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Week 3 Week 3 -- OutlineOutline

We have briefly discussed System-level specification, analysis and 
architecture design.

Unified Modeling Language (UML) as the means for expressing the 
specifications and exploring design architecture.
We’ll come back to this when we start discussing details of 802.11 
analysis model and architecture.

Now, we focus on Systems-level architecture and Register 
Transfer Level (RTL) design using the Algorithmic State Machine.

Discussion of basic drivers behind VLSI design
Discussion of the process, methods and tools we’ll be using for 
executing the VLSI-based hardware design activities for the 802.11 
WLAN application.
Focus on Nimbus and the use of FSM (finite state machine, CSCE 
211) and RTN (register transfer notation, CSCE 212) for control path 
and data path architecture and design, using extended ASM notation.
Discussion of methods for design evaluation and tradeoff analysis of 
designed micro-architectures.
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I. Design Heuristics:

Questions to Ask as You Start 
Modeling a Digital Circuit or 

System
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Five Heuristic Five Heuristic ““PrinciplesPrinciples”” of Digital of Digital 
Systems ModelingSystems Modeling

We express the inquiry of design as “probing” questions 
capturing a set of heuristic principles we want to apply in 
algorithm transformation. 

Each principle concerns a different aspect of the 
architecture analysis and design problem-solving activities.

Each is used to create a set of candidate architectures that 
may differ along one or more of the principle dimensions.

Exploring the design space involves creating candidate 
models, verifying their correct behavior, then conducting 
logic synthesis and layout in target technology platform.
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The Five The Five ““PrinciplesPrinciples”” –– Question 1Question 1

Question 1: What control and data path functionality 
should be included in each partitioned block?

Partitioning can be carried out according to “function”, or by 
“responsibility”.
“Responsibility-driven design” is used in Object-Oriented 
Analysis & Design practice.
Partitioning according to clear responsibilities, and clear 
collaboration between modules, minimizes “coupling” and 
increases “cohesion” in partitioned modules.
Each partitioned block has a range of control and data path 
capabilities.
Some blocks are only controllers, sending out control signals.
Some blocks are only datapath, providing single or multistaged 
(pipelined) computation.
Most blocks of computation are a mixture of both control and 
datapath.
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The Five The Five ““PrinciplesPrinciples”” –– Question 2Question 2

Question 2:  What amount of computation can be carried out within 
a given clock cycle? (i.e., “computing step”).

We assume the design of synchronous sequential systems under the
control of one or more “synchronizing” signals.
These signals can be the system clock, or other internally generated 
signals.
Clocking can be “periodic” or “aperiodic” (to approximate 
“asynchronous” circuits and “isochronous” coordination in distributed 
systems).
We will decompose application-specific computation across some 
number of computing “cycles”, generally synchronized to one or more 
clocking signals.

Alternate question:  What should length of the clock cycle be in
order to accommodate (“service”) our computation?
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The Five The Five ““PrinciplesPrinciples”” –– Question 3Question 3

Question 3: For a specific unit of computation, when do we 
need to have the data available on the computing unit’s 
output?

Units of computation involve some datapath function followed by an 
assignment operation.  
For example:  Out <- ADD (A, B)
Signals are registered, latched or wired on completion of 
computation. 
Concerns the “cycle delay” or “latency” of a specific computation, and 
when the value is available for use in downstream computations.
Assigning the result of computation to a wire is available immediately.  
In general,  tprop << tclk, so we ignore wire delay for now.
Assigning computation to a register incurs a one-cycle delay from 
when the computation is “scheduled” by the state machine to when 
the result is available on the registered output for the next 
computation.
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The Five The Five ““PrinciplesPrinciples”” –– Question 4Question 4

Question 4: For a given stream of computation, what must 
be computed serially, and what can be computed in parallel?

Algorithmic computation may be strictly ordered, partially ordered, or 
unordered.
The ordering of computation is based on the data dependencies 
between each stage or “unit” of computation.
What forms of parallelism?  We use basic “patterns”.
Pipelining of the datapath.
Coordinated control via “handshaking” or “arbitration” in the control 
path.
Concurrency in either the control or datapath, or both. 
The form of parallelism governs computational “latency” and 
“throughput”.
The “granularity” of computation of each parallel unit, and topology of 
interconnect between units, affects circuit complexity.
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The Five The Five ““PrinciplesPrinciples”” –– Question 5Question 5

Question 5: For a given stream of computation, what is 
the nature of “looping” in the computation?

Algorithmic computation may require iteration (FOR loop).
Iteration requires control of the looping process using feedback
(using a Counter and/or Comparator circuit).
Feedback may exist in the datapath, where an internal bus may 
recycle a newly computed value back through a computing 
element.
In hardware, feedback without sufficient “delay” unit causes 
oscillation, metastable, bistable or other non-converging 
behavior.  A register or latch is needed to store values prior to 
feedback through the circuit.
Looping for iteration can be “unrolled” to minimize logic depth, 
cost of comparator logic.
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II. ASM Design Notation:

Specifying Signal Assertions and 
Register Assignments
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Functional Partitioning of Control and DatapathFunctional Partitioning of Control and Datapath

Control Unit

steering
logic

register
clocked

logic

register
clocked

MUX

Data Path Unit

Data in
Data out

Control in

SelectStatus

Control out

combin.

