Register Transfer Methodology Principle
Introduction
To accomplish a complex task, we frequently describe the process by an algorithm, which is a sequence of steps or actions. Algorithms are generally implemented by programs written in traditional programming languages (i.e., by software) and executed in a general-purpose computer. However, to obtain better performance and efficiency, it is sometimes beneficial or even necessary to realize an algorithm in custom hardware. The register transfer methodology (RT methodology) is a design technique that describes system operation by a sequence of data transfers and manipulations among registers. This methodology can support the variables and sequential execution of an algorithm and provide a systematic way to convert an algorithm into hardware. 
An algorithm is a detailed sequence of actions or steps to accomplish a task. Since the semantic of traditional programming languages is also based on sequential execution, an algorithm can easily be converted into a program using the constructs of these languages. The program is then compiled into the machine instructions and executed in a general-purpose computer. Let us consider a simple task that sums the four elements of an array, divides the sum by 8 and rounds the result to the closest integer. The pseudo code of one possible algorithm is shown below.
	size = 4;

sum = 0;

for (i = 0 to size - 1) do {

       sum = sum + a(i);

 }

q = sum / 8;

r = sum rem 8;

if (r > 3){

        q = q + 1;

 }

outp = q;



The algorithm first adds individual elements and stores the result in a variable called sum. It then uses the division (/) and remainder (rem) operations to find the quotient and the remainder. If the remainder is greater than 3, an extra 1 is added to quotient for rounding. The example demonstrates two basic characteristics of an algorithm: 

Use of variables. A variable in an algorithm can be interpreted as a “memory location with a symbolic address” (i.e., the name of the variable). It is used to store an intermediate computation result. For example, in the second statement, 0 is stored into the memory location with a symbolic address of sum. Inside the for loop, a(i) is added with the current content of sum, and then summation is stored back into the same memory location. In the fourth statement, the content of sum is back into the same memory location with a symbolic address of q.
Sequential execution. The execution of an algorithm is performed sequentially and the order of the steps is important. For example, the summation of the elements must be obtained before the division operation can be performed. Note that the order of the execution may rely on certain conditions, as in the for loop and if statements. 

In VHDL, the variables and sequential execution are treated as a special case and encapsulated inside a process. Although a description with variables can be synthesized in some cases, the variables are mapped to signals and are not interpreted or realized as “memory locations with symbolic addresses”.
Structural data flow implementation

To achieve better performance and efficiency, we frequently want to implement an algorithm in custom hardware. The variables and sequential semantics of an algorithm are very different from the current model of hardware. What we have learned so far is to transform “sequential execution” into “structural data flow” by mapping an algorithm into a system of cascading hardware blocks, in which each block represents a statement in the algorithm. The structural data flow, however, can be only applied for simple, trivial algorithms, since the resulting hardware may be extremely complicated.
Register Transfer Methodology
The register transfer (RT) methodology is aimed to realize an algorithm in hardware that resembles the variable and execution model. The key characteristics of this methodology are:
· Use registers to store the intermediate data and to imitate the variables used in an algorithm.

· Use a custom data path to realize all the required register operations.

· Use a custom control path to specify the order of the register operations.

In the RT methodology, registers are used as general storage that keeps intermediate computed values, just as the variables of an algorithm. For example, consider a typical statement in pseudocode:
a = a + b;

We can use two registers, a_reg and b_reg, to imitate the a and b variables. When this statement is executed, the content of the registers will be added, and the result will be stored into a_reg at the next rising edge of the clock.

When an algorithm is designed in RT methodology, the necessary data manipulation and data routing are performed by dedicated hardware. For example, an adder is required for the previous statement. The data manipulation circuit, routing network and the registers together are known as the data path.

Since an algorithm is described as a sequence of actions, we need a circuit to control what and when RT operations should take place. This circuit is known as the control path.  A control path can be realized by a finite state machine (FSM), which can use states to enforce the order of the desired steps and use the decision boxes to imitate the branches and iterations in an algorithm. This type of implementation is called register transfer methodology because an algorithm is transformed into a sequence of actions that specifies how the data is manipulated and transferred among registers. 
Basic RT Operation
A basic action in RT methodology is a register transfer operation. We use the following notation for an RT operation:


rdest ← f(rsrc1, rsrc2, …, rsrcn)

In this notation, the register on the left-hand side is the destination register. The registers on the right-hand side are the source registers. The function f is the operation to be performed. It is an expression composed of source registers and sometimes external inputs. The overall notation means that the new value of rdest is calculated according to f(rsrc1, rsrc2, …, rsrcn), and the result will be stored in rdest at next rising edge of the clock. Note that notation is not defined in VHDL. It is only used to denote the register transfer operation. 
There is no restriction on the f function. It can be any expression as long as it can be designed by a combinational circuit. A few representative RT operations are shown below.

r ← 1: a constant 1 is stored into the r register. 
r ← r: the content of the register is stored back into itself.

r ← r << 3: the content of the register is shifted left three positions and then stored back into itself.

r0 ← r1: the content of the register r1 is stored (o transferred) into the register r0. 

