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1 Introduction
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Figure 1: The ForSyDe Standard Library

The ForSyDe Standard Library consists of several layers as illustrated in Figure 1.
The bottom layer is the Haskell 98 language [2]. The layer above Haskell 98 defines the
ForSyDe Core Language. Here the fundamental data types, such as signal and vector,
and the corresponding functions are defined. Computational models are defined in a



Computational Model Library and are located on top of the core language. Also on top
of the core language there are the Libraries of System Functions and Data Types, which
contains functions and data types that are typical for system applications and are inde-
pendent of the computational model. The top layer of the ForSyDe Standard Library
consists of Application Libraries. These libraries include components and functions
that are modeled for specific computational models.

The ForSyDe Standard Library can be imported with

i nport For SyDeS dLi b

which includes all sub-modules of the library.

This appendix covers only the parts of the library that are used in this thesis. For
preliminary versions of other computational models or the stochastic library see the
ForSyDe web page [1].

The code is written in literate Haskell style, which makes it possible to include
IATEX code for documentation. Only those parts of the literate program that are entirely
enclosed between\ begi n{code} ... \end{code} aretreated as program text;
all other lines are comments. This allows to include usual IATEX text, but also figures
and equations as comments.

1.1 TheModuleFor SyDeSt dLi b
1.1.1 Overview

The ForSyDe Standard Library contains the data types and functions for the ForSyDe
design methodolgy.
The module For SyDeSt dLi b works as a container and exports all other libraries.

nodul e For SyDeS dLi b(
nodul e Donai nl nt er f aces,
nodul e Synchr onousPr ocessLi b
nodul e Synchr onousLi b,
nodul e Vect or, nodul e Signal, nodul e Menory,
nodul e Absent Ext, nodul e Queue
nmodul e Conbi nat ors nodul e DFT,
nodul e FIR
) where

i nport Donai nl nt er f aces
i nport Synchr onousPr ocessLi b
i nport SynchronousLi b

i nport \ector

inport S gnal

i nport Menory

i nport Absent Ext

i nport Queue

i nport Conbi nat or s
inmport FIR

inport DFT



2 ForSyDe CoreLanguage

The ForSyDe core language includes the modules Si gnal , Vect or, Absent Ext and
Conbi nat ors.

21 TheModuleSi gnal
2.1.1 Overview

The module Si gnal defines the data type Si gnal and functions operating on this data
type.
nodul e Signal( Signal (NUllS (:-)), (-:), (+4), (!-),

signal, fronS gnal,

unitS nullS headS tailS atS takeS dropS

lengthS infiniteS copyS selectS witeS readS

wher e
infixr
infixr
infixr
infixr

++
-

o1 o1 o1t ol

2.1.2 TheData Type Si gnal

A signal is defined as a list of events. An event has a tag and a value. The tag of an
event is defined by the position in the list.

data Sgnal a=NIIS
| a:- Sgnal aderiving (Eq)

A signal is defined as an instance of the classes Read and Show. The signal 1 : -
2 :- Null Sisrepresented as {1, 2}.
2.1.3 Functionson the Data Type Si gnal

The module defines the following functions on the data type Si gnal :

si gnal :: [a ->Signal a

frons gnal :: Sgnal a->[4q

unitsS ;. a->Sgnal a

nul 1 S :: Signal a-> Bool

headS :: Sgnal a->a

tailS :: Sgnal a->Sgna a

atsS o Int ->Sgnal a->a

t akeS :iInt ->Sgnal a->Sgnal a
dropS ::Int ->Sgnal a->Sgnal a
sel ectS o Int ->1Int ->Sgnal a->Sgnal a
| engt hS 2 Nuima =>Sgnal b->a



infiniteS ;2 (a->a) ->a->9¢gna a

witeS :: Showa => Signal a-> [Char]
readS :: Read a => [Char] -> Signal a
(-:) :: Sgnal a->a->Sgna a

