where one event
exists spatially with respect to another
Action/State Binary Action — an event that requires execution A: action
State — an event that is the outcome of an S: state
execution
Input Binary Does a block element have an input 0: no
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1: yes
Output Binary Does a block element have an output 0: no
1: yes
NOI Integer Number of inputs
NOO Integer Number of outputs
Recursive Binary Does a block have a feedback loop 0: no
1: yes
Pointer Mixed The block element address of where one Recursive pointers point
Numeric block points towards to themselves

Table 7 UQLAT Data Structure

4.3 Tool Description

The user interface for UQTAL consists of two different GUI screens that are accessible
once UQTAL has been installed along with the entire database and source code elements.
The first GUI screen is for the initiation of a query, while the second one displays the
results of a query. The user selects an input parameter by selecting them from the drop
down menu list or typing in a keyword in the Search Name Box. Once the parameters
have been selected, the user can Preview his selections to make sure they are accurate,
save the search as a template, or execute the query. The results are displayed in a Query
Results Form. The query results form will list the input parameter primary and secondary
keys, followed by the query results in the Output section. A clickable diagram link will
also take you directly to the UML diagram that the output references.

4.4 Test Query Cases

Five different test query samples are presented here. These five samples are selected to
represent a broad spectrum of the type of queries that are possible with the UQLAT
software.

Query 1. How many block elements are there in Phase 2?

Solution: 18 total - 9 action and 9 state

Query 2: List all the block elements within one level of block element “Running
Periodic Self Diagnostic”

Solution: “Ensure Boom Level Indicator is Working” and

“Ensure Ground is Level before an Operational Cycle”

Query 3: List all Phases that have the block element “Level Ground Surface”
Solution: Phase 1 and Phase 2

Query 4: What phases have the block elements “Secure Crane”?

Solution: Phase 1 and Phase 5,
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Query 5: What block element is common across Phase 3 and Phase 4?
Solution: “Engage Clutch” and “Engage Joystick”

45 Test Query Case Results

Query Initiation Form:

Program 0): HC 2671 - UQTaL QIF Hydraulic Crane LI L Usar 10 D athe w
CQuory Mbde: AC 1 - Activity Diagram  States: UNCLAS Date: 12-04-06 Type: ORDAT 2
Search Mam e Box: Inp: :lﬂ
Lewvel; :[j Output: :[ﬂ
Phase: 1 1~ M: I
Time Element. [ 1| MOO: [ T4
ActiontState: :L:I Recursive: |:L-;I

it 1

PREVIEW QUERY ? SAVE

Fig. 18 Query Initiation Form

43



Query 1 Results Form:

UG TAL Guery Results Form

i 105 - 2006

Program 0): HC 2671 -UQTaL QlF Hydraulic Crane LI L

Usar ik D athe vy

Curery Mbde: AC 1 - Activity Diagram  States: UMCLAS Date: 12-04-06 Type: ORDAT 2
Input Parameters:
Ptimaty Key — Block 1D
Secondary Key— Phase 2
OQuiput HBiock e
Total Elemenrnts: 15 Action - BLE-ACD-01 BLB-ACD-02 BLE-

. ACD-03 BLB-ACD-04 BLB-ACD-0S BLB-
Adtion Elem ents 3 &CD-06 BLE-ACD-07 BLE-ACD-05 BLE-
State Elements g AcDh-09

DIAGRAM LINK
QUERY ?

State: BLB-ACD-10 BLB-ACD-11 BLB-
ACD-12 BLB-ACD-13 BLE-ACD-14 BLB-
ACD-15 BLB-ACD-16 BLB-ACD-17 BLB-
ACD-15

Fig. 19
Query 2 Results Form:

UG TAL Guery Results Form

i 105 - 2006

Program 0): HC 2671 -UQTaL QlF Hydraulic Crane LI L

Usar ik D athe vy

Curery Mbde: AC 1 - Activity Diagram  States: UMCLAS Date: 12-04-06 Type: ORDAT 2
Input Parameters:

FPtimaty Key — Mam e "Run P etiodic Self Diagnostic"

Secondary Key— Block 1D

Quiput Riock 1o

Total Elements: 2 "E nzure Boom Lewel Indicator isWorking" -

DIAGRAM LINK
QUERY ?

