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Abstract 

The increasing demand for high speed and improved performance in modern signal and 
image processing applications, and the availability of low-cost, high-density, high-speed VLSI 

devices have facilitated the design and implementation of massively parallel processors. The 

decreasing hardware cost and the emerging computer-aided design facilities have inspired many 

innovative designs in array processor architecture. One of the important advances in array 

processor architecture is the "systolic architecture". 

In this thesis, a design of a systolic array for the transportation simplex algorithm is 
proposed. The transportation problem is one of the most important linear programming 

problems. It is a general problem of allocating limited resources among competing activities in 

an optimal way. A basic systolic cell design for the transportation matrix array of size n x m 
is presented. 

A simulator for the transportation simplex algorithm was written to verify the proposed 
design and architecture. The initial basic feasible solution was obtained using Russell's 
approximation method. Another algorithm to obtain the initial basic feasible solution to the 

transportation problem based on the "greedy" approach is proposed. The hardware 

implementation of the basic cell was carried out using the QUISC silicon compiler and the 

associated standard cell library. The fabricated chips were found to be operational as expected 
at a maximum operational speed of 10 MHz. 
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1. INTRODUCTION 

1.1 Background 

High performance, special purpose computers are typically used to meet specific 

application requirements and/or to off load computations that are taxing to a general purpose 

computer. We have now entered a technological domain in which many problems in building 

special purpose hardware are less severe. As the hardware cost continues to drop and the 

problems become well defined in a spedific area of application, it is easy to build an 

application-specific hardware. This special purpose hardware can be attached as an I/O 

(Input/Output) device to the system and performs some specific algorithm. If a special purpose 

device is to be used as a real time device, the system should be able to handle the computation 

speed requirements. There are two ways to increase the speed. One is to build the system from 

high speed components, and the other is to use concurrency. Since the technological trend 

clearly indicates a diminishing growth rate for component speed, any improvements in speed 

must come from concurrent use of many processors. These special purpose hardware, with 

high degree of concurrency can function as a peripheral devices attached to a conventional host 

computer. Fig. 1.1 shows how these devices may form part of such general purpose system. A 

new concept in the implementation of these peripheral devices using the VLSI (Very Large 

Scale Integration) technology has evolved. This architecture is known as systolic architecture. 

Systolic architectures exploit the parallelism inherent in many computationally intensive 

problems. The concept of systolic arrays was introduced by Kung [1] in 1978. The term 

systolic captures the innovative and distinctive behavior of these designs [2]. A systolic 

structure is a global set of systolic arrays and systolic systems. A systolic array consists of 
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identical regularly interconnected cells each capable of performing some simple operation 

following the nearest neighbor communication structure. If the cell in a systolic array can 

operate in more than one state, then the array is called a systolic system. The concept of 

systolic system was introduced by Moraga [3] in 1984. 

System bus 

CPU Primary memory Disk Custom I/O 

Fig. 1.1: Typical System Configuration with Special Purpose I/O. 

One reason for choosing "systolic" as a part of the term "systolic array" was to draw an 

analogy with human circulatory system, in which heart sends and receives a large amount of 

blood as a result of frequent and rhythmic flow of blood through arteries and veins. In this 

analogy the heart corresponds to the source and destination of data, such as global memory of a 

system, and the network of veins is equivalent to the array of processors and links. Another 

explanation is that in many of the first proposed systolic architectures, processing elements 

alternated between cycles of "admission" and "expulsion" of data, much in the same way that 

the heart behaves with respect to the pumping of blood. The term "array" originates in systolic 

array's resemblance to a grid in which each point corresponds to a processor and a line 

corresponds to a link between processors. In this regard, systolic arrays can be considered 

descendents of array-like architectures such as iterative arrays [4], cellular automata [5] and 

processor arrays [6]. 
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1.2 Objective 

Digital signal and image processing computations involve algorithms that possess some 

desirable features like regularity and recursiveness which can be exploited for a 

multiprocessing environment. In the domain of image processing applications, texture 

representation and classification methods play an important role. An effective method for 

texture representation and classification has been proposed before [7]. An algorithm which 

uses the linear programming transportation problem as a model was proposed. Using this 

model, the texture classification problem is reduced to that of obtaining a solution to the 

transportation simplex method [8]. The objective of this project are: 1) to utilize the features of 

the systolic architecture to implement the transportation simplex method, 2) to implement the 

resulting design using VLSI technology, and 3) to demonstrate the performance enhancement 

obtained by this architecture. No constraints concerning the size and speed for the design were 

imposed. 

1.3 Thesis Outline 

In Chapter 2, systolic architectures and wavefront architectures are discussed in detail. 

This was summarized from the articles obtained from a computer literature search on array 

processing architectures which covers articles published until 1988. Chapter 3 discusses the 

transportation simplex method. An introduction to the transportation problem is presented. An 

example application of the transportation problem and its solution procedure are demonstrated. 

In Chapter 4, the algorithm used in the simulator for the transportation simplex algorithm is 

presented. Step by step description of the algorithm and its timing analysis are presented. In 

Chapter 5 the hardware required and the organization of these hardware components for the 

algorithm's execution are presented. VLSI implementation of the hardware discussed in 

Chapter 5 is then presented in Chapter 6. Design procedure and various Computer Aided 

Design (CAD) tools used for the design are discussed. Then the test procedure for the 

fabricated IC (Integrated Circuit) and the results of this testing are presented. Finally, 

conclusions and suggestions for future work are presented in Chapter 7. 



2. SYSTOLIC AND WAVEFRONT ARRAYS 

Advances in the semiconductor technology and CAD techniques have resulted in lower 

implementation costs and speedy prototyping of application-oriented array processors. Two 

popular special purpose VLSI array architectures are systolic and wavefront arrays. These 

architectures exhibit massive concurrency derived from pipeline processing and/or parallel 

processing. The following sections present the key architectural considerations for systolic and 

wavefront array processor design. 

2.1 Architectural Considerations 

The important factors that characterize systolic and wavefront arrays are simple and 

regular design, concurrency, regular communication patterns, and balancing computation with 

I/O [9]. These factors are explained in the following subsections. 

2.1.1 Simple and regular design 

Present VLSI technology permits the manufacture of circuits whose layouts have 

minimum feature sizes of 1 to 3 microns. The effective yields of VLSI fabrication make 

possible the implementation of circuits with up to half a million transistors at reasonable cost, 

even for relatively small production quantities. The advantages of this technology are not fully 

explored unless simple, regular and modular layouts are used. 

If a structure can be decomposed into a few types of simple substructures or building 

blocks, which are repetitively used with simple interfaces, then great savings in design time can 
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be achieved. This is especially true for VLSI designs where single chip comprises hundreds of 

thousands of components. To cope with that complexity, simple and regular designs are 

essential. 

Systolic arrays attempt to meet these topological constraints by using simple processing 

elements, together with a simple interconnection pattern, which are replicated along one or 

more dimensions. Cost, regularity, and modularity are leading factors in the design and 

optimization of individual processing elements and their respective connections. This suggest 

that meeting the architectural challenge for simple and regular design, yields cost-effective 

special purpose systems. 

2.1.2 Concurrency 

Two possible ways of building a fast computer system are the use of fast components 

and the use of concurrency. Concurrency or multiprocessing is a natural consequence of 

activities going on simultaneously in various processing elements of an array. Since the 

technological trend shows diminishing growth rate for the computation speed, any major 

improvement in computation speed must come from the use of concurrency. The degree of 

concurrency in a special-purpose system is largely determined by the underlying algorithm. 

Systolic arrays derive their computational efficiency from multiprocessing and pipelining. 

Pipelining can be thought of as a form of multiprocessing that optimizes the resource 

utilization. Two forms of pipelining are used in systolic arrays. They are data pipelining and 

computation pipelining. The computational pipeline forms the basis for wavefront arrays. The 

data pipelining, used in systolic arrays, reduces the I/O bandwidth requirement by allowing the 

data item to be reused once it enters the array. 

In computational pipelining, used in the wavefront arrays, the information flows from 

one processing element to another in a prespecified order. This information can be interpreted 



by the receiver as data, control, or a combination of both. While the operations can be 

performed as data flows through each processor, the overall computation is not a data-flow 

computation. The operations are executed according to a prescheduled order which is based on 

the design of the array. 

In the general case, each processing element can be constructed as a pipelined processor. 

Such construction results in two-level pipelined systolic array, which in turn results in even 

higher throughputs. 

2.1.3 Regular communication pattern 

When a large number of processing elements work simultaneously, coordination and 

communication become significant. This is dominant in the case of VLSI technology, where 

routing costs dominate the power, time and area required to implement a computation. The 

issue here is to design algorithms that support high degrees of concurrency, and in the 

meantime to employ only simple, regular communication and control to enable efficient 

implementation. 

In a pure systolic system, long-distance or irregular wire of data communication are 

totally avoided. The only global communication is the system clock, besides power and 

ground. Self-timed schemes can be used instead, for synchronization, but efficient 

implementation of self timed protocols may be difficult. 

Systolic arrays, with data flowing in either one or both directions, will operate correctly 

despite large clock skew between its two ends. However, large two-dimensional arrays may 

require slowdown of global clock to compensate for clock skew. Except for this possible 

problem, systolic designs are completely modular and expandable. Thus in systolic arrays, 

simple and regular communication patterns imply simple and area-efficient wiring and layout. 
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2.1.4 Balancing computation with I/O 

Computational tasks can be classified into two families: compute bound and I/O bound 

[9]. If the total number of computational operations is larger than the total number of I/O 

operations, then the computation is compute bound, else it is I/O bound. 

A special purpose system typically receives data and outputs the results through an 

attached host. Since the I/O considerations influence the overall performance, we need to 

balance the computation and 110 bandwidth with the host. 

Suppose the I/O bandwidth between the host and a special purpose system is 10 million 

bytes per second, a rather high bandwidth for current technology. Assuming that at least two 

bytes are read from or written into the host for each operation, the maximum rate will only be 5 

million operations per second, no matter how fast the special purpose system can operate. 

Orders of magnitude improvements on this throughput are possible only if multiple 

computations are performed per I/O access . 

However, the repetitive use of the data item requires it to be stored inside the system for a 

sufficient length of time. Thus the I/O problem is related not only to the available I/O 

bandwidth, but also to the available memory internal to the system. So the challenges to system 

architect [10] are: 

1. Decomposition of the computation to minimize VO. 

2. Determination of the I/O requirement and its relation to the size of special purpose 

system and its memory. 

3. Determination of the VO bandwidth limits and the speed-up ratio achievable by a 

special purpose system. 
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2.2 Design Philosophy for Systolic and Wavefront Architectures 

The high performance of these special purpose devices is mainly attributed to the careful 

design of the algorithm it implements. Good algorithms are not necessarily those that require 

minimal computation [11]. Algorithms that perform well on random access machines are not 

always the best for VLSI implementation [12]. Computation is cheap in VLSI, only the 

communication determines the performance. A good algorithm for a compute bound problem 

should possess one or more of the following properties: 

1. The algorithm can be implemented by a few different type of cells. 

2. The algorithms data and control flow is simple and regular, so that all the cells can be 

connected by a network with local and regular interconnections. Long distance or 

irregular communication is avoided. 

3. The algorithm uses extensive pipelining and multiprocessing. Typically, several data 

streams move at constant velocity over fixed paths in the network, interacting at the 

cells where they meet. In this way, large number of cells are active at one time 

so that computation speed can keep up with the data rate. 

Algorithms with these properties have been named systolic algorithms [12]. Fig. 2.1 

illustrates the basic principle of a systolic architecture. 

Data motion in systolic arrays is controlled by a global clock. The synchronization of an 

entire systolic computing network becomes a cumbersome, in some cases may result in large 

clock skews. A simple solution is to take advantage of the data-flow computing principle which 

leads to wavefront array processor design. The term "wavefront" is used signify the movement 

of data in a wavefront array processor. The computation can be traced as smooth wave in a 

locali7Pd communication network. 
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Instead of : 

100 ns 

We have : 

100 ns 

MEMORY 

  PE 

5 Million operation 

 1
0_1  per second at most 

MEMORY 

30 Million operations 

per second possible 

PE PE PE PE PE PE 

PE Processing Element 

Fig. 2.1: Basic Principle of a Systolic System. 

There are two approaches to deriving wavefront array algorithms. One is to trace and 

pipeline the computational wavefronts. The other is based on a data flow graph model [13]. 

Conceptually, correct timing in systolic arrays is now replaced by a requirement for correct 

sequencing in the wavefront array. 

A given problem could have both one and two dimensional systolic arrays. For example, 

two dimensional convolution can be performed by a one dimensional systolic array [14]. When 
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the memory speed is more than the cell speed, two dimensional systolic arrays such as those 

shown in Fig. 2.2 should be used. As a result, the available memory bandwidth can be fully 

utilized. 

(a) Type Rectangular (b) Type Triangular 

Fig. 2.2: Two-dimensional Systolic Arrays. 

2.3 Definition of Systolic Array 

There are number of definitions for systolic arrays [10, 16]. The definition given by 

Kung [10] seems to encapsulate the essence of systolic arrays. 

Definition: A systolic array is a computing network possessing the following features: 

1. Synchrony: The data are rythemically computed ( timed by a global clock) and 

passed through the network. 

2. Modularity and regularity: The array consist of modular processing units with 

homogeneous interconnections. Moreover, the computing network may be extended in 

a straight forward manner. 

3. Spatial locality and temporal locality: The array manifests a locally communicative 

interconnection structure, i.e., spatial locality. There is at least one unit time delay 
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allowed so that signal transactions from one node to the next can be completed i.e. 

temporal locality. 

4. Pipelinability: The array exhibits a linear rate pipelinability, i.e. it should achieve 

an 0(M) speedup, in terms of processing rate, where M is the number of processing 

elements. 

Here the efficiency of the array is measured by the following 

7' 
Speedup factor 

Tp

where Ts is the processing time using a single processor, and Tp is the processing time using 

array processor. 

Systolic arrays have been classified into semisystolic arrays with global data 

communications and pure systolic arrays without global data communications. In semisystolic 

arrays, a data item accessed from the memory is broadcasted to and used by a number of non-

identical PEs concurrently. Although this approach is potentially faster than systolic arrays 

without data broadcast, providing or collecting a data item to or from all PE in each cycle 

requires the use of global bus that may eventually slow down the processing speed as the 

number of PE increases. 

On the other hand, a pure systolic array eliminates the use of broadcast buses and 

implements the algorithm in pipelines extending in different directions. The PE's are 

synchronized by one or more clocks, and all the necessary operands to be processed by a PE in 

each computational step must arrive at this PE simultaneously. This mode of pipelining is 

referred to as systolic processing. 
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2.4 Examples of Systolic Arrays 

Many of the existing algorithms in pattern recognition and image and signal processing 

have been explored for implementation as systolic arrays. Systolic array chips with 10 to 100 

simple, one bit processors exist commercially. A list of sample problems [2, 17] for which 

systolic solutions exist is shown in Table 2.1. 

Two important applications, convolution and matrix multiplication, are treated in depth to 

illustrate the processing capability of systolic arrays. 

2.4.1 Systolic array for convolution computation 

The convolution of two sequences wi and xi to form the resultant sequence yi is 

defined as 

and is represented by 

y . = xkwi-k 
k=-00 

(2.1) 

yi = wi * xi (2.2) 

If xi and wi are causal sequences and each is of finite length N, i.e., i = 0, 1, 2, —, 

N-1, the linear convolution of these two sequences is a causal sequence, computed as: 

N-1 

yi = k I 0 Xkwi—k

where i = 0, 1, 2, ...,2N-2. 

(2.3) 

When convolution is used in digital filtering, xi denotes the input sequence to be 

processed and wi represents the impulse response function of the processing digital filter. 
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Table 2.1: A Sample of Applications for which Systolic Arrays are Available. 

Signal and image processing and pattern recognition 

FIR, IIR filtering and 1-D convolution 
2-D convolution and correlation 
discrete fourier transform 
interpolation 
1-D and 2-D median filtering 
geometric warping 
feature extraction 
order statistics 
counters 
minimum distance classifier 
covariance matrix computation 
template and pattern matching 
seismic signal classification 
cluster analysis 
syntactic pattern recognition 
radar signal processing 
curve detection 
dynamic scene analysis 
image resampling 
scene matching 

Matrix arithmetic 
Toeplitz matrix - vector multiplication 
matrix - matrix multiplication 
matrix triangularization 
QR and LU decomposition 
sparse - matrix operations 
solution of triangular linear systems 
polynomial multiplication/division 

Nonnumeric applications 

data structures - stacks and queues searching, sorting and priority queues 
graph algorithms - transitive closure, minimum spanning trees, connected 

components 
language recognition 
dynamic programming 
arithmetic arrays 
relational database operations 
algebra 
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Convolution is also a basic operation in the problem of interpolation. While processing 

signals, we often face a situation where the sampling period is larger than desired. 

Interpolation is useful in this case. 

The convolution problem can be viewed as a problem of combining two data streams xi 

and wi, in a certain manner to form a resultant data stream yi. It is compute bound since each 

input xi is to be multiplied by each of weight wi. If xi is input separately from memory for 

each multiplication, then when k is large, memory bandwidth becomes a bottleneck, 

precluding a high performance solution. 

A systolic architecture resolves the I/O bottleneck by making multiple use of each xi 

fetched from the memory. The systolic designs for solving the convolution problem, using 

global data communication and without global data communication, are described below. For 

simplicity, all the examples assume that k = 3. 