The major difference between a variable of an algorithm and a register is that a system clock is embedded implicitly in an RT operation. Consider the register operation

rdest ← f(rsrc1, rsrc2, …, rsrcn)

Its detailed actions are as follows:

1. At the rising edge of the clock, the new data from the source registers is available.

2. The data is computed by a combinational circuit that realizes the function f.  We assume that the clock period is long enough to accommodate the propagation delay of the combinational circuit. The result is routed to the input of the rdest register. 

3. At the next rising edge of the clock, the result will be sampled and stored into the rdest register.

Designing an RT operation is straightforward. We basically construct the function f using combinatorial components and then connect its output to the input of the destination register. Consider the operation r1 ← r1 + r2. It involves an addition in f. Its block diagram is shown in Figure 1(a), and the corresponding timing diagram is shown in Figure 1(b). Note that the register r1 will not be updated until the next rising edge of the clock.
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Figure 1. Single RT operation.

Multiple RT operations and data path
An algorithm consists of many steps, and a destination register is not loaded with the same data in these steps. For example, the register r1 may be set to 1 in the initialization step, added with the content of r2 in a summation step, incremented in the following step and kept unchanged in the final steps. Thus, four RT operations use r1 as the destination register:

r1 ← 1;

r1 ← r1 + r2;

r1 ← r2 + 1;

r1 ← r1;

Because of the multiple possibilities, a multiplexing circuit is needed to route the desired value to the input of the register r1. The block diagram is shown in Figure 2. We can choose the desired RT operation by setting the proper selection signal in the multiplexing circuit.

A design with RT methodology normally involves many registers. We can repeat this procedure for every register. The resulting circuit constitutes the basic, un-optimized data path, which can perform ever needed RT operation of an algorithm.

Control Path
While a data path takes care of all the required RT operations in an algorithm, we need a mechanism to specify when and which RT operations should be performed. A control path is used to enforce the order of RT operations and to selectively perform certain RT operations based on the external commands or internal status. A control path can be realized by a custom FSM. An FSM is a natural match for this task for several reasons:

The state transition of an FSM is performed on a clock-by-clock basis. Since an RT operation is also updated on a clock-by-clock basis, an RT operation can be specified in a state of the FSM, since it can enforce a specific sequence of actions. Upon an examination of input conditions, an FSM can branch to different paths and thus can alter the sequence of actions. This can be used to implement various branch constructs, such as the if and loop statements, in an algorithm.
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Figure 2. Block diagram of a data path supporting a set of RT operations with the same destination register.

ASM Chart
An algorithm state machine (ASM) chart is an alternative method for representing an FSM. Although an ASM chart contains the same amount of information as a state diagram, it is more descriptive. We can use an ASM chart to specify the complex sequencing of events involving commands and actions needed to implement a control path. 
An ASM is composed of a network of ASM blocks. An ASM block consists of one state box and an optional network of decision boxes and conditional output boxes. A typical ASM block is shown in Figure 3. The state box, as its name indicates, represents a state in an FSM. It is identified by a symbolic state name on the top left corner of the state box. The action or output listed inside the box describes the desired output signal values when the FSM enters this state. Since the outputs rely on the state only, they correspond to Moore outputs of the FSM. To reduce the clutter, we list only signals that are activated or asserted. An output signal will assume the default, unasserted value if it is not listed inside the box. We use the same notation for an asserted output signal:

Signal_name ← asserted value;

We assume that an asserted signal will be a logic ‘1’ unless specified otherwise. 