BLBE-ACD-34

"E n=ure Ground iz Level before and
Operational Cycle"— BLBE-ACD-42

Fig.20
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Query 3 Results Form:

UG TAL Guery Results Form  Fos - 2006
Program 0): HC 2671 -UQTaL QlF Hydraulic Crane LI L Usar ik D athe vy
Curery Mbde: AC 1 - Activity Diagram  States: UMCLAS Date: 12-04-06 Type: ORDAT 2

Input Parameters:
FPtimaty Key — Phasze

Secondary Key— MName "Level Ground Surface'

Quiput Phasa:
Total Elements: 2 P haze 1
Phase 2

DIAGRAM LINK

QUERY ?

Fig.21
Query 4 Results Form:

UG TAL GQuery Results Form @ F0s - 2006
Program ) HC 2671 - UQTAL QIF Hydraulic Crane LIML U ar ik D athe v
Query Mbde: AC 1 - Activity Diagram  S#stes: UM CLAS Date: 12-04-06 Type: ORDAT 2
nput Paramoters:

Ptimary Key — Mame "Secure Crang"

Ouiput

Total Elements: 2 Phase:
Phase 1
Phaze 5

DIAGRAM LINK

QUERY ?

Fig. 22
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Query 5 Results Form:

Fig. 23
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5.0 CONCLUSION

A detailed system engineering effort goes through system requirements, architecture
development, verification, and validation. The current modeling efforts used for systems
modeling is not very dynamic and cannot be queried. Without the ability to query and
dynamically observe changes, a model does not go very far in aiding a systems engineer.
UQLAT has proven itself to be such a tool, and very effective in its ability to transcribe
UML models into dynamic and query capable models. Although there are limitations to
UQLAT in its current format, primarily in its inability to dynamically link across multiple
phases and being limited to activity diagram only, future additions to UQLAT will make
it a very versatile tool for systems modeling and analysis.
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Appendix A — Definitions

Auxiliary Hoist A supplemental hoisting unit, usually of
lower load rating and higher speed than the
main hoist.

Axis of Rotation The vertical axis around which the crane's

superstructure rotates.

Boom In cranes and derricks, an inclined spar,
strut, or other long member supporting the
hoisting tackle. Also defined as a structural
member attached to the revolving
superstructure used for guiding and acting
as a support for the load.

Boom Angle Indicator An accessory device that measures the
angle of the boom base section centerline
to horizontal.

Boom Stops A devise used to limit the angle of the
boom at its highest position.

Brake A device used for retarding or stopping
motion by friction or power means.

Block Sheaves or grooved pulleys in a frame
provided with hook, eye, and strap.

CEHA Cause and Effect Hazard Analysis

Crane A machine consisting of a rotating
superstructure for lifting and lowering a
load and moving it horizontally on either
rubber tires or crawler treads.

Counterweight Weights used for balancing loads and the
weight of the crane in providing stability
for lifting.

Deck The revolving superstructure or turntable
bed.
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Drum The spool or cylindrical member around
which cables are wound for raising and
lowering loads.

Gantry A structural frame work (also known as an

A Frame) mounted on the revolving
superstructure of the crane to which the
boom supporting cables are reeved.

Headache Ball

A heavy weight attached above the hook on
a single line or whip line to provide
sufficient weight to lower the hook when
unloaded.

Holding Brake

A brake that automatically sets to prevent
motion when power is off.

IMHA

Inspection and Maintenance Hazard
Analysis

Jib

An extension attached to the. boom point to
provide added boom length for lifting
specified loads.

Load

The weight of the object being lifted or
lowered, including load block, ropes,
slings, shackles, and any other ancillary
attachment.

Load Block

The assembly of the hook or shackles,
swivel, sheaves, pins, and frame suspended
from the boom point.

Main Hoist

Hoist system or boom used for raising and
lowering loads up to maximum rated
capacity.

Mechanical Load Brake

An automatic type of friction brake used
for controlling loads in the lowering
direction. This device requires torque from
the motor to lower a load but does not
impose additional loads on the motor when
lifting a load.

OHA

Operation Hazard Analysis
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Outriggers

Support members attached to the crane's
carrier frame which are used to the crane
and may be blocked up to increase
stability.

Radius

The horizontal distance from the axis of
rotation of the crane's superstructure to the
center of the suspended load.

Reeving

The path that a rope takes in adapting itself
to all sheaves and drums of a piece of
equipment.