2.4.1.1 Systolic convolution arrays with global data communication 

Design A: Broadcast inputs, move results, weights stay [9]: Once xi is brought out 

from the memory, it is broadcasted to a number of cells. This technique is used in the 

following design. The systolic array and its cell definition are depicted in Fig. 23. Weights are 

preloaded to the cells, one at each cell, and stay in the cells throughout the computation. At the 

beginning of each cycle, one xi is broadcast to all the cells and one yi initialized as zero, 

enters the left most cell. During cycle one, w1x1 is accumulated to y1 at the left-most cell, 

and during cycle two, w1 x2 and w2x2 are accumulated to y2 and y1 at the left-most and 

middle cells, respectively. After the end of the third cycle, the values are y1, y2 and y3 are 

output from the right-most cell at the rate of one yi per cycle. 
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Fig. 2.7: Different Cycles of Convolution Computation. 

2.4.2 Systolic arrays for matrix multiplication 

We say that an nxn matrix is normally written in the format FO as shown in Fig. 2.8. 

This matrix can be immersed with zeros and by skewing the input data, many different 

formats, as shown in Fig. 2.8, can be input to a systolic array [3]. The basic principle of all 

arrays for matrix multiplication is the same and that is to compute the partial result of the 
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Design E: Weights stay, inputs and results move in opposite direction [9]: Weights are 

preloaded into the cells, one in each cell and stay in the cells throughout the computation. The 

yi 's and xi 's move systolically in opposite directions such that when x and w are in the 

cell, they are multiplied and the partial results yi move systolically from one cell to another in 

the right-to-left direction, that is, each of them moves from cell to its right during each cycle. 

Resultant product is accumulated to y and remain in the cell. To ensure that each xi is able to 

contribute to the respective yi , consecutive xi 's and yi 's are separated by two cycle times. 

This design has the advantage that it does not require a bus or any global network. This design 

is modular and expandable. The instances of computation of this network is shown in Fig. 2.7. 

In the first cycle xi and wi are multiplied and added to the input 0 which will be the partial 

result yi = . In the second clock cycle the partial result yi = xiwi-i-x2w2 is computed. 

In the third clock cycle the final result y j = xiw i+x2w2+x3w3 is computed and also the 

computation for y2 starts. 
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xi and wi move systolically in opposite directions. When an x and w meet at a cell they are 

multiplied and the resulting product is accumulated to the y already accumulated in each cell. 

This design, like Design B, can make efficient use of the available hardware circuitry. This 

design has the advantage that it does not require a bus or any other global network. 

Design D: Results stay, inputs and weights move in same directions [9]: Fig 2.6 depicts 

this version of systolic array for the convolution computation. In this case both the x and w 

data streams move from left to right systolically. But xi's move twice as fast as wi's. 

Precisely, each wi stays inside every cell it passes for one extra cycle, thus taking twice as 

long to move through the array as any xi. Compared to Design A this design has the 

advantage that all the cells work all the time when performing a single convolution. This can be 

used for implementing a pipeline multiplier [19]. 
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Fig. 2.6: yi's Stay, and xis and wi's Both Move in the Same Direction. 
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Design C. Results stay, inputs and weights move in opposite directions [9]: In this 

design, as shown in Fig. 2.5, the partial result yi stays at a cell to accumulate its terms. The 
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Design B: Broadcast inputs, move weights, results stay [9]: Fig 2.4 illustrates this 

technique for the convolution computation. This design allows the efficient use of multiplier-

accumulator hardware [18]. Each yi stays at a cell to accumulate its terms. The weights 

circulate around the array of cells. This design has the advantage over the previous design of 

not requiring a separate bus or other global network, denoted by the dashed line in Fig 2.4, for 

collecting outputs from the individual cells. 

2.4.1.2 Systolic convolution arrays without global data communication 

The engineering difficulty of extending global networks is significant at chip, board, and 

higher levels of a computer system. Thus systolic convolution arrays without global data 

communication permit large arrays of cells without encountering engineering difficulties. 
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resultant matrix in each stage and to accumulate it to obtain the final output just in the same 

manner as in convolution computation. 
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Fig. 2.8: Different Formats for Manipulation of a 4x4 Matrix to be Input to Systolic Array. 

2.4.2.1 Design proposed by Kung and Leiserson 

Kung and Leiserson suggested the first systolic arrays for the multiplication of two non-

sparse matrices [1]. In this design a matrix with zeros is passed from the right; this matrix will 

contain the result when it comes out through the left after the computation. The matrices A and 

B skewed in formats Fl and F2, respectively. In order to facilitate the matrix multiplication 

effectively, a simple cell which multiplies the two inputs and adds it to the third to obtain the 

required result, as shown in Fig. 2.9, is required. For two nxn matrices this method requires 

n(2n-1) PEs (Processing Elements) with a total processing time of (5n-4) units. By pipelining 

input data the systolic array may achieve a period of (2n-1) units. 
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Fig. 2.9: A Systolic Array for Multiplication of Two Non-Sparse Matrices. 

2.4.2.2 Design also proposed by Kung and Leiserson 

This method [1] requires 3n(n-1)+1 number of processors and requires 3n-1 units of 

processing time, if pipelined would be reduced to 2n-1 units. the formats for input are F5 for 

input and the output that is obtained is in format Fl. See Fig. 2.10. For two nxn matrices 

this method requires n(2n-1) PEs with a total processing time of (5n-4) units. By pipelining 

input data the systolic array may achieve a period of (2n-1) units. 

2.4.2.3 Design proposed by Priester 

This method only requires n2 PEs and a total processing time of (5n-4) units, which 

may be reduced to (3n-2) using pipelining [20]. The function of the cell is same as proposed 

by Kung and Leiserson. The input formats are F3 and F4, and the output format is F2. See 

Fig. 2.11. 
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Fig. 2.10: Systolic Array for Multiplication of Two Matrices Using a Hexagonal Basic Cell. 

2.4.2.4 Design proposed by Kung and Lehman 

The fourth systolic array was proposed by Kung and Lehman for applications in 

relational database multiprocessor environment is shown in Fig. 2.12. This method also uses 

the functional basic cell but the positions of input/output are different. There are n(2n-1) PEs 

and the total processing time is (4n-3) units, which may be reduced to a period of (2n-1) by 

pipelining. The input formats are F2 and mirror image of F2 and the output format is Fl. 

Fig. 2.13 shows an instance of computation of two 2x2 matrices using this method. 
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Fig. 2.11: A Systolic Array for Multiplication of Two Matrices Proposed by Priester et al. 

Fig. 2.12: A Systolic Array for Matrix Multiplication Proposed by Kung and Lehman. 
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Fig. 2.13: An Instance of Computation of Product of Two 2x2 Matrices Using Systolic 

Array of Kung and Lehman. 
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2.5 Systematic Methodologies for Designing Systolic Arrays 

One of the important design problems in systolic computations is the development of a 

systematic methodology for transforming an algorithm in some high level constructs into a 

systolic architecture specified by the timing of data movements and the interconnection of 

processing elements such that the design requirements are satisfied. 

The common characteristic feature of the methodologies that have been proposed for the 

design of systolic arrays is the use of a transformational approach - systolic architectures 

are derived by transforming the original algorithm descriptions that are unsuitable for direct 

VLSI implementation. The various transformational systems for systolic-architecture design 

can be characterized by the how algorithms are described, what formal models are used, how 

systolic architectures are specified and what types of transformations are used on and between 

these representations. A survey of different methodologies is presented in this section. 

The various methodologies can be grouped into following classes [17]: 

1. Those that allow transformations to be performed at the algorithm-representation 

level and that advocate a direct mapping from this level to the architectural 

specification. These include Cohen, Johnsson, Weiser, and Davis' method and Lam 

and Mostow's method. 

2. Methods that prescribe transformations at the algorithm-model level and that 

require procedures for deriving the model from the algorithm analysis and for 

mapping the model into hardware. These include Gannon' method and H. T. Kung 

and Lin's method. 

3. Methods that transform a previously designed architecture into a new architecture. An 

example for this class is Leiserson and Saxe's method. 

4. Methods that abstract the function implemented by a given systolic architecture 

and that use symbolic manipulations and transformations to prove the correctness of 
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the design. Two studies for this class are Chen and Mead's method and Kuo, Levy, 

and Musicus' method. 

In the following sections, these methods are described. The application of these methods, 

their capabilities and major results are summarized. 

2.5.1 Cohen, Johnsson Weiser and Davis' method [21, 22] 

A rigorous mathematical approach is applied to the synthesis and the analysis of both 

data paths and the control signalling of computational networks. Starting from a mathematical 

expression involving subscripted variables, which conceptually represent data sequenced in 

time and space, this method begins by deriving a new expression where a well-defined 

operator Z is used to model displacement in time (e.g. the storage of data) or shifts in space 

(e.g the allocation of a data stream to PE). Symbolic manipulation is used to transform the 

derived mathematical expression into equivalent ones using the well-defined properties of the Z 

operator and the functional operators in the expression. The execution order of the operations 

can be derived from known precedence rules. The number, placement, and interconnection of 

operator PEs can be derived. Timing and storage requirements are inferred from the placement 

of the delay PEs. This method seems best applicable to algorithms that can be described by 

relatively simple and concise mathematical expressions. 

2.5.2 Lam and Mostow's method (SYS) [23] 

SYS accepts as input an algorithm suitable for systolic implementation - i.e., an algorithm 

obtained by software transformations from a high-level specification that results in segments of 

code executed repeatedly with a regular pattern of data access. The algorithm is mapped into a 

systolic design described by a structure and a driver. The structure describes the hardware PEs, 

interconnections, and the input-output ports. The driver defines data streams in terms of the 
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original variables in the algorithm. The mapping of iterative algorithms uses three basic 

allocation schemes named sequential, parallel, and compositional. SYS has a special language 

for representing a given design. SYS generates a simple implementation of the given algorithm 

and the systematic and user determined operations are used to optimize the design. SYS can 

process algorithms with simple FOR loops and BEGIN-END blocks, simple unnested calls, 

and scalar and array variables. Designs obtained by SYS include two systolic arrays for 

polynomial evaluation and a circuit for computing the greatest common divisor of two 

polynomials. 

2.5.3 Gannon's method [24] 

A functional specification is derived by using vector operators that explicitly represent 

parallelism from the given algorithm. These vector operators are defined in terms of basic 

functions that correspond to small units of sequential computation and that map directly into the 

functional specification of the PEs of the systolic architecture. The vector operations include a 

production operator, which represents the concurrent operation of basic functions, permutation 

and data movement operators; a chain operator, which represents the iterative composition of 

basic functions; and the systolic-iteration operator, which describes the functions that are 

reused. The global functional specification is viewed as a data-flow graph which, depending on 

the properties of the functions and operators used, can be mapped onto a systolic architecture. 

This method seems to be suitable to those algorithms that can be reexpressed by vector 

operators. 

2.5.4 H. T. Kung and Lin's method [25] 

This method starts by deriving a straightforward and obviously correct algebraic 

representation from the mathematical representation of the algorithm. To the canonic 

representation, algebraic transformations are applied. There are two major types of 

transformations, retiming and k-slowing, which can also be described algebraically. These 
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transformations determine the distribution of delays and the input/output periods of the systolic 

architecture. There is a direct correspondence between the algebraic representations and a 

hardware-related representation denoted as the Z-graph. The Z-graph has an edge for each 

variable and a node for each computation. This method is suitable for algorithms for which 

canonical algebraic representation can be found. Functional description of PEs, 

interconnections, and timing for I/O and data communications can be derived systematically. 

Theoretical results on retuning can be proved easily by algebraic manipulation. Using this 

method FIR (Finite Impulse Response) and IIR (Infinite Impulse Response) filters and matrix-

matrix multiplication were derived. 

2.5.5 Leiserson and Saxe's method [26, 27] 

This method starts with a synchronous circuit whose correctness is either obvious or 

easily verifiable. This design is modeled as a finite, rooted, vertex-weighted, edge-weighted, 

directed multigraph, whose nodes represent functional PEs and edges represent 

interconnections. Weights represents delays of the nodes and register delays of 

interconnections. Transformations can be applied to the original design to obtain a systolic 

design without global broadcasts.The transformations applied include retuning, k-slowdown, 

broadcast and census elimination, coalescing, interlacing, code motion, resetting, register 

elimination and parallel/serial compromises. This method is applicable to all synchronous 

systems. The circuits designed include priority queues, search trees, priority multiqueue, 

counters, matrix-vector multiplication, and matrix-matrix multiplication. 

2.5.6 Chen and Mead's method [28] 

The goal is to verify that the given systolic design computes the function for which it was 

intended instead of the generation of a systolic architecture to compute a given function. This 

method can be visualized as a verification methodology in which systolic architectures are 

designed heuristically. Given the systolic architecture the method generates a CRYSTAL 
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program that describes the algorithm executed by the architecture as a set of space-time 

equations. This representation consists of several equations describing processes done by PEs, 

connections between PEs, functions representing data streams, and functions describing the 

relation between the structure of input and output data and the systolic array structure. The 

generality and the formalism used makes the methodology widely applicable; however, for the 

same reason, it is not clear how practical and feasible it is to automate these steps and reasoning 

involved in this method. This method has been demonstrated in verifying the correctness of 

designs for synchronous and self times systolic architectures for matrix-matrix multiplication. 

2.5.7 Kuo, Levy, and Musicus' method [29] 

This method starts from the knowledge of the action and position of each PE in the 

systolic array, the data "waves" present, their movements, and the way their components are 

indexed. A wave is simply a collection of related data that moves as a block during execution 

such that the relative positions are preserved. Space-Time-Data (STD) equations are derived by 

inspection for each data wave.These equations relate the PE coordinates, time, and indices of 

each data for each wave. Two functions can be derived from STD equations: the position 

function and the memory function. Verification is done by simulating the systolic network to 

either (a) track the activity of each PE over the time by using the memory functions to identify 

the data being used at a given time, or (b) track each wave of data through the array by using 

the position function to identify the PE being visited by a piece of data and the memory 

functions to identify the other data present in that PE. If simulation does exactly same 

operations on the same data as the original algorithm, systolic algorithm is correct. This 

methodology is best suited for spatially invariant systolic architectures in which data flows are 

independent of the values computed by the PEs. The verification of matrix-matrix 

multiplication on hexagonal array has been reported. 
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2.6 Wavefront Arrays 

A wavefront array and a systolic array are identical in terms of regularity, modularity, 

local interconnection and pipelining. They both consist of modular processing units with 

regular and local interconnection. The disadvantage of systolic array is the global timing. From 

the hardware perspective, this global synchronization introduces the problems of clock skew, 

fault tolerance and peak power consumption. 

A wavefront array combines the systolic pipelining principle with the data flow 

computing concept. This is the major difference between a systolic array and a wavefront 

array. There is no global timing reference in a wavefront array, and yet the order of task 

sequencing is correctly followed. 

An approach to deriving a wavefront array is to trace the computational wavefronts and 

pipeline these fronts on the processor array [13]. "Computational wavefront" means smooth 

data movements in a localized communication network.The computing network serves as a 

data-wave-propagating medium. In short, the wavefront array can be expressed as: 

wavefront array = systolic array + data flow computing 

2.6.1 Definition of a wavefront array 

A wavefront array is a computing network with following features[10]: 

1. Self-timed, data-driven computation: No global clock is needed, since the 

computation is self timed. 

2. Regularity, modularity and local interconnection: The array should consist of modular 

processing units with regular and local interconnections. Moreover, the computing 

network may be extended indefmitely. 
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3. Programmability in wavefront language or data flow graph: Wavefront arrays can be 

implemented as dedicated or programmable processors, but the later are usually 

preferred. Tracing computation wavefronts or adopting may facilitate programming 

wavefront arrays. 

4. Pipelinability with linear-rate speed-up: A wavefront array should achieve an 0(M) 

speed up, in terms of processing rates, where M is the number of PE's. 

Wavefront processing utilbrs the localities of both data flow and control flow inherent in 

many signal processing algorithms. Since there is no need to synchronize the entire array, a 

wavefront array is truly architecturally scalable. More significantly, it also possesses the 

asynchronous data-driven capability of data-flow machines and can, therefore accommodate the 

critical problem of timing uncertainty in VLSI array systems. 

2.6.2 An example of a wavefront array 

The notion of computational wavefront is best illustrated by the example of matrix 

multiplication. Computational wavefronts offers a very simple way to design wavefront 

computing. The design is sequenced as [10]: 

a. Decompose the algorithms into an orderly sequence of recursions. 

b. Map the recursions onto corresponding computational wavefront in the array. 

c. Pipeline the wavefronts successively through the processor array. 

Matrix multiplication algorithm can be executed on a square, orthogonal NxN 

wavefront array , as shown in Fig. 2.14. Let A = {au} and B = (bij) and C = A X B = 

{cif}, and let all be NxN matrices. The matrix A can be decomposed into columns Ai and 

the matrix B into rows B1, and therefore 

C = A/ *B.1 + A2*B2 + A3*B3 + • • • + AN*BN (2.4) 
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Fig. 2.14: Wavefront Processing Array for Matrix Multiplication. 

where the product Al */3/ is the "outer product". The matrix multiplication can then be carried 

out in N sets of wavefronts (recursions), each executing one outer product: 

C(k) =C("'+ cik)*bm (2.5) 

or equivalently, 

c (k) =c  (k71) +  a (k) *b (k) 

s,j 

where a ( k) =a. and b
( 

k)= b 
kj 

for k = 1, 2,—, N. ik 

(2.6) 
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Let us now examine the computational wavefront for the first recursion in matrix 

multiplication. The elements of A are stored in memory modules to the left (in columns), and 

those of B in the memory modules in the top (in rows). The process starts with PE(1, 1), 

where cl(14) = c,(0) + an *bn is computed. The computational activity then propagates to the 

neighboring PEs, (1, 2) and (2, 1), which execute their respective operations. The next front of 

activity will be at PEs (3, 1), (2, 2) and (1, 3). Thus a computation wavefront that travels 

down the processor array is created. Once the wavefront sweeps through all the cells, the 

wavefront is complete. As the first wave propagates, we can execute an identical second 

recursion concurrently by pipelining a second wavefront immediately after the first one. 

