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1.  Introduction

The paper outlines a junior level course developed at the University of Arkansas that teaches embedded subsystem design and computer organization using a structured top-down design approach.   In addition to teaching computer organization, this approach provides the students an opportunity to learn structured design from requirements analysis, top level and detailed design, through integration and test.  The students work in teams throughout the semester with each team preparing documentation supporting the major steps of the design cycle.  The course also incorporates standard CAD tools for configuration management, design specification and capture, and integration and test as previously reported in[1].  The general use of CAD tools in the classroom is discussed in [2].  The students use the CAD tool as the platform for designing and simulating a complete stand alone single board computer.  

The structure of this course is substantially different from most classical computer organization courses.  Traditional computer organization courses build on analysis of a particular technology, or focus on “what” instead of “how”.  The framework of this course is built on “how” to perform engineering design of embedded computer systems, and uses specific technologies to reinforce the concept of structured design.  

2.  Course Objectives

This course originated as a junior level computer organization course, following basic introductory courses in digital logic, and microprocessor and assembler language programming.  In order to focus on organization and design,  students must possess a basic knowledge of combinational and sequential logic, assembler language programming, microprocessor architecture, and the operation of parallel and serial interfaces.  The students must also possess an understanding of programming in assembler, and executing an assembly program stored in memory.   However, in accordance with the class sequence at the University of Arkansas, the students are not assumed to know detailed timing of signals from the microprocessor, or detailed timing busses or memory access prior to this class.  

Students frequently underestimate the importance of developing a design methodology, the role of CAD tools in the design cycle, and the need for documentation. Many students are under the misconception that a CAD tool by itself will guarantee a quality design, instead of serving as a convenient environment to perform a design.  To focus the students and eliminate the ambiguities, the primary objectives for the course are  stated as:

1) Become competent in taking a set of requirements and in a structured fashion, develop a complete system capable of implementing the requirements. 

2) Become familiar with structured design approach and work in teams

3) Become familiar with computer organization and computer architecture.  

The secondary objectives stated for the course are:

1) Become familiar and comfortable with modern CAD tools.  Don’t confuse the difference between engineering and bookkeeping.

2) Become familiar with common lab tools.

The course is organized into seven modules that follow the design cycle, and the major subsystems of the single board computer designed in this course.  The modules are:

1) Structured Design Approach

2) Development of Requirements Specification

3) Development of Top Level Design

4) CPU Subsystem Design

5) Memory Subsystem Design

6) I/O Subsystem Design

7) Interrupt Subsystem

Each module builds on concepts and work covered in previous modules.  

3.  Structured Design Approach

A variant of a classical top-down approach was defined for the one-semester course.  The approach is shown in Table 1.

Module
Reason
Description

Requirements

Specification
What
Functionality,Sizing

Interfaces,Timing

Top Level 

Design
Where
Block Diagram, Ifaces

Address Map,Debug, 

Detailed Design
How
Implementation

Integration/Test
Verify
Testing/Integr.

Table 1.  Structured Approach

During the overview of the structured approach, the importance of knowing what you are designing as performed in the requirements specification is discussed.   The implications of jumping into detailed design before the requirements are completely understood is presented using the ten to one rule of thumb, where for each extra hour spent in the requirements or top level design level, ten hours of debugging and rework in the detailed design phase can be saved.   The relative time spent in each phase should also discussed, with particular attention paid to outlining the time required to perform testing and integration.  The majority of students at this particular level in their education have not engaged in complex open ended designs, and therefore do not appreciate the time required to perform testing and integration.  Finally, the supporting documents associated with each phase are presented.  A template specifying the type of information is necessary to provide guidance for the students. 

4. Requirements Analysis

Developing requirements is a new idea for most students who typically have been provided with complete technical specifications in other classes. The students should be provided with a high-level, general description of the system to be designed.  The description should not include any timing or interfacing information, but instead should be presented in broad functional terms.  This allows students an opportunity to transform a general description into specific technical requirements required to completely specify a system.  This step is not typically found in more classical approaches to teaching computer organization.  In this class, a small embedded flight control system was used as the class project.  The information provided to the students only specified the system should control the flight of a small airplane, and should interface directly with existing controls of the airplane.  The actual description given to the students included:

1. Build an embedded flight control system to control the flight of a small airplane.

2. The system should interface into the existing control signals provided by the airplane.

3.  The system should be small enough to fit into a fixed space in the airplane, and the system should use the existing power provided by the airplane.