Running Sheave

Sheaves that rotate as the hook is raised or
lowered

SDHA

Scenario Driven Hazard Analysis

Two-Block

The condition in which the lower load lock
or hook assembly comes in contact with the
upper load block or boom point sheave
assembly.
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Appendix B — Link Belt ATC 3200 Technical Data and Specifications

PRELIMINARY SPECIFICATIONS

o 43319691t (13.2-60.0m) six section boom
7.7 1t- 43,34t (5.4 - 13.2m) two piece offsettable fly

Four 19.7 1t (6. 0m) fly insert plus 43.3 1t (13.2m) two-piece offset-

table fly [Total attachment length is 122,11t (37.2m)]
331 1t (101.0m) maximum tip height

Height: 13 1t fin (4.0m)

Width: 91t 10in (2.07m)

Length: 521t 4 in (76.0m)

52.8 mph (85.0kmhr) travel speed

271t 10in (8.49m) wheel base

20.5R25 tires

Mercedes Benz diesel engines:

Upper - OM30GLA 6.4L 184 hp (135kW):;

lower - OMB02LA 15.9L 517 hp (380kW)

ZF AS-Tronic automated 16-spesd transmission

27 ft- 3in (8.30m) outrigger spread,

291t -61in (8.98m) outrigger base

21,010 Ibs (9 530.0kg) maximum winch line pull
526 fpm (160.2 Tm/min) maximum winch line speed

Link-Belt Construction Equipment Company | Lexington, Kentucky | www.inkbet.com

® Link-Beltis a registered trademark. Copyright 2005, All rights reserved,
We reserve the right to change designs and specifications at any time.

LithoinUSA. 0305 340 #4305
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PRELIMINARY KEY FEATURES

Tested to meet SAE structural and stability requirements
Automatic load compensator maintains a consistent radius during
load lft-off

(rane instrumentation and operational documents have North
American units of measure

Muttiple steering modes that can be controlled from the carrier cab
Boom dolly provisions

Free and automatic swing brake modes

Titing interior within the operator’s cab

Air conditioning in the carrier and operafor's cahs

Qutrigger controls in the operator's cab

Gentral lubrication system for the upper and carrier

10x8x8 Drive/Steer

Third axle lft system

Engine compression brake and intarder

Cruise control



5449-0505-P6

Technical Data

Specifications & Capacities E]
5320“

Telescopic Boom All Terrain Crane
200 ton (181.44 metric ton)
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Boom, Attachments, and Upper Structure

M Boom

Deaign — Six seotion, formed construotion of et high
tznsie shesl consisting of one base seation and five tele-
S0oping s=ctions The two pleze design of emoh seoton
has muliple longiudinal bends for superior strength.  Emoh,
telesooping seotion stends independertly by means. of
ane double—asoting, single stage hypdraulio oylinder with an
ritegrated holding valve

Boom

* 43.3-1849.8 f {132 —60.0m]} six s=gtion boom

* Four pirned positiors of 0%, $8%, 83%, and 100% on
eaoh boom saction provide faerty —nine exbend cam-
binatiors for superior capaoities when varying the =den-
zian of the t=lescaping seotions, controlled from the op-
eratar's osh.

Int=gral baom dally connectian

Meaohanical boom angle indicator

Wind speed indicator

®
-
-
-

1860 J6.7 1873 EQ.2
i7ig J2.4 1833 5ig
1373 £6.0 188.2 516
1433 3.7 1330 473
1288 38.3 1403 42.9
114.3 35.0 1267 346
100.4 308 24 42z
BE3 26.3 a3 0.0
Tie 21.9 B4.0 236
7 17.6 63.8 21.3
43.3 152 s3.8 165

Elu-um Head

» Seven 18.2 in #6.20m) roat dismeter nylan sheaves 1o
handle up to fourteen parts of line

» Ezsily removable wie nope guards

* Aope demd end lugs on one side of the boom head

* Boom heed is designed far quick —reeve of the hoak
block

Boom Elevation

* e double aoting hydrauic oyinder with integral hold-

ng vale
+ Boom elevation: —1.3" 1o 847
* Load Com — Load compensator maintains a oonsistent

revdius during load lift—off by automatically =levating
boom haist cylinder. Operated by & switoh from the oper-
atar's osb.

Auxiliary Lifting Sheave — Optional

+ Single 18.2 in (46.2m) root diameter rylon sheave

* Easily removable wire rope guards

* Does not affect erection of the fly or use= of the mam head
sheaves

Hook Blocks and Ballz — Opticnal

+ 27 Btaon (209.0me] 1 sheave guiok —reeve hook blook with
safety latoh

BE 2 ton (80.0mx} J sheave guick—reeve hook blook with
safety latah

200 tan (157 4m} 11
with safety latch

+ 11 ton {10.0mf swivel hook ball with safety latch

Fly ~ 0

ily, s2ownble, offzefableta 0,
tip height is 231 4 ft (FE.6m).