State
Registers

input/next state
decoding logic CLK

inputs

present state information

next state
information

output decoding
logic

control outputs

^RES
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Delay Assumption for RegisterDelay Assumption for Register--Transfer LevelTransfer Level
In ASM, we model the behavior of registers using the "limit" assumption.  First, at some time tn
corresponding to the active edge of a clock, there is a different value on the input of a register than on its 
output.

The time between when the register input is "sampled" and when the value appears on the register output 
cannot be zero.  We need to consider the change in "state" of the design on the clock edge, where we are 
assigning values to the input and wanting to see the results that appear on the output.

We assume the mathematical  limit of tn from both sides of the clock transition, which we refer to as times 
tn- and tn+.  The time tn- is when the register input is being "sampled", and the time tn+ is when the 
sampled value appears on the register output.

State
Reg

next
state

present
state

next state
decoding

logic

Path
Reg

combination
and steering

logic

tpsm = 0

tpdp = 0

t0- t0+

t0- t0+

tpsd = 0

Data
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Abstract Model of System ConceptsAbstract Model of System Concepts
Elect ronics_System

Analog_System Digital_System

Moore_Machine Mealy_Machine Un-Registered_Datapath Registered_Datapath

Signal_Assertion

SystemBlock
1..*1..*

Composed_of

State_Machine

0..*0..*

Composed_of

We are only concerned with 
digital systems in this course.

State

1..*1..*

Has_States

Signals

1..*

1..*

1..*

1..*

Has_Signals

Macro_Function_Block

Macro_Function_Assignment

1..*

Composed_Of

Input_Signal

<<PlaysRoleOf>>

1..*1..*
Composed_Of

Output_Signal

<<PlaysRoleOf>>

11

Composed_Of

Signal_Assignment

11

Composed_Of

1

Composed_Of

1

{OR}: can have 
both Moore & 
Mealy behaviors.

1..*

Register-level_Operation
1..* 0..*1..* 0..*

Scheduled_In

1..*1..*

Has_Operands

Data_Path_Unit

0..*0..*

Composed_of

0..1

Executes_On

0..1

Arithmetic_Datapath

Boolean_Datapath

Steering_Datapath

Coding_Datapath

We have different types of datapath units, based on the 
predominant type of operation.  Note that {OR} constraint 
applies, indicating that a Datapath unit can have 
characteristics of more than one type of logic.
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Relationship of State Machines to DatapathRelationship of State Machines to Datapath

ASM diagrams incorporate information about control path and data path into a single 
representation.  Using this notation, a design can express different design styles for 
both synchronous and asynchronous behavior of both the control and datapath.
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Moore Machine Moore Machine -- Registered AssertionsRegistered Assertions
The designer may specify that outSig1, dependent only on present state, be registered by 
selecting the bus Element as a Register in the Bus Table.  Selecting bus elements as registers 
provides good isolation from signal transients and race conditions, by synchronizing the state 
machine output to the clock.

The output action outSig1 is scheduled upon entry to state s1.  However, the asserted signal 
will be delayed on the output of the outSig1 bus by 1 clock cycle.  This is because of 1 cycle 
delay due to additional output register in the control path.  The assertion of outSig1 is held for 
a 1 clock cycle duration, corresponding with the present state is state being s2.  Upon leaving 
s2, because the state registers and output registers are tied to the same clock, outSig1 is de-
asserted.
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Moore Machine Moore Machine -- Unregistered AssertionsUnregistered Assertions
The designer may specify that control signal outSig2, be unregistered by selecting the Element as a 
Wire in the Bus Table.

The output outSig2 is asserted upon entry to state s1, and is held for the duration while in state s1.  
Upon leaving s1, outSig2 is de-asserted.  Contrast this with the fact that outsig1, which is 
“registered”, does not actually assert until the next clock cycle (it is a registered assertion).

Unregistered Moore-style of design saves registers and reduces delay.  Care must be taken to provide 
good isolation from signal transients and race conditions, by synchronizing somewhere else in the 
design.
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Moore Machine Moore Machine -- Registered Bus AssignmentsRegistered Bus Assignments
Registered bus assignments may be used by placing expressions on buses that are defined as 
“Register” in the Element field of Bus Table.  The buses in the datapath will be realized using 
registered logic.

The buses aReg and bReg are realized by using additional layer of registers.  This imposes a 1 
clock cycle delay from when the operation is scheduled by the state machine in state s1 and when 
the updated values are propagated to outputs of aReg and bReg.  However, the resultant 
assignment value is preserved in the registered output until it is explicitly modified.