The pipelined and parallel processing become evident when we inspect how the 

computational wavefronts that are to be processed in parallel are pipelined successively through 

the processor array. The pipelining is feasible because the wavefronts of two different 

computations never intersect. That is, different processors execute different recursions at any 

given instant. The computational wavefronts are similar to the electromagnetic wavefronts, 

since each processor acts as a secondary source and is responsible for the activation of the next 

front. This means that the computation is data driven. 

2.7 Comparison of Systolic and Wavefront Arrays 

Systolic and wavefront arrays share the important common feature of using a large 

number of modular and locally interconnected processors for massive pipelined and parallel 

processing. The differences are in hardware design, e.g., on clock and buffer arrangements, 

architectural expandability, pipeline efficiency, programmability in a high-level language and 

capability to cope with time uncertainties in fault tolerant design. 

The processing function is distributed in exactly the same way over an array of identical 

processors but, unlike its systolic counterpart, the wavefront array does not operate 

synchronously. Here the operation of each processor is controlled locally and depends on the 

necessary input data being available and on its previous output data had been delivered to the 
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appropriate neighboring processors. As a result, the associated processing wavefront develops 

naturally within the array and need to impose the temporal skew on the input data may be 

avoided [30]. When considering sparse matrix multiplication, where an abundant number of 

zeros are encountered in many multiplication operations, in the data dependent environment, 

such a trivial multiplication consumes less time than the regular multiplication. 

Wavefront processing technique can be adopted to reduce the processing time [10]. The 

data-driven computing in the wavefront array may improve the pipelinability. This becomes 

especially helpful in the case where variable processing times are used in individual PEs. A 

simulation study of recursive least squares minimization computation reports a speed-up by a 

factor of almost two, in favor of wavefront array over a globally clocked systolic array [30]. 

Programming a wavefront array means specifying the sequence of operations for each 

PE. Each operation may include the type of computation like addition, multiplication, division, 

etc. When programming systolic arrays, since correct timing is necessary an additional 

specification of correct timing is required. 

Systolic arrays are not generally amenable to run time fault tolerant design because they 

require a global interrupt. As for wavefront arrays, because of their data driven nature, on 

detection of fault further propagation of the wavefront can be suspended. 

The choice of wavefront array or systolic array depends on several important factors like 

synchrony, hardware complexity, expandability, fault-tolerance and testability. The final choice 

between the two array processors depends on the specific application for which the array is 

intended. A systolic array is best suited when we have a simple processing element and the 

handshaking hardware is a negligible overhead for such applications. On the other hand, a 

wavefront array is more applicable when the modules of PE are more complex, when 

synchronization of a large array becomes impractical. 



3. THE TRANSPORTATION SIMPLEX METHOD 

A very major portion of all commercial computation is the use of linear programming 

model and closely related techniques. The adjective "linear" means that all mathematical 

functions in this model are required to be linear functions. The word "programming" does not 

refer here to writing software, but is a synonym for planning. One of the most important 

special types of linear programming problems is the transportation problem. The 

transportation problem is the general problem of allocating limited resources among competing 

activities in an optimal way. This chapter discusses the transportation problem and a method 

for solving the problem. Section 3.1 presents a general overview of the transportation problem. 

Section 3.2 presents the simplex method as a means for solving the transportation problem. 

An example is presented in Section 3.3. 

3.1 The Transportation Problem 

In its general form, the transportation problem [8, 31, 32, 33] is concerned with 

distributing any commodity from any group of supplying centers, called sources, to any group 

of receiving centers, called destinations, in such a way that the total distribution costs are 

minimized. If source i (i = 1, 2, •••, m) has supply of si units to distribute to the destinations, 

and destination j (j = 1, 2, •••, n) has demand for dj units, to be received from the sources, 

then the cost of distributing a number of units from source i to destination j is directly 

proportional to the number of units distributed. Letting Z to be the total distribution cost, cif

(i = 1, 2,...m; j = 1, 2, ...n) is the cost per unit, and xij (i = 1, 2,...m; j = I, 2, ...n) be the 

number of units distributed from source i to destination j, the linear programming problem 

formulation of this problem becomes: 

35 
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Minimize 

Z = c.. x.. (3.1) 
i ./j =1 

subject to 

n 
X.. = S. 

j  .1  ti 

m 
x =d  

i=1 
. 

u 

for i = 1 , 2,• • • , m, 

for j = 1 , 2 ,• • • , n , 

for all i and j 

(3.1a) 

(3.1b) 

(3.1c) 

The resulting table of coefficients has the special structure shown in Fig. 3.1 [8]. The 

1111•IMID 

X11 X 12. • • 2( 1n X21 X 22 3(2n • Xml Xm2.• • • x 
mn 

1 1 • • • 1 

1 

1•0110•11 

1 1 

1 1 

1 

1 

1 1 
•••••011M 

1 Supply 
J constraints 

1 Demand 
constraints 

Fig. 3.1: Constraint Coefficients for the Transportation Problem. 
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input data, which includes the sources, the destinations and the cost of distribution per unit 

from source i to destination j, can be summarized as shown in Fig. 3.2. This table is known 

as the cost and requirements table for the transportation problem. 

Any linear programming problem that can be mapped into the formulation shown in Fig. 

3.1 is of the transportation problem type, regardless of its physical context. This is one of the 

reasons why the transportation problem is generally considered one of the most important types 

of linear programming problems. 

From the Fig. 3.2, it can be observed that the transportation problem model has a feasible 

solution only if the system is in balance, i.e: 

m n 
S. = d. . 

i =1 t j =1 

This may be verified by observing that constraints require that both: 

and 

m m n 
S. equal / Z x.. 

i =1 i=1j=1 V 

n m n 
d. equal I E x.. 

.1 =1 J i =1 j =1 tJ

(3.1d) 

(3.2a) 

(3.2b) 

If the system is not in balance, a fictitious source (or destination) can be introduced to 

satisfy the condition for balance. This fictitious source or destination is termed dummy source 

or dummy destination. This fictitious source or destination are introduced, then the cost 

associated in distribution is set to a very high value M (this method is known as big M method) 

to avoid allocation from this dummy source or to dummy destination in the optimal solution. 



38 

Destination 

1 2 
Source 

1 

• • • n Supply 

2 

m 

C 11 C 12 
c mn 

C 21 
c mn 

C
I
•
J
• 

Cmn 

S i

s2 

S i

m 

Demand d 
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Fig. 3.2: Cost and Requirements Table for the Transportation Problem. 

3.2 A Streamlined Method for The Transportation Problem 

The transportation problem can be solved by applying the simplex method [8]. The 

simplex method is an algorithm. In fact any iterative solution procedure is an algorithm This 

algorithm is repeated over and over again until the desired results, which in this case an 

optimal solution is obtained. The simplex method applied to the transportation problem is 

referred to as the transportation simplex method [8]. 

In addition to iterations, the algorithms also include a procedure for getting started and a 

criterion for determining when to stop. The total procedure can be summarized as shown in 

Fig. 3.3. 

For most operations research algorithms, including the simplex method,, the desired result 

constitutes an optimal solution. Hence, the stopping criterion for the algorithm is the optimality 

test. 
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Intialization step ; Set up to start iterations 

—►Iterative step ; Perform an iteration 

Stopping criterion Has desired result been obtained 
(Optimality test) (Is the current solution optimal ?) 

if no if yes 
Stop 

Fig. 3.3: General Algorithm Structure. 

Before attempting to solve the transportation problem using the simplex method, some 

commonly used terminology is defined, following to Hillier and Lieberman [8]:

Nonbasic variable: Define variables that are set to zero by the simplex method as 

nonbasic variables. In the transportation simplex tableau a 

nonbasic variable is one, whose allocation value is zero. 

Basic variable: Define all variables other than nonbasic variables as basic 

variables. In the transportation simplex tableau the cells with a 

non-zero allocation is a basic cell. 

Entering basic variable: If the iterative step involves replacing one nonbasic variable with a 

basic variable, the variable that has been altered is the entering 

basic variable. 

Leaving basic variable: The basic variable which has been used as entering basic variable 

is converted into a nonbasic variable. This is known as the leaving 

basic variable. 

3.2.1 Setting up the transportation simplex method 

The format of the transportation simplex tableau is shown in Fig. 3.4. Besides the values 

of cif, si, and cl., as defined before, the only information needed by the transportation simplex 
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method is the current basic feasible solution [8]. Since the nonbasic variables are set to zero by 

the simplex method, the current basic feasible solution is identified by recording just the values 

of the basic variables. The solution to this problem is patterned directly after Fig. 3.3. Various 

stages of the solution procedure is presented here. 

3.2.2 Initialization step 

The objective of the initialization step is to obtain an Initial Basic Feasible Solution 

(IBFS). For an m row and n column transportation problem, although there are (m+n) 

functional constraints, the number of basic variables is just (m+n-1 ) [8]. The reason is that 

these are equality constraints, and this set of (m+n) equations has one extra or redundant 

equation that can be deleted without changing the feasible region; i.e., any one of the 

constraints is automatically satisfied whenever the other (m+n-1 ) constraints are satisfied. 

The general procedure for constructing an IBFS is summarized as: 

Begin: All source rows and destination columns of the transportation simplex tableau are 

under consideration for providing a basic variable or allocation. 

Step 1: From among the rows and columns still under consideration, select the next basic 

variable (allocation) according to some criterion (Northwest corner rule or 

Russell's approximation method or Vogels approximation method [8]). 

Step 2: Make that allocation large enough to use up the remaining supply in its row 

(remaining demand in its column). 

Step 3: Eliminate that row (column), whose remaining supply (demand) has become 

zero, from further consideration. 

Step 4: If only one row (column) remains under consideration, then the procedure is 

completed by selecting every remaining variable associated with that row 

(column) to be basic with only feasible allocation; otherwise return to step 1. 
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Fig. 3.4: Format of the Transportation Simplex Tableau. 

These four steps constitute an iteration of the algorithm. A number of different criteria 

have been proposed for selecting the basic variables [34]. The method that has been used for 

the implementation is based on Russell's approximation method [8, 35]. This method was 

chosen because it was shown to obtain a near optimal solution for many problems. This 

method is illustrated next. 

3.2.3 Russell's approximation method 

Finding a good initial basic feasible solution might greatly reduce the number of iterations 

required by the transportation simplex method to reach an optimal solution. This is the 

objective of Russell's approximation method. This method can be explained as follows. 
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For each source row i under consideration, determine its ii , which is the largest unit 

cost, cu, still remaining in this row. For each destination column j under consideration 

determine its F. , which is the largest unit cost, cif,  still remaining in that column. For each 

variable xif• not previously selected, compute: 

A = c.. — u. — . (3.3) 1./ 

Select the variable with the largest ( in absolute terms ) negative value of A . If more 

than one xii• has the same value of A ij , then the ties may be broken arbitrarily. Allocation is 

made depending on the available supply, and the required demand. This xi./ now becomes a 

basic variable. Allocation is made to this xii such that all the supply is used up, or all the 

demand is met, whichever is smaller. 

If the supply (demand) is exhausted, then this row (column) is eliminated from further 

consideration. Subsequent iterations proceed similarly until all the supply is exhausted, and all 

the demand is met. This is the IBFS. 

One distinct advantage of the Russell's approximation method is that it is patterned 

directly after Step 1 of the transportation simplex method. 

3.2.4 Optimality test 

A basic feasible solution is optimal if and only if: 

(cif - ui  - 0, for every (i, j) such that xii is a nonbasic variable (3.4) 

Thus the optimality test aims at obtaining the values of ui and vi for the current Basic 

Feasible Solution (BFS). The values of ui and vi should satisfy the equation: 
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c • 1.1 • ' = + v for each 0, j xij) such that is a basic variable (3.5) 

Since there are (m + n -1) basic variables, it follows that there are (m + n -1) such 

equations. Since the number of unknowns is (m + n), one of the variables should be assigned 

an arbitrary value, (e.g. zero) with ties broken arbitrarily. Because of the simple structure of 

these equations, it is then very simple to solve for the remaining variables. 

If any of the values of (cu - ui - v) is negative, the obtained solution is not optimal. 

Therefore, the transportation simplex method must next go to the iterative step to find a better 

feasible solution. 

3.2.5 Iterative part 

As with the full fledged simplex method, the iterative part of this streamlined version 

must determine an entering basic variable, a leaving basic variable and then identify the 

resulting new basic feasible solution. 

Identification of entering basic variable: Since (cu - ui -vi ) represents the rate at which the 

objective function would change as the nonbasic variable xu is increased, the entering basic 

variable must have a negative (cu - ui - vj) to decrease the total cost Z. If more than one xij 

has (cu -ui - vj) less than zero then, xi./ with largest negative value, in absolute terms, of (cu

-ui - v.]) is chosen to be the entering basic variable. 

Determination of leaving basic variable: Increasing the entering basic variable sets off a chain 

reaction of compensating changes in other basic variables (allocations) in order to continue 

satisfying the supply and demand constraints. The first basic variable to be decreased to zero 

then becomes the leaving basic variable. The net result is that some cells become recipient 

cells, each receiving some additional allocation from one of the donor cells. In general there is 

always just one chain reaction that can be completed successfully to maintain feasibility when 
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the entering basic variable is increased from zero. The chain reaction can be identified by 

selecting among the cells having a basic variable: first, the donor cell in the column having the 

entering basic variable, then the recipient cell in the row having this donor cell, then the donor 

cell in the column having this recipient cell, and so on until the chain reaction yields a donor 

cell in the row having the entering basic variable. 

New basic feasible solution: The new basic feasible solution is identified simply by adding the 

value of the leaving basic variable to the allocation of each recipient cell and subtracting the 

same amount from each donor cell resulting in a new transportation simplex tableau, which is 

the new basic feasible solution. 

3.3 An Example of the Transportation Simplex Method 

An agency administers distribution of electronic components in a certain large geographic 

region. The agency must purchase and bring in the components from different manufacturers 

from outside. The agency then sells these components to users in its region. Because of the 

geographic layouts of the cities in the region, the cost to the agency depends upon both the 

source of the components and the city being supplied. Management wishes to allocate all the 

available goods to all the cities in its region in such a way as to at least meet the minimum 

requirement of each city while minimizing the total cost to the agency. 

This problem is of the transportation problem type. This problem can be mapped on to 

the transportation simplex tableau given in Fig. 3.5. The value in the inset indicates the cost in 

cents to the agency per component. The supply and demand values are in thousands. 

The initial basic feasible solution using Russell's approximation method is shown in Fig. 

3.7. At the iteration 1, the largest cost in row 1 is ul = 22 , the largest in the column 1 is 

vl = 50 and so forth.. 'Thus /A// = c1/ — —v— = 16 — 22 — 50. Calculating all the 
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> 

Fig. 3.5: The Transportation Simplex Tableau for the Component Distribution Problem. 

A it for i = 1, 2, 3, 4 and j = 1, 2, 3, 4, 5 shows that A45 = -100 has the largest 

negative value, so x45 is selected as the first basic variable (allocation). This allocation uses 

up the supply of row 4, so this row is eliminated from further consideration. Eliminating this 

row changes the values of 17.1 and F3 for the next iteration. Therefore the second iteration 

requires recalculating the A u with j = 1,3, as well as eliminating i = 4. The largest negative 

value now is A15 =17 — 22 — 50 =-55, so x becomes the second basic variable 
15 

(allocation). The subsequent iterations proceed similarily and the remaining allocations are 

made, as shown in Fig. 3.6. 

The transportation simplex tableau with the initial basic feasible solution is shown in Fig. 

3.7. The next step is to check whether this initial solution is optimal by applying the optimality 

test. Since (c. - u.- v) is required to zero if x/J.. is a basic variable, the computation of u. 1 
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Iteration IT 1 u-  u-  u"-2 3 4 v-1 v"-2 v-3 
v-
4 

v-
5 

Largest 
negative 

cif 

Allocation 

1 22 19 50 50 50 19 50 23 50 - 100 x 45 = 100 

2 22 19 50 19 19 20 23 50 -55 x15 = 20 

3 22 19 23 19 19 20 23 - 29 x
13 

= 80 

4 19 23 19 19 20 23 - 26 x23 = 60 
5 19 23 19 19 23 - 24 x 21 = 60 

6 X 31 =0 

x32 =40 

X 34 = 60 

Fig. 3.6: Initial Basic Feasible Solution. 

and v . is as done as given below. Each equation that corresponds to a basic variable in the 

initial basic feasible solution is given as: 

x • 19=u +v 31 3 1 

x32: 19 =u-.4-v .1 2 

x • 23=u +v 34° 3 4 

x21:14=u2 +v1 

x23: 13=u2 +v 3 

x13: 13 =u +v 1 3 

x15'• 17 =u1 +v 5 

x45'• 0 =u4 +v • 5 

Since the ties may be broken arbitrarily, setting u3 = 0, and moving down the 

equatiuons one at a time immediately gives: v1 = 19; v2 = 19; v3 = 13 - (- 5) = 18; v4 = 23; 

vs  = 17 - ( -5) = 22; u 1= 13 - 18 = -5; = 13 - 18 = -5; u2 = 14 - 19 = -5; 144 = -22.Then 

calculate the value of (c u. v.) for each nonbasic variable .. i.e. the cell without any 

allocation. The inital tranportation simplex tableau given in Fig. 3.7 is updated as shown in 

Fig. 3.8. The values in the bold indicate the value of (c - u . - v,) of that cell. We are now in 

a position to apply the test for optimality by checking the values of (c - 
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Fig. 3.7: Transportation Simplex Tableau With BFS. 

of Fig. 3.9. Since the (cu - ui -vi ) of x25 = - 2 and x44 = - 1, we conclude that the 

current basic feasible solution is not optimal. Therefore, the transportation simplex method 

must go to the iterative step to find a better basic feasible solution. 

