AHardware Product Sorter-Absorber Circuit 1 06/14/98

A Hardware Product Sorter-Absorber Circuit Designed for DEC-Perle

Architecture

Pavel Kashubin, Pongthai Sakornsint, Narit Ruangjiratain

pavel@ee.pdx.edu , aroy7004@ee.pdx.edu , rnarit@ee.pdx.edu

EE574FP Fast Prototyping using FPGAs

Portland State University, Portland OR

Introduction

Often when solving problem s with logic m inim ization, a cover m aybe generated with all possible

Sum -Of-Products terms and then m inim ized with another program . In this paper we propose a

hardware circuit designed to aid in function m inim ization bysorting products and rem oving

redundant, ^absorbed~ values. Our pr evious work in this area produced a design that was not well

suitable for im plem entation on DEC-Perle boar d but was a proof of a concept on such a c ircuit.

T his design was specificall ytargeted to DEC-Perle Architecture and Xilinx F PGAs. T he paper

consists of 5 chapters. Chapter 1 describes project´s algor ithm and absorption theor y. Chapter 2

expands the project description. Chapter 3 develops operation of pipeline operation of sorters.

Chapter 4 describes design of ever ycom ponent of the project. Chapter 5 has additional notes on

VHDL platform , code des ign and testing.

Chapter 1 ˘ Algorithm description and absorption

T he circuit designed in this project has two different goals on proc essing data. First goal is to sort

products b ytheir size, placing products with fewer variables on higher then ones containing m ore

variables. Pr oducts with fewer variables represent bigger cubes and because of this, sorting

helps to im plem ent circuits byusing best solutions first. T he sorting algorithm is relativel ysim ple,

often called bubble sort where 2 term s are com pared and bigger cube is placed higher.

T he second and m ore im portant goal of this circuit is to r em ove redundant cubes, the ones that

can be cover ed with a bigger cube (fewer var iables). Rem oval is done according to the law of

absorption, s o let us review it.

Absorption is the process of sim plif ying the Sum of Products or Product of Sum s according to

absorption law,

A+AB=A or A(A+B) =A

T he form A+AB=A is k nown as the SOP form of this law. Also, note that the absorption law is

valid for a negated term s as well, i.e . ! A + ! AB = ! A.

Now, lets look at a little m ore com plicated case. Suppose we are given a K-m ap with the following

products:

CD

AB 00 01 11 10

00 0 1 1 0

01 1 1 1 1

11 0 0 0 0

10 0 0 1 0

AHardware Product Sorter-Absorber Circuit 2 06/14/98

Given is a solution that includes all possible cubes for this cover:

! A!B! CD +! A! BCD + ! AB! C! D +! AB! CD + ! ABCD + ! ABC! D + A! BCD +

! A!BD + ! AB! C +! A! CD + ! ACD + ! ABC + ! BCD + ! AB + ! AD.

T his SOP needs to have all redundant cubes rem oved and rem aining cubes sorted. Also, we do

not place constrain on our input that there would be no sam e terms on the input.

Look ing at this particular exam ple, we see that ever ysm all cube, such as ! A! B!CD can be

absorbed b ya bigger cube, such as ! AB! C or even ! AB.

T he output that we are look ing to get for this particular ex am ple from our circuit is : ! AB + ! AD

+! BCD. ( Note the bigger cubes are on top, because output is sorted )

T his is a ver ysm all exam ple, but our circuit is des igned to solve ver ylarge problem s, up to 16

variables and 128k term s.

W e m odif your input from the exam ple shown above in a waythat would enable us to represent a

nam e for a variable b yits position in the input. All var iables have a place associated with them in

the input wor d of the c ircuit. F or exam ple A will be always in the first place, B in the second and

so on. If a variable is m issing, we need to have a value in the variable associated with this fact,

such as `X´. W ith this, AD bec om es AXXD. (4 variables) An absorbed term m aybe also denoted

byan ^?~ sign. W e have agreed to use following representation of the variable in the term .

1 ˘ indicates that the var iable is present and asserted high ( A)

0 ˘ indicates that the var iable is present and asserted low ( ! A)

X ˘ indicates that the variable is not present ˘ don´t care

? -- indicates that the value has been absorbed

Since we have four possible states a variable m aybe in, we have chosen following 2-bit encoding

for each var iable.

^00~ -- `?´ -- Absorbed term

^11~ -- `x´ -- Absent ter m

^10~ ˘ `0´ ˘ Asserted lo w

^01~ ˘ `1´ ˘ Asserted high

For exam ple, if the input word is four variable wide, product term ! ABC! D would becom e ^10 01

11 10~ and AC would be encoded as ^01 11 01 11~.

Let´s further describe the law-of-absorption:

1) If both of the product term s contain m issing variables in the sam e position or if theyc ontain

sam e values in those positions, then the yare the sam e and therefore both can be absorbed

into each other.

2) Given the rest of the variables are equal, if one of the variables is X, and sam e variable in the

other term is either 1 or 0, then the product containing X absorbs other product. T his

absorption decision is ^recorded~ byeither state of the state m achine or carr yof the iterative

circuit. Also, there could not be previous decision m ade to perform absorption in the opposite

way.

3) If one of the var iables being com pared are opposite and asserted (either 1 or 0 and another

variable is opposite and 0 or 1), the products are different and absorption cannot tak e plac e

between the given two term s.