(++) :: Sgnal a->Sgnal a->Sgna a

The functions si gnal and f r onSi gnal convert a list into a signal and vice versa.
The function uni t S creates a signal with one value. The function nul | S checks if a
signal is empty. The function heads gives the first value - the head - of a signal, while
t ai | S gives the rest of the signal - the tail. The function at S returns the n-th event in
a signal. The numbering of events in a signal starts with 0. There is also an operator
version of this function, (! - ) . The functiont akeS returns the first n values of a signal,
while the function dr opS drops the first n values from a signal. The functionsel ect S
takes three parameters, an offset, a stepsize and a signal and returns some elements of
the signal such as in the following example:

Signal > selectS 2 3 (signal[1,2,3,4,5,6,7,8,9,10])
{3,6,9} :: Signal Integer

New signals can be created by means of the following functions. The data constructor
(:-) adds an element to the signal at the head of the signal. The operator (-:) adds
at an element to a signal at the tail. Finally the operator ( +- +) concatinates two sig-
nals into one signal. The function | engt hS returns the length of a finite stream. The
functioni nf i ni t eScreates an infinite signal. The first argument f is a function that is
applied on the current value. The second argument x gives the first value of the signal.

Signal > takeS 5 (infiniteS (*3) 1)
{1,3,9,27,81} :: Signal Integer

The function copyS creates a signal with n values x. The function wr i t eS transforms
a signal into a string of the following format:

Signal> witeS (signal[1,2,3,4,5])
"1\ n2\ n3\ n4\ n5\ n" :: [ Char]

The function r eadS transforms such a formatted string into a signal.

Signal > readS "1\ n2\n3\n4\n5\n" :: Signal Int
{1,2,3,4,5} :: Signal Int

The combinator f anS takes two processes p1 and p2 and and generates a process
network, where a signal is split and processed by the processes p1 and p2.

fanS:: (Sgnal a->Sgnal b) ->(Sgnal a->Sgnal c)
->9gnal a->(Sgnal b Sgna c)

instance (Showa) => Show (Signal a) where
showsPrec p Nul'| S = showParen (p > 9) (
show&ring "{}")

showsPrec p xs = showParen (p > 9) (
showChar ' {" . showS gnal 1 xs)
wher e

showSi gnal 1 Nul | S



= showChar '}’
showS gnal 1 (x:-Nul 1 §
= shows x . showChar '}’
showS gnal 1 (x: -xs)
= shows x . showChar ',’
. showS gnal 1 xs

instance Read a => Read (Signal a) where
readsPrec _ s =readsSgnal s

readsS gnal :: (Read @) => ReadS (S gnal a)
readsS gnal s = [((x:-Nul'l'g, rest)
| ("{", r2 < lexs,
(x, r3) <- reads r2,

("}", rest) < lexr3
+ [(Null1S r4)
| ("{", r5 < lex s,
("}", rd) < lexrh
++ [((X:-XS), r6)
| ("{", r7) < lexs,
(x, r8) <- reads r7,
(",", r9 < lexrsg,
(xs, r6) <- readsVal ues r9

r eadsVal ues :: (Read @) => ReadS (Signal a)
readsVal ues s = [((x:-Nul'lg, rl)
| (x, r2) <- reads s,
("}, rl) < lexr2]
++ [((x:-xs), r3)
| (x, r4) < reads s,
(",", r5 < lexr4,
(xs, r3) <- readsVal ues rb5]

NillS
X :- signal xs

signal []
signal (x:xs)

frongG gnal NullS
fron& gnal (x:-xs)