As with the full-fledged simplex method, the iterative step for this streamlined version 

must determine the entering basic variable (part 1), leaving basic varaibk (part 2) and then 

identify the resulting new basic feasible solution (part 3). 

Part 1: The candidates for the entering basic variable are x25 and x44. To choose between 

the candidates, select the one having largest (in absolute terms) negative value of (cu - ui -

v,) to be the entering basic variable, which is x25 in this case. 
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Fig. 3.8: Completed Initial Transportation Simplex Tableau. 

Part 2: .With x25 as the entering basic variable, the chain reaction is the relatively simple one 

summarized in Fig. 3.9. Increasing x25 requires decreasing x15 by the same amount to 

restore a demand of 120 in column 5, which in turn requires increasing x13 by the same 

amount to restore the supply of 100 in row 1, which in turn requires decreasingx23 by this 

amount to restore the demand of 140 in column 3. This decrease of x23 successfully 

completes the chain reaction because it also restores the supply of 120 in row 2. The result is 

that cells (2, 5) and (1, 3) have become recipient cells, each receiving its additional allocation 

from one of the donor cells, (1, 5) and (2, 3). Cell (1, 5) has reached zero allocation first as the 

entering basic variable x25 is increased. Thus x15 becomes the leaving basic variable. The 

chain reaction is illustrated with the dotted lines with + or - in the cells indicating the increment 

or decrement of allocation in the cell. 
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Fig. 3.9: Initial Transportation Simplex Tableau Showing the Chain Reaction. 

Part 3: The new basic feasible solution is obtained by resetting the allocation values obtained 

after part 1 and part 2 is successfully completed. The new basic feasible solution is depicted in 

Fig. 3.10. 

Continuing to apply this procedure yields the complete set of transportation simplex 

tableau, shown in Fig. 3.11-Fig. 3.16. Since the (c. 1 -u.-vj) obtained at the end of iteration tj 
3, shown in the Fig. 3.16, are non-negative the allocations are optimal, which concludes the 

algorithm. So the allocation values obtained in the Fig. 3.16 are the optimal allocation values to 

minimize the total cost to the agency. 
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Fig. 3.10: The Tranportation Simplex Tableau With the New Basic Feasible. 
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Fig. 3.11: Updated Transportation Simplex Table For the New Basic Feasible Solution. 
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Fig. 3.12: Chain Reaction With x44 as the Entering Basic Variable During Iteration 2. 
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Fig. 3.13: A New Basic Feasible Solution at the End of Iteration 2. 
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Fig. 3.14: Calculation of (cif - ui- for the Solution Obtained at the End of Iteration 2. 
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Fig. 3.15: Chain Reaction for Iteration 3 With x33 as Entering Basic Variable. 
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4. ALGORITHMS 

In the previous chapter the transportation problem and the simplex method, which was 

used to obtain an optimal solution to the transportation problem, were discussed. The solution 

method to the transportation problem using the simplex method was referred to as the 

transportation simplex method. This chapter presents the detailed algorithms for the 

transportation simplex method. The solution to the transportation problem can be divided into 

two steps. The first step is to determine the IBFS. The second step is to optimize the obtained 

BFS. Step-by-step implementation of an algorithm, with its complexity analysis, to obtain 

IBFS based on Russell's approximation method is presented in Section 4.1. A heuristic 

approach to obtain IBFS based on the greedy approach is proposed. The obtained IBFS is near 

optimal. Greedy algorithms, in general, are much faster in their operation due to their 

simplicity. A brief introduction to greedy algorithms with an example is presented in Section 

4.2. Section 4.3 presents a greedy algorithm for the transportation simplex method to arrive at 

a BFS. The example of the previous chapter is used to demonstrate this method. In Section 4.4 

an algorithm to optimize the BFS obtained from either method is presented. Section 4.5 

presents the simulators designed based on the algorithms algorithms discussed in Section 4.1, 

Section 4.3 and Section 4.4. The syntax and semantics of the language for describing the 

algorithms follows from the Floyd-Hoare theory of semantics [36]. 

4.1 Algorithm Based on Russell's Approximation Method 

In this section an algorithm to obtain the IBFS and an algorithm to test the optimality of 

the obtained solution are presented. The three basic steps for obtaining an optimal solution to a 

transportation problem, as mentioned in Chapter 3, are: 

54 
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1. Initialization step: To determine the IBFS. 

2. Optimality test: To determine if the current basic feasible solution has no adjacent basic 

feasible solution that is better. 

3. Iterative step: To determine an entering basic variable (nonbasic variable is selected to 

become basic) and a leaving basic variable (basic variable becomes nonbasic) to obtain a better 

feasible solution. Variables that are set to zero by the simplex method are called nonbasic 

variables and all other variables are called basic variables [8]. 

The step-by-step description of the algorithm to obtain the IBFS based on Russell's 

approximation method for the case of n rows and n columns problem, together with 

execution times in the order notation are presented below. The execution times presented 

assume the systolic array hardware implementation. The hardware implementation details are 

discussed in chapter 5. 

Step 1: Load the values of supply, demand, and cost associated with each entry of the 

transportation simplex tableau into the corresponding basic cells of the systolic array. The 

supply for each row and demand along each column are also loaded into temporary row and 

and column buffers respectively. If the registers associated with each basic cell of the systolic 

array for supply, demand, and cost are designated as "reg_supply", "reg_demand" and "reg_ 

cost", respectively, then this step can be expressed as: 

for i = 1 tondo 

for j = 1 tondo 

reg_supply(i, j):= supply(i) 

reg_demand(i, j):= demand(j) 

reg_cost(i, j):= cost(i, j) 

end for 
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end for 0(n2) 

for i = 1 tondo 

temp_reg_supply(i):= supply(i) 

end for 0(n) 

for j = 1 tondo 

temp_reg demand(j):= demand(j) 

end for 0(n) 

This step is an overhead on the algorithm performance. The performance slack is due to 

the hardware limitations. This limitation is manifested in the number of pins that an integrated 

circuit can have. The array initialization for an n X n matrix requires loading in 3n2 values. 

This the initialization is done in a serial manner where one cell is initialized at a time. 

Step 2: Determine the maximum value of cost along each row (Ui) and each column (Vi). Let 

the values of Ui and V. be stored in the registers designated by "reg_row" and "reg_column" 

respectively. This can be expressed as: 

if reg_cost(i, j) reg_row(i, j - 1) then 

reg_row(i, j):= reg_cost(i, j) 

else 

reg_row(i, j):= reg_row(i, j - 1) 

end if 

if reg_cost(i, j) reg_column(i -1, j) then 

reg_column(i, j):= reg_cost(i, j) 

else 

reg_column(i, j):= reg_column(i -1, j) 

end if 0(n) 
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Step 3: Compute the value of A lj = U + Vi - cost(i, j) for each cell. The value of A ij is 

retained in a data register designated "reg_delta". 

Step 4: Determine the minimum value of A along each row and and along each column and 

set the values of "reg_row" and "reg_column" to these values for each basic cell. This can be 

achieved with a procedure expressed as below: 

if reg_delta(i, j) reg_delta(i, j - 1) then 

reg_row(i, j):= reg_delta(i, j) 

else 

reg_row(i, j):= reg_delta(i, j - I ) 

end if 

if reg delta(i, j) 5 reg_delta(i - 1, j) then 

reg column(i, j):= reg_delta(i, j) 

else 

reg_cost(i, j):= reg_column(i -1, j) 

end if 

0(n) 

0(n) 

Step 5: For each cell whose row, column, and delta register carry equal values do the 

following: 

(i) If the supply is equal to the demand then set the allocation equal to the demand 

(supply) value and set the supply along the row and demand along the column of the 

cell to zero. 

(ii) If supply is greater than demand, then set allocation equal to the value of the demand 

and adjust the value of the supply to the remaining supply along the row. Set the 

demand along the column to zero. 

(iii) If the supply is less than the demand, then set allocation equal to the value of the 

supply and adjust the value of demand along the column to the remaining demand. 

Set the supply along the row to zero. 
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This can be expressed in algorithmic notation as: 

if reg_row(i, j) = reg_column(i, j) 

regcolumn(i, j) = reg_delta(i, j) then 

if reg_supply(i,D = reg_demand(i, j) then 

reg_allocation(i, j):= reg_demand(i, j) 

reg_supply(i, j).•= 0 

reg demand(i, j):= 0 

else if reg_supply(i, j)> reg_demand(i, j) then 

regallocation(i, j):= reg_demand(i, j) 

reg supply(i, j):= reg_supply(i, j) - reg demand(i, j) 

reg_demand(i, j):= 0 

else if reg_supply(i, j) < reg_demand(i, j) then 

reg_allocation(i, j):= reg_supply(i, j) 

reg_demand(i, j):= reg demand(i, j) - reg supply(i, j) 

reg_supply(i, j):= 0 

end if 

end if 0(n) 

Step 6: When the value of supply or demand becomes zero, that corresponding row or column 

need not be taken into consideration. Thus one of the status bits, termed as "reg_status.active", 

is set when ever the supply along the row or demand along along the column is zero. For cells 

whose allocation value is not zero, another status bit, "reg_status.basic", is set. This status bit 

classifies the cell as a basic cell and a non-basic cell. Once the status conditions are set, the 

algorithm is repeated until all the cells are inactive i.e. all the supply is exhausted and complete 

demand is met in a fully balanced system. 

Once all the cells become inactive, the external control circuit detects this condition and 

sends a signal which initiates the second algorithm, to detect the optimality of the obtained 

IBFS. 
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4.2 Greedy Algorithms 

The greedy method is perhaps the most straightforward algorithm design technique [37]. 

The greedy method suggests that one can devise an algorithm which works in stages, 

considering one input at a time. At each stage of algorithm execution, a decision is made 

regarding the next input whether or not a particular input is in the optimal solution. The 

decision procedure is based on an optimization measure. If the inclusion of the next input 

results in an infeasible solution, then that input is excluded from the final solution. Different 

solutions to the same problem can be arrived at by choosing different optimization measure. 

As an example consider the problem of determining an independent set of a graph G = 

(V, E) shown in Fig. 4.1, where V is the set of vertices and E is the set of edges of the graph 

G. An independent set is a subset V' of vertices such that no vertices in V' are joined by an 

edge E. The size of an independent set is the number of vertices it contains. A maximum 

independent set is an independent set of maximum size. A greedy algorithm for this problem is 

given below: 

procedure independent (V, E) 

V' <- • 

loop 

let v e V be the vertex of minimum degree 

V' <- V' k..) 01} 

for all the vertices W adjacent to v 

V V -v -141

E E - ((x, y)) such that x = v or W or y = v or W 

until V E • repeat 

return (V') 

end independent 
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Fig. 4.1: An Example Graph for the Greedy Algorithm. 

According to this algorithm, the vertex with minimum number of edges is selected first. 

All the vertices adjacent to this vertex are eliminated from the final solution and this vertex is 

added to the solution set. Then the next vertex with minimum number of edges is selected and 

the above procedure is repeated. The algorithm is iterated until all the vertices V of the graph 

are exhausted. For the graph of Fig. 4.1 during the first iteration vertex A is selected. Then B 

and C cannot be included in the final solution as they are adjacent to A. The next vertex with 

minimum number of edges is vertex H. This selection eliminates F and G from the final 

solution set. The remaining vertices are D and E. Either one of them can be selected for 

inclusion in the final solution. So the final solution for the maximum independent set V' can be 
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(A, D, H). However, it can be observed from Fig. 4.1 that the maximum independent set is 

(B, C, F, G). Thus from the above example it can be seen that though greedy algorithms are 

simple, they do not necessarily obtain an optimal solution. 

4.3 A Greedy Algorithm for the Transportation Problem 

In this section a greedy algorithm for the transportation simplex method is proposed. The 

objective of the transportation problem is to minimize the total distribution cost from a set of 

sources to a set of destinations satisfying the supply and demand constraints. The application 

of the greedy method to this problem requires that all the allocations be made so as to satisfy 

the above objective. The initialization of the array follows directly from step 1 of algorithm 1 

discussed in Section 4.1. The control abstraction for the greedy algorithm for an n X n 

transportation tableau is given below: 

for i =1 to n do (parallel) 

forj=1 tondo 

if regstatus(i, j).active then 

if reg_row(i, j) <= reg_cost(i, j) then 

reg_row(i, j):= reg cost(i, j) 

else 

reg_row(i, j):= reg_row(i, j-1) 

end if 

end if 

end for 

end or 0(n) 

The algorithm presented above is to detect the cells in the row with minimum cost. Once 

the cell with minimum cost is detected maximum allocation is made to that cell. The allocation 

strategy follows directly from the step 5 of algorithm 1. The above algorithm is iterated until 
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the supply is exhausted and total demand is met. An example for solving the transportation 

problem using the greedy method is given below. 

4.3.1 An example 

Consider the example of the transportation simplex method discussed in Section 3.3. 

Here the same example is used to illustrate the ease with which the IBFS can be determined. 

The transportation simplex tableau for the problem is given again for ease of reference in Fig. 

4.2. 

Destination 

1 2 3 4 5 Supply u i

1 

Source 

3 

4 

1L . I 16 13 22 1.7..i 
100 

120 

100 

100 

LILI 14 13 19 15 

.2 j 19 20 23 :51] 

n E, j lc j-, 0 .0_1
Demand 60 40 140 60 120 

v. 
J 

Fig. 4.2: The Transportation Simplex Tableau for the Component Distribution Problem. 

The initial basic feasible solution using the greedy method is shown in Fig. 4.3. The 

greedy algorithm starts the allocation from the first row and once the total supply is exhausted 

in that row, the algorithm is applied to the next row. This procedure is repeated for all the 

rows. 



63 

Destination 

1 2 3 4 5 Supply is i

1 

2 

Source 

3

.1 

4 

16 ±1 .1 21 j 

100 

22 17_1 
100 

120 

100 

100 

LI] 

60 

1....zli 

20 

13...1 

40 

.111 111 

21

20 

10_ 

60 

50 

20 

.2_ .1 .

50 0 I 0 .5.21 .1 

100 

Demand 60 40 140 60 120 

v. 
J 

Fig. 4.3: IBFS for the Component Distribution Problem Using the Greedy Algorithm. 

In a balanced system, where total supply equals the total demand, once all the rows are 

exhausted by the greedy algorithm, the total supply is exhausted and the total demand is met. In 

this example the first row with minimum cost is cell (1, 3) with a cost value of 13. According 

to the greedy algorithm this cell should have maximum allocation. So an allocation of 100 

(which is the total supply for the row) is made. So the supply along row 1 becomes zero and 

demand along the column is adjusted to 40 (140 - 100). Similar procedure is continued for the 

rows 2, 3, and 4 to yield the initial basic feasible solution shown if Fig. 4.3. 

The simplicity of the algorithm and the improvement in performance are evident on 

comparison with algorithm 1. Steps 2, 3 and 4 of algorithm 1 can be eliminated which results 

in overall computational time savings. As noted from the example of greedy algorithm 

presented before, greedy algorithms do not necessarily generate an optimal solution. The IBFS 

from Russell's approximation method, which was the basis for the algorithms presented in 
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Section 4.1 is also not optimal. In either case the optimality test and generation of optimal 

solution need to be done. The advantage of greedy algorithm over the Russell's approximation 

method is the improvement in the algorithm performance obtained. The overall improvement in 

the algorithm performance is 0(n). The second advantage gained is the simplicity of the 

algorithm which eases the control circuit design. 

4.4 Algorithm to Obtain Optimal Solution 

A basic feasible solution is optimal if and only if (cii — v ) 0 for every (i, j) such 

that cell(i, j) is nonbasic [8]. The values of u 1 and V are computed from cii= n + for each 

(i, j) such that cell(i, j) is basic. The computation of Ti and V is explained below. 

Step 1: For the cells in row 1 set the row and column registers to zero. This is for computing 

the values of the multipliers U 1 and v; for the obtained basic feasible solution. Here the ties 

are being broken arbitrarily. The value of Ti i is stored in row register and V in the column 

register. 

for j = 1 tondo 

reg_row(1,j):= 0 

reg_column(1, j):= 0 

end for 0(n) 

Step 2: For row 1 set the value of v to cij and propagate the value of v along the columns. 3 

This step can be expressed as: 

reg_co/umn(1, j):= reg_cost(1 , j) 

for j =1 to n do (parallel) 

if reg_status(1, j).basic then 

for i = 2 to n do 

reg_column(i, j):= reg_column(i-1, j) 
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end for 

end if 

end for 0(n) 

Step 3: Compute the value of from the cells whose V j has been determined from II. = c.. rj 
The e value of U 1 is set to the same value along the row. 

if reg_column(i, j) > 0 then 

reg_row(i, j):= reg_cost(i, j) - reg_column(i, j) 

end if 0(n) 

Step 4: For all the non-basic cell compute V j from the equation V = cij - . This 

command execution is ignored by the cells whose V j has already been computed. 

Step 5: Compute the value of A as in algorithm based on Russell's approximation method 

.For in section 4.1.1, with U 1 and V . instead of 1.4 and V.J  any cell if A is negative 

then go to step 6 else the current solution is optimal. The optimality of the current solution is 

detected by the external control circuit (see chapter 5) through the status bits. Once all the cells 

satisfy certain status conditions, the external control circuit sends a control signal. Once all the 

cells detect this signal the allocation values are pumped out in sequence. 

Step 6: From the temporary row and column buffers re-load the values of supply and depand. 

This re-initialization is required since the values of supply and demand were disturbed while 

the IBFS was being determined. 