Let´s re-enforce these concepts with exam ples illustrating the four situations we will encounter.

A>B or B>A

AHardware Product Sorter-Absorber Circuit 3 06/14/98

T his operation is a bit com parison of the two products. Both products contain sam e num ber of

terms. If anyproduct term is a `1´ for one of the products, and a `0´ for the other, then there can be

no absorption, the product with the 1 term is the one that is greater. T hese two conditions are

m utuallyexclusive.

Exam ple:

Bit B(1) is larger than A(1), therefore B is Larger than A

A=B

T his operation is a bit bybit c om parison of the two pr oduct term s. If the two are equivalent, the A

will be absor bed into B (this is an arbitrar ydecision).

Exam ple:

A absorbed into B

This operation is a bit by bit comparison of A and B. If Ai is not equal to Bi , and Ai is not X,

then the entire product A cannot be absorbed to B.

Example:

no absorption

Example:

All terms are equivalent or Btermis x.

B absorbed into A

This operation is a bit by bit comparison of A and B. If Bi is not equal to Ai, and Bi is not X,

then the entire product B cannot be absorbed to A.

A: 0 1 0 1

B: 0 1 1 0

A: 0 1 0 1

B: 0 1 0 1

A: 0 1 0 1

B: 0 1 x 0

A: 0 1 0 1

B: 0 1 x 1

AHardware Product Sorter-Absorber Circuit 4 06/14/98

Chapter 2 Design specifications

Figure 2.0 illustrates flow of data in sorter-absor ber m atrix. T he sorting is done b yloading 4

words to be processed in parallel into four FPG A chips containing sorter-absorber circuits. F irst

colum n im lem ents what we call even sort where two adjacent num bers are sorted. Second

colum n im plem ents odd sort where one num ber from upper left and one from the left are

com pared. Sorted term s are written back to m em or yand next four are loaded in a pipeline

m anner. During sorting process, status is k ept byc ontroller. If sorting or absor ption has occurred

while data space is being sorted, sorting is repeated until no m ore sorting-abs orption tak es place.

T his sorting algor ithm guarantees sorting, but not absorption, sinc e data m aybe pre-sorted and

two products that could possiblybe absorbed did not cross each other in a sorter circuit. T o

guarantee that all values that can be absorbed have been absorbed, sorting is rerun com pletely,

this tim e loading m em orydata from bottom up.

Once these c yc les have been com pleted, data can be wr itten back to host. Note that absor bed

data is replaced b yinvalid code, and the controller wr iting back to host m aydiscard this data, or it

can be done b ysoftware running on host com puter.

Fig 2.0 Flow of Data in sorter-absor ber m atrix.

M 0 0 M 0 1

M 1 2

M 0 8

M 0 4

M 0 9

M 0 5

M 1 3

Design is im plem ented on a DEC-Perle board with architecture shown in F ig 2.1. Board consists

of a m atrix 4 by4 Xilinx 3090 F PGAs and four m ore 3090 FPGAs are used as s witched for buses.

Each chip in the arrayhas connections to 4 buses and 4 neighbor chips. Buses are called

MbusE, MnusN, MbusW , MbusS. And are 64 bits each, with 16 bits of each bus available to each

chip in the arra y. Each chip has direct connections connecting it with its top, bottom , left and right

neighbors. Direct connections ar e called DCHxx-xxV where xx contains a nam e of chip

connected. T here are also 10 lines for ring m atrix connecting arra yprocessors and switches.

T here are four m em ories on board, 256k bytes each, along with two controller chips, each

controlling two m em ories: CSW controlling S and W m emories, and CNE controlling N and E

m em or y. Also, one m ore FPGA called FSW connects two m em or ybuses and host interface.

AHardware Product Sorter-Absorber Circuit 5 06/14/98

Fig 2.1 Perle-1 Architecture

S W W

S W N

S W S

S W E

[ 0 : 6 3 ]

R A M S

R A M N

R A M E R A M

W

[ 0 : 3 1 ]

C S W

C N E

D _ B U S _ N E [ 0 : 3 1 ]

F S W

D _ B U S _ S W [ 0 : 3 1 ]

M 0 0

M 1 4 M 1 5

M 1 1

M 0 7

M 0 9

M 0 8

M 0 6

M 0 5

M 0 3

M 0 2

M 0 1

M 0 4

M 1 3

M 1 2

M 1 0

1 6

I n c o m i n g F I F O

O u t g o i n g F I F O

Chapter 3 Design of Sorter-Absorber Pipeline

T his chapter will explain and illustrate the developed pipelined sorting. Pipelining was developed to take

maximum advantage of the DEC-Perle board due to limited memor y and bus resources.

As can be seen fro mthe figure 2.1 there are 16 bits available to each of the M00, M04, M08, and M12

FPGAs. T herefore the 32-bit word (16 variables) cannot be loaded fromthe same memor yin one clock

cycle. T his bottleneck is the causing design to spend four clock cycles to load data into a sorter and is even

more inefficient without pipelining.

Data Processing . Operations are denoted similarlyas in many co mp uter architecture texts. Load s are

denoted byL, Stores b yS and writes to other FPGAs as W. Memor ywrites are denoted byWB. A and B

stand for two memor ywords, A is fro mone memor y bank and B is fro manother memor y bank. We denote

l and h to mean lo whalf-word and high half-wo rd respectively. Also we will note what bus reso urces are

used b ythe pipeline in the table 3.2 below.