®

sheaye guiok—neeve hook blook

*

icnal
3.5t (1.4 -73.2m) twa pizcs telescoping latice
20", mnd 40" 'v'u.r-'lL'n

Fly Ingerte — Oplional

* Four 18.7 ft (5.0m) l=stioe inserts to be mounted betwe=r,
the 17.7 #t {3.4m) |attioe fly base and the 23.6 f (7.8m)
attice fly tip option. Meximum tp heights for the follow-

E3.0 U o} 2.6
gar 23.2 2903 AT
1oz=4 3.2 2104 L R
1221 3r.2 3287 1005
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B Upper Operator's Cab and Controls
Envircnmental Cab — Fully =nolosed, one person osb of
gebmneal steel strusture with sooustioal insulstion.
Coquipped with

= Tiling irderior where the operatar's seat, joystiok coniral-
lers, floar contrals and pedals, and main consale tit with-
in the osh

Tirted and terpered glass windows

Extra—lmrge power up/power down front window with
windshield wiper and washer

Fixed roof window with windshield wiper

Slidirg l=ft zide door with large fixed window

Fold aut resr wirdow for ventilation

Fixed right side window

Six way adjustshle, oushioned s=at with hemdrests, sd-
justable lumbar suppor, and seat belt

Engire dependent warm—water heater with air ducks for
frant windshield defroster and osb floor

AM/FM stereo with single diso T player

12 volt and 24 volt power conneotions

Engine hourmeter

Anzed capaoity limiter cveride

Adfustable sun visor

Dame light

Cup holder

Fire extinguisher

Left side viewing miror

Int=gral repessed oabwalks

* Ore position fravel swing look

&Air Conditioning — Optional — Irt=gral with cab keating
system utilzing the same ventiation outlets

Armrest Controls — Two dual axis elecfronio joystick oon-
trallers for

* ®

EE I

*

E R A B

= Swing

* Boam haoist

* Boom telesoope

* Mein rear winoh

= Buxiliary frant winoh — optional

» Counteraeight handing

* Drurn rodstion indioskaris)

= Winoh high/low speed and disable switoh{es)
* Free swing/automatio swing brake switch

= Buxiliary winchtelzscope/caunt=raeight handing switoh
+ High speed function buttan

* Boam pirning looation stop button

* Warning hom

Foot Controds

* Boom telescope

= Gwing brake

= Engine throttle

Front Main Console — Cantrals and indicators far:
* Emergenoy shut down switch

* Captral waming indioation

Right Side Conzale — Cortrels and indicators for:
* Puiliary winch dizable switch

* Swing ovemide switch

+ Drum rotation indioatar sctteation switoh

* Tel=soopio overmmide switohes

» Engine shutdown switoh

* Anti—two blook overnde switch

Right Side Overhead Conzole — Controls and indicators
for

+ Certral lubricetion system switoh
* Boom and cab floodight switches
» Top windshield wiper swiioh
* Front windshield wiper and washer switoh
* Power up/power down front wandshield switch
+ Tilting imterior switch
* Batery main shutoff switch
* Supplementary hester cartrals
Cookpit Graphio Cantrol (CGC) — Ergonomically posi-
tioned on the front main corsale, digital instrurmentstion,
ard aoniral far crane operations including:
= Engire coclant temperature
+ El=ptronic bubble l=ve] and leveiness readout
+ CAM—BUS disgrostio mnd engine eleotronio fault indi-
oabar
Swing look indicasor
Hydraulic cil and air clearer fiker indicazor
Hydraulo oil tempeniure
Low engine ol pressure indicator
Low vokage indicator
Fual level
= Camier park brake indioskar
* Suspension ook indicetor
= Ae it indioasor
= Dubrigger operation
» Dubrigger force readout — aptional
Rated Capaoity Limiter — Caolor graphio audio—visual
waming system integrated into the front main console with
arsi—two block and function imiter. Operating data aveil-
abls ircludes:
+ Crane configuration
+ Boom length and angle
= Soom head height
* Allowed load and % of allowed load
+ Soam angle
* Aadius of load
* HAotual load
L] Cuu‘rtem-:ifh‘l handing
= 'Wind spes=
» Dperaior setimble alems (includel:
* Maximum and minimum boom angles
* Maximurn and mirdmum tip beight
* Meximurn boom length
» Left/right swing positians
+ Dperator defined area imagirary plans)

¥ F OE BB E
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B Swing

Maotor/Planetary — Bi—directional hydraulio swing motor
mouted 1o 8 planstary reduction unit for 360" corfinuous
smooth swing at 1.3 pm. Free swing oapeble when con-
trall=r within the operator's aab is in the newtral position.
Swing Park Brake — 380", elestrio over hydrewlio, (spring
applied/hydraulio rel=ased) muki—diso brake mounted on
the reduntion unit. Operated by a switoh from the operms-
for's cab.

