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Abstract. The most common mistake in modeling systems is mixing elements of different levels in the same model. This paper explains levels, shows how levels can be obtained with decomposition techniques, and gives examples of level models, architectures and frameworks. Examples are given which show the confusion that results when levels are mixed. 

EXAMPLES OF LEVELS IN DIFFERENT DISCIPLINES

An important task in designing and modeling systems is identifying the level of the proposed model and its components. However, the term level is often used rather cavalierly, so here we will give a definition, and several examples. First the dictionary definition: “level n. 1.a. Relative position or rank on a scale. 1.b. A relative degree, as of achievement, intensity, or concentration… 3. Position along a vertical axis; height or depth.”

The concept of examining a system at many physical orders of magnitude was presented by Boeke [1957]. Later Charles and Ray Eames [1968] created a film of this concept and finally Philip and Phyllis Morrison [1977] popularized the idea with the book Powers of Ten. These authors treated the decomposition as more and more levels of detail. 
Functional Decomposition. Functional decomposition is one way to create various levels. MIL STD 499A said that the only way to design a system was functional decomposition. Start with the top-level system function and decompose it to lower and lower levels, until you get functions that can be implemented with commercial off the shelf (COTS) components. Here is an example of functional decomposition for an automobile:
· Move people

· Accommodate people

· Provide seats

· Entertain people

· Provide auditory stimulation

· Provide visual display

· Provide comfortable environment

· Heat interior

· Cool humans in the car

· Provide fresh air

· Sound proof interior from exterior

· Protect occupants

· Deploy air bags in a crash

· Absorb collision energy in crumple zones

· Move the automobile

· Overcome friction

· Accelerate

· Produce lateral acceleration

· Produce translational acceleration

· Move in a comfortable manner

· Minimize shocks

· Be fun to drive 

Physical Decomposition. Another commonly used decomposition is physical decomposition. Physical decomposition often offers these levels:

1. Enterprise

2. Family of systems

3. Systems

4. Segment

5. Element 

6. Subsystems

7. Components

8. Subassembly

9. Parts

More Examples. In the Business community, a work breakdown structure (WBS) shows different levels of work packages. Project Management books describe the WBS like this:

	Level
	Responsibility
	Example

	1
	Management
	Program

	2
	
	Project

	3
	
	Task

	4
	Technical
	Subtask

	5
	
	Work Package

	6
	
	Level of Effort


Here is a section of the BAE Company Work Breakdown Structure template.

1 Prime Mission Product

1.1 Prime Mission Subsystem

1.1.1 Subsystem #1 Hardware

1.1.1.1 Major Hardware Subsystem

1.1.1.1.1 Hardware Requirements and Architecture

1.1.1.1.2 Major Hardware Components Development

1.1.1.1.2.1 Major Hardware Component Development #1

1.1.1.1.2.2 Major Hardware Component Development #2

In system design, use cases describe the required functionality of a system. Cockburn (2001) says that an important slot in a use case is the level. His levels from top to bottom are

	Design Scope
	Goal Level
	Icon

	Organization (black box)
	Very-high summary
	Cloud

	Organization (white box)
	Summary
	Kite

	System (black box)
	User goal
	Sea level

	System (white box)
	Subfunction
	Fish

	Component
	Too low for a use case
	Clam


Cockburn (2001) says that you raise the level by asking, “Why is the actor doing this?’ and you lower the level by asking, “How is the actor going to do this?’

J. D. Baker said, "A use case diagram with the use cases of Login and Play Global Thermonuclear War would be difficult to implement." Login is at the lowest level, commonly called a sub-function or sub-goal. Play Global Thermonuclear War is an example of the highest-level use case, commonly called the Very-high summary level or an Essential use case. Use case diagrams should not mix use cases of different levels.

In the Intelligence community, signals intelligence is often decomposed as

Intelligence -- applied knowledge

Knowledge -- facts relationships, context

Information -- discrete facts, entities

Data -- bit streams, receptacles

Signals -- electrical impulses, sensors

Human decisions usually have different levels. For example, when buying a car one would make the following decisions:
Price range?

New or used?

Type? truck, van, sports car, family car
Make and model?