For the pipeline design discussion that follo ws, please look at T able 3.1.

On left column o f this table, there is a processor name and on top ro wthere are clock cycle numbers and

types. Also, operation of memor ycontrollers are sho wn o n the botto mo f the table. Lets look at cycle 1 of

the table 3.1. We can see belowthe name that this is init_1 cycle or initial pipeline fill cycle. T here are 8

cycles 0 through 7 that are called initial pipeline cycles. What this means is that initially, when pipeline is

being filled, second column of sorters do not yet have data available to sort and theyare idle. In init_1

cycle, the data destined for processors M00 and M04 had been read byswitch on previo us cycle init_0 and

no wread yto be sent to processors. Since only 16 bit bus are available, lo whalf word is sent first

M00: L l A

0

Processor M00 Loads low half of word A

M04 L l B

1

. Processor M04 Loads low half of word B

AHardware Product Sorter-Absorber Circuit 6 06/14/98

Note: the subscripts on A and B indicate address of data loaded into processor. As far as the processor is

concerned, it only knows that it will get some half of first or second word in a given cycle. Subscripts are

kept for design of memory controller address generator.

Processors M08 and M12 do not have data available in the switch on this clock cycle init_1 (data is being

read in this cycle b yCSW controller). Cycles init_2 through init_4 are ver ysimilar to init_1 and during

these data is written to a processors in a waythat it avoids stalls due to memor yread cycles. T his implies

that the reads are fro mtwo banks and not sequential. If reads were sequential, as for examp le A0, B0; A1,

B1; A2, B2; A3, B4 ; we wo uld have a problemthat o nlyo ne processor can start loading data in a cycle.

During init_1, processor M04 will wait until data beco mes available in cycle init_2, M08 will start loading

data in init_3, M12 in init_4 and so forth. T he method used in our design is more co mplicated but yields

better performance at the expense o f a more co mplicated memo r yaddress generator, which is like a counter

with an adder that adds or subtracts a small integer (less then 4). No w, lets look at what´s happening in the

pipeline on cycle init_5: processors M00 and M04 nowhave the data theyneed to perform

sorting/absorption on this data. We assumed that the whole operation can be done in one clock cycle

because we use iterative circuit to process data. Ho wever this will need to be verified after place and route

of the design. Also processors M08 and M12 are still loading data because they had to wait for data to be

loaded frommemor yo ne cycle later then M00 and M04.

During an init_6 cycle processors M00 and M04 have processed data readyto be sent to seco nd column of

sorter/absorber circuits. Data is sent o ver direct connects (16 bits) and using a bus for another 16 bits.

T herefore each word is sent over one clock and two ticks are needed to transfer results. Look at figure 4.0

in the beginning of this paper ˘ note that second column of sorters gets its data one across, one diagonally.

A word that will be send diagonallyis sent first, latched byneighbor on right and then sent to lo wer

neighbor. T his is ho w the skewed pipeline needed for bubble even/odd sort is implemented. In the second

column, only 3 chips are doing sorting/absorption; the other one, we picked M01 is programmed to hold

data for one cycle until it can start writing it back to memor y.

Over the pipeline cycles sust_1 through sust_4, the second column of sorter/absorber circuits write back

their data to memor y. Write back to memor yis also constrained b ynarro wbuses ˘ the sorter/absorber

circuits in the second column take 4 clock ticks each to write 2 result words to memor y.

Data written back to memor yhas not been co mpletely sorted: 8 words require at worst case fo ur passes

through this 2 column even/odd sort. T his project would work a lot better if 4 columns could be

implemented into the DE C-Perle architecture. Since the buses are used to transfer the intermediate data,

theybeco me the constraining resource not allo wing 4 columns.

When problemsize beco mes lar ger, the number of repetitions through the data beco mes greater

exponentially. T o kno w when data is sorted it doesn´t make sense to repeat the process over and over to

reach theoretical worst case. Instead, each sorter can signal controller whether sorting or absorption

occurred, and if so, controller will repeat sorting through whole data once again.

AHardware Product Sorter-Absorber Circuit 7 06/14/98

Proc essor

Cycle 0 init_0

1 init_1

2 init_2

3 init_3

4 init_4

5 init_5

6 init_6

7 init_7

8 sust_0

9 sust_1

10 sust_2

11 sust_3

12 sust_4

13 sust_5

14 sust_6

M00 Read n-1 L l A 0 L h A 0 L l B 0 L h B 0 Sort(A 0 , B 0 ) W B 0 W A 0 L l A 4 L h A 4 L l B 4 L h B 4 Sort (A 4 , B 4 ) W B 4 W A 4

M04 L l B 1 L h B 1 L l A 1 L h A 1 Sort(A 1 , B 1 ) W B 1 W A 1 L l B 5 L h B 5 L l A 5 L h A 5 Sort(A 5 , B 5 ) W B 5 W A 5

M08 No-op L l A 2 L h A 2 L l B 2 L h B 2 Sort (A 2 , B 2 ) W B 2 W A 2 L l A 6 L h A 6 L l B 6 L h B 6 Sort (A 6 , B 6 ) W B 6