Using registered bus assignments increases gate count and circuit delay of the datapath.  However, 
the designer avoids race conditions, signal transients, and unwanted feedback conditions by 
designing with registered logic.
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Moore Machine Moore Machine -- Unregistered Bus AssignmentsUnregistered Bus Assignments
Unregistered bus assignments may be used by selecting bus Elements as “Wire” in flowHDL’s Bus 
Table.  This implies that the buses in the datapath will not be realized using registers, but with wires.

Unregistered datapath operations, though causing the datapath buses to be realized without 
registers, are still synchronized by the clock driving the Moore-style state register outputs.

Using unregistered bus assignments reduces gate count of the datapath, and reduces circuit delay.  
However, special care must be taken to avoid race conditions, signal transients, and unwanted 
feedback loops in the datapath that can cause “metastability” (not settling to a specific value) or 
oscillation.
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Mealy Machine Mealy Machine -- Unregistered AssertionsUnregistered Assertions
The output ^outSig3 is dependent both on the present state and the input.  While in the state 
s2 associated with an input decision "diamond", if input signal aSig is asserted, the value of 
^outSig3 will follow the value change of aSig.

Note that ^outSig3 is an "assertion", indicating no data path information.  The asserted value will 
be held for as long as state s2 is the current state.  The output will be unregistered.
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Mealy Machine Mealy Machine -- Registered AssertionsRegistered Assertions
If the designer wishes to register a Mealy generated control output signal, the bus is 
defined as Registered element in the Bus Table.  While in state s2, if input aSig
occurs, the resultant change in outSig3 occurs on the next clock edge after the 
appearance of aSig.
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Mealy Machine Mealy Machine -- Unregistered Bus AssignmentsUnregistered Bus Assignments
For Mealy-style outputs specifying datapath Bus assignments, the control outputs change 
asynchronously with the value of input aSig.

The use of Bus assignments with Mealy outputs implies that the datapath buses with be 
unregistered (either latches or wires, depending on Element value specified in the Bus Table).  Thus 
the result of the assignment will appear on the output of the datapath immediately (assuming no 
propagation delay, since it is assumed this is subsumed by the clocking around the other elements 
of the design unit).
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Mealy Machine Mealy Machine -- Registered Bus AssignmentsRegistered Bus Assignments
Specifying registered assignments of buses used in Mealy outputs is done by selecting 
“Register” as bus Element type in Bus Table.  The values to buses aReg and bReg
are assigned synchronous to the next active clock edge.
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Moore Machine Moore Machine -- MacroMacro--function Assignmentsfunction Assignments
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Mealy Machine Mealy Machine -- MacroMacro--function Assignmentsfunction Assignments
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Avoiding Unwanted Feedback in the DatapathAvoiding Unwanted Feedback in the Datapath
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Modeling Combinational Logic in ASMModeling Combinational Logic in ASM

My_ADDer1 Sum <- XOR(Carry_in, XOR(A, B))
Carry_out <- OR(AND(A,B),AND(Carry_in, XOR(A,B)))

My_ADDer2 Temp <- XOR(A, B)
Sum <- XOR(Carry_in, Temp)
Carry_out <- OR(AND(A,B),AND(Carry_in, Temp))

Modeling styles
There are two ways to model nested 
computation of data path: (1) nesting 
computations following the structure of 
the dataflow; (2) explicitly defining “temp”
signals to hold intermediate results, and 
having each assignment as a separate 
macro statement.

Implicit modeling of data 
computation

This is used to embed the intermediate 
computations and simply generate the 
final result.  Using this style assumes 
that the computation can be completed 
within the timing constraints of the logic 
and clocking scheme.

Explicit modeling of data 
computation

This is used when representing the 
operation’s intermediate results is of 
interest.  Often it is easier to debug the 
design, and also to modify the timing 
behavior by changing an intermediate 
bus from “wire” to “register”.
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Modeling Combinational Logic in ASMModeling Combinational Logic in ASM
Modeling styles

There are two ways to model 
behavior: (1) explicitly using ASM 
control constructs; (2) implicitly 
using nested macro-functions.

Explicit modeling of control
This is used to make clear the 
nature of decoding logic, based on 
combinations of control or data 
inputs.

Implicit modeling of control
This is used when representing the 
operation selection through a 
MUX-based scheme, using the 
Multiplexer macro-functions.