Accessories? transmission, GPS, trim, etc.
Color?
Answers to the high level decisions are usually mandatory, whereas answers to the low level decisions will often be traded off. The price should be total life cycle cost, not purchase price. Choosing the make and model is the only one of the above decisions that would typically involve a tradeoff study, which of course would have its criteria arranged in levels.
In the course of responding to a call or observing a possible criminal act, a police officer progresses through several levels of behavior. In route to the scene, he or she anticipates the threat and plan actions. Upon arriving at the scene, the officer observes, starting with wide angle observations and progressing to tunnel vision focused on the suspect’s hands. Then the officer gives verbal instructions to the subject. The officer might make physical contact with the suspect perhaps using handcuffs. At about this level of engagement the officer might call for backup officers. If the situation is not yet under the officer’s control, the officer may have to use some sort of weapon, such as a baton, a flashlight, mace, or pepper spray. If more force is necessary, the officer may consider using a taser. As a last resort, in order to protect life (not property), the officer will use a gun. Knowing and communicating the level of control is important, because if the officer is controlling the situation with simple physical contact and the backup officers come in with drawn guns, the officer may lose control of the situation.

The retina of the eye is arranged in layers. First, we will give an anatomical description of these layers and then we will give a physiological description.

Anatomically the retina has seven layers. The dark layers contain cell bodies and the white layers contain axons and dendrites. These layers are named the (1) photoreceptor layer, (2) outer nuclear layer (ONL), (3) outer plexiform layer (OPL), (4) inner nuclear layer (INL), (5) inner plexiform layer (INL), (6) ganglion cell layer (GCL), and (7) optic fiber layer (OFL).
The photoreceptor layer contains the outer segments of the rods and cones. The ONL contains the cell bodies of the photoreceptors. The OPL contains the connections from the photoreceptors to the bipolar and horizontal cells and also the horizontal interconnections of the horizontal cells. The INL contains the cell bodies of the bipolar, horizontal and amacrine cells. The IPL contains the connections from the bipolar cells to the ganglion cells and the amacrine cells and also the dynamic horizontal interconnections of the amacrine cells. The GCL contains the cell bodies of the ganglion cells. And finally, the OFL contains the axons running from the ganglion cells to the brain.

Physiologically each layer of the retina has a different purpose. The vertical signal pathway is from the rod and cone photoreceptors to the bipolar cells to the ganglion cells and then up to the brain. However, there are also horizontal signal processing layers. 

Diffuse light excites a photoreceptor and turns it on. That photoreceptor excites its bipolar cell and that bipolar cell then excites its ganglion cell. However, the diffuse light also excites the neighboring photoreceptors. They excite their horizontal cells, which inhibit the central photoreceptor’s bipolar cell. Therefore, the central bipolar cell is silent.

However, a small spot of light excites only the central photoreceptor and not its neighbors. Therefore, the central bipolar cell will not be inhibited. It will get excited and it will excite the ganglion cell, which will fire at a high rate.

In summary, photoreceptors respond to individual points of light. However, the ganglion cells respond to patterns that are more complex. In the case described here, they respond to small spot of light surrounded by darkness.

Our visual system sees borders and contours. We see the world as a pattern of lines. This system of lateral inhibition in the retina is the first step towards sharpening contours and picking up on borders between light and dark. The ganglion cell ignores diffuse light, but a small spot of light will turn it on. Higher up in the cortex, all these dots will be combined into lines, which will be combined into curves, etc, etc.

The cortex of the brain has a similar layered structure.
Artificial neural networks are hardware and software systems that are very good at pattern recognition, if many examples of correct categorization are available. There are a dozen common types of artificial neural networks. Most of the variation is in how the weights are adjusted. Back propagation is probably one of the most common types. Back propagation artificial neural networks typically have five layers: an input layer, the input-weight layer, the hidden layer, the output weight layer and the output layer. Often a second hidden layer and another layer of weights are added.

What seems to be common to all of these endeavors is that (1) there are about seven plus or minus two levels (Miller, 1956), (2) each level addresses a different purpose and (3) the top levels are at a high level of abstraction and the bottom levels are at a high level of detail.