M12 No-op L l B 3 L h B 3 L l A 3 L h A 3 Sort(A

3

, B 3 ) W B 3 W A L l B 7 L h B 7 L l A 7 L h A 7 Sort(A

7

, B 7 ) W B 7

M01 No-op No-op No-op No-op No-op LB 0 W B 0 ,

LA 0

Hold A 0

LB 3

WB l A 0 WB h A 0 WB l B 3 WB h B 3 LB 4 LA 4

W B 4

M05 No-op No-op No-op No-op No-op LB 1 W B 1

LA 1, B 0

Sort (A 1 , B 0 ) WB l B 0 WB h B 0 WB l A 1 WB h A 1 LB 5 LA 5, B 4

W B 5

M09 No-op No-op No-op No-op No-op No-op LB 2 , LB 1 W B 2 , LA 2 Sort (A 2 , B 1 ) WB l A 2 WB h A 2 WB l B 1 WB h B 1 LB 5 , B 6

M13 No-op No-op No-op No-op No-op No-op LB 3 W B 3 , LA 3,

L B 2

Sort (A 3 , B 2 ) WB l B 2 WB h B 2 WB l A 3 WB h A 3 LB 7

CS

W

R A 0 B 1 R A 2 , B 3 RA 1 , B 0 R A 3 , B 2 R A 4 , B 5 R A 6 , B 7 R A 5 , B 4 R A 7 , B 6 R A 8 B 9

CNE W A 0 , B 0 W A 2 , B 2 WB 3 , A 1 W B 1 , A 3

Process or/

Cycle

15 sust_0

16 sust_1

17 sust_2

18 sust_3

19 sust_4

20 sust_5

21 sust_6

22 sust_0

23 sust_1

24 sust_2

25 sust_3

26 sust_4

27 sust_5

28 sust_6

29

M00 L l A 8 L h A 8 L l B 8 L h B 8 Sort(A 8 , B 8 ) W B 8 W A 8 L l A 12 L h A 12 L l B 12 L h B 12 Sort (A 12 ,

B 12 )

W B 12 W A 12

M04 L l B 9 L h B 9 L l A 9 L h A 9 Sort(A 9 , B 9 ) W B 9 W A 9 L l B 13 L h B 13 L l A 13 L h A 13 Sort(A 13 ,

B 13 )

W B 13 W A 13

M08 W A 6 L l A 10 L h A 10 L l B 10 L h B 10 Sort (A 10 , B 10 ) W B 10 W A 10 L l A 14 L h A 14 L l B 14 L h B 14 Sort (A 14 ,

B 14 )

W B 14

M12 W A 7 L l B 11 L h B 11 L l A 11 L h A 11 Sort(A

11

, B 11 ) W B 11 W A 11 L l B 15 L h B 15 L l A 15 L h A 15 Sort(A

15

, B 15 ) W B 15

M01 hold A 4

LB 7

WB l A 4 WB h A 4 WB l B 7 WB h B 7 LB 8 W B 8 ,

LA 8

Hold A 8

LB 11

WB l A 8 WB h A 8 WB l B 11 WB h B 11 LB 12 LA 12

W B 12

M05 Sort

(A 5 ,B 4 )

WB l B 4 WB h B 4 WB l A 5 WB h A 5 LB 9 W B 9

LA 9, B 8

Sort (A 9 ,

B 8 )

WB l B 8 WB h B 8 WB l A 9 WB h A 9 LB 13 LA 13

W B 13

M09 LA 6

W B 6

Sort

(A 6 ,B 5 )

WB l A 6 WB h A 6 WB l B 5 WB h B 5 LB 10 , L

B 9

W B 10 , L

A 10

Sort (A 10 , B 9 ) WB l A 10 WB h A 10 WB l B 9 WB h B 9 LB 12

M13 W B 7 , L

B 6 ,A 7

Sort

(A 7 ,B 6 )

WB l A 7 WB h A 7 WB l B 6 WB h B 6 LB 11 W B 11 , L

B 10 LA 11

Sort (A 11 , B 10 ) WB l B 10 WB h B 10 WB l A 11 WB h A 11 LB 13

CSW R A 10 ,

B 11

RA 9 , B 8 R A 11 , B 10 R A 12 ,

B 13

R A 14 , B 15 R A 13 , B 12 R A 15 , B 14

CNE W A 4 , B 4 W A 6 , B 6 WB 7 , A 5 W B 5 , A 7 W A 8 , B 8 W A 10 , B 10 WB 11 , A 9 W B 9 ,

A 11

T able 3.1 Pipelined Data Processing

AHardware Product Sorter-Absorber Circuit 9 06/14/98

Processor/ Cycle 28

sust_6

29

final_0

30

final_1

31

final_2

32

final_3

33

final_4

34

final_5

35 36

M00 W A 12 No-op No-op No-op No-op No-op No-op No-op

M04 W A 13 No-op No-op No-op No-op No-op No-op No-op

M08 W B 14 W A 14 No-op No-op No-op No-op No-op No-op

M12 W B 15 W A 15 No-op No-op No-op No-op No-op No-op

M01 LA 12

W B 12

Hold A 12

LB 15

WB l A 12 WB h A 12 WB l B 15 WB h B 15 No-op No-op

M05 LA 13,

B 12

W B 13

Sort (A 13 , B 12 ) WB l B 12 WB h B 12 WB l A 13 WB h A 13 No-op No-op

M09 LB 14,

B 13

W B 14 , LA 14 Sort (A 14 , B 13 ) WB l A 14 WB h A 14 WB l B 13 WB h B 13 No-op

M13 LB 13 W B 15 , LA 15 Sort (A 15 , B 14 ) WB l B 10 WB h B 10 WB l A 11 WB h A 15 No-op

CSW

CNE W A 12 , B 12 W A 14 , B 14 WB 15 , A 13 W B 13 ,

A 15

T able 3.2 Draining of the Pipeline Cycles.