Step 7: This step is to determine the entering basic cell and the leaving basic cell. Entering 

basic cell is a non-basic cell after the IBFS has been found, but is converted into a basic cell to 

optimize the obtained solution. To determine the entering basic variable step 4 of algorithm 1 is 

repeated to compute the minimum value of A, the cell minimum A is the entering basic 

variable. The leaving basic variable is a basic cell which after execution of the second algorithm 
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is changed into a non basic cell. By convention, the basic cell with minimum allocation in the 

same column of entering basic variable is the leaving basic variable. The minimum value of 

allocation in propagated to all the cells in the column of the entering basic variable. 

Step 8: The minimum value of allocation, which was determined along the column of the 

entering basic cell, is assigned to the reg_allocation of the entering basic variable. The status 

bits are changed for the entering and leaving basic variables to indicate the change of their 

current status. This can be expressed as: 

if reg_status(i, j).enter then 

reg_allocation(i, j):= reg_column(i, j) 

reg_status(i, j).basic:= 1 

end if 

if reg_status(i, j).leave then 

regallocation(i, j):= 0 

reg_status(i, j).basic:= 0 

end if 0(n) 

Step 9: The new allocation done in the above step disturbs the equilibrium of the BFS. To 

restore the balance compute the remaining supply along the row and demand along the column 

of the entering and leaving basic cells. Repeat the algorithm from step 5 to determine the new 

BFS. 

In a systolic implementation, the execution times for all the steps for the transportation 

simplex algorithm based on the Russel's approximation method are 0(n). In a sequential 

machine the complexity of the algorithm is 0(n2). This is unacceptable because the 

transportation simplex tableau has many entries. Two simulators based on the above algorithms 

were written to verify the algorithm performance and to test the proposed design. 
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4.5 Simulators for the Transportation Simplex Method 

Two simulators based on the algorithms presented in Section 4.1, Section 4.3 and 

Section 4.4 were written to verify the algorithm performance and to test the proposed design. 

The first algorithm, "rsim" t, is based on the Russell's approximation method (Section 4.1) to 

obtain the IBFS. Then the algorithm of Section 4.4 was used to test the optimality of the 

obtained BFS and to obtain the optimal solution. 

The second simulator, "gsim"t, is based on the greedy approach discussed in Section 

4.2. The simulator follows directly from the algorithm for the transportation simplex method 

based on the greedy method which was presented in Section 4.3. Once the IBFS was obtained, 

a procedure similar to the one used for "rsim" was used to obtain the optimal solution. 

"create"t is program for generating the input data file for these simulators. Input data files 

for verifying the operation of the simulators were generated using this program. Then the 

simulators "rsim" and "gsim" were run on these data files. An output file containing the 

simulation results is generated. This output file contains the messages generated during the 

program execution. Once an optimal solution is arrived at, the optimal solution is written into 

the output file. The simulators were verified by using the solved problems from the research 

material and the problems solved manually. For all the problems that were used to test the 

simulators, the simulation results matched. 

An example for generating the input file and the test run of the two simulators, "rsim" and 

"gsim" on this input file is presented in Appendix A. 

t Department of Electrical Engineering, University of Saskatchewan Research Report "Source 
Listings of the Simulators for the Transportation Simplex Algorithm". 



5. CIRCUIT LEVEL DESIGN 

This chapter presents the architectural level design of the proposed systolic array for the 

transportation simplex algorithm. Also presented is the circuit level design of the basic cell used 

in the systolic array. The full circuit for implementing the algorithm is obtained by replicating 

the basic cell. The number of cells required is proportional to the size of the transportation 

simplex tableau. 

5.1 Proposed Array Architecture 

The proposed architectural floor plan of a systolic array for the transportation simplex 

algorithm is shown in Fig. 5.1. This is a two-dimensional array of basic cells; each represents 

an entry in the transportation simplex tableau. All the operations encountered by an entry of the 

transportation simplex tableau are handled by the basic cell. The algorithms discussed in the 

previous chapter are hardwired into these cells. Effectively, for an N X N array size, N2

copies of the algorithm is run simultaneously on the input data. During each clock cycle, the 

data flows from cell to cell as dictated by the algorithm. The status register is updated during 

each cycle of operation. The contents of the allocation register are pumped out in a serial 

manner, once an optimal solution is detected. This operation was simulated, and the detection 

of an optimal solution was hardwired into the external control circuit (rather than each basic cell 

of the array testing for optimality of the obtained solution) to enhance the performance of the 

system. 

The regularity of the design and modularity of the layout eases the overall system design 

in terms of expandability of the array to a desired size. 

68 
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Fig. 5.1: Floor Plan for the Proposed Architecture. 

5.2 Basic Cell Design 

The block diagram of a basic cell is shown in Fig. 5.2. Each cell consists of four blocks: 

the data registers, decoding circuitry, the ALU and the control circuit. Additional circuitry 

associated with the basic cells are the tristate buffers and the status register. The complete 

circuit design of these blocks is presented in this section. 
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Fig. 5.2: Block Diagram of the Basic Cell. 

5.2.1 Data register design 

Data registers are a group of binary storage cells suitable for holding binary information. 

A group of flip flops constitute a register, since each flip flop is a binary cell capable of storing 

one bit of information. An n bit register has n flip flops for storing n-bit data. In this design, 

eight data registers, each eight bits in length are used. Fig. 5.3 shows an eight bit data register 
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Fig. 5.3: Eight-Bit Data Register. 

D Q 

> CP 
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designed using CMOS static D-type flip flops. These flip flops are capable of storing data for a 

long duration of time. The clock pulse input, CP, enables all the flip flops so that the 

information currently available on the input D which comes from the system data bus, is 

latched into the flip flop. The information is held in these registers until a new data set is loaded 

into the registers. The outputs can be sampled to obtain the information stored in these 

registers. 

5.2.2 Decoding circuit design 

A decoder is a combinational circuit that converts binary information from n input lines 

to a maximum of 2n unique output lines. The decoder with n input lines and m output lines 

is called an n-to-m decoder. Two 3-to-8 decoders were used in the design of the basic cell. 

One decoder was used to enable the inputs to a data register. The second decoder was used to 

enable the outputs of a data register. The output can be equal to one only for one of the output 

lines for any particular combination of the input signal. This line can be used as a select line to 

select the desired data register. The operation of the decoding circuit in conjunction with the 

other circuits is explained further in Section 5.3. 
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5.2.3 ALU design 

Fig. 5.4 gives the block diagram of the ALU. The basic components of the ALU are the 

adder, magnitude comparator, and output selection logic circuit. In addition, 1-to-2 decoders, 

2-to-1 multiplexers, an eight bit data latch, a bus inverter, and tristate buffers are associated 

with the ALU block. The 2-to-1 decoder is used for latching in the first byte of data into the 

data latch - an eight bit data register used to hold the data temporarily. The control input to the 

2-to-1 multiplexer determines which of the two input bus values to be available to the ALU 

circuit. This is useful during the subtraction operation. The same adder can be used to perform 

subtraction using two's complement method. The design of the adder, the magnitude 

comparator and the output selection circuit is discussed below. 

control lines 5 

(Iambus 

8 

IV& 

z 1 

1-to-2 
decoder 

/  > 

Output selection circuit 

Bus inverters 

Tristate buffers 

17_7_7_1 2-to-1 multiplexer ....... 

7 1 

8-bit data 
latch 

8 

 ) 

5 

8-bit 
adder =MIIIIMMINI•1110111111116 

8 

Fig. 5.4: Block Diagram of ALU. 
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5.2.3.1 Design of the adder 

The design of the adder is based on the conditional sum concept of addition [38]. The 

basic principle of conditional sum adder is that, it begins computing two partial answers, one 

obtained by assuming a carry-in of zero, while the other is obtained by assuming a carry-in of 

one. Because computation begins before the value of the carry-in bit is known, both 

possibilities, a carry-in of zero and a carry-in of one, are considered. When the true carry-in bit 

arrives, it selects the correct answer, usually by the way of multiplexers. This principle is 

illustrated in Fig. 5.5. Ai, Bi, Ai_i and Bi_i are the two bits to be added. COi and Cli are the 

two carry bits generated, COi assuming a carry-in of 0, and Cli with a carry-in of 1. SOi and 

SOi_i are the sum bits with a carry-in of 0. Sli and S is the sum with a carry-in of 1. The 

correct sum and carry is available at the output when C1_2 is obtained. The same design can be 

extended for the required number of bits. The ALU designed in this work uses an eight bit 

adder and this requires four of the two bit adder blocks. The carry-in for the first stage comes 

Add cell with 
Li carry-in =1 

Add cell with 
carry-in = 0 

A "
A 2-to-1 multiplexer 

C. 
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A A A A A A 
A A A
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Fig. 5.5: A Two-Bit Conditional Sum Adder. 
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from the control circuit, which is used for the subtraction operation and the control signals 

determine which operation is to be performed. 

The same design can be extended for the required number of bits. The ALU designed in 

this work has an eight bit adder. This requires four two bit adder blocks. The carry-in for the 

first stage comes from the control circuit, which is used for the subtraction operation. 

5.2.3.2 Design of the magnitude comparator 

A magnitude comparator is a combinational circuit that compares two numbers and 

determines their relative magnitude. An eight bit magnitude comparator was designed to 

compare two eight bit data. The input to the comparator are two eight bit data lines. The 

outcome of comparison is specified by three binary variables that specify the relation "=" 

(equal), "<" (less than) and ">" (greater than). The gate level design of the comparator is 

shown in Fig. 5.6. 

The operation of this circuit can be explained as follows. Consider two numbers, A and 

B, represented as binary 8-bit data. A and B are equal if all pairs of bits of both numbers are 

equal. The equivalence function can be expressed as: 

x. = A.B. +A.13., i=0,1, •••,71 1 1 1 1 (5.1) 

where Al and Bi are the individual bits and A. and are its complements. So xi is high 

whenever this function is satisfied. 

To determine if A > B or A < B, magnitude of pairs of significant bit starting from the 

most significant position are inspected. If two bits are equal, then the next lower significant bit 

is compared. This is continued until a pair of unequal digits is reached. If the corresponding bit 

of A is 1 and that of B is 0, then A > B, else A < B. This can be expressed as: 
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(A>B) = A 7T3 7 + x 7A 6B6 +•••+ x7x 6x 5x4x3x2x1A 0T3 0 (5.2) 
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Fig. 5.6: An Eight-bit Magnitude Comparator. 
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5.2.3.3 Output selection logic circuit 

The output selection logic circuit is a combinational circuit, which enables one of the two 

input data of the ALU to be transparent to the other circuit blocks external to ALU block. The 

inputs to this selection circuit are the magnitude comparator outputs and an external control 

signal. This external control input, in association with the comparator outputs, will enable 

either the maximum or minimum of the two inputs in the ALU block to be placed on the 

common data bus. If the two data bus lines are denoted by A and B (outputs of 1-to-2 

decoder in Fig. 5.4), and C is the external control input, and gr, Is and eq are the magnitude 

comparator outputs, representing greater than, less than and equal outputs of comparator circuit 

as discussed before, then the I/O relation for the selection circuit is given by the Table 5.1. The 

gate level design of the above truth table is given in Fig. 5.7. When A = 1, the contents of the 

data bus A are enabled to the external data bus ; else bus B is connected to the external data 

bus. 

Table 5.1: Input/Output Relation for the Output Selection Logic Circuit. 

C gr is eq A B 

0 1 0 0 1 0 

0 0 1 0 0 1 

0 0 0 1 1 0 

1 1 0 0 0 1 

1 0 1 0 1 0 

1 0 0 1 0 1 
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Fig. 5.7: The Output Selection Logic Circuit. 

5.2.4 Control circuit 

In this section, a control circuit for the systolic array is proposed. The control circuit 

generates a sequence of control signals which can be visualized as a microcode of the algorithm 

being implemented, the transportation simplex algorithm. 

The control signals generated depend on a set of input conditions. For a basic cell, the 

variables that effect the control circuit are the status register discussed in Section 5.2.6, a 

counter circuit whose function is analogous to the address generator and the outputs of the 

magnitude comparator. The combinational logic for the control signal generation is a PLA 

(Programmable Logic Array). The PLA control is similar to the sequence register method 

except that the combinational circuits are implemented using a PLA, including the decision 
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logic. The advantage of using PLA control is that, once the state transition for a particular 

algorithm implementation is determined, the realization is either insertion or deletion of the 

links for the sum and product terms of the PLA. During the each clock cycle, the counter is 

incremented, and the value of the counter in conjunction with the status bits of the status 

register and the magnitude comparator, determine the next output. The PLA I/O relation for 

determining the IBFS is shown in Table 5.2. The input lines c4, c3, c2, c1, co are the output 

lines of a five-bit counter. The lines numbered 0 through 7t are the outputs of the status 

register discussed in Section 5.2.6. eq, gr, is are the outputs of the magnitude comparator. 

The outputs d2, d1, d0 are the inputs to the decoding circuit. The operations performed for 

different values of d2, d1, and do can be obtained from Table 5.3. The interpretation of the 

values e0, e1, so, s1, and s2 are discussed in Section 5.3. 

5.2.5 Tristate buffers 

Tristate buffers are one of the important design elements in a bus oriented design. A 

tristate gate exhibits three output states: 1) A low level state when the control input is high and 

the input is low, 2) a high level state when the control input is high and the input is high, and 

3) a high impedance state when the control input is low irrespective of the input signal. This 

allows direct connection of many outputs to a common line. 

In this design, transmission gates were used as tristate buffers. Since the data bus is eight 

bits wide, a tristate buffer with eight transmission gates with a common control was used. All 

the circuit elements that have access to the common data bus are connected to the bus via tristate 

buffers. The control circuit, and various decoders within the blocks generate control signals for 

these tristate buffers to enable the inputs onto the common data bus. Fig. 5.8. shows the 

tristate buffer circuit. The inputs to the tristate buffer are the data inputs, ini for i = 0, ••• ,7, 

t 0: active; 1: basic; 2: row; 3: column; 4: opt; 5: mod; 6: leave; 7: set; Further information on the status 

register can be obtained from "Source Listings of the Simulators for the Transportation Simplex Algorithm", 

Department of Electrical Engineering, University of Saskatchewan Research Report. 
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and the control signals C and C . The outputs of the tristate buffer are connected to the 

common data bus. 

Table 5.2: PLA Input/Output Relation for Obtaining the IBFS. 

C4 C3 C2 C1 Co 0 1 2 3 4 5 6 7 eq gr is d2 d1 d0 e0 el s0 s1 s2

0 0 0 0 0 XX X XX X X X X X X1 1 0 0 0 0 0 0 
0 0 0 0 1 0 0 0 0 0 0 0 0 X X X 0 0 1 1 1 0 1 0 
0 0 0 1 0 0 0 0 0 0 0 0 0 X X X 0 0 1 1 1 0 1 1 
0 0 0 1 1 0 0 0 0 0 0 0 0 X X X 0 0 1 1 1 1 0 0 
0 0 1 0 0 0 0 0 0 0 0 0 0 X X X 1 1 1 1 1 0 0 0 
0 0 1 0 1 1 0 0 0 0 0 0 0 X X X 1 0 1 1 1 0 0 0 
0 0 1 1 0 1 0 0 0 0 0 0 0 X X X1 1 0 1 1 0 0 0 
0 0 1 1 1 0 0 0 0 0 0 0 0 X X X 0 1 1 0 1 1 0 0 
0 1 0 0 0 0 0 0 0 0 0 0 0 XXXO 1 1 1 1 1 0 1 
0 1 0 0 1 0 0 0 0 0 0 0 0 X X X 0 0 0 1 0 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 X X 0 1 1 1 1 0 1 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 0 X X 0 1 0 1 1 0 1 1 
0 1 0 1 1 0 0 0 0 0 0 0 0 0 X X 0 0 0 0 1 1 1 0 
0 1 1 0 0 0 0 0 0 0 0 0 0 0 X X 0 0 0 1 0 0 0 0 
0 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 1 1 1 1 1 0 0 0 
0 1 1 0 1 0 0 0 0 0 0 0 0 0 X X 0 0 0 0 1 0 1 1 
0 1 1 1 0 0 0 0 0 0 0 0 0 0 X X 0 0 0 1 0 0 0 0 
0 0 1 1 1 0 0 0 0 0 0 0 0 X X X 0 1 0 0 1 1 0 0 
0 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 1 1 1 1 1 0 0 0 
0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 1 0 
0 1 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 1 1 1 
0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1 
0 1 1 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 0 1 0 
0 1 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 1 0 1 1 
0 1 1 1 1 0 0 0 0 0 0 0 0 1 0 0 1 1 1 0 1 0 1 1 
1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 1 0 1 0 
1 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 1 0 1 0 
1 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 1 1 0 0 1 0 1 0 
X X X X X1 X X X X X X X X X X1 0 1 1 1 0 0 0 
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Table 5.3: Operations Performed for Different Values of d2, 

d
2 

d
l 

d 0 Operation Performed 

0 0 0 All the tristate buffers are disabled 

0 0 1 Enable the data bus to/from the left cell 

0 1 0 Enable the data bus to/from bottom cell 

0 1 1 Enable the data bus to/from right cell 

1 0 0 Enable the data bus to/from top cell 

1 0 1 Enable all the data buses 

1 1 0 Set the status bit selected to zero 

1 1 1 Set the status bit selected to one 

out 7 out 6 out out 0 

C 

1 

Fig. 5.8: Tristate Buffer Circuit. 
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5.2.6 Status register 

Various status conditions and their significance were discussed in Chapter 4. Here the 

hardware implementation of these status conditions as status-bits of a register is presented. The 

status register used is an eight-bit register for the eight conditions that the transportation 

simplex algorithm requires. Status-bits or condition codes can be stored in this status register 

for further analysis. A major difference between a data register and and a status register is the 

type of flip flop used in the design. The status register was designed using D-type flip flops 

with a set-reset feature. Each individual bit of the status register can be addressed 

independently. Thus each bit of the status register can be set to the desired value. 