The students learn how to engage in the discovery process by asking questions and understanding the relationship between the desired operation of a system and the technical requirements.  This process is a new paradigm for most students who have not engaged in open engineering designs based on general specifications in other classes.  The students must be guided through this process, with sufficient direction given to the types of questions to be asked.  The requirements developed during this stage of the include specifying the functionality, system inputs and interface protocols, timing, sizing, and power requirements.  Inter-relationships between requirements should be discussed, including the potential for conflicting or impossible to implement requirements.  The final stage of the requirements analysis is the documenting of the complete engineering specification. The specification should be complete enough to allow any design team to pick up the specification and use it as a complete, unambiguous design specification.  The specific requirements developed for the flight control system are discussed below.

4.1 Functional Requirements

Based on the high-level description, the students derive the functional requirements for their system to include:

1. Update rates and precision of the interfaces from sensors

2. Throughputs and turnaround times for maintaining or changing each variable

3. Algorithms required for achieving the desired functionality.

The flight controller system was defined to take in signals representing current azimuth and elevation, and calculate the delta signals shown in Figure 1 below.
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Figure 1.  System Functionality
4.2 System Inputs/Interfacing

At the requirement phase of the design process, the students should be directed to treat their embedded system as a black box interfacing to existing signals from the outside world.  The interfaces are generally technology and implementation specific, and therefore the design must adhere to the existing interfaces. Existing bus specifications, signal widths, sampling rates, and handshake protocols should be specified.  A block diagram showing the interfaces should be developed for the specification.  The interfaces provided for the flight control system are shown in the block diagram of Figure 2 below.  The precision of selected signals from Figure 2 are listed in Table 2.
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Figure 2.  System Interface Signals


Azmth
Elev.


Sensor
Adj.
Sensor
Adj.

Resolution
1.5 deg
1 deg
50 ft
1 ft

Range
360 deg
( 25
12,000
(100ft

Values
240
51
240
101

Table 2.  Signal Precisions

4.3 Timing

After specifying the functionality and input/output signals, specific timing requirements should be derived for the system.  Algorithms required for the system are evaluated to determine the complexities and timing requirements.  The update rates of input data and output data requirements must also be considered in addressing the system timing issues.  Based on these specifications, the students should gain a first level understanding of memory requirements, input output device requirements, and microprocessor functionality requirements.  The timing requirements should also be included in the requirements specification.  Figure 3 shows the timing for one input signal of the flight control system.
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Figure 3.  Input Signal Timing

At the end of the requirement phase, a cursory partitioning of functionality into hardware and software systems is usually performed.  This provides the students a first exposure to evaluating microprocessors, accelerators, etc to meet timing requirements.  For the flight controller system, based on the update rates and precision of the interface signals, a simple cheap microprocessor is shown to be sufficient to meet performance and functional requirements.     Memory requirements to support program and data storage should also first discussed in the requirements phase.  The memory requirements are discussed in relationship with evaluating microprocessors.  The microprocessor must be able to address sufficient memory to support the program and data storage requirements.

Finally, the sizing and power requirements are also discussed.  The students should be shown these requirements will not only affect the selection of chip sets and board technologies, but will have significant impact on the cost of the system.

A system requirement document should be produced at the end of the requirements phase.  This document is used by the students throughout the remainder of the semester.  The completeness of the specification should be discussed throughout the remainder of the semester in order to outline the importance of a complete, concise specification.  During the design of the flight controller system, ambiguities in the specification were intentionally introduced and used as a learning tool.  The requirements document contains the information shown below. 

5. Top Level Design

After completing the requirements specification, the students engage in a top level design of their black box system.  The major components of the top level design should include 1) subsystem partitioning, 2) internal interface and bus specification, 3)  development of the system memory map, and 4) a requirements matrix.  The importance of developing this system overview and decomposition should be emphasized.  The inclination of most students at this point in the design cycle is to start implementation before understanding the interactions of the different subsystems, and understanding the operation of the system at a macro level.  