(]

x . fron8 gnal xs

unitS x = x:- NIS

nul I SNIllS = True

nul 1S _ = False

headS NUl | S = error "headS: S gnal _js_enpty"
headS (x:-_) = X

tailSNIIS = error "tail§: Sgnal _js_enpty"
tail S (_:-xs) = XS



atsS_NIIS
= error "atS _S gnal has_not _enough_gel enent s"

atsS o (x:-) = X
atSn (_:-xs) = atS(n1) xs
(!-) xsn = atSnxs
takeS 0 _ =NIIS
takeS _ Nul'lS =NIIS
takeSn (x:-xs) | n<=0 =NIIS
| otherw se =X :- takeS (n-1) xs

dropSO NUll'S =NIIS
dropS _ NUllS =NIIS
dropSn (x:-xs) | n<=0 = X:-XS

| otherw se =dropS (n-1) xs

sel ect S of fset step xs = sel ect 1S step (dropS of f set xs)
wher e
select1S step NUl IS
sel ect 1S st ep (X: -Xs)

Nl IS
X :- selectl1lS step (dropS (step-1) xs)

(-:) xs x =xs ++ (x :- NUIY

(++) NIIS ys
(+~+) (x:-xs) ys

ys
X - (Xs ++ys)

0
1 +lengthS xs

lengthS NUl I S
I engt hS (_: -xs)

infiniteSf x =x:-infiniteSf (f x)
copyS 0 x =NIIS
copyS n x =X :- copyS(n1) x

fanS pl p2 xs (p1 xs, p2 xs)

witeSNIIS =]
witeS (x:-xs) =showx ++ "\n" ++ witeSxs

readS xs = readS (words xs)
wher e
readS [] =NIlS
readS ("\n":xs) =readS xs
readS (Xx:xs) =read x :- readS xs



2.2 TheModuleVect or
2.2.1 Overview

The module Vect or defines the data type Vect or and the corresponding functions. It
is a development of the module Vect or defined by Reekie in [4]. Though the vector
is modeled as a list, it should be viewed as an array, i.e. a vector has a fixed size.
Unfortunately, it is not possible to have the size of the vector as a parameter of the
vector data type, due to restrictions in Haskells type system. Still most operations are
defined for vectors with the same size.

nodul e Vector (
Vector (..), vector, fromector, unit\V, nullV |engthV
atV, replaceV headV tailV lastV init\ takeV dropV
sel ectV, groupV, (<+), (<), mapV, foldlV foldr\, scanlV,
scanrV, neshlV, neshr\, zi pWthy filterV, zi pV unzipV,
concat\/ reverse\, shiftl\/ shiftrV rotr\ rotlV
generateV iterateV copyV serialVi parallelV)

wher e

infixr 5:>
infixl 5<
infixr 5 <+

2.2.2 TheData Type Vect or

The data type Vect or is modeled similar to a list. It has two data type constructors.
Nul | V constructs the empty vector, while : > a vector by adding an value to an existing
vector. Using the inheritance mechanism of Haskell we have declared Vect or as an
instance of the classes Read and Show.

This means that the vector 1: >2: >3: >Nul | Vis shown as <1, 2, 3>,

data Vector a = Nul IV
| a:> (Mector a) deriving (EQ)

2.2.3 Functionson the Data Typevect or

The function vect or converts a list into a vector, while the function f r onVect or
converts a vector into a list.

vect or ;2 [a] -> Vector a
fronmector :: Vector a -> [4]

The function uni t V creates a vector with one element. The function nul | Vreturns
Tr ue if a vector is empty. The function | engt hV returns the number of elements in a
value. The function at V returns the n-th element in a vector, starting from zero. The
function r epl aceV replaces an element in a vector.

unitVv i a->\Vector a
nul | vV ;. Vector a -> Bool



lengthV :: Numa => Vector b -> a
replaceV:: Vector a->1Int ->a-> \ector a
atVv :: Numa => \Vector b->a->b

The functions headV and | ast V return the first element or the the last element of a
vector. The functions t ai | V returns all, but the first element of a vector, while i ni t VvV
returns all but the last elements of a vector. The function t akeV returns the first n
elements of a vector while the function dr opV drops the first n elements of a vector.