State0

A=1

B=1

1

1

0

0

Out <- ADD(op1, op2)

Out <- OR(op1, op2)

Out <- AND(op1, op2)

State0 Out <- NMUX(ADD(op1, op2), NMUX(AND(op1, op2), OR(op1, op2), B), A)
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III. ASM Design Notation:

Modeling Concurrent Components 
in Digital Systems
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ASM ASM -- Modeling ThreadModeling Thread--level Concurrencylevel Concurrency

^RES
CLK (rising)

C1 <- '1'
AS1 <- '1'

AS1 <- '0'
C1 <- ^C1

Thread 1

AS1
C1 (rising)

C2 <- '1'
AS2 <- '0'

AS2 <- '1'
C2 <- ^C2

Thread 2

^AS2
C2 (falling)

ASSERT_1

Thread 3

!ASSERT_2

s0

s1

s6

s2

s3

s8

s4

s5

s7

Modeling Concurrency:
- Multiple model ASM "threads" having shared buses.
- Independent clocking schemes and enabling events (e.g., ^RES).

- Types of concurrent interaction:

I. Synchronization
- coordinated activities (e.g., handshaking, 

pipelining).
- implicit references to shared buses.

II. Competition
- shared resources (for example, bus arbitration).
- explicit use of other concurrent processes, 
components, or entities to model the arbitration 
protocol.
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ASMASM–– Control Exerted Across ThreadsControl Exerted Across Threads
Gated/User-defined clocking:

We use some combination of signals to 
derive the clock signal for an ASM thread 
governing its state transitions and clocking 
of its data path registers.
Nimbus only lets you specify a single user-
defined signal on the clock.

Gated/User-defined resets:
We use some control signal to reset the 
registers of a control block and its data path, 
either from the data path or from another 
controller.

MUXed data path inputs:
We use control signals to “gate” the data 
into a register or data path stage by 
“implying” a MUX by the specification of an 
expression assignment to a particular bus in 
one or more states.

Figures: Lee © 2000 Prentice-Hall Publishers, Inc.

Control_signal
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ASM Control ASM Control –– Exerted Across ThreadsExerted Across Threads
User clocking:

User resets:
ASM models

shown for both
control and data
path registers.

MUX’ed data
path inputs:

Figures: Lee © 2000 Prentice-Hall Publishers, Inc.

Control_signal

For data path, the MUX is implicit,
so you don’t have to specify it.  It
will likely be synthesized into the circuit.

For data path, we test conditions
for ‘clr’ and ‘control_signal’, and
use Mealy outputs for Enable and CLR.

For control path register, we
assume encoding of two states.

For control path register, we assume encoding of two states.
For data path, it’s a single assignment.

Page 32© 2002 Dr. James P. Davis

Using the Asynchronous ResetUsing the Asynchronous Reset
Nimbus provides a pre-defined "Reset" signal.  Reset generally defines the power-up or re-start 
event, on which most of the synchronous register elements are tied.  It is defined asynchronous 
to the clock, in that it can occur at any time, and does not require synchronization before the 
system is to respond to the event.

Reset has some specific "pulse and hold" behavior, in that the signal is asserted or de-asserted 
for a certain amount of time (i.e., pulsed) before being held.  During the time that the signal is in 
its "hold" state, the execution of the circuit is enabled.  When the signal is next pulsed, the 
system immediately aborts its current machine cycle and transfers control to the associated 
Reset state.

The designer would typically use Reset to initialize each ASM "thread" in a concurrent system 
description.  Note that only one hard Reset can be used in a given thread, through each 
concurrent thread may have a Reset event defined.
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ASM ASM -- Synchronous Enabling Events Synchronous Enabling Events 
Enable Events are used is specifying pre-emptive control behaviors of the design, where 
the normal control flow in the design is interrupted.  Enable Events can either be 
synchronous or asynchronous.
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ASM ASM -- Modeling Synchronous EventsModeling Synchronous Events
Using ASM, we can model special signaling situations, where a design component can be enabled 
by the presence of an "enabling" signal event.  Rather than just defining a strobe for setting up a 
particular sequence of operations, an "enabling event" defines when a particular ASM "thread" is to 
be executed.

When the specified event is "activated" by the signal attaining the defined value, the control flow 
transitions to the state with the event attached to it.  Control remains in that specified state while the 
event is "active".

Similar to the Reset pulse, an Enable Event is a pulse that causes a synchronous change of state, 
on the next active clock edge, to the specified state.  The pulse can be active for any length of time.  
As long as the pulse is active, the ASM does not change to a new state.  Once the defined enable 
event is "deactivated", the design will follow the normal state transitions. Single event triggers can 
be defined, if the signaling event is driven inactive on the next clock cycle.
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IV. Modeling Problems:

Modeling Combinational Logic 
Circuits using ASM
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InIn--Class Exercise Class Exercise –– BitBit--serial Adderserial Adder
Data path circuit schematic for a bit-serial Adder architecture. 
Indicate the appropriate “nested” macro-function and assignment 
sequence on the ASM state that captures this data path operation.
Hint: you should have three different assignment statements.
Macro-functions that might be relevant include AND(x, y), OR(x, y), 
XOR(x, y), remembering that macro input buses and outputs in the
assignment of the macro assignment expressions must agree in width 
and data type.