Fig. 5.9 gives the implementation details of the status register. The input to the status 

register are controlled by the PLA control circuit. As is the general case with any processor, the 

status bits are not set automatically after each operation. The algorithm being implemented 

checks for various status conditions on the data held in the data registers and sets or resets it's 

status bits as required by the algorithm. 

status-bit 7 

CP 

status-bit 6 status-bit 0 

D Q 

8 
fi 

set line from control circuit 

CP 

reset line from control circuit 

Select lines from 3-to-8 decoder 

Fig. 5.9: Status Register Circuit. 
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5.3 Operation of the Basic Cell 

This section presents the operation of the basic cell. The operations performed by the 

basic cell can be classified into three functional groups: 1) data transfer operations, 2) 

arithmetic operations, and 3) external communication operations. One of the above mentioned 

operations is performed during each clock cycle depending on the outputs of the PLA control 

circuit. It can be seen that the PLA control has eight output lines, five of these lines going to the 

ALU block and the data registers block. The other three lines are input to a 3-to-8 decoder. The 

operations handled by these lines are discussed in Section 5.3.3. 

The five lines that are connected to the ALU block and the data registers block are termed 

e0, el , so, si  and s2. The lines eo and e are used as enable lines to perform various 

operations in the two blocks. The lines so, and s2 determine the operation to be performed 

in the ALU or to select a register in the register block. The inference of the so, si ,s2 depend 

on the devices selected. The interpretation of the values of the lines so, 51, s2 is discussed 

further in Section 5.3.1 and Section 5.3.2. Various circuits enabled for different values of eo

and el are tabulated in Table 5.4. 

Table 5.4: Circuits Enabled for Different Values of e0 and el. 

e0 
el Circuit enabled 

0 

0 

1 

1 

0 

1 

0 

1 

Adder output 

Source decoder 
of data register block 

Magnitude comparator 

Destination decoder 
of data register block 
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5.3.1 Data transfer operations 

The data transfer operations include the data read/write on the common bus, and inter-

register transfer operations. Fig. 5.10 gives the block diagram of the complete data registers 

block with decoders. When e0 is high and el  is high, the destination decoder shown in Fig. 

5.10 is enabled. The value of s0, sl , s2 determine the register to be selected. The contents of 

the data bus are latched into this register during the next positive clock cycle. At any given time 

only one register can be selected and only a read or write operation can be performed. 

To read the contents of a particular data register, the source decoder shown in Fig. 5.10 

is enabled by setting e0 low and el  high. Again the decoded value of so, sl , and s2

determine the register to be selected. The outputs of the data register can be transferred to the 

bus by selecting the register and this select signal is used as a control signal to the tristate 

buffer. Once the tristate buffer is enabled, the output of the data register, which is input to the 

tristate buffer are transferred to the common data bus. 

Inter-register transfer operation is accomplished in two steps. First the source decoder is 

enabled and the contents of the selected register are transferred to the common bus. Then the 

destination is decoder is enabled and the destination register is selected and the contents of data 

bus are latched in the register. The decoding scheme used for the register selection, with 

respect to the terminology used for the transportation algorithm design and analysis discussed 

in Chapter 4, is listed in Table 5.5. 

5.3.2 Arithmetic operations 

Various arithmetic operations that ALU can perform are addition, subtraction and 

comparison. The result of comparison is fed to the output selection circuit discussed in Section 

5.2.3.3. Either maximum or minimum of the two input values to the magnitude comparator can 

be transferred to the common data bus based on the control signals. Various operations 
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performed for different values of e0, el , s0, sl  and s2 are given in Table 5.6. 

Common data bus 

register 7 

 I 

register 6 

register enable 
lines 

3-to-8 
destination 
decoder 

1 1 1 1 1 
e0 e isosi s2

register 0 

Tristate buffers 

output enable 
lines 

Fig. 5.10: Block Diagram of the Data Registers Block. 

3-to-8 
source 
decoder 

1 1 1 1 1 
e0 eisosi s2 
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Table 5.5: Registers Decoding Scheme. 

S 0 81 82 Register selected 

0 0 0 reg_temp 

0 0 1 reg_delta 

0 1 0 reg_supply 

0 1 1 reg_demand 

1 0 0 reg_cost 

1 0 1 reg_row 

1 1 0 reg_column 

1 1 1 reg_allocation 

Table 5.6: ALU Operations Performed for Different Values of eo, e1, so, s1, s2. 

e0 el so s1 s2 Operation performed 

0 

0 

1 

1 

X 

X 

0 

0 

0 

0 

X 

X 

X 

X 

X 

X 

0 

1 

0 

1 

X 

X 

X 

X 

X 

X 

0 

1 

X 

X 

Enable the adder output after addition 

Enable the adder output after subtraction 

Enable the minimum of two data lines 

Enable the maximum of two data lines 

Select the first internal data bus 

Select the second internal data bus 
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Lines e0 and el  enable the tristate gates which are connected to the outputs of the adder 

and two internal buses of the ALU block shown in Fig. 5.4. This selection is logically anded 

with the outputs of the output selection logic circuit to enable the correct bus. The external 

control signal is used to determine the output to be enabled. If s2 is set high, maximum of the 

two input values to the magnitude comparator are enabled to the common data bus. If s2 is 

low then the minimum value is transferred to the common data bus. 

Line si  is used as an input to the 2-to-1 multiplexer shown in Fig. 5.4. The inputs to the 

2-to-1 multiplexer are the input value from the common data bus and the other is it's 

complement. If si  is low the input value is sent to the ALU block for addition operation. If s1

is high, the complemented data is sent to the adder. Line si also serves as true-carry in of the 

first stage of the conditional sum adder. With s1 high, the true-carry in is 1 and with the 

complemented input to the adder, the result of the operation performed by the adder on the 

input operands is subtraction. 

All arithmetic operations require two operands, hence two data buses are used for the 

ALU block. Line so is used to select either of the two lines in the ALU block. This line is the . 

enable line for 1-to-2 decoder shown in Fig. 5.4. When so is low, the data bus that connect 

the eight bit latch is enabled. With 3/ high, the other data bus is selected. The design requires 

that first so be low and then high. This low to high transition is used to latch the data values in 

the the data latch. Violation of this may result in the erroneous data outputs. 

5.3.3 External communication 

This operation allows the basic cell to "talk" to it's neighboring cells. Transfer of 

information from one cell to another is possible. The data bus that connects the neighboring 

cells is guarded by the tristate buffers. The tristate buffers can be enabled by generating 

appropriate control signals from the control circuit. This feature was not include in the design 

due to restriction on number of output pins of an integrated circuit. The next chapter deals with 

the VLSI implementation of the hardware discussed in this chapter. 



6. VLSI IMPLEMENTATION AND TESTING 

In Chapters 4 and 5, algorithms for the transportation simplex method and the hardware 

required for the implementation of these algorithms as a systolic array were discussed. If the 

algorithm, which generates a sequence of control information to various functional blocks, was 

burnt into an EPROM (Electrically Programmable Read Only Memories), with additional 

address generators and decoders for the EPROMs, realization of the complete hardware using 

off-the-shelve discrete components would have required about 200 MSI (Medium Scale 

Integration) chips. This would have been impractical. The alternative approach is to implement 

the system using a full custom VLSI chip(s). The VLSI implementation would result in 

hardware savings and help in testing of the proposed architecture with a greater reliability. 

Probably, the most important criteria in any custom VLSI layout is the availability of 

fabrication facilities for the technology used in the layout. The technology used in this design 

work was Northern Telecom 3-micron double metal CMOS process (CMOS3DLM). This 

process is offered by Canadian Microelectronics Corporation (CMC) for implementation, and a 

standard cell library for this technology is available. 

This chapter discusses the VLSI implementation of the proposed design and testing of the 

fabricated chips. The aim is to show the process of design of an integrated circuit from the 

conception of an idea to the realization. It concludes with a discussion on the testing strategy 

and procedure for the integrated circuit and the results obtained from the fabricated chips. 

87 
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6.1 Design Environment 

The design of any VLSI circuit has to go through different stages of design and 

development. In the past few years, various CAD tools were developed to aid the designers in 

the design process. This section is devoted to a discussion on various CAD tools used in the 

development of the systolic array. 

Various CAD tools used in the design are shown in Fig.6.1. The sequence of the use of 

these tools can be derived from the directional arrows. The shading areas indicate those tools 

which were either not available during the design process or which were not used. 

Fig. 6.1: Various CAD Tools for VLSI Design. 

After the basic idea was conceived, the circuits were described using a subset of 

language, VHDL (Very High Speed Integrated Circuit Hardware Description Language). It has 

the capability to describe the system hierarchically, by the structure of its components 
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(architectural description), by the behavior of its components (behavioral description), or 

combination of the two. In this work only the architectural description was used. The VHDL 

compiler can generate hardware description files for either Queen's University Interactive 

Silicon Compiler, QUISC or Queen's University Asynchronous Interactive Logic Simulator, 

QUAIL. 

QUAIL is a mixed-mode simulation program developed for MOS LSI. Mixed mode 

simulation allows the designer to choose the level of analysis best suited to each part of the 

circuit. QUAIL extracts the circuit inter-connections from the VHDL file, and the functional 

representation of all the gates used in the design must be supplied. QUAIL can be used to 

verify the correctness of the circuit by logic simulation. Simulation at this stage reduces the 

possibility of any design error. Unfortunately, during the developmental stage of this design, 

QUAIL was not available. 

After the QUISC hardware description file was generated, the program ELECTRIC [39] 

is run. ELECTRIC is a general purpose object oriented system for electrical design. It can be 

used as an editor in many design environments such as schematics, printed-circuit-board 

layout, as well as for VLSI layouts. Various CAD tools like design rule checkers, circuit 

simulators, logic simulators, routers and many more can be linked to ELECTRIC as one of it's 

aids. QUISC is one such tool. Before running QUISC from within ELECTRIC, the standard 

cell library is read. On executing the command QUISC user interactively specifies the files to 

be silicon compiled. Silicon compilation consists of three distinct phases. During the first 

phase, all the leaf cells (basic logic gates at the lowest level in a hierarchical design) are 

referenced to the leaf cells of the standard cell library. During the second phase, all the leaf cells 

are placed according to the specified number of rows. The number of rows can be varied to suit 

the requirements. Thus, the user has indirect control over the aspect ratio of the resulting 

design. Inter-cell routing is done using routing channels between the rows. The third phase in 

the compilation process involves creating the compiled circuit in ELECTRIC's database. 
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6.2 VLSI Layout 

VLSI layout of the circuits, described in the previous chapter, was done using 

ELECTRIC. The process involves creating VHDL file using a text editor, generating the circuit 

using QUISC, extracting the circuit information, and simulating the circuit extracted circuit 

information using RNL. Based on the simulation results, any logic errors, if present, were 

corrected in the VHDL file and the same procedure is repeated until the desired behavior of the 

circuit was obtained. A CMOS standard cell library, QUISC334, was used in conjunction with 

QUISC. 

A VHDL file for the complete design was created. But QUISC was unable to compile the 

design due to the symmetric nature of various blocks in the circuit. The complete circuit has 8 

eight data bit registers. The placement algorithm of QUISC was placing all the data registers in 

sequence. Since all the blocks are identical, all the I/O ports of each data register are exported in 

similar manner, and there was not enough space for QUISC router to route through these data 

registers. To overcome this problem, the design was broken into three blocks, the ALU block, 

the data register block, and the decoder block. The resulting VHDL file is listed in Appendix B. 

All the arithmetic and various logic operations required for the operation of the circuit are 

associated with the ALU block. Eight data registers of the circuit form the data registers block, 

each data register compiled separately. Instruction and address decoders of the circuit are 

grouped in the decoders block. Each block was compiled and simulated individually. The 

compilation time for the ALU block was 500 CPU seconds, 100 CPU seconds for the 

decoders block and 10 CPU seconds for each data register block. All the compilation times are 

for a SUN 3/50 workstation. The simulation timing varied from ten minutes to one hour based 

on the number of input vectors for each block. As a final step in the design process, a separate 

cell was created and all the blocks were copied into this cell. Then placement and inter-block 

routing were done manually. QUISC2 [42], which is under development, will provide a 

flexible environment with automated layout algorithms to perform chip floor planning and 

subsystem block placement and routing. 
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Once the manual wiring was complete, the resulting block was design rule checked for 

wiring errors. The detected errors were corrected and the resulting block was mounted in a 

frame. The frame required was the largest frame size, 4510 X 4510 microns (size "A"), offered 

by CMC. The input and output pads, from the standard cell library, were placed on the frame 

as demanded by the design, and all the exported ports of the circuit block were routed to the 

input and output pads, as required. Again the design was design rule checked. The resulting 

design was named SKSAT, for University of Saskatchewan Systolic Array for the 

Transportation algorithm. 

Another circuit, SKCAT, similar to SKSAT without an ALU block was designed in 

similar manner. SKCAT was designed to calibrate the performance of the bi-directional data 

bus, which is the single source of information carrier between the blocks. This design could be 

fit into a 2250 X 4510 micron frame (size "B"), offered by CMC. Similar padding and routing 

procedure of SKSAT was used. Again the completed integrated circuit was design rule 

checked. 

Both, SKSAT and SKCAT, could not be simulated after mounting them in the frame 

owing to the limitations of the simulator RNL, which cannot simulate bi-directional data lines 

within the circuit. CIF code (Caltech Intermediate Format) was generated for both the designs 

using ELECTRIC's CIF code generator and these CIF files were sent to CMC for fabrication. 

The floor plan of SKSAT and SKCAT are shown in Fig.6.2 and Fig.6.3 respectively. 

6.3 Chip Testing 

A total of ten fabricated chips, five chips each of SKCAT and SKSAT, were received 

from CMC. This section presents the testing of these fabricated chips and the results obtained. 

The chips were tested for their functionality using Hewlett Packard HP8180A Data Generator 

and HP8182A Data Analyzer. Prior to their functionality test, using a Wentworth Prober all the 

chips were tested for the working of test oscillator circuit, which is added to the design during 
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the fabrication process. The oscillator frequency for all the chips was measured to be 40 MHz. 

This is standard frequency at which the oscillator circuit operates should there be no 

manufacturing defects. 
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Fig. 6.3: Floor Plan of SKCAT. 
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6.3.1 Testing of SKCAT 

The test set up of SKCAT is shown in Fig. 6.4. The HP8180A Data Generator was used 

to supply the input test vectors and the output waveforms were observed on the HP8182A Data 

Analyzer. The objective of SKCAT was to test the performance of data bus used in SKSAT. In 

addition to this, the operation of data registers, decoding scheme used for selecting the data 

registers and output data selection circuits can also be tested. The functionality of this design 

will guarantee the performance of SKSAT, since the same design was used and all the 

functions of SKCAT are subset of the functions of SKSAT. 

The input test vectors were designed to test the complete functionality of SKCAT. 

Initially all the data registers were set to zero. Then each data register was loaded with some 

data value. Then all the registers were selected randomly to output their contents. The outputs, 

observed on the data analyzer, were found to be correct at an operating frequency of 1MHz. 

These encouraging results prompted to test the operation at a higher frequency. The chip was 

found to be functional up to a frequency of 10 MHz, increments done in the steps of 1MHz. 

Since the circuit simulations were carried out at an expected operating frequency of 1MHz, the 

performance of the chips exceeded the expectations. Then at an operating frequency of 1MHz, 

the chips were tested with variations in the input voltage. The voltage was varied from 3V to 

6V in steps of 0.5V. In all these voltage ranges the outputs conformed to the simulation results. 

Thus the data bus, the data registers and various selection and control circuitry associated with 

it were tested to be 100% functional. 

6.3.2 Testing of SKSAT 

The test strategy of SKSAT was similar to that used in testing SKCAT. SKSAT was 

designed to perform the function of a basic cell in the array. With the test results of SKCAT 

proving the operation of the data bus, and the address decoders, the test patterns of SKSAT 

were aimed at testing of the control logic and the instruction decoding scheme. The test 

patterns, in the process, will also test the operation of some of the basic arithmetic, and 

comparison operations that SKSAT is capable of performing. 
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Fig. 6.4: Test Set Up of SKCAT. 

The test patterns, designed to perform all the required tests for SKSAT, were loaded into 

the HP8180A Data Generator. The test patterns initially clear all the data registers, then load 

them with some predetermined value. Then all the register values were output onto the data bus 

to test the functionality of SKCAT with in SKSAT. Once the functionality was asserted, then 

the instruction decoding and ALU operations were tested. The contents of two registers were 

added, and subtracted. The results were placed on the data bus and were stored in another 

register. The comparison operations, to output the maximum value of the contents of any two 

data registers or the minimum value of any two data registers to be placed on the data bus, were 

performed. This way all the capabilities of the instruction decoder and all the ALU operations 

were tested. 

Once the functionality of SKSAT was established, then tests for maximum operational 
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speed was conducted. At this point a design error was found, which inhibits the higher 

operational speed of SKSAT beyond 2 MHz. A possible reason for this was identified. The 

inter-block routing was done manually, as mentioned previously. Due to the strategic 

placement of the exported ports of various blocks, poly-silicon was used, in addition to two 

metal layers, to ease the routing. During this process, some of the lines of the data bus had 

poly crossover. The inter-layer capacitance of poly-metal, which was ignored at the time of 

design, is almost twice that of metal-metal2 capacitance. As a result, some of the data lines 

experience higher capacitance. The capacitance value plays a major role in the speed 

performance of any VLSI design. The higher capacitance experienced by these data lines 

hinders higher operational speeds. A photograph of the output of SKSAT highlighting this 

effect is shown in Fig.6.5. 