To support the top level definition of subsystems defined for the flight controller, the block diagram shown in Figure 4 was developed.  The bus signals are based on the Intel 8086 microprocessor.   The need for an independent bus controller was discussed, but not required for this system.  
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Figure 4.  Subsystem Partitioning
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Figure 5.  System Address Map

At this point in the top level design, the students are ready to create a hierarchical design within the CAD tool.  The hierarchical design supports the top-down design approach by specifying the major subsystems and components of the design before implementing any logic.  Again, the inclination of students is to jump into detailed design during this phase before all subsystems and interfaces are defined.  This top-down partitioning also supports simultaneous implementation of the subsystems by independent groups.

In the flight controller design, defining the system bus required a detailed analysis of the functionality and timing of the 8086 signals.   The students were familiar with programming a microprocessor, but had not studied detailed timings for the signals.  Detailed timing specifications were covered from the Intel microprocessor manual.   Although the 8086 was chosen, students at stage learn to use data sheets to understand basic address bus, data bus, and control signal timings.    

A critical outcome of the top level design is a requirements matrix mapping all requirements outlined in the requirements document into a subsystem.  This guarantees all requirements will be met.  The matrix is shown in Table 3 below.

The requirements analysis and top level design both result in reports.  The content of these reports must be carefully specified with sufficient detail for the students to understand the expectations.   If not handled properly, ambiguity can cause grading to be very difficult, and students can feel very frustrated.  

6. Detailed Design

At this point in the design cycle, the students are ready for implementing each subsystem.  If done properly, the requirements specification and top level design contains all the information needed for designing each subsystem.  Students are most familiar with this stage of the design cycle, and use skills learned in previous classes.  Additional emphasis is still required for teaching decomposition of each subsystem into smaller subsystems for ease of implementation. Developing test plans and allowing time for testing and integration are typically new ideas that must also be introduced.   

The students are exposed first hand to the effects of their requirements analysis and top level design during the detailed design phase.  Ambiguities remaining in the specification are uncovered during this phase by the students, and tremendous insight into the importance of developing a clear, complete, and concise specification is typically gained. 


Requirement
CPU Sub
Memory Sub
I/O Subsystem

Inputs
Current Position


2, 8 bit In


Desired Position


2, 8 bit In

Outputs
Output Deltas


6 & 8 bit Out

Calculations
Arith. Ops
2’s Comp



Data
Data  Rqrmts
220 Max Address
24Kb Min Mem



Data Size
8 bit
8 bit
8 bits

Memory
Data 
12Address Lines
4 Kb RAM



Debug Data
12Address Lines
4 Kb RAM



Heap
12Address Lines
4 Kb RAM



Stack
12Address Lines
4 Kb RAM



Program
12Address Lines
4 Kb R0M



Debug Program
11Address Lines
2 Kb ROM



Reserverd
11Address Lines
2 Kb ROM


Debug
Debug I/O


RS-232

Process Cycle
Funct. Update
2,000Instr/Smpl



Busses
Address Bus
20 bits Out
20 bits In
20 bits In


Data Bus
16 bits In/Out
16 bits In/Out
16 bits In/Out


Control Bus
TBD bit Out
TBD bits In
TBD bits In

Table 3.  Requirements Mapping Matrix

In the flight controller example, the CPU subsystem is chosen first for implementation.  The first detailed design laboratory focuses on a simple clocking and reset circuit for the 8086 microprocessor.  This circuit is simple enough to allow the students to gain the confidence of entering a completely new design, and taking the design from schematic entry through simulation. Subsequent laboratories continue to build on previous laboratories, adding complexity to the design in a structured fashion.  As an example, the second detailed design laboratory develops the address latching and bus driver circuitry for the 8086, and uses the previous reset and clocking circuitry developed in the first laboratory. 

In the laboratory associated with the memory subsystem, the students build up a memory system comprised of both RAM and ROM.  Our CAD tool  (Mentor Graphics) allows the students to develop and implement the decode circuitry for the memory

system based on the specified timing requirements

of the 8086.  The simulations performed on address decode circuits and memory enabling allows the students to blend the theoretical aspects of memory organization with the practical aspects of designing a fairly complex realizable system in accordance with actual system timing requirements. 