CLK

D Q

Z
A
B

CIN

COUT

D Q

CLK

RES

RES

State_N
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The Arithmetic Logic UnitThe Arithmetic Logic Unit

The Arithmetic Logic Unit 
(ALU)

The ALU provides many 
functions that are 
selectable using control 
signals.
The ALU has an 
arithmetic circuit, a logic 
circuit, and decoding 
logic to determine which 
function to select.
Only one ALU function 
can be selected at a 
time.
ALUs are integral 
component of a CPU.

MacKenzie © 1995 Prentice Hall Publishing

Page 38© 2002 Dr. James P. Davis

The Arithmetic Logic UnitThe Arithmetic Logic Unit

1-bit Arithmetic Logic 
Unit (ALU)

The ALU function is 
provided as a 
single-bit operation, 
built up of gate-level 
combinational logic.
The multi-bit ALU is 
created as a result 
of combining many 
single-bit ALUs in a 
cascaded 
configuration.
This ALU can be 
analyzed by first 
constructing a truth 
table to obtain the 
Boolean equations.

Source: Tanenbaum, 4th Edition, 1999.

Page 39© 2002 Dr. James P. Davis

The ALU Model The ALU Model –– Block DiagramBlock Diagram

This model is created 
in terms of its hierarchy 
and behavior (see its 
decomposition).

These models are 
simply instances of the 
original model, with 
appropriate net 
connections (such as 
from Cout to Cin).
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The ALU Model The ALU Model –– Block DiagramBlock Diagram

These blocks are leaf 
nodes in the block 
hierarchy, some of 
whose function is 
trivial.
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ALU Components ALU Components –– The AdderThe Adder
Half Adder circuit:

This circuit takes two single-bit 
inputs and adds them together 
to produce a Sum as output.
The adder also generates a 
Carry signal, which can be used 
to connect to another adder 
element.
Multiple adders are connected 
together to implement a multi-bit 
adder circuit, and more complex 
arithmetic functions.

Using the ASM macro-functions:
Sum[1:0] <- ADD(A,B)
Sum[0] <- ADDNC(A,B)
The first ADD() assumes a 
carry_out signal will be stored in 
MSB.

Source: Tanenbaum, 4th Edition, 1999.
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ALU Components ALU Components –– The AdderThe Adder
Full Adder circuit:

This circuit takes two single-bit 
inputs and adds them together to 
produce a Sum as output.
The Full Adder also has a Carry 
(called a Carry Out) like the Half 
Adder.
The Full Adder also has a Carry In 
signal, allowing Carry Out from 
earlier adder stage to be connected.
This allows a multi-bit, multi-stage 
adder circuit to be constructed.

Using the ASM macro-functions:
Sum[1:0] <- ADD(A,B, Carry_in)
Sum[0] <- ADDNC(A,B, Carry_in)
The first ADD() assumes a 
Carry_out signal will be stored in 
MSB of Sum[1:0].

Source: Tanenbaum, 4th Edition, 1999.
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The ALU Analysis Model The ALU Analysis Model –– Use CasesUse Cases

Set_Function_Code

Set_Data_Input_Control_Signals

Set_Operand_Enable-Signals

Load_ALU_Data_Operands

ALU_User

Latch_ALU_Output

Abstract ALU:
This circuit takes two inputs and 
operates on them to produce an 
output.
The output is determined by the 
selection of function codes, 
data input control, and operand 
enable signals.
There is an implies ordering of 
tasks for setting up the ALU 
(not shown in the Use Case 
diagram): all the control signals 
must be stables before applying 
the data inputs; then the device 
is enabled.
The ALU operates as a 
combinational logic device; so 
its output is latched into a 
register when the operation is 
complete.
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The ALU Function Model The ALU Function Model –– Truth TableTruth Table

Functional specification:
This is a technique to represent 
a purely functional result.
You list a column in the table 
for each input, and a column for 
each possible output 
combination.
The table is used as a “look-
up”, given some input 
combination, to determine the 
output.
The outputs are a function of 
the inputs.
Truth table results are derived 
based on rules of Boolean 
Logic, and complex functions 
can be built up from 
understanding more primitive 
ones.

Inputs Output
Function

Source: A. Tanenbaum, 4th ed., 1999.
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The ALU Analysis Model The ALU Analysis Model –– Class DiagramClass Diagram--11

ALU_User

(from  Use  Ca se View)

ALU

1..*0..* 1..*0..*

Accesses_ALU

Data_Register Operand_Inputs

<<Has>>

0..*0..1

Function_Inputs

<<Has>>

Instruction_Decoder

0..1
1

Control_Inputs

<<Has>>

1..*1
Provides/Provided_By

0..*0..1

Selects_Function_on_Cycle

0..1
1

Selects_Controls_on_Cycle

1..*1
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The ALU Analysis Model The ALU Analysis Model –– Class DiagramClass Diagram--22

8

4

A d d  Fu n cti o nA ND Un i t O R Un i t NO T  (B ) Fu n cti o n

0 0 0 1 1 0 1 1

IS -A
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A ND Un i t

O R Un i t

In p u t E n a b le  L o g ic

1 -b i t A L U

Co n ta i n s

S u p p o rts

11

Co n ta i n s

11

Co n ta i n s

11

Co n ta i n s

11

Co n ta i n s

11

Co n tai n s

11 Co n ta i n s

NO T  (A ) Inp u t Co n tro l

11Co n ta i n s
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The ALU The ALU –– Function versus Structure ViewFunction versus Structure View
Which form of specification?