Gwing Brake — 380", foot aperated, hydraulio applisd dizo
brake mounted to the reduction unit.

Swing Look — One—position saing lock (boom over reard
operated from the opemtor's oab.

Automatio Swing Brake Mode — Swing brake noplies
when cantraller within the operatar's oab is in the neutral
position. Operated by a switch from the operator’s cab.
AB0" Positive Swing Lok — Opfional — Meets New York
City requirem=nt.

B Central Lubrication System

Bartomated lubrication urit thert injects gresse into the tum-
table beanng, boam heoist oyinder pins, boom foot pin, and
the main front) snd suxiliary (resr) winoh. Operated by 2
waitch from the operator's oab.,

B Electrical

Two batte=fes provide 24—vok operation and starting. CAN

bus wiring and oomponents, and integral seff—test T55

[Control & Servoe System).

Swing Alarm — Audio warning devioe signals when the

upper is swinging.

Light=

* [wo working lights on front of the cab

* Qe rotating amber beacan on the right sids of the: main
winch

* Ore boom flocdlight an the boom base seation

* Two side marker lights on the boom head

B Hydraulic System

Main Pump=

* Twa variable displapernent piston purmps far the main
and auiliary winches, boom haist and telescope

* {ine fived displacernent pistan pump for the couwter-
weight rernoval, and swing

* One fixed displacement gear pump for plot pressure

* {ire fixed displacernent gear pump for telesooge pinning

* The upper engine powers the pumps. Combired pump
ospaoity of 170.7 gpm (643, om}.

s Aemote mounted, auxiliary hydraulic gil oocler

Pump Control “fina inohing” Mode — Special fine meter-
ing pump sedings, s=lectable from the cpemtoe’'s cab, al-
liows very slow movements to the man and suxiliary
winohes, boom hoist, and swing for prectsion wark.

Pump Control “high speed” Mode — Scostz hydraulic oil
flow by combining the two vanakble dizplacement piston
pumps for the main and awdliary winches, boom haist up,
ard telescope sxtend. Opersted by & button on the fght
joystiok oontroller from the operstoe's cab.

Hydraulia Reservair — 268 gal (7 074L) ospascity equipped
with sight level gauge. Diffusers buit in for deseration.
Filtration — Crie 12 micron, full flow, line filber in the cantral
orcuit. Al oil i fikered prior 1o retwmn to sump tank. Acoes-
zible for easy filer replacement.

Counterbalange Valves — Al hoist mators, boom extend
oyinders, and boam haoist oyinders are =guipped with
oounterbalanoe vabies o provide load lowering and pre-
wents apoiderntal load drop when hydeaulio power is sud-
denly reduoed.

Boom Hoizt Float Valves — For transporting the boam
gver the rear of the orane with & boom dally. Allows hy-
drawlia oil within the boom haist oylinder to flow between
piston side and case side.

Swing Braka Releasa Valve — Far transparting the boom
over the rear of the crene with & boom dally. Halds the
360" swing park brake in the relesss position allowing free
rofation of the uppersbrugture.

B Pump Drive
Al furations mre hydraulisally powered allowing positive,

precise pontrol with independent or simultareous operation
af all functiors.

B Fuel Tank

Cine 86.0 gal (2300} capacity tank.

B Engine

Mumbere of cyfinde E
[= 1 4

Zare and Steolam: inch () 202 0.13 [TE2=13:

Piion Displacesrmet: in® fomf) 38372 |5 37H
Nac, Oralam Mormepower: hp WY LB (129 @ 1,500
Prak Tarquac filb [N B3 (750 ) 1,200 rm=m
Ammniarn vals - emes 24 - 5
Crankcaes Capacity: gt (L) 2064 {29)

» Welbazts Engine'Cak Hemisr — Disaslired hesmtng oni thes can B
wead for prehesting of the sngice, or for sngine preteeting combined
cak.

witt heabeg of the L]
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