1 **,1; 
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Fig. 6.5: Photograph Depicting the Effect of Capacitance on the Data Bus. 



7. CONCLUSIONS 

7.1 Summary 

The VLSI systolic array proposed in this thesis implements the transportation simplex 

algorithm. For a given set of the input values to the transportation simplex tableau, namely the 

supply, the demand and the cost, the proposed systolic array determines the optimal allocation 

values so as to minimize the total distribution cost meeting the supply and the demand 

constraints. 

Various methods have been proposed before to arrive at an IBFS for the transportation 

simplex algorithm. The method that has been used in this thesis work was based on the 

Russell's approximation method. A simulator was written in "C" language to test the proposed 

architecture based on this algorithm. This method was chosen because it has proven to arrive at 

a near optimal solution for the BFS. An algorithm based on the "greedy" approach was 

proposed. This algorithm is much simpler to implement and arrives at BFS much faster than 

Russell's approximation method. Another simulator was written to test the architecture with the 

greedy algorithm. For the various examples run, the greedy method obtained the BFS much 

faster than the Russell's approximation method. However this was not consistent when the 

final optimal solution was obtained. The reason for this is that the greedy algorithm arrives at 

the BFS based on heuristics rather than on any formal approach. 

A basic cell of the proposed systolic array was designed to test the proposed systolic 

architecture for the transportation simplex algorithm. Each basic cell implements an entry of the 

transportation simplex tableau. The required number of basic cells can be cascaded together to 
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form a complete systolic array. A minor design modification to the existing design is required 

to enable cascading. Additional data output lines are required for the cell to communicate with 

its neighboring cells. This feature was not included owing to the limitation on the number of 

output pins for an IC. 

The design of a basic cell includes an eight bit ALU. The ALU has a high speed 

conditional sum adder. A capability to perform subtraction with the same adder circuit, based 

on two's complement method, was incorporated into the ALU. An eight bit magnitude 

comparator was included to the ALU for the comparison operations required for the 

transportation simplex algorithm. The magnitude comparator in association with the output 

selection logic circuit can output either maximum or minimum of the two input data values of 

the ALU on to the common data bus. All the data values are stored in an eight bit data register. 

There are eight such data registers. All the data registers and various blocks of the ALU are 

connected by a common data bus. Each basic cell also includes various decoding circuits and 

transmission gates to prevent the bus contention and to ensure that only one module has access 

to the bus at any given time of operation. 

The VLSI layout was carried out using the QUISC silicon compiler and the associated 

standard cell library. The layout editor used was ELECTRIC. Two designs of the systolic array 

for the transportation simplex algorithm were submitted for fabrication. Both the designs were 

fabricated by Northern Telcom through the services provided by Canadian Microelectronics 

Corporation. 

A total of ten fabricated chips were received. All the ten chips were tested using 

HP8180A Data Generator and HP8182A Data Analyzer. Various test patterns were loaded into 

the Data Generator as input to the chips to test their functionality. All the fabricated circuits 

were found to be functional. The maximum clock rate of operation of these chips was found to 

be 10 MHz. 
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7.2 Suggestions for Future Study 

Although the basic cell of the systolic array for the transportation simplex algorithm 

functions as expected, there are many areas in which further study could be undertaken. Some 

of these areas are briefly mentioned in this section. 

The advantages of the systolic arrays are not realized until a complete array is 

implemented. A linear array can be developed by cascading the basic cells with a minor 

modification to the design. The decoding circuit should enable the clock and data to the next 

basic cell and the data output pins of the design should be bi-directional. But a two-dimensional 

array cannot be realized unless the design was modified to provide communication for the cells 

along the column. This would require additional data pins and this exceeds the normal pin 

count allowed. So the alternative is to incorporate more basic cells in a single IC. A full custom 

layout using dynamic cells could reduce the area required per basic cell and also increase the 

maximum operational speeds. With the forthcoming 1.2 micron CMOS technology, it should 

be possible to increase the number of basic cells per chip. 

Another way to increase the number of basic cells per chip is to modify the system 

architecture itself. The new architecture would have an ALU shared between adjacent basic 

cells 'without loss of the advantages gained by the systolic architecture. This feature is unique to 

this problem as only one row or column is active in the array during the algorithm execution. 

This would result in large savings in the area and hence would increase the number of basic 

cells per chip. 

Improvements in the performance can also be obtained with the enhancement in algorithm 

performance. The greedy algorithm, proposed in this thesis work, with better heuristics and a 

more formal approach can generate a near optimal basic feasible solution. This might result in a 

much simpler control circuit and speed up the time with which an optimal solution is arrived at. 
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In summary, the work presented in this thesis verifies the proposed systolic architecture 

for the transportation simplex algorithm. With some of the enhancements and modifications 

suggested, this versatile architecture could be used to construct low-cost, high-speed processor 

arrays to implement one of the most important algorithms in the field of operations research 

with state-of-art performance. 
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APPENDIX A: 

SIMULATIONS AND RESULTS 

This is the output of "typescript" after generating the input 
data file using the program "create". 

Note: "kanth@abraham-xx" is the system prompt. 

Script started on Sat Aug 5 15:01:04 1989 
kanth@abraham-23 create test-data 
Opened the data file 
The number of rows and columns are (enter as xx xx) 
4 5 

The number of rows are 4 
The number of columns are 5 
Enter the data as xx xx xx for supply demand and cost 
The values for cell[1][1] is 100 60 16 

The values for cell[1][2] is 100 40 16 

The values for cell[1][3] is 100 140 13 

The values for cell[1][4] is 100 60 22 

The values for cell[1][5] is 100 120 17 

The values for cell[2][1] is 120 60 14 

The values for cell[2][2] is 120 40 14 

The values for cell[2][3] is 120 140 13 

The values for cell[2][4] is 120 60 19 

The values for cell[2][5] is 120 120 15 

The values for cell[3][1] is 100 60 19 

The values for cell[3][2] is 100 40 19 

The values for cell[3][3] is 100 140 20 
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The values for cell[3][4] is 100 60 23 

The values for cell[3][5] is 100 12050 

The values for cell[4][1] is 100 60 50 

The values for cell[4][2] is 100 40 0 

The values for cell[4][3] is 100 140 50 

The values for cell[4][4] is 100 60 0 

The values for cell[4] [5] is 100 120 0 

kanth@abraham-24 AD 
script done on Sat Aug 5 15:05:06 1989 

This is the output of "typescript" after execution of 
the simulator "rsim" on "test-data" and viewing the simulation 

results using unix command "cat". 

Script started on Sat Aug 5 15:06:22 1989 
kanth@abraham-28 rsim test-data 
The input file " test-data " successfully read. 
Simulation results in the output file. 
The output file " test-data.rts " is created. 
kanth@abraham-29 cat test-data.rts 
** The initial basic feasible solution ** 

** The contents of the reg alloc[i][j] ** 

0 0 80 0 20 
60 0 60 0 0 
0 40 0 60 0 
0 0 0 0 100 
** The contents of the reg_status[i][j].basic ** 
** The cell is basic if the status is 1 else nonbasic 
0 0 1 0 1 
1 0 1 0 0 
1 1 0 1 0 
0 0 0 0 1 
** The contents of the reg_delta[i][j] ** 
2 2 0 4 0 
0 0 0 1 -2 
0 0 2 0 77 
102 3 103 -1 0 
** The test for optimality ** 
** The delta of cell 1 4 is negative ** 

** The delta of cell 3 3 is negative ** 
** The obtained solution is not optimal ** 

* * 
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** The contents of the reg— alloc[i][j] ** 
0 0 100 0 0 
60 0 40 0 20 
0 40 0 60 0 
0 0 0 0 100 
** The contents of the regstatus[i][j].basic ** 
** The cell is basic if the status is 1 else nonbasic ** 

0 0 1 0 0 
1 0 1 0 1 
1 1 0 1 0 
0 0 0 0 1 
** The contents of the reg_delta[i][j] ** 

2 2 0 4 2 
0 0 0 1 0 
0 0 2 0 79 
100 1 101 -3 0 
** The test for optimality ** 
** The delta of cell 3 3 is negative ** 
** The obtained solution is not optimal ** 
** The contents of the reg_alloc[i][j] ** 

0 0 100 0 0 
0 0 40 0 80 
60 40 0 0 0 
0 0 0 60 40 
** The contents of the reg_status[i][j].basic ** 
** The cell is basic if the status is 1 else nonbasic ** 

0 0 1 0 0 
1 0 1 0 1 
1 1 0 0 0 
0 0 0 1 1 
** The contents of the reg_delta[i][j] ** 

2 2 0 7 2 
0 0 0 4 0 
0 0 2 3 79 
100 1 101 0 0 

** The test for optimality ** 
** The obtained solution is optimal ** 
** The optimal allocation values are given 
0 0 100 0 0 
0 0 40 0 80 
60 40 0 0 0 
0 0 0 60 40 
kanth@abraham-30 AD 
script done on Sat Aug 5 15:08:47 1989 

below * * 
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This is the output of "typescript" after the execution of 
"gsim" on "test-data" which was generated using "create". 
Then simulation results were viewed using unix command "cat". 

Script'started on Sat Aug 5 15:11:14 1989 
kanth@abraham-34 gsim test-data 
Input file " test-data " successfully read. 
Simulation results in the output file. 
The output file " test-data.gts " created. 
kanth@abraham-35 cat test-data.gts 
** The initial basic feasible solution ** 
** The contents of the reg_alloc[i][j] ** 
0 0 80 0 20 
60 0 60 0 0 
0 40 0 60 0 
0 0 0 0 100 
** The contents of the reg_status[i][j].basic ** 
** The cell is basic if the status is 1 else nonbasic ** 

0 0 1 0 1 
1 0 1 0 0 
1 1 0 1 0 
0 0 0 0 1 
** The contents of the reg_delta[i][j] ** 

2 2 0 4 0 
0 0 0 1 -2 
0 0 2 0 77 
102 3 103 -1 0 
** The test for optimality ** 
** The delta of cell 1 4 is negative ** 
** The delta of cell 3 3 is negative ** 
** The obtained solution is not optimal ** 
** The contents of the reg— alloc[i][j] ** 
0 0 100 0 0 
60 0 40 0 20 
0 40 0 60 0 
0 0 0 0 100 
** The contents of the reg_status[i][j].b4sic ** 

** The cell is basic if the status is 1 else nonbasic ** 

0 0 1 0 0 
1 0 1 0 1 
1 1 0 1 0 
0 0 0 0 1 
** The contents of the reg_delta[i][j] ** 
2 2 0 4 2 
0 0 0 1 0 
0 0 2 0 79 
100 1 101 -3 0 
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** 
** 
** 
** 

0 

0 
60 
0 

The test for optimality ** 
The delta of cell 3 3 is negative ** 
The obtained solution is not optimal ** 
The contents of the reg— alloc[i][j] ** 

0 100 0 0 

0 20 0 40 
40 0 0 0 
0 0 60 40 

** The contents of the reg_status[i][j].basic ** 
** The cell is basic if the status is 1 else nonbasic ** 

0 0 1 0 0 
1 0 1 0 1 
1 1 0 0 0 
0 0 0 1 1 
** The contents of the reg_delta[i][j] ** 

2 2 0 7 2 
0 0 0 4 0 
0 0 2 3 79 
100 1 101 0 0 
** The test'for optimality ** 
** The obtained solution is optimal ** 
** The optimal allocation values are given below ** 

0 0 100 0 0 
0 0 40 0 80 
60 40 0 0 0 
0 0 0 60 40 
kanth@abraham-36 AD 
script done on Sat Aug 5 15:49:06 1989 



APPENDIX B: 

VHDL LISTINGS 

— Designed by: Lakshmikanth Ghatraju 

— Last update on: 9 - 7 -1988 
-- Entity: my_reg 

— Description: This circuit functions as an 8 bit data register. The inputs and the 

outputs are available on a common data bus. The read/write 

operations are possible only if the data register is selected for 

that operation. 

package buses is 

type byte is array (0..7) of bit; 

end; 

with buses; use buses; 

entity my_reg (dclock, sel : in bit; 

databus: inout byte) is 

end; 

architectural body my_regbody of my_reg is 

component twophase(inphi : in bit; phi, phibar : out bit); 
component shift (d, ck , cb : in bit; q : out bit); 

component inverter(a : in bit; z : out bit); 

component tgate(a, ck, cb : in bit ; b : out bit); 
signal clock, clockbar, sel bar : bit; 
signal bus : byte; 
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begin 

phase : twophase(dclock, clock, clockbar); 

inv: inverter(sel, sel_bar); 

reg: for i in 0..7 generate 

shift(databus(i), clock, clockbar, bus(i)); 

end generate reg; 

tri: 

end; 

for i in 0..7 generate 

tgate(bus(i), sel, sel_bar, databus(i)); 

end generate tri; 

— Designed by: Lakshmikanth Ghatraju 

-- Last update on: 23 - 9 -1988 
— Entity: decoder 

— Description: This is the description of complete decoding circuitry needed for 

the basic cell operation. It has two 3-to-8. The hardware 

description and its functions are described separately. 

entity decoder (s0, sl, s2, e0, el, dclock : in bit; 

sel_col, sel_row, sel_all, sel_sup, sel_dem, sel_cos, sel_acc, sel_del, 

out_col, out_row, out_all, out_sup, out_dem, out_cos, out_acc, 

out_del : out bit) is 

end decoder, 

architectural body decbody of decoder is 

component decoderl_1 (s0, si, s2, e0, el, dclock : in bit; 

sel_col, sel_row, sel_all, sel_sup, sel_dem, sel_cos, 

sel_acc, sel_del : out bit); 
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component decoder0_1 (s0, sl, s2, e0, el : in bit; 

out_col, out_row, out_all, out_sup, out_dem, out_cos, 

out_acc, out_del : out bit); 

begin 

decodez001: decoder1_1(s0, sl, s2, e0, el, dclock, sel_col, sel_row, 

sel_all, sel_sup, sel_dem, sel_cos, sel_acc, sel_del); 

decoder002: decoder0_1(s0, sl, s2, e0, el , out_col, out_row, out_all, 

out_sup, out_dem, out_cos, out_acc, out_del); 

end; 

-- Last update on: 8 - 8 - 1988 

— Entity: decoderl_l 

— Description: The enabling code is e0 =1 and el = 1. For various 

combinations of control signals s0, si, s2 the data register 

enabled to load (read) the data from the data bus are given here. 

sO sl s2 selected line 

0 0 0 sel_acc 

0 0 1 sel_del 

0 1 0 sel_sup 

0 1 1 sel_dem 

1 0 0 sel_cos 

1 0 1 sel_all 

1 1 0 sel_row 

1 1 1 sel_col 

entity decoded...1 

end decoder1_1; 

(s0, si, s2, e0, el, dclock : in bit; 

sel_col, sel_row, sel_all, sel_sup, sel_dem, sel_cos, 

sel_acc, sel_del : out bit) is 
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architectural body decbodyl_l of decoderl_l is 

component and3(a, b, c : in bit; z : out bit); 

component and4(a, b, c, d : in bit; z : out bit); 

component inverter(a : in bit; z : out bit); 
signal sO_bar, sl_bar, s2_bar, enable : bit; 

begin 

dec001: and3(e0, el, dclock, enable); 
dec002: inverter(s0, sO_bar); 

dec003: inverter(si, si_bar); 

dec004: inverter(s2, s2_bar); 

dec005: and4(s0, sl, s2, enable, sel_col); 
dec006: and4(s0, sl, s2_bar, enable, sel_row); 
dec007: and4(s0, si_bar, s2, enable, sel_all); 
dec008: and4(s0, sl_bar, s2_bar, enable, sel_cos); 
dec009: and4(s0_bar, sl, s2, enable, sel_dem); 
dec010: and4(s0_bar, sl, s2_bar, enable, sel_sup); 
dec01 1: and4(s0_bar, si_bar, s2, enable, sel_del); 
dec012: and4(s0_bar, sl_bar, s2_bar, enable, sel_acc); 

end; 

— Last update on: 8 - 8 - 1988 
— Entity: decoder0_1 
-- Description: The enabling code is e0 = 0 and el = 1. For various 

combinations of control signals so, sl, s2 the data register 

outputs enabled write on the data bus. 

sO sl s2 selected line 

0 0 0 out_acc 

0 0 1 out del 

0 1 0 out sup 

0 1 1 out_dem 
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1 0 0 out_cos 

1 0 1 out_all 

1 1 0 out_row 

1 1 1 out_col 

entity decoder0_1 

end decoder0_1; 

(s0, sl, s2, e0, el : in bit; 

out_col, out_row, out_all, out_sup, out_dem, out_cos, 

out_acc, out_del : out bit) is 

architectural body decbody0_1 of decoder0_1 is 

component and2(a, b : in bit; z : out bit); 

component and4(a, b, c, d : in bit; z : out bit); 

component inverter(a : in bit; z : out bit); 

signal sO_bar, si_bar, s2_bar, enable, e0_bar : bit; 

begin 

dec001: and2(e0_bar, el, enable); 

dec002: inverter(s0, sO_bar); 

dec003: inverter(sl, sl_bar); 

dec004: inverter(s2, s2_bar); 

dec005: and4(s0, sl, s2, enable, out_col); 
dec006: and4(s0, sl, s2_bar, enable, out_row); 
dec007: and4(s0, si_bar, s2, enable, out_all); 
dec008: and4(s0, si_bar, s2_bar, enable, out_cos); 

dec009: and4(s0_bar, sl, s2, enable, out_dem); 

dec010: and4(s0_bar, sl, s2_bar, enable, out_sup); 

dec011: and4(s0_bar, sl_bar, s2, enable, out_del); 

dec012: and4(s0_bar, sl_bar, s2_bar, enable, out_acc); 

dec013: inverter(e0, e0_bar); 

end; 
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— Designed by: Lakshmikanth Ghatraju 

-- Last update on: 21 - 7 -1988 

— Entity: alu 

— Description: The input of the ALU is 8 bit data bus and the output is available 

on the common databus. The control inputs are e0, el, sO, sl, 

s2. e0 and el are the inputs which determine the which output is 

to be enabled. The current enabling code is 0 0 for the adder and 

10 for the comparator. 

package buses is 

type byte is array (0..7) of bit; 

end; 

with buses; use buses; 

entity alu (e0, el, sO, sl, s2 : in bit; 

databus : inout byte; 

equal, great, less, zero : out bit) is 

end ; 

architectural body alubody of alu is 

component 

component 

component 

component 

component 

alu_in(s0, sl : in bit; 

databus : in byte; 

bus_a, bus_b : out byte); 

adder(bus_a, bus_b : in byte; 

addsub : in bit; 

bus_s : out byte); 

comp_mod(s2 : in bit; 

bus_a, bus_b : in byte; 

sel_a, sel_b, equal, great, less, zero : out bit); 

tristate(select : in bit; inbus : in byte; 

outbus : out byte); 

nor2(a, b : in bit; z : out bit); 
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component and2(a, b : in bit; z : out bit); 
component inverter(a : in bit; z : out bit); 

signal bus_a, bus_b, out_add : byte; 

signal sel_a, sel_b, sel_add, el_bar, sel_com, sel_bus_a, sel_bus_b : bit; 

begin 

alu001: alu_in(s0, sl, databus, bus_a, bus_b); 
a1u002: adder(bus_a, bus_b, sl, out_add); 

a1u003: comp_mod(s2, bus_a, bus_b, sel_a, sel_b, equal, great, less, zero); 

a1u004: nor2(e0, el, sel_add); 
a1u005: inverter(el, el_bar); 

a1u006: and2(e0, el_bar, sel_com); 
a1u007: and2(sel_com, sel_a, sel_bus_a); 
a1u008: and2(sel_com, sel_b, sel_bus_b); 
a1u009: tris. tate(sel_add, out_add, databus); 
alu010: tristate(sel_bus_a, bus_a, databus); 
alu01 1: tristate(sel_bus_b, bus_b, databus); 

end; 

-- Last update on: 18 - 7 -1988 
— Entity: alu_in 

— Description: This part describes the complete input part of the alu. 