Notice that the data transfer beco mes periodic after 7 cycles. Cycles 0 through 7 are initial sequence and 8

through 14, 15 through 21, 22 through 29 ver ysimilar. Our sorter network will receive a cycle ID and will

kno w what to do during a cycle.

Our controller will have at least 22 states representing 21 possible cycles at any given time.

0-7 Initial (init_0, init_1, init_2, init_3, init_4, init_5, init_6)

7 Sustained Pipeline Cycles

7 Ending Cycles

See T able 3.2 for Ending Cycles diagram. Ending cycles are different b ythe fact that no new data will be

loaded into sorters M00 through M12.

For 21 different cycles we need 5 bits to signal state to the sorters. T hese bits co me fro mthe ring matrix,

and we have others that will be used to signal back to controller, as well as reset.

Lets note here that first column and second column sorters will perfor m different kinds of data transfer and

will need to be configured differently. T here will be two sorter configuratio ns and one FPGA in the second

column that will be used as 2 32-bit registers.

T able 3.3 Resources Allocation

Cycle Instruction or Data Transfer Bus Resources

0 Initial Pipeline Cycles No-ops, preload data frommemor y

1 L l A 0

L l B 1

No-op

MbusW 00:15

MbusW 16:31

2 L h A

0

L h B

1

L l A

2

L l B

3

MbusW 00:15

MbusW 16:31

MbusW 32:47

MbusW 48:63

3 L l B

0

MbusW 00:15

AHardware Product Sorter-Absorber Circuit 10 06/14/98

L l A

1

L h A

2

L h B

3

MbusW 16:31

MbusW 32:47

MbusW 48:63

4 L h B

0

L h A

1

L l B

2

L l A

3

MbusW 00:15

MbusW 16:31

MbusW 32:47

MbusW 48:63

5 L h B

2

L h A

3

Sort (A

0

, B

0

)

Sort(A

1

, B

1

)

MbusW 32:47

MbusW 48:63

6 B

0

(M00:M01)

B

1

(M04:M05)

Sort (A

2

, B

2

)

Sort (A

3

, B

3

)

DC00-01H, MbusE 00:15

DC01-05H, MbusE 16:31

7 B

0

(M01 : M05)

A

1

(M04 : M05)

B

1

(M05 : M09)

B

2

(M08 : M09)

B

3

(M12 : M13)

A

0

(M00: M01)

DC01-05V, MbusN 16:31

DC01-05H, MbusE 16:31

DC05-09V, MbusS 16:31

DC08-09H, MbusE 32:47

DC12-13H, MbusE 48:63

DC00-02H, MbusE 00:15

8 ˘ Sustained Pipeline Cycles L l A

4

L l B

5

B

3

(M13 : M01)

A

2

( M08 : M09)

A

3

( M12 : M13)

B

2

(M09 : M13)

Sort (A

1

, B

0

)

MbusW 00:15

MbusW 16:31

MbusN 16:31, MbusS 16:31

DC08-09H, MbusE 33:47

DC12-13H, MbusE 48:63

DC09-13V, MbusN 16:31

--

9 L h A

4

L h B

5

L l A

6

L l B

7

WB l A

0

WB l B

0

Sort ( A

2

, B

1

)

Sort (A

3

, B

2

)

MbusW 00:15

MbusW 16:31

MbusW 31:47

MbusW 48-63

MbusE 00:15

MbusE 16:31

-

-

10 L l B

4

L l A

5

L h A

6

L h B

7

WB h A

0

WB h B

0

WB l A2

WB l B2

MbusW 00:15

MbusW 16:31

MbusW 31:47

MbusW 48-63

MbusE 00:15

MbusE 16:31

MbusE 31:47

MbusE 48-63

11 L h B

4

L h A

5

L l B

6

L l A

7

WB l B

3

WB l A

1

WB h A

2

WB h B

2

MbusW 00:15

MbusW 16:31

MbusW 31:47

MbusW 48-63

MbusE 00:15

MbusE 16:31

MbusE 31:47

MbusE 48-63

12 Sort ( A

4

, B

4

)

Sort (A

5

, B

5

)

L h B

6

-

-

MbusW 31:47

AHardware Product Sorter-Absorber Circuit 11 06/14/98

L h A

7

WB h B

3

WB h A

1

WB l B

1

WB l A

3

MbusW 48-63

MbusE 00:15

MbusE 16:31

MbusE 31:47

MbusE 48-63

13 Sort ( A

6

, B

6

)

Sort (A

7

, B

7

)

B

4

(M00 : M01)

B

5

(M04 : M05)

WB l B

1

WB l A

3

--

--

DC00-01H, MbusE 00:15

DC04-05H, MbusE 16:31

MbusE 31:47

MbusE 48-63

14 (Same resources as

Cycle 7)

B

4

(M01 : M05)