headV:: Vector a-> a

tailV:: Vector a -> Vector a

lastV:: Vector a-> a

initV:: Vector a -> Vector a

takeV:: (Numa, Qda) =>a->\Vector b ->Vector b
dropV:: (Numa, Oda) =>a->\Vector b -> \Vector b

The function sel ect V selects elements in the vector. The first argument gives
the initial element, starting from zero, the second argument gives the stepsize between
elements and the last argument gives the number of elements.

selectV:: (Nima, Qda) =>a->a->a->\Vector b ->\Vector b
The function gr oupV groups a vector into a vector of vectors of size n.
groupV:: (Numa, Oda) =>a->\Vector b -> Vector (Vector b)

The data constructor (: >) adds an element add the front of the vector, while the
operator (<:) adds an element at the end. The operator <+> concatinates two vectors.
The function concat V concats a vector of vectors into a single vector.

(<+) :: Vector a -> \ector a -> Vector a
(<:) :: Vector a->a->\ector a

The higher-order function mapV applies a function on all elements of a vector.
mapV:: (a->h) ->Vector a-> \Vector b

The higher-order function zi pwW t hVv applies a function pairwise on to vectors.
zipWthv:: (a->b->c¢) ->Vector a -> Vector b -> Vector ¢

The higher-order functions f ol dl V and f ol dr V fold a function from the right or
from the left over a vector using an initial value.

foldV:: (a->b->a) ->a->\Vector b ->a
foldrV:: (b->a->a) ->a->\Vector b ->a

The higher-functionfi | t er V takes a predicate function and a vector and creates a
new vector with the elements for which the predicate is true.

filterV:: (a->Bool) -> Vector a -> Vector a

The function zi pV zips two vectors into a vector of tuples. The function unzi pVv
unzips a vector of tuples into two vectors.

zipV :: MVector a-> \Vector b -> Vector (a, b)
unzi pV:: Vector (a b) -> (Vector a, Vector b)



The function shi ft 1V shifts a value from the left into a vector. The function
shi ftrV shifts a value from the right into a vector. The functions rot!|V, rotrV
rotates a vector to the left or to the right. Note that these fuctions do not change the
size of a vector.

shiftlV:: Vector a -> a-> Vector a
shiftrV:: Vector a -> a -> Vector a
rotrV :: \Vector a -> \ector a
rotlV :: Vector a -> Vector a

The function concat V transforms a vector of vectors to a single vector. The func-
tion r ever seV reverses the order of elements in a vector.

concatV :: Vector (Vector a) -> \Vector a
reverseV :: \Vector a -> \Vector a

The functioni t er at eV generates a vector with a given number of elements start-
ing from an initial element using a supplied function for the generation of elements.
The function gener at eV behaves in the same way, but starts with th e application of
the supplied function to the supplied value. The function copyV generates a vector
with a given number of copies of the same element.

Vector> iterateV 5 (+1) 1

<1, 2,3,4,5> :: Vector |nteger
Vector> generateV 5 (+1) 1
<2,3,4,5,6> :: Vector |nteger
Vector> copyV 7 5
<5,5,5,5,5,5,5> :: Vector Integer

iterateV :: Nima=>a->(b->b) ->b ->Vector b
generateV:: Numa =>a-> (b->b) ->b ->Vector b
copyV ;. Nima=>a->b->Vector b

The functions ser i al Vand par al | el Vcan be used to construct serial and parallel
networks of processes.

serial VvV ;. Vector (a->a) ->a->a
paral l el V ;2 Vector (a->bhb) ->Vector a-> \ector b

The functions scanl V and scanr V ”scan” a function through a vector. The func-
tions take an initial element apply a functions recursively first on the element and then
on the result of the function application.

scanlV :: (a->b->a) ->a->Vector b ->\Vector a
scanrV. :: (b->a->a) ->a->Vector b ->\ector a

Reekie also proposed the meshl V and meshr V iterators. They are like a combina-
tion of mapV and scanl Vor scanr V. The argument function supplies a pair of values:
the first is input into the next application of this function, and the second is the output
value. As an example consider the expression:

fxy = (xty, x#y)

sl =vector [1,2 3, 4,5]

10



Here meshl V can be used to calculate the running sum.