A decision box tests an input condition to determine the exit path of the current ASM block. It contains a Boolean expression composed of input signals and plays a similar role to the logic expression in the transition arc of a state diagram. Because of the flexibility of the Boolean expression, it can describe more complex conditions, such as (a > b). Depending on the Boolean expression, the FSM can follow either the true path or the false path, which are labeled as T and F in the exit paths of the decision box. If necessary, we can cascade multiple decision boxes inside an ASM block to describe a complex condition.
A conditional output box also lists asserted output signals. However, it can only be placed after an exit path of a decision box. It implies that these output signals can be asserted only if the condition of the previous decision box is met. Since the condition us asserted only if the condition is composed of a Boolean expression of input signals, the values of these output signals depend on the current state and input signals, and thus they are Mealy outputs. Again, to reduce clutter, we place a conditional output box in an ASM block only when the corresponding output signal is asserted. The output signal assumes the default, unasserted value when there is no conditional output box.
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Figure 3. ASM block.
Since an ASM is another way of representing a FSM, an ASM chart can be converted to a state diagram and vice-versa. An ASM block corresponds to a state and its transitions arcs to a state diagram. The key for the conversion is the transformation between the logic expressions of the transition arcs in a state diagram and the decision boxes in an ASM chart. 
The conversion can best be explained by examining several examples. The first example is shown in Figure 4. It is an FSM with no branching arches. The state diagram and the ASM are almost identical. 

The second example is shown in Figure 5. The FSM has two transition arcs from the state S0 and has a Mealy output, y. The logic expression a AND a’ of the transition arches are translated into a decision box with Boolean expression a = 1. Note that the two states are transformed into two ASM blocks. The decision and conditional output boxes are not new states, just actions associated with the ASM block S0.
The third example is shown in Figure 6. The transitions from the state S0 are more involved. We can translate the logic expressions a’ AND ab’ directly into two decision boxes of conditions a = 0 and (a = 1) AND (b = 0). However, closer examination shows that the second decision box is on the false path of the first decision box, which implies that a is ‘1’. Thus, we can eliminate the a = 1 condition from the second decision box and make the decision simpler and more descriptive. 
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Figure 4. Example 1 of state diagram and ASM chart conversion.
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Figure 5. Example 2 of state diagram and ASM chart conversion.
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Figure 6. Example 3 of state diagram and ASM chart conversion.

Lab Task. Creating a Counter
Consider the block diagram shown in Figure 7(a). When the input start = 1 and reset = 0, the system starts counting at each rising edge. If inc = 0, counter is incremented by one; otherwise, it is incremented by two. A synchronous reset is implemented to reset the counter to zero. The output counter represents the current value of the counter. When the counter reaches a value of six or greater, then the output end is set to one for a clock period and the counter stopped.  Finally, the counter is set to zero and the system waits for start = 1 again. The register to be used to store the value of counter is shown in Figure 7(b). At a rising edge, if load = 1, the register holds at out the value of its input in.
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Figure 7.(a) Block diagram of the counter to be implemented. (b) Register.

A potential data path for the system in Figure 7(a) is illustrated in Figure 8. The register is 3-bit wide, since it must store the counter value, which can take values between 0 and 7. The adder is used to increment the counter by one (1) or by two (2), depending of the mux_sel1 signal. The mux_sel2 signal selects which of the inputs of the multiplexer goes to the input of the register. Note that, if mux_sel2 = 1, the register is fed with zero (0), which can be used to reset the register, and thus, the reset the counter.
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Figure 8. An un-optimized data path for the system of Figure 7(a).

Given the data path shown in Figure 8, your task for this lab consists of i) designing a control path for the system discussed before; ii) incorporating the designed control path and the data path, which is given to you, into the counter system; and iii) simulate the system. Figure 9 illustrates how the final system would look like. Show to the T.A. the simulation results.
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Figure 9. Counter system.

Control Path Design
An ASM of the control path for the data path of Figure 8 is shown in Figure 10. The system waits on state S0. If reset = 1, then the control signals mux_sel2 and load are activated. In this way, during the following rising edge, the register will be reset (see Figure 8). If reset = 0 and start = 1, the system starts counting and the load signal is again activated to load into the register the next value to be stored. At this point, note that the signal mux_sel1 is activated if inc = 0 (i.e., the counter will be incremented in steps of two).  Then, the system is lead to state S1, where it keeps incrementing the register unless reset is set to one or counter reaches a value higher than 5. In the latter case, the system goes to S2, where the output End is set to one. Finally, after a period of clock on S2, the counter is reset (i.e., mux_sel2 and load are activated) and the system goes to the initial state, S0.
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Figure 10. ASM of the control path of the system in Figure  7(a).
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