There are several choices for the 
level at which we’ll model the control 
flow of the ALU.

We could model it as one monolithic 
unit, where we simply implement all 
of the output combinations indicated 
in the truth table.

Alternately, we could model the ALU 
hierarchically, as a collection of 
concurrent threads.  Each thread 
implements a piece of the ALU 
(function decoding logic, adder, etc.).

Which is easier to model?

Which would be a more efficient 
design?  (We’ll have to generate a 
circuit to determine the answer.)
We’ll work both models and compare.
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HomeworksHomeworks #1 & 2 #1 & 2 -- AssignmentAssignment

Objective: To start some high-level circuit modeling to give you more 
insight on:

How to start a design model from an analysis model
How to think about digital systems modeling using ASM charts.

Means:
The ALU example (taken from Tanenbaum, 4th edition, 2000).

Result:
You should be able to create this design in Nimbus or flowHDL
and verify its functionality through simulation.

You will generate a number of simulation test cases, indicating 
the “expected” behavior of the design.  (Then, in Lab, we’ll learn 
how to run the simulator to verify the correctness of the design
functionality).
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Assignment Assignment –– MultiMulti--function ALUfunction ALU
This ALU specification comes from the Tanenbaum, 4th ed., Computer 
Architecture © 1999, Prentice-Hall, text:

The gate-level schematic of the circuit is shown to the left.
The truth table representation of the functionality to be supported in the Arithmetic 
Logic Unit is shown to the right.
Create an ASM thread that realizes the input decoding control and operation 
execution as specified.  Make your ALU accept 4-bit operands.
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Lab Lab –– MultiMulti--function ALUfunction ALU
Lab purpose:

This lab introduces the student to modeling combinational logic circuits using 
an algorithmic style, while also using the appropriate arithmetic and logic 
functions in the macro-function library.

Lab discussion:
This lab problem can be modeled in two different ways using ASM notation:  
(1) algorithm style, where the “decoding logic” is represented as a collection of nested 
If-Then conditionals and Case multi-way branch; and 
(2) function style, as a set of nested macro-function expressions attached to the single 
state or as conditional “Mealy-style” outputs that are dependent on a particular 
combination of Function and control signal inputs.
You’ll want to use the macro-functions: ADD(a,b), AND(a,b), OR(a,b), NOT(a,b). For 
modeling the ALU as functional expressions, you might also use the NMUX(x,y,sel) 
macro for selecting among multiple ALU functions.
You will want to define a set of test cases to evaluate your model in the Nimbus 
simulator.  Some things to think about:
(1) data combinations: which data values for inputs reasonably test circuit?
(2) control combinations: what is the precedence of the control inputs?  Does the 
circuit behave as expected under different combinations of control inputs?
(3) function inputs: does the ALU circuit function as expected, for the supported 
functions?
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ALU Design ALU Design –– InIn--class Partclass Part

Part 1:
We will take the basic 
specification for the ALU 
functions, as given by the truth 
table, and we’ll discuss an ASM 
design model in class.

Part 2:
You will use Nimbus to create 
your own version of the ALU 
model.

Define/declare signals and 
buses.
Create the flow diagram of the 
state machine.
Check the model and compile it 
into its internal form.
Simulate the model to verify the 
correctness of the design 
model.  (You will come up with 
5 different test cases as part of 
HWs #1 & 2).

Source: A. Tanenbaum, 4th ed., 1999.

Functional description of
“system” model (truth
table).

Structural description of
“system” model (gate
schematic).
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Lab Lab –– Arithmetic Logic UnitArithmetic Logic Unit

ALU structure
A single-bit ALU consists of logic 
for (1) function decoding, (2) 
performing 3 logic functions 
AND, OR, NOT (B), (3) Full 
Adder unit, (4) Input enable logic, 
(5) NOT (A) function from 
separate input.
Creating a multi-bit ALU unit 
involves scaling the bit-widths of 
the input operands A, B and the 
Output.
We will start out by creating a 
single-bit ASM model for this 
circuit, then scaling it to 4 bits.
There are two styles of ASM 
model that can be created: (1) a 
structural model mimicking the 
gate schematic, and (2) a 
functional model independent of 
the structure.