Models of the chips used for this course are obtained from standard libraries associated with our CAD package.  Models are used for the Intel 8086, 8284A clock generator, RAM, ROM, 8255 Programmable 

Interface Chip, 8251 UART, and other I/O devices.  Use of these models in design capture and simulation have been previously reported in [1][3].  These models include a complete behavioral specification for each chip.  These behavioral models allow complete system simulations to be run.  The behavioral models for the memory chips include the capability of specifying small machine code programs to be loaded into the memory chips and executed during the simulation.  The behavioral model for the 8086 executes assembler programs during simulation, generating the correct handshake signals for data transfers, interrupt signals for external interrupts, etc.

The use of Mentor in this course reinforces the students understanding of the complexity and timing effects of propagation delays through decode circuitry.  The schematic entry portion of Mentor using predefined library models allows the rapid development of a complete system comprised of fairly complex circuitry.  Students are able to focus their efforts on developing a clean, efficient design instead of spending a large portion of their time engaged in drafting.  The simulation portion of Mentor allows the students to quickly see the real effects of their design.  This environment provides the students the ability to iterate their designs, much as is done in industry.

7. Integration and Test

Integration and test are critically important functions not adequately accounted for in most actual design efforts, and generally not formalized in lower level courses.  In more traditional classes that limit the complexity of systems being taught, students can generally brute force testing.  However, when a larger design of multiple subsystems is being developed, a more socratic approach to testing and integration must occur.  The concept of developing a test plan is introduced early in the design cycle, and integrated into the detailed design and final integration steps.  The students are taught a simple approach to integration and test, starting with “stand alone” bench testing of each small circuit developed, progressing through pairwise integration and test, and finally resulting in full system test.  

One basic concept that should be emphasized is minimizing the number of unknowns when developing a test plan and performing testing.  Although a simple concept, typical inexperienced designers attempt to build the complete system first, then perform testing on a large complex system.  Cause and effect are difficult to separate when a large number of interactions may occur in asynchronous, and non-repeatable ways.  

Structured testing is required throughout the design cycle at the appropriate stages.  During the detailed design of each subsystem, functional and standalone testing of small circuits is required.  The pairwise integration step is also specified following the stand alone testing of new circuit.  Pairwise integration also occurs when a subsystem has been completed. Once a subsystem has tested correctly in a standalone fashion, the subsystem is added to a growing “known correct” design.  Each integration of a new component requires a re-run of previous tests to prove the subsystem has not introduced new ambiguities or altered the operation of the previously tested portion of the design.

8. Grading and Assignments

Course grades are assigned based on nine laboratories, a mid term and final examinations.  Each laboratory is submitted by a group of students, and worth 100 points each.  The mid term and final examinations were included to reinforce each student to be responsible for all material and not rely on their team members performing the work associated with the laboratories.  The first two laboratories, the system requirements specification and top level design, are primarily reports.  The remaining seven laboratories include a write up, schematics, and simulation results.  The grading of the laboratories was equally weighted between schematic capture, simulation/demonstration results, and efficiency.  The efficiency measurement was required to differentiate between outstanding designs, and those that met the minimal requirements.  It was also stated that to earn 70% or better in each laboratory, the must be shown to work correctly and meet all requirements.

Grading a course based on design, schematics, and simulation results proved tedious and required substantial effort.  This is negative aspect of this approach for the instructor, although the benefits to the student are significant.  It is also important in using this approach to be as exact and precise in specifying the expectations for grading as significant differences can exist between designs, and legitimate differences in interpretations of the expectations can exist among the students.

9. Conclusion

This paper presented a class that introduces students to embedded systems design using a structured design approach.  The students learn computer organization while completely designing and simulating a single board computer.  The course is organized using a top-down design approach, including requirement specification, top level and detailed design, and integration and test.  The course makes significant use of CAD tools to specify, capture, document, and test a design.   Furthermore, emphasizing design methodology using CAD tools allows students to learn how to use these tools without losing valuable engineering design instruction time, and also allows students to engage in a significantly complex design in a single semester.  The course materials are available at http://www.engr.uark.edu/~dla/classes/CSCE3533.
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