A

5

(M04 : M05)

B

5

(M05 : M09)

B

6

(M08 : M09)

B

7

(M12 : M13)

DC01-05V, MbusN 16:31

DC01-05H, MbusE 16:31

DC05-09V, MbusS 16:31

DC08-09H, MbusE 32:47

DC12-13H, MbusE 48:63

28 A

12

(M00 : M01)

B

12

(M01 : M05)

A

13

(M04 : M05)

B

13

(M05 : M09)

B

14

(M08 : M09)

B

15

(M12 : M13)

DC00-01H, MbusE 00:15

DC01-05V, MbusN 16:31

DC01-05H, MbusE 16:31

DC05-09V, MbusS 16:31

DC08-09H, MbusE 32:47

DC12-13H, MbusE 48:63

Ending Cycles:

29

B

15

(M13 : M01)

A

14

( M08 : M09)

A

15

( M12 : M13)

B

14

(M09 : M13)

Sort (A

13

, B

12

)

MbusN 16:31, MbusS 16:31

DC08-09H, MbusE 33:47

DC12-13H, MbusE 48:63

DC09-13V, MbusN 16:31

--

30 WB l A

12

WB l B

12

Sort ( A

2

, B

1

)

Sort (A

3

, B

2

)

MbusE 00:15

MbusE 16:31

-

-

31 WB h A

12

WB h B

1 2

WB l A

14

WB l B

14

MbusE 00:15

MbusE 16:31

MbusE 31:47

MbusE 48-63

32 WB l B

15

WB l A

13

WB h A

14

WB h B

14

MbusE 00:15

MbusE 16:31

MbusE 31:47

MbusE 48-63

33 WB h B

15

WB h A

13

WB l B

13

WB l A

15

MbusE 00:15

MbusE 16:31

MbusE 31:47

MbusE 48-63

34 WB l B

13

WB l A

15

MbusE 31:47

MbusE 48-63

Note:

It is important to check that there are no resources used twice in a particular cycle. T he outputs will be

assigned in a sorter-absober circuit with the help of this table.

Chapter 4 Design of Components

AHardware Product Sorter-Absorber Circuit 12 06/14/98

Project consists of a number of hierarchical co mponents, some of which have been created for testing

purposes and design abstraction. Fro mthe top level we have a board schematic (auto matically converted to

VHDL b yOrCAD E xpress) Board has all high-level components: main controller, memor yco ntrollers,

four SRAM memories, two switches, and FPGA sorter/absorber array. FPGA arrayis a hierarchical block

representing a schematic of the FPGA 4 by2 chip array. All connectio ns on the FPGA array schematic

correspond to the waythe chips are connected on the DEC-Perle board. Going one more hierarchydo wn,

each FPGA consists o f a hierarchical block with a sorting iterative network and a shell controlling when

inputs are read or outputs are wr itten back, as well as enable for the sort/absorb process inside the iterative

network. T he smallest hierarchical co mpo nents is actual cell o f the iterative circuit. In this chapter, we will

start description fro mthis smallest co mponent of the iterative circuit, cell.

4.1 Iterative circuit theory and iterative circuit cell design

An iterative sort/absorb networ k is a str ucture co mposed of a cascade of identical circuits or cells. T he

iterative network will acco mp lish spatially what can be done b ystate machine. T he structure of iterative

network is sho wn in figure 4.1. Each input ter mis divided into 2-bit parts that represent one o f the four

possible states of the variables : absorbed, 0, 1 and missing and theyare encoded as ^00~, ^10~, ^01~,

^11~, respectively. T he input numbers or product terms are applied to each cell and inter-cell carr ysignals

are propagated fro mfir st cell to the last cell. T he data gets processed starting fro mhighest significant bit

and continues to the lo west. T he condition of the data gets ^recorded~ in the signals propagated in this

iterative network. In this implementation of the iterative circuit, unlike general definitio n of the iterative

circuits, cells do not produce output, but the final carr yfro mthe last cell is taken to determine what will be

sorted/absorbed output of the circuit. Lets look at the signals propagated in this network.

Figure 4.1: Iterative Sorter/Absorber Network

A B A B A B A B

State State State State

Cell 1 Cell 2 Cell i-1 Cell i

A > B A > B A > B A > B

T here are two groups o f carr ysignals that are propagated fromcell to cell. Fir st group is called state and it

keeps track of the state of absorption deter mination. T he state signal is 2 bit wide and has follo wing

meaning:

^00 ~ No absorption -- Means that for all variables examined so far, it was determined that

absorption cannot take place

^01 ~ B is absorbed into A -- Means that for all variables examined so far, it was determined that B can be

absorbed into A. The decision is ^recorded~ by this state

^10~ A is absorbed into B -- Means that for all variables examined so far, it was determined that B can be

absorbed into A. The decision is ^recorded~ by this state

^11~ Both products can be absorbed -- Means that for all variables examined so far, it was determined that

A and B are equal so far, that both B can be absorbed into A or A into B. Also means that they are equal

products if this is the last cells output

T his absorption process is shown is a state diagramin Figure 4.2. T his state diagramwas used to generate

next state signals for the iterative cells.