The inputs are sO, sl, databus and the outputs are bus_a and 

bus_b which are the inputs to the comparator and the adder. 

with buses; use buses; 

entity alu_in (s0, sl : in bit; 

(Iambus : in byte; 

bus_a, bus_b : out byte) is 
end; 
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architectural body alu_inbody of alu_in is 

component dec2_1 (s0 : in bit; databus : in byte; 

tbus_a, tbus_b : out byte); 
component my reg_reg(dclock : in bit; 

inbus : in byte; 

outbus : out byte); 
component bus_inv(bus : in byte; bus_bar : out byte); 
component mux2_1(sl : in bit; 

bus, bus_bar : in byte ; 

outbus : out byte); 

signal tbus_a, tbus_b, tbus_b_bar : byte; 

begin 

alin001: dec2_1(s0, databus, tbus_a, tbus_b); 
alin002: my_reg_reg(s0, tbus_a, bus_a); 
alin003: bus_inv(tbus_b, tbus_b_bar); 
alin004: mux2_1(sl, tbus_b, tbus_b_bar, bus_b); 

end; 

— Last update on: 18 - 7 - 1988 
-- Entity: decl_2 

-- Description: This is the bus switcher. Depending on the control signal, 

one of the output bus can be selected. 

with buses; use buses; 

entity decl_2 (databus : in byte; 

sO : in bit; 

tbus_a, tbus_b : out byte) is 

end; 

architectural body dec2body of decl_2 is 
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component muxl_2 (s0, z : in bit; a, b : out bit); 

begin 

dec2: for i in 0..7 generate 

mux1_2(s0, databus(i), tbus_a(i), tbus_b(i)); 

end generate dec2; 

end; 

— Last update on: 18 - 7 -1988 
— Entity: mux1_2 

-- Description: Single bit of the decl_2. 

entity mux1_2 (s0, z in bit; a, b : out bit) is 

end mux1_2; 

architectural body muxlbody of mux1_2 is 

component inverter(a : in bit; z : out bit); 
component and2(a, b : in bit; i: out bit); 
signal sO_bar : bit; 

begin 

mux2001: inverter(s0, sO_bar); 
mux2002: and2(z, sO, b); 

mux2003: and2(z, sO_bar, a); 

end; 

— Last update on: 19 - 7 -1988 
-- Entity: mux2_1 
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— Description: A 2-to-1 multiplexer and is used for subtraction operation. 

with buses; use buses; 

entity mux2_1 (bus, bus_bar : in byte; 

s 1 : in bit; 

outbus : out byte) is 

end; 

architectural body mux2_lbody of mux2_1 is 

component amux(a, b, s : in bit; z : out bit); 

begin 

mux2: for i in 0..7 generate 

amux(bus(i), bus_bar(i), sl, outbus(i)); 

end generate mux2; 

end; 

— Last update on: 19 - 7 -1988 
— Entity: bus_inv 

— Description: Complements the contents of a bus. Useful to perform 

subtraction using two's complement method. 

with buses; use buses; 

entity bus_inv (bus : in byte; bus_bar : out byte) is 

end; 

architectural body businvbody of bus_inv is 
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component 

begin 

inv : 

end; 

inverter(a : in bit; z : out bit); 

for i in 0..7 generate 

inverter(bus(i), bus_bar(i)); 

end generate inv; 

— Last update on: 9 - 7 -1988 

— Entity: my_reg_reg 

— Description: Similar to the data register. Here it is used as a data latch to 

hold the first data value in the ALU. 

with buses; use buses; 

entity my_reg_reg (dclock : in bit; 

inbus : in byte; 

outbus : out byte) is 

end; 

architectural body my reg_regbody of my_reg_reg is 

component twophase(inphi : in bit; phi, phibar : out bit); 

component shift (d, ck , cb : in bit; q : out bit); 

component inverter(a : in bit; z : out bit); 

signal clock, clockbar : bit; 

signal bus : byte; 

begin 

phase: twophase(dclock, clock, clockbar); 

reg: for i in 0..7 generate 

shift(inbus(i), clock, clockbar, outbus(i)); 
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end generate reg; 

end; 

- Last update on: 16 - 7 -1988 
- Entity: adder 

- Description: The adder circuit used here is different from the conventional 

adders. This design is based on conditional sum addition. The 

enable code for the adder is 0 0 for the inputs e0 and el. The 

input sO is 1 if the subtraction operation is performed. The 

subtraction is done by two's complement method. 

with buses; use buses; 

entity adder (bus a, bus_b : in byte; 

addsub : in bit; 

bus_s : out byte; c_out : out bit) is 

end; 

architectural body adderbody of adder is 

component add_cell(a 1, a 2, b 1, b 2, c in : in bit; 

s_1, s_2, c_out : out bit); 

component amux (a, b, s : in bit; z : out bit); 

signal carry_0, cany_l, carry_2, carry_3, power, ground : bit; 

begin 

adder001: add_cell(bus_a(0), bus_a(1), bus_b(0), bus_b(1), carry_0, 

bus_s(0), bus_s(1), carry_1); 

adder002: add_cell(bus_a(2), bus_a(3), bus_b(2), bus_b(3), carry_l, 

bus_s(2), bus_s(3), carry_2); 

adder003: add_cell(bus_a(4), bus_a(5), bus_b(4), bus_b(5), carry_2, 

bus_s(4), bus_s(5), carry_3); 
adder004: add_cell(bus_a(6), bus_a(7), bus_b(6), bus_b(7), carry_3, 
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adder005: 

end; 

bus_s(6), bus_s(7), c_out); 

amux(ground, power, addsub, carry_0); 

— Last update on: 16 - 7 -1988 
-- Entity: add_cell 
-- Description: A single adder block. 

entity add_cell (a 1, a 2, b 1, b 2, c in : in bit; 

s_i, s_2, c_out : out bit) is 

end; 

architectural body addbody of add_cell is 

component xor2(a, b: in bit; z : out bit); 
component and2(a, b: in bit; z : out bit); 
component or2(a, b: in bit; z : out bit); 
component inverter(a : in bit; z : out bit); 
component amux(a, b, s : in bit; z : out bit); 
signal sum_i, sum_l_bar, c_1_0, c_1_1, sum_2, sout_0, 

sout_l, c_o, c_o_0, c_o_l, sout_1_0, sout_l_l : bit; 

begin 

add001: xor2(a 1, b_1, sum 1); 
add002: inverter(sum_i, sum_i_bar); 
add003: amux(sum_i, sum_l_bar, c_in, s_1); 
add004: and2(a 1, b_1, c_1_0); 
ad4005: or2(a_i, b_1, c_1_1); 
add006: xor2(a_2, b_2, sum_2); 
add007: xor2(sum_2, c_1_0, sout_0); 
add008: xor2(sum_2, c_1_1, sout_i); 
add009: amux(sout_0, sout_l, c_in, s_2); 
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add010: and2(a 2, b_2, c_o); 
and011: and2(sum_2, c_1_0, c_o_0); 

and012: or2(c_o, c_o_0, sout_1_0); 

and013: and2(sum_2, c_1_1, c_o_1); 
add014: or2(c_o, c_o_l, sout_1_1); 

add015: amux(sout_1_0, sout_l_l, c_in, c_out); 

end; 

— Last update on: 21 - 7 -1988 
— Entity: comp_mod 
— Description: This is the description of 8 bit magnitude comparator. The inputs 

are available on two buses inbusa and inbusb. The outputs are 

three bits equal, greater or less and zero. The equal is 1 if 

inbusa = inbusb. greater is 1 if inbusa > inbusb and less is 1 if 

inbusa < inbusb. 

with buses; use buses; 

entity comp_mod 

end; 

(s2 : in bit; 

bus_a, bus_b : in byte; 

sel_a, sel_b, equal, great, less, zero : out bit) is 

architectural body comp_modbody of comp_mod is 
component comparator(inbusa, inbusb : in byte; 

equal, great,less, zero : out bit); 

component selector(s2, eqal, great, less : in bit; 

sel_a, sel_b : out bit); 
signal gr, Is, eq : bit; 

begin 
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mod001: comparator(bus_a, bus_b, equal, great, less, zero); 

mod002: selector(s2, equal, great, less, sel_a, sel_b); 

end; 

— Last update on: 21 - 7 - 1988 
— Entity: comparator 

— Description: Comparator module of comp_mod. 

with buses; use buses; 

entity comparator (inbusa, inbusb : in byte; equal, great, less, zero : out bit) is 

end; 

architectural body compbody of comparator is 

component sig_gen(ina, inb : in bit; sig_eq, sig_ag, sig_bg : out bit); 

component and2(a, b : in bit; z : out bit); 

component and3(a, b, c : in bit; z : out bit); 

component and4(a, b, c, d :in bit; z : out bit); 
component and5(a, b, c, d, e : in bit; z : out bit); 

component or2(a, b : in bit; z : out bit); 

component or4(a, b, c, d : in bit; z : out bit); 

component nor2(a, b : in bit; z : out bit); 
signal eq, ag, bg : byte; 

signal gbit_6, gbit_5, gbit_4, gbit_3, gbit_2, gbit_l, gbit_0, eq_5, gtop_4, 

gtop_7, lbit_6, lbit_5, lbit_4, lbit_3, lbit_2, lbit_l, lbit_0, ltop_4, 

ltop_7, zero_one, zero_two, zero_tri, zero_for, zero_fiv, 

zero_six, zero_sev, zero_eig, zero_one_one, zero_one_two : bit; 

begin 

comp: for i in 0..7 generate 

sig_gen(inbusa(i), inbusb(i), eq(i), ag(i), bg(i)); 

end generate comp; 
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eqa1001: and5(eq(7), eq(6), eq(5), eq(4), eq(3), eq_5); 

eqa1002: and4(eq_5, eq(2), eq(1), eq(0), equal); 

agrat001: and2(ag(6), eq(7), gbit_6); 

agrat002: and3(ag(5), eq(7), eq(6), gbit_5); 

agrat003: and4(ag(4), eq(7), eq(6), eq(5), gbit_4); 

agrat004: or4(ag(7), gbit_6, gbit_5, gbit_4, gtop_4); 

agrat005: and5(ag(3), eq(7), eq(6), eq(5), eq(4), gbit_3); 

agrat006: and2(ag(2), eq_5, gbit_2); 

agrat007: and3(ag(1), eq_5, eq(2), gbit_1); 

agrat008: or4(gtop_4, gbit_3, gbit_2, gbit_l, gtop_7); 

agrat009: and4(ag(0), eq_5, eq(2), eq(1), gbit_0); 

agrat010: or2(gbit_0, gtop_7, great); 

bgrat001: and2(bg(6), eq(7), lbit_6); 

bgrat002: and3(bg(5), eq(7), eq(6), lbit_5); 

bgrat003: and4(bg(4), eq(7), eq(6), eq(5), lbit_4); 

bgrat004: or4(bg(7), lbit_6, lbit_5, lbit_4, ltop_4); 

bgrat005: and5(bg(3), eq(7), eq(6), eq(5), eq(4), lbit_3); 

bgrat006: and2(bg(2), eq_5, lbit_2); 

bgrat007: and3(bg(1), eq_5, eq(2), lbit_1); 

bgrat008: or4(1top_4, lbit_3, lbit_2, lbit_l, ltop_7); 

bgra1009: and4(bg(0), eq_5, eq(2), eq(1), lbit_0); 

bgrat010: or2(lbit_0, ltop_7, less); 

zero001: nor2(inbusa(7), inbusb(7), zero_one); 

zero002: nor2(inbusa(6), inbusb(6), zero_two); 

zero003: nor2(inbusa(5), inbusb(5), zero_tri); 

zero004: nor2(inbusa(4), inbusb(4), zero_for); 

zero005: nor2(inbusa(3), inbusb(3), zero_fiv); 

zero006: nor2(inbusa(2), inbusb(2), zero_six); 

zero007: nor2(inbusa(1), inbusb(1), zero_sev); 

zero008: nor2(inbusa(0), inbusb(0), zero_eig); 

zero009: and4(zero_one, zero_two, zero_tri, zero_for, zero_one_one); 

zero010: and4(zero_fiv, zero_six, zero_sev, zero_eig, zero_one_two); 

zero011: and2(zero_one_one, zero_one_two, zero); 

end; 
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— Last update on: 21- 7 -1988 
— Entity: sig_gen 

— Description: A single bit magnitude comparator. 

entity sig_gen (ina, inb : in bit; sig_eq, sig_ag, sig_bg : out bit) is 

end; 

architectural body sig.genbody of sig_gen is 

component inverter(a : in bit; z : out bit); 
component and2(a, b : in bit; z : out bit); 

component xnor2(a, b : in bit; z : out bit); 

signal ina bar, inb_bar : bit; 

begin 

sig_gen001: inverter(ina, ina bar); 
sig_gen002: inverter(inb, inb_bar); 
sig_gen003: and2(ina, inb_bar,sig_ag); 
sig_gen004: and2(inb, ina bar,sig_bg); 
sig_gen005: xnor2(sig_ag, sig_bg, sig_eq); 

end; 

— Last update on: 21 - 7 -1988 
— Entity: xnor2 

— Description: A single bit xnor gate from xor2 and inverter. 

entity xnor2 (a , b : in bit; z : out bit) is 

end; 

architectural body xnorbody of xnor2 is 



128 

component xor2(a, b : in bit; z : out bit); 

component inverter(a : in bit; z : out bit); 

signal c : bit; 

begin 

xnor001: xor2(a, b, c); 

xnor002: inverter(c, z); 

end; 

— Last update on: 18 - 7 -1988 

— Entity: selector 

-- Description: Select the required tristate buffer to enable the outputs based 

on the control inputs and the result of magnitude comparison. 

entity selector (s2, eqal, great, less : in bit; 

sel_a, sel_b : out bit) is 

end; 

architectural body selbody of selector is 

component xor2(a, b : in bit; z : out bit); 

component and3(a, b, c : in bit; z : out bit); 

component and4(a, b, c, d : in bit; z : out bit); 

component or2(a, b : in bit; z : out bit); 

component inverter(a : in bit; z : out bit); 

signal s2_bar, great_bar, less_bar, eqal_bar, outs, out2, out3, out4, outs :bit; 

begin 

se1001: inverter(s2, s2_bar); 

se1002: inverter(great, great_bar); 

se1003: inverter(less, less_bar); 
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se1004: inverter(eqal, eqal_bar); 

se1005: xor2(great, eqal, outl); 

se1006: and3(s2_bar, less_bar, outl, out2); 

se1007: and4(s2, less, great_bar, eqal_bar, out3); 

se1008: or2(out2, out3, sel_a); 

se1009: and4(s2_bar, great_bar, less, eqal_bar, out4); 

se1010: and3(s2, less_bar, outl, out5); 

se1011: or2(out4, out5, sel_b); 

end; 

— Last update on: 18 - 7 -1988 
— Entity: selector 

-- Description: Tristate buffer circuit built with transmission gates. 

with buses; use buses; 

entity tristate (select : in bit; inbus : in byte; outbus : out byte) is 

end; 

architectural body tristatebody of tristate is 

component inverter(a : in bit; z : out bit); 

component tgate(a, ck, cb : in bit ; b : out bit); 

signal sel_bar : bit; 

begin 

inv : inverter(select, sel_bar); 

tri: for i in 0..7 generate 

tgate(inbus(i), select, sel_bar, outbus(i)); 

end generate tri; 

end; 
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