RELATED TERMS

Abstraction. So now, let us try to describe abstraction. Here is a dictionary definition: “abstract adj. 1. Considered apart from concrete existence… 4. Thought of or stated without reference to a specific instance: abstract words like truth and justice.” Abstraction allows designers and modelers to describe a problem at a high level by hiding low-level details. In general, the higher the level of abstraction, the more details the system hides from the user. 
In 1945, Pablo Picasso made a wash drawing of a bull. A month later, he finished his 11th state of abstraction, which was composed of six lines. Célestin said, “when you stand before his eleventh bull, it’s hard to imagine the work that went into it” (http://mourlot.free.fr/fmtaureauenglish.html). At another time, he did an abstraction of a woman’s face in six stages.
McCloud (1993) relates level of abstraction to universality. The more abstract a cartoon image is, the more people it will describe. The photograph is singular: it describes one person. Whereas the smiley face cartoon is universal: it describes all people.
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Figure 1. A sequence of images going from real to abstract that describe respectively a single person under certain circumstances, dozens of people, hundreds of people, thousands of people, millions of people, and (almost) all people. Drawings are by Angelo Hammond. Copyright (, 2005, Bahill, from http://www/sie.arizona.edu/sysengr/slides/ used with permission.
Abstraction is not just simplifying an image or eliminating detail, rather abstraction focuses on specific details. Low-pass or high-pass filtering is not abstraction. Abstraction requires human intelligence, not a digital filter.
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Figure 2. An image of a person (left), a low-pass filtered version of that image (center) and a high-pass filtered version (right). Copyright (, 2005, Bahill, from http://www/sie.arizona.edu/sysengr/slides/ used with permission.
Generalization. Generalization is somewhat different from abstraction. Bjarne Stroustrup said, “There is always the temptation to provide just the solution to a particular problem. However, unless we try to generalize and see the problem as an example of a general class of problems, we may miss important parts of the solution to our particular problems and fail to find concepts and general solutions that could help us in the future.” 

Generalization usually goes from the bottom to the top. For example, you might start with a pile of data points. You could organize them into a scatter graph and then fit the data with a function (e.g. spline) or statistical technique (e.g., root mean square). To further generalize you could generate equations to describe the data. Finally, those equations could be organized into matrix equations. Each step up removes detail and increases the generality of the result.

Granularity. Granularity refers to the level of detail or the level of abstraction of each model. The analogy is to rocks. Tiny rocks are called sand, small rocks are called gravel, larger rocks are called pebbles, even larger ones are river stones and big ones are called boulders. A driveway is often paved with gravel, where each rock is of the same size. 

LEVEL OF ABSTRACTION IS USUALLY RELATIVE

Abstraction level is relative rather than absolute. It is a partial ordering over elements. We can say that one element is at a higher level than another is, but we cannot describe that level absolutely.

For example, a government agency might have the following WBS

1. Homeland Security

2. Navy

3. Aircraft carrier task force

4. Airplanes

5. Weapon systems

6. Missiles

Whereas a missile manufacture might have

1. Family of missiles

2. Air-to-air missile

3. Ordnance

4. Safing system

5. Arming, firing & fuzing

6. Thermal batteries

And the battery manufacture might have another WBS…

A semi-exception to the relativeness of decomposition is the Open System Interconnection (OSI) architecture for telecommunication. The OSI uses a seven-layer model each successive layer built on top of a lower layer.

1. The application layer contains user programs, such as Telnet and FTP.

2. The presentation layer formats and encrypts data to be sent across a network. Protocols at this layer are part of the operating system.

3. The session layer establishes, manages and terminates connections between two presentation layer processes. It provides a way of knowing where to restart the transmission of data if a connection is temporarily lost.

4. The transport layer hides details of network-dependent information from the higher layers. The transport layer sends packets from machine-to-machine. The Transmission Control Protocol (TCP) is primarily in this layer.

5. The network layer determines how messages are routed within the network. It transfers variable length data sequences from source to destination. The Internet Protocol (IP) is primarily in this layer.

6. The data link layer is concerned with the transmission of blocks (frames) of data. At this layer, data packets are encoded and decoded into bits. It detects and possibly corrects errors that may occur in the physical layer. 

7. The physical layer transmits a bit stream at the electrical and mechanical level. It provides the hardware for sending and receiving data on a carrier. RS-232 is a standard in this layer.

Entities in one level can communicate with entities in the same level and with entities one layer above and below. But that is it. Communications cannot skip a level. The OSI is only a model, not a standard. Therefore, it is not mandatory. The more modern Universal Serial Bus (USB) Specification (www.usb.org) is an Open Standard. It only considers the lower three layers: Function Layer, USB Device Layer and USB Bus Interface Layer. Likewise the Integrated Services Digital Network (ISDN) operates in the lower three layers.

WHY ARE LEVELS IMPORTANT?

Consider the activity diagram on the next page from baseball for a pitch and responses to it. Assume (1) a groundball is hit into fair territory, (2) the ball is fielded and thrown to first base, (3) the fielder on first base catches the throw and (4) there are no other base runners.

Now consider the Batter in this activity diagram. We could model the state of his mind with the following attributes and states: 

experience: rookie, veteran, imminent free agent

salary: considered too low, considered too high, commensurate with earned respect

physiology: age, health, on disabled list

competition: other players at his position

Does this model fit with the activity diagram? No, because it is at a different level. If the Batter considered these factors while hitting, he may introduce confusion into his batting decision process.