Source: Tanenbaum, 4th Edition, ©1999 Prentice Hall Publishers, Inc.
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Lab Lab -- ALU Model (Continued)ALU Model (Continued)

ALU Function:
F1, F0 define selection of 4 
functions: ’00’ AND, ’01’ OR, 
’10’ NOT (input B), ’11’ ADD.
These functions are 
“qualified” by other control 
signals input to the ALU: (1) 
A,B input Enable lines, (2) 
INVA – NOT (input A) 
function, (3) INC increment 
function (which has special 
meaning, depending on the 
status of the other control 
inputs.
The outputs are defined in 
terms of the two inputs, but 
some outputs are dependent 
on a single input (if the control 
signals are configured 
appropriately).
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Lab Lab –– SingleSingle--bit ALUbit ALU
You will use NimbusTM or flowHDL® to create an ASM model of 
the design as described.  The design entry consists of the 
following parts:

Declare the signals and buses in the Bus tree view dialog box.  You’ll need to 
declare all buses to have Element type = “wire”.
Note we are starting with a single-bit ALU unit in this part of the workshop.
Create a model for the ALU block, as discussed.  A combinational circuit will 
consist of an ASM “thread” with a single state.  Thus, the design consists of 
modeling the operations using the Nimbus macro-functions, nested together, 
or of modeling the decision logic as conditional output operations using the 
ASM control constructs (Case, Condition), all looping on the single state of the 
ALU thread. 
Note: you are also including declarations for CLK and RES signals, although 
this is a combinational logic design unit, so they will not be referenced in the 
actual design.
Compile your model: If you get errors during model compilation, you should go 
to the state where errors are flagged (indicated by an error code), and click the 
object while holding down the ‘CTRL’ key (CTRL + Left Mouse).  This will bring 
up and explanation of the error in a dialog box.
Usually, the cause of errors is that you are using signals in an assignment 
expression that have different bus widths, different signal types, or signal 
modes (input, internal, internal_out, versus output).  So, you’ll have to debug 
the design a bit.  Nimbus uses strongly typed signal definitions.
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Lab Lab –– Scaling the ALU ModelScaling the ALU Model

For this part of the workshop, you will take the specification for the 
single-bit ALU (using the original truth table only), and devise an 
ASM model that meets the requirements of a combinational logic 
model, namely that the operation can be completed in a single 
cycle.

In addition, the input buses A and B will be 4-bits rather than 1-bit 
in width.  This means the output bus will also be 4-bits.  (Note that 
the control inputs and the carry-in and carry-out signals will be 
similar to those in the first version of the ALU model.)

You can use nested conditionals, case constructs and macro-
functions to implement the arithmetic and logical functions 
required for generating the outputs in the presence of the inputs 
and controlling signals. 
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Lab Lab -- The MultiThe Multi--bit Arithmetic Logic Unitbit Arithmetic Logic Unit
ALU description

Provides the arithmetic, 
logic and other data 
functions in a single 
package.
ALU functions are 
selectable using control 
signals.
Individual gate-level 
elements are cascaded 
together to form an ALU of 
the computer’s word length.
NOTE: The ALU 
incorporates the Full Adder 
model.

Source: Tanenbaum, 4th ed. © 1999, Prentice-Hall
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Lab Lab –– Structural 4Structural 4--bit ALUbit ALU



97/08/12

20

Page 20

Page 58© 2002 Dr. James P. Davis

Lab Lab –– Alternate ALU ModelAlternate ALU Model

Some questions about the ALU model shown below:
This model has two states, and has operations scheduled on each 
state.  Is there any problem with this design, in regards to its
specification in the truth table shown earlier? 

_______________________________________________________
_____

If you see a problem with how the design block has been modeled,
how would you fix the problem (i.e., how would you model the ALU
differently so that the problem goes away)?

_______________________________________________________
_____
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Lab Lab -- ALU Signal DeclarationsALU Signal Declarations

• Thinking about the interface and internal signaling:
– You need to define your signal interface as a collection of buses in Nimbus.
– You’ll start with the Inputs and Outputs (as labeled in the gate-level 

schematic) then consider the Internal signal interconnect.
– You can enter these first, or wait until after you create the ASM diagram.

You’ll declare these as “wires” instead of “context”
(which is the default value for “Element” type).

You won’t
declare these,
as they are
pre-defined.
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Lab Lab -- Signal/Bus WorksheetSignal/Bus Worksheet
Use this worksheet to declare 

your signals and buses for the 
ASM threads.  All threads are 
inside the scope of Bus Table.

Note: your Bus Table should 
have the appropriate buses 
declared to implement the design 
function of your circuit.

Your Bus Table entries will need 
to have appropriate values for 
Mode, Type, Element, etc.

Assume that you have a ^RES 
signal that is generated externally 
that is the reset signal for the data 
registers, and that you have a 
clock signal CLK for clocking the 
data registers.

Since this is a combinational 
circuit, there is no state machine, 
so no state registers.