Vector> neshlvV f 0 sl
(15, <1, 3, 6, 10, 15>)

meshlV :: (a->b->(a c)) ->a->Vector b->(a Vector c)
meshrV.  :: (a->b->(c, b)) ->b->Vector a-> (Vector c, b)

2.2.4 Implementation

instance (Showa) => Show (Vector a) where
showsPrec p Nul IV = showParen (p > 9) (
show& ring "<>")
showsPrec p xs = showParen (p > 9) (
showChar "< . showvectorl xs)
wher e
showvector1 Nul 'V
= showChar ' >'
showvector1 (x: >Nul I'V)
= shows x . showChar ' >'
showwvect or 1 (x: >xs)
= shows x . showChar ’,’
. showwvect or 1 xs

instance Read a => Read (\Vector a) where
readsPrec _ s =reads\Vector s

readsVector :: (Read a) => ReadS (Vector a)

readsVector s = [((x:>NullV), rest) | ("<', r2) < lexs,
(X, r3) < readsr2
">" rest) < lex r3

++

[(Nul1V rd) | ("<", r5 < lex s,
(">", rd) < lexrh

++

[ ((x:>xs), r6) | ("<, r7) < lexs,

(x, r8) <- reads r7,
(",", r9 < lexrs,
(Xs, r6) < readsVal ues r9]

readsVal ues :: (Read a) => ReadS (\ector a)
readsValues s = [((x:>NullV), rD) | (x, r2) < readss,
"S"rl) < lexr2
++
[ ((x:>xs), r3) | (x, r4d < reads s,
(",", r5 < lexr4,
(xs, r3) <- readsVal ues r5]

11



Nl |V
X :> (vector Xs)

vector [] =
vector (X:Xs)

fronvector NullV
fromvector (x:>xs)

(]

unitVx =x:>NillVv

nulVNIITV = True
nul v _ = Fal se
I engt hV Nul | vV 0

lengthV (_:>xs) = 1 + lengthV xs

repl aceV vs n x
| n<=lengthVvs & n>=0

x . fromdector xs

takeV n vs <+ unitV x
<+> dropV (n+l) vs

| otherw se Vs
NIl ‘atV _ =error "at\ Mector_has_not _enough_el enent s"
(x:>) ‘atV 0=x
(:>s) ‘atV n=xs ‘atV (n-1)

headVNul |V = error "headV. Mector_js_enpty"

headV (v:>) =v

tailVNIIV
tailV(_:>s) =vs

=error "tailV Vector_js_enpty"

lastV NIl IV =error "lastV Vector_js_enpty"
lastV (v:>NullV) =v

lastV (_:>vs) =lastVvs

initvVNIITV =error "init\V _Vector_js_enpty"
initV (>Nl =Nl

initV (v:>vs) =v:>initVvs

takeV 0 _ =NV

takeV _ NullV =NV

takeVn (v:>vs) | n<=0 =NV

| otherwise =v :>takeV (n1) vs

dropV 0 vs =vs
dropV _ Nul'l'V =NV
dropVn (vi>vs) | n<=0 =V :>vs

| otherwise =dropV (n1) vs

selectVf snvs| n<=0
=Nl v

| (f+s*n-1) > lengthV vs

12



= error "sel ect i Vector_has_not _enough el enent s"
| otherw se
=atVvsf :>selectV (f+s) s (n1) vs

groupVn v
| TengthVv < n=NillV
| otherw se =selectVO1lnv

:>groupV n (selectVn 1 (IengthV v-n) v)