Let us reconsider the Batter in the activity diagram again. We could model the state of his mind with the following attributes and states:

count: balls, strikes, outs

mentalModels: speed of last pitch, umpire’s last call

situation: runners on base

signals: last signal from coach

Does this model fit with the activity diagram? Yes, because it is at the same level. A batter considering these attributes and states is focusing on the level of model needed to increase his hitting performance.
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Figure 3. An activity diagram for a pitch and a partial response to it (Assuming it is a groundball hit into fair territory. The fielder on first base catches the throw. There are no other base runners.). Copyright (, 2004, Bahill, from http://www/sie.arizona.edu/sysengr/slides/ used with permission.

Here is a class diagram at the batting level (left) and a class diagram at the wrong level (right):

	Batter

	Balls

Strikes

Outs

	swing()

takePitch()

bunt()

predictWhere()

predictWhen()

	Batter

	Experience

Salary

Physiology

Competition

	talkToPress()

talkWithAgent()

dealWithOwner()

takeDrugTest


A model with elements at different levels of detail will produce confusion.

The most common student mistake in modeling observed by Bahill is creating elements at different levels, for example writing a use case at one level and a creating a class diagram at another level.

Multiple Aspects
In this paper, we have shown functional decomposition, physical decomposition and task decomposition (a WBS). There is also requirements decomposition (which we have not shown in this paper). We could look at all of these aspects for the same system. The Zachman [1987] uses the following aspects: Scope, Business model, System model, Technology model, Detailed representation and Real system. Previously we discussed two aspects of the retina: anatomy and physiology. We will now show an explicit example of many levels for different aspects. The following table shows two aspects for a softball game played by an NCAA Women Softball team. 

	Many Levels in Two Aspects for a Softball Game

	Performance Aspect
	Physical Aspect

	One career
	Expansion of universe

	One season
	Rotation of sun

	One game
	Rotation of moon

	One inning
	Rotation of Earth: Coriolis forces

	One at-bat
	Weather: Gulf Stream, barometric pressure

	One pitch and subsequent activity
	Atmosphere: lift, drag, temperature, humidity, winds

	One pitch (                            (
	Spin, speed and location

	One collision
	3-D structure: 4 concentric shells

	The sweet spot
	Material: yarn, cork, rubber, horsehide

	One vibrational mode
	Atomic structure


It is important that the elements of a model be at the level of the intersection of the two aspects. For example, in modeling one pitch we would consider its speed, spin and location. A system should not contain models of the sweet spot and also models for the rotation of the moon.
	These are Martin Glinz’s (www.ifi.unizh.ch/~glinz) four aspects of abstraction

	Whole
	General
	High-level
	Type

	↑composition
	↑generalization
	↑service
	↑classification

	↓decomposition
	↓specialization
	↓usage
	↓instantiation

	Part
	Special
	Low-level
	Instance

	
	
	
	


The Unified Modeling Language (UML) uses the following diagrams to describe various aspects of a system: use case, use case diagram, communication diagram, sequence diagram, class diagram, state machine diagram, activity diagram and deployment diagram.

SUMMARY

Generalizations about Modeling. All components in a model should be at the same level, but models can be broken into submodels that are arranged hierarchically in levels. Models should only exchange inputs and outputs with other models of the same level, or maybe one level higher or lower. In Fig. 2, models 0, 1 and 2 are at one level. They exchange information with each other. Model 1 has been decomposed into submodels 1.1, 1.2 and 1.3. Theses submodels exchange information with each other, with model 1 in the level above and with models 1.3.1, 1.3.2 and 1.3.3 in the level below. However, as shown in Fig. 2, models should not skip levels in exchanging information. Feedback loops are not an exception to this rule.
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Figure 4. Models should not skip levels in exchanging information. Copyright (, 2004, Bahill, from http://www/sie.arizona.edu/sysengr/slides/ used with permission.
Most systems are impossible to study in their entirety, but they are made up of hierarchies of smaller subsystems that can be studied. Herb Simon (1962) discussed the necessity for such hierarchies in complex systems. He showed that most complex systems are decomposable, enabling subsystems to be studied outside the entire hierarchy. For example, when modeling the movement of a pitch in baseball, it is sufficient to apply Newtonian mechanics considering only gravity, air resistance and the velocity and spin of the ball. One need not be concerned about electron orbits or the motions of the sun and the moon. Forces that are important when studying objects of one order of magnitude seldom have an effect on objects of another order of magnitude.
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