Bus Name Type Mode Element Width
CLK Binary Input Wire 1
^RES Binary Input Wire 1
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Laboratory ASM WorksheetLaboratory ASM Worksheet
ALU_version_1

Use this worksheet to hand-draw your initial ASM design.
The single-thread ASM model should only have one state, as 

the circuit to be modeled is a combinational logic circuit.
Can you model this version using a set of nested ASM 

control structures (If-Then and Case constructs)?

Page 62© 2002 Dr. James P. Davis

HW #3 HW #3 –– Testing Computation of the ALUTesting Computation of the ALU

For this assignment, you will take your 4-bit ALU and create 
a second ASM “test thread” that uses the ALU thread to 
implement a Subtraction function for signed integers.

Subtraction is carried out as follows: (1) convert the second 
operand into two’s complement (invert and add 1), (2) 
perform addition of the operands, and (3) convert sum back 
from two’s complement (depending on the value of the “sign”
bit).

This will require consecutive operations using the ALU: (1) 
NOT(B), (2) B<-INCRNC(B), (3) ADD(A, B), (4) test of MSB 
(sign bit). 
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Debug Test & Verification ProcessDebug Test & Verification Process
Approach to Verification

Create a set of stimuli that can be used to verify observed behavior against expected 
behavior.
We’ll use different levels of design and test specification, to take advantage of fast 
turnaround in gaining functional and cycle-level timing verification, then obtaining 
gate-level timing and load analysis, post-layout.  The same test harness will be used 
at both levels.

  Simula to r 
stimulus response  

loaded HD L 
model  

observed  

system spec  

response  
expected 

O = E??  

W _Re c v 

"re a dy to se nd" f rom  rem ote ? 
Y e s N o 

Cle a r  f la gs on Re se t. 
D rop "c le ar  to se nd" to  rem ote . 

Re c vDa ta 

Re c e ive  c ount re ac he d? 
Y e s N o 

Inc rem e nt RECV 
Shif t in c urre nt se r ia l bit. 
Se t "c le ar  to se nd" to rem ote . 

L oa dRe g Loa d ne w  da ta  into 
Che c k a nd c lea r  ser ia l Re c vDa ta  re g. 

sta tus bits.  

bit c ounte r . 

R e c e ive r 

RES   b'1 
Din   b'1 111 00 00 
ADDR   h'04 
RD  b'0 

Dbusou t = h'F0 

D busou t = h'F0 
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In examining an ASM “thread”, we want to evaluate which logic paths we can test by 
defining a set of input stimuli to excite the design, so that each run allows different logic 
to be tested. Test points:

We start by looking at 
specific points allowing us 
to check different logic 
paths through the design.

We look at the signals and 
the value ranges that will 
cause our design to 
choose a different logic 
path.

We then create a set of 
stimulus “steps” that will 
allow us to trace the 
design in simulation.

Debug Test & Verification ProcessDebug Test & Verification Process
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Functional Testing of ALU ModelFunctional Testing of ALU Model

Create a “test” ASM thread that will control the ALU thread:
1. Setting up different scenarios of control inputs.
2. Setting different test patterns of input operands.
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CSCE 491 Lab CSCE 491 Lab -- Signal/Bus WorksheetSignal/Bus Worksheet
Use this worksheet to declare 

your signals and buses for the 
ASM threads.  All threads are 
inside the scope of Bus Table.

Note: your Bus Table should 
have the appropriate buses 
declared to implement the design 
function of your circuit.

Your Bus Table entries will need 
to have appropriate values for 
Mode, Type, Element, etc.

Assume that you have a ^RES 
signal that is generated externally 
that is the reset signal for the data 
registers, and that you have a clock 
signal CLK for clocking the data 
registers.

We don’t need to declare the 
state registers, since they are 
implied when we have more than a 
single state in an ASM thread.

Bus Name Type Mode Element Width
CLK Binary Input Wire 1
^RES Binary Input Wire 1

Use as many of these sheets as you need to “rough out” your signal declarations.

Name (Team Name):__________________________________   Date:________________
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CSCE 491 Lab CSCE 491 Lab -- ASM WorksheetASM Worksheet
ALU_thread #____

Use this worksheet to hand-draw 
and plan out your ASM threads.

The single-state ASM model has 
only one state, as the circuit to be 
modeled is a combinational logic 
circuit.  A multi-state thread will have 
an FSM component that “schedules”
computations in the data path.

Your test harness ASM thread will 
have many states, where each one 
could be defining test scenarios for 
different runs of the ALU.

Use as many of these sheets as you need to “rough out” your thread design & layout.

Name (Team Name):__________________________________   Date:________________
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ASM Test Case Planning WorksheetASM Test Case Planning Worksheet

How many cycles into the simulation
do you apply the test inputs ?

1

Which input buses will provide
stimulus to the design ?  What initial
values will they be supplied ? How many cycles into the simulation

do you expect some result signal response ?

2 3 654

Which buses  or thread state sequences are 
you observing ?  What is the expected response
value you expect to see in the waveform ?

7
How would you summarize the outcome
of the test scenario as a whole ?