NIl lV<+>ys =ys
(x:>Xs) <#>ys =X :> (XS <> ys)

XS < X = XS <+ unitVx

mapV _ NullV =NIllV
mapV f (x;i>xs) =f x :>mapVf xs

ZipWthV f (x:>xs) (y:>ys) =f xy :> (zipWthVf xs ys)
zipWthv _ _ _ =NV

foldV_aNIlV =a
fold Vf a (x:>s) =foldlVf (f a x) xs

foldrV_aNIlV =a
foldrVf a (x:>s) =f x (foldrVf a xs)

filterV_ NllV Nl |V
filterVp (vi>vs) =if (pv) then
v :>filterVpvs

el se
filterVpvs
ZipV (x:>xs) (y:>ys) = (X, y) :> zipVXs ys
zipVv _ _ =NV
unzi pV Nul | vV = (Nl NIV

unzi pVv ((x, y) > xys) = (X:>Xs, Y:>Ys)
where (Xs, yS) = unzipV xys

shiftlIVvsv =v :>initVvs
shiftrVvvs v =tailVvs < v

rotrVNILIV=NIIV
rotrVvs =tailVvs < headVvs

rotl VNIV =NIIV
rotlVvs =lastVvs :>initVvs

concatV =foldrV (<+) NullV

13



reverseV Nl | V
reverseV (Vv: >vs)

Nul |V
reverseVvs <. v

generateV 0 _ _ =NIlV
generateV n f a = x :>generateV (n-1) f x
where x = f a

iterateVO _ _=NllV
iterateVnf a=a:>iterateV(nl) f (f a)

copyVk x =iterateVk id x

serialVv fs x =serialV (reverseVfs) x
wher e
serialV NIV x =X
serialV (f:>fs) x =seriaVfs (f x)

parallelVNUIIV NIV =NIlIV
parallelV _ Nul 'V

=error "paral l el \ Mectors_have_not t he_sane_si ze! "
parallelVNUIV

=error "parall el \ Mectors_have_not t he_sane_si ze! "
parallelV (f:>fs) (x:>xs) =f x :>parallelVfs xs

scanlV_ _ NIV =NillV
scanlVf a (x:>xs) =q :>scanlVf g xs
where g =f ax

scanrV_ _ NIV =NV
scanrVf a (x:>NllY) =f xa:>NllV
scanrV f a (x:>xs) =f xy:>ys

where ys@y:>) =scanrVf a xs

meshlV_a NIV = (a NIV
neshl VT a (x:>xs) = (a’, y:>ys)

where (a8, y) =f ax
(&', ys) =meshlVf a xs
meshrV_a NllV = (NIllV a)
meshrVf a (x:>xs) = (y:>ys, a')
where (y, @') =f x &
(ys, @) =nmeshrVf a xs

2.3 TheModule Absent Ext
2.3.1 Overview

The module Absent Ext is used to extend existing data types with the value "absent”

(L).

14



nodul e Absent Ext (
Abst Ext (Abst, Prst), frombbst Ext, abstExt, psi,
i sAbsent, isPresent, abstExt Func)
wher e

The data type Abst Ext has two constructors. The constructor Abst is used to
model the absence of a value, while the constructor Pr st is used to model present
values.

data AbstExt a = Abst
| Prst aderiving (E)

The data type Abst Ext is defined as an instance of Showand Read. ’_’ represents
the value Abst while a present value is represented with its value, e.g. Prst 1 is
represented as "1’.

2.3.2 Functionson the Data Type Absent Ext

The module defines the following functions:

f r onPbst Bxt oa-> AbstExt a-> a

i sPresent 11 AbstExt a -> Bool

i sAbsent 1. AbstExt a -> Bool

abst Ext Func i (a->h) -> AbstExt a -> AbstExt b
psi : (a->h) -> AbstExt a-> AbstExt b

The function abst Ext converts a value into an extended value. The function
fromAbst Ext converts a value from a extended value.