AHardware Product Sorter-Absorber Circuit 13 06/14/98

A / = B a n d B / = X

A / = B a n d A / = X

( A = ? o r B = ? ) o r ( ( A = 1 o r A = 0 ) a n d ( B = 1 o r B = 0 ) a n d ( A / = B ) )

N o A b s o r p t i o n

0 0

B A b s o r b e d

i n t o A

0 1

A A b s o r b e d

i n t o B

1 0

B o t h A b s o r b e d

1 1

B = X a n d

A / = X

A = B a n d

A / = ? o r B / = ?

( B = X ) a n d ( A = 0 o r A = 1 )

A = X a n d

B / = X

( A = X ) a n d ( B = 0 o r B = 1 )

Figure 4.2 State diagramfor absorption process

T he second group of signals, denoted by^A>B~ in Figure 4.1, indicates the state of co mparison of

the two products. Figure 4.3 sho ws the state diagramcorresponding to this group of signals. When bit-by-

bit compariso n starts, the machine starts in default state of ^A=B~. If the variables are both present, signal

will remain in A=B or A>B or A<B transitio n takes place, States A>B or B<A may be used to implement

integer number sorting in the circuit. When one variable is missing, 1BX or 1AX transitio n happens based

upon whether A or B contained an ^x~. Once a transition to 1BX or 1AX has happened, the machine will

state in o ne of these states. When further ^ x~s are encountered, the machine transitions to 2BX or 2AX

appropriately. What this means is that onlydelta between ^ x~s , in A and B are counted and not the absolute

number of ^ x~s . T his is desired as if one of the variables is x, we only want to sort the products based upon

which products has mo re ^ x~s and as stated earlier absolute number of ^ x~s is irrelevant for our purpose.

As this is the mo st co mplex state transition diagram in this design, let´s illustrate this with an

example. Suppose we have the follo wing two ter ms:

T he first two encoded bits are compared (starting fro mthe MSB on the left side of the table) and

since A>B the ^machine~ transitions to A>B (001) state. On the next bit-by-bit co mpariso n the machine

transitio ns to 1 AX state as X is stro nger then 1. (T he meaning is to sort bigger vs. smaller products, as

opposed to sorting just numbers in A>B or A<B) No wthe next bits are both ^X~. Since circuit is in 1 AX

state, we kno wthat A so far had one more missing variable, ^X~ and both ^X~ does not change this

distance. So circuit co ntinues in 1 AX state. On the last bit comparison we do not change state.

A: 1 X X 1

B: 0 1 X 1

AHardware Product Sorter-Absorber Circuit 14 06/14/98

Figure 4.3: Co mparison signals o f the iterative circuit.

T he operation of the cell is described in the table 4.1. T his table specifies cell carr youtp uts based on the

carryinputs fro mprevious cell and cell inp uts. Present state and next state represent the conditio n of the

carrysignals between cells as derived in the previous sectio n. T his iterative cell is the smallest part of the

circuit and is called fro mthe schematic consisting of 16 such cells co mbined into sorting network.

A = B

0 0 0

2 A X

1 1 0

1 B X

0 1 0

1 A X

1 0 1

A < B

1 0 0

A > B

0 0 1

2 B X

0 1 1

A = 1 a n d B = 0

A = 0 a n d B = 1

A = X , B / = X

B = X , A / = X

A = X , B / = X

B = X a n d A / = X

B = X , A / = X

S o r t i n g

p r o d u c t s

S o r t i n g

N u m b e r s

A B X

1 1 1

B = X , A / = X

A = X , B / = X

AHardware Product Sorter-Absorber Circuit 15 06/14/98

T able 4.1. Cell T able for Iterative Sorter/Absorber

Present State Next State a i,j, b i,j

0 0 0 1 1 0 1 1 X 0 X 1 0 X 1 X X X ? 0 ? 1 0 ? 1 ? ? ? ? X X ?

1010 1001 0110 0101 1110 1101 1011 0111 1111 0010 0001 1000 0100 0000 0011 1100

1 1 1 1 0 0 0 0 1 1 0 1 0 1 1 0 1 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 0 1 0 0 0 0 0 1 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 1 0 1 0 0 0 0 0 1 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

4.2 Design of Sorter/Absorber Circuits

Sorter/Abosrber circuit consists o f an iterative sorter/absorber networ k and a shell that describes its

behavior in the pipeline according to the cycle infor matio n supplied. A block diagram is sho wn in figure

4.4. belo w. T his circuit has different configuratio ns and described in appendix VHDL files sorter_circuit[1-

5]

A b s o r b e d

O u t p u t

B u s e s

S e l e c t B _ W O R D

A _ W O R D

H i g h

I m p e d a n c e

M B u s W

M b u s W

1 6 b i t s

I T E R A T I V E C I R C U I T

C o m m a n d s

S o r t e r / A b s o r b e r C i r c u i t

D i a g r a m

A W o r d

B W o r d

D C H

1 6 b i t s

C y c l e C o n t r o l

I t e r a t i v e n e t w o r k r e s u l t s

I n p u t

B u s e s

S e l e c t

r o u t e

D C V _ B

1 6 b i t s

M b u s N

1 6 b i t s

M b u s S

1 6 b i t s

D C H _ L

D C V _ T

M B u s N

M B u s S

Figure 4.4 Sorter ˘ Absorber circuit block diagram

4.3 Design of switches and SRAM memory.

Perhaps the simp lest parts of the circuit are switches. All the switches have to do is to latch data on the bus

according to the cycle data provided bycontrollers. All that is required for their operation are 22 states and

operations as derived fro mpipeline description o f chapter 3.