The functions i sPresent and i sAbsent check for the presence or absence of a
value.

The function abst Ext Func extends a function in order to process absent extended
values. If the input is L, the output will also be L. The function psi is identical to
abst Ext Func and should be used in future.

2.3.3 Implementation of Library Functions

i nstance Show a => Show (Abst Ext a) where
showsPrec _ x = showsAbst Ext x

showsAbst Ext  Abst
showsAbst Ext (Prst Xx)

(+) "
(++) (show x)

instance Read a => Read (AbstExt a) where
readsPrec _ x = readsAbst Ext x

r eadsAbst Ext ;. (Read @) => ReadS (AbstExt a)
readsAbst Ext s [ (Abst, rl) | ("", rl) < lex g
+ [(Prst X, r2) | (X r2) < reads s]

abst Ext v = Prst v
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fromPbst Ext x Abst = X
fromibst Ext _ (Prst y) =y
i sPresent Abst = False
isPresent (Prst ) = True

i sAbsent = not . isPresent
abst Bxt Func f =f’
where f' Abst = Abst
f' (Prst x) =Prst (f x)
psi = abst Ext Func

2.4 TheModule Conbi nat or s
24.1 Overview

The module contains operators for function (sequential) composition and parallel com-
position.

nodul e Gonbi nat or s wher e
f unConbl =(.)

funConb2 pl p2
where p sl s2

p
pl (p2 sl s2)

funConb3 pl p2
where p sl s2 s3

p
pl (p2 sl s2 s3)

funConb4 pl p2
where p sl s2 s3 s4

p
pl (p2 sl s2 s3 s4)

par Gonb pl p2
where p sl s2

p
(pl s1, p2 s2)

3 Librariesof System Functions and Data Types
3.1 TheModule Menory

3.1.1 Overview

This module contains the data structure and access functions for the memory model.

nodul e Menory (
nodul e Absent Ext, Menory (..), Access (..),
MenS ze Adr, newMem nengtate nenQut put
) where
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i nport \ect or
i nport Absent Ext

3.1.2 DataStructure

The data type Menor y is modeled as a vector. The data tpe Access defines two access
patterns, Read adr and Wite adr val,whereadr can be of any type..

type Adr = Int

type Men8 ze = Int

data Menory a = MemAdr (Vector (AbstExt a))
deriving (Egq, Show

dat a Access a = Read Adr

| Wite Adr a
deriving (Eq, Show

3.1.3 Functionson thedatatype Menory

The module defines the following access functions for the memory:

newMem ;1 Men8 ze -> Menory a
nentt at e ;. Menory a -> Access a -> Menory a
nmenQut put :: Menory a -> Access a -> AbstExt a

The function newMemcreates a new memory, where the number of entries is given
by a parameter. The function menst at e gives the new state of the memory, after an
access to a memory. A Read operation leaves the meory unchanged. The function
menQut put gives the output of the memory after an access to the memory. AWite
operation gives an absent value as output.

3.1.4 Implementation of Functions

newMemsi ze = Memsi ze (copyV si ze Abst)

witeMem :: Menory a -> (Int, a) -> Menory a
witeMem (Memsize vs) (i, X)

| 1 <size && i >=0 Memsi ze (replaceV vs i (abstExt X))

| otherw se Memsi ze vs
readvem :: Menory a -> Int -> (AbstExt a)
readMem (Memsi ze vs) i

| i <size & i >=0 = vs ‘atV i

| otherw se = Abst
nent ate nem(Read ) nem

nengtate nem(Witei Xx) witeMemmem (i, x)

17



infinite finite description

pushQ pushFQ pushes one element on the queue
pushLi stQ pushListFQ  pushes a list of elements on the queue
popQ popFQ pops one element from the queue
queue finiteQueue transforms a list into a queue

Table 1: Functions on the data types Queue and Fi ni t eQueue

r eadMem nemi
Abst

nenQut put nem (Read i)
menQutput _  (Wite _ )

3.2 TheModule Queue

3.21 Overview

The module Queue provides two data types, that can be used to model queue structures,
such as FIFOs. There is a data type for an queue of infinite size Queue and one for
finite size Fi ni t eQueue.