SRAM memor y models are also writen to facilitate testing of the whole project. At the beginning o f test,

memor y image is loaded froma file, with up to 4 files used for project. At anytime, done signal being

asserted fro mtest fixture will result in memor ywriting its contents to a file to be examined. Memoryhas

18 adrress lines, memor y read and write signals and 32 bit data bus.

AHardware Product Sorter-Absorber Circuit 16 06/14/98

4.4 Design of Main Controller and M emory Controllers.

As previouslydescribed, circuit can be in the follo wing modes at any time: idle, sorting data fro mleft to

right, sorting fro mright to left, reading data fro minco ming FIFO, writing to inco ming FIFO.

T hese are called main tasks or states of the main controller state machine.

T he main controller for the circuit is programmed in FSW. Its main function is to signal memor y

controllers top level operations such as writing data to outgoing FIFO, read data fromincoming FIFO,

mode of operation of memor y controller ˘ slave of master. As can be seen fro mfigure ## there are 6 lines

connecting FSW chip and CNE & CSW controllers on DE C-Perle board. T his means that main controller

will not be able to generate cycle signals that can be used byCNE and CSW as well as ring matrix cycle.

What this means is that the cycle signals will have to be generated b yone of the memor ycontrollers

depending on which one perfor ming reading fro mmemor y on a current cycle.

T hre are two memor ycontrollers - CNE and CSW. T heir and main controllers tasks may be described as

follo ws:

1. Main controller deter mines when sorting starts and will start sorting fro mleft-to -right data sorting

( CSW ma ster ) and assert enable.

2. During a left to right data sorting, CSW controller will be responsible for generatio n of the cycle

signals, keeping track o f the progress o f sorting relativleyto data count, generating read addresses for

two memories ˘ S and W and keeping track of signal fro msorters indicating whether sorting took

place.

3. During same left to right data sorting, the d utyo f CNE is to read cycle signals fro mCSW and generate

read addresses for N and E memor ies.

4. Once all data in memories S and W has been sorted, CNE will signal to main controller that left to

right sorting has been co mpleted and whether s wap of data or absorption took place during left-to-right

sorting.

5. If no absorption or swapping took place in left-to-right sort and this upside-do wn sort is done, main

controller will initiate wr iteback state and controllers will generate addresses needed to write data back

to host. If swap or absorption occurred main controller will then make CNE master controller and

CSW slave controller and their functio ns will be reversed and similar as described above.

6. T his left-to-right and right-to -left sorting will co ntinue until there is no change of data (no sorting of

absorption) takes place while data is processed. T his step guarantees that sorting has taken place. It

does not guarantee ho wever that all possible absorption occurred because it is possible that data was

pre-sorted and not ever yproduct met with another product in sorter/absorber chip. T his means that

sorting is repeated starting from b utto mo f the data arrayand co ming up. Since data was alread ysorted

once, all data members that were on top will have to propagate to the top again and therefore ever y

product will «see »another product.

7. During the upside-do wn sort, addresses are generated in the opposite manner.

Chapter 5. VHDL code design and testing.

T he platformfor VHDL code design used in this project is OrCAD tools. Most of the project was done in

straight VHDL, but schematic capture was used to help design of sorter iterative circuit and board. Each of

the co mponets of the design has been written in VHDL including memor ymodel. All of the co mpo nets are

then co mb ined using schematic capture into one lar ge board that will be used to test and debug operation of

the design.

T o test our design we run simulation on the highest hierarchical level o f the design board and examine

contents of memor yfiles for correct output. Memor yfiles are currently created b yhand, but there is a Perl

script being written that will create memor yfiles for the project.

AHardware Product Sorter-Absorber Circuit 17 06/14/98

Figure 4.2 Memor yController Diagram

R A M

N

C N E

N o r t h - E a s t

C o n t r o l l e r

R A M

W

R A M

S

R A M

E

C S W

S o u t h - W e s t

C o n t r o l l e r

R a m A d d r N

R a m A d d r W

R a m A d d r S

R a m A d d r E

R a m R e a d

R a m W r i t e

S W E

S W W

6 4 b i t M b u s E

6 4 b i t M b u s W

F P G A

A r r a y

R i n g M a t r i x R i n g M a t r i x

3 2 b i t D A T A

R a m W r i t e

R a m W r i t e

R a m W r i t e

R a m R e a d

R a m R e a d

R a m R e a d

F S W

M a i n

C o n t r o l l e r

3 2 b i t D A T A

3 2 b i t D A T A

3 2 b i t D A T A

AHardware Product Sorter-Absorber Circuit 18 06/14/98

Conclusion and Future Work

T he code developed in this project has been simulated and next step is to take blocks and map them into

devices using place and route tools available fro m Xilinx. T hen it can be processed byso ftware that will

create a programfiles to be downloaded to FPGA board to test the hard ware.

Bibliography:

Masters of Science in Electrical Engineering dissertation of Qihong Chen, Portland State University,

Portland, 1998.

A Guide to VHDL -- Stanley M azor and Patricia Langstraat, Synopsis , 1996

VHDL for programmable lo gic ˘ Kevin Skahill, Cypress Semicond uctor, 1996

OrCAD Express 7.2 ProgramManual and Libraries, OrCAD 1998