3.2.2 Thedatatype Queue

A queue is modeled as a list. The data type Fi ni t eQueue has an additional parameter,
that determines the size of the queue.

nodul e Queue wher e
i nport Absent Ext

dat a Queue a
data F ni teQueue a

Q[a] deriving (Eg, Show
FQInt [a] deriving (Eg Show

3.23 Functionson thedatatypes Queue and Fi ni t eQueue

Table 3.2.3 shows the functions an the data types Queue and Fi ni t eQueue.

pushQ 1. Queue a -> a -> Queue a
pushLi st Q ;. Queue a ->[a] -> Queue a
popQ 1: Queue a -> (Queue a, AbstExt a)
queue 1o [a] -> Queue a
pushFQ :: FniteQueue a -> a -> FAniteQeue a
pushLi st FQ :: FiniteQueue a->[a] -> FniteQueue a
popFQ ;. FiniteQeue a

-> (FniteQueue a, AbstExt a)
finiteQueue :oInt ->[a] -> FniteQueue a

18



3.24 Implementation

pushQ (Qa) x = Q(q + [x])
pushListQ (Qq) xs = Q(q ++ xs)
popQ (Q[1) = (Q[], Abst)
popQ (Q (x: xs)) = (Qxs, Prst x)
queue xs = Qxs
pushFQ (FQn q) x = if length g < n then
(FQn (g ++ [x]))
el se
(FQnq)
pushLi stFQ (FQn g) xs = FQn (take n (g ++ xs))

popFQ (FQ n [])
popFQ (FQ n (o: as))

(FQn [], Abst)
(FQn gs, Prst q)

finiteQeue n xs
3.3 TheModule DFT

The module includes the standard Discrete Fourier Transform (DFT) function, which
is formulated as

FQn (take n xs)

N—-1
X(E)=> zmW 0<k<N-1 (1)
n=0
where
WN — e—j27r/N (2)

and a fast Fourier transform (FFT) algorithm, for computing the DFT, when the
size N is a power of 2.

nodul e DFT(dft, fft) where

inport S gnal
i nport \ect or
i nport Conpl ex

Here follows the ForSyDe implementation of the DFT:

dft bigNx | bigN== (lengthV x) = mapV (bi gX k bi gN x) (nVector x)
| otherwise = error "DFT: Mector_has _not _theright_size"
wher e
n\Vect or X iterateV (lengthV x) (+1) O
bi gX k bi gN x k = sunV (zi pWthV (*) x (bi gWk bigN)
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Figure 2: Basic butterfly computation in the decimiation-in-time algorithm

bi gWk bi gN
sunv

=mapV (** k) (mapVcis (fullcircle bigN)
=fold V(+ (0:+ 0)
fullcircle :: Integer -> Vector Doubl e
fullcirclen=fullcirclel O (froninteger n) n
wher e
fullcirclel | mn

| I'=m =NIIV

| otherw se = -2*pi*|/(fromnteger n)
:>fullcirclel (I1+1) mn

Here follows the Radix 2-FFT algorithm (decimation in time) implementation [3].
Itis a divide and conquer algorithm, which reuses the calculation of the basic butterfly
(Figure 2):

(N/2)—-1 (N/2)—1
X(k) = Z feven(m)WJI{:l'T/n’z + WJI{} Z ded(m)WJl{:f%
m=0 m=0
= Foen(k) + WEFoqa(k) k=0,1,...,N—1 (3)
where
feven(n) = x(2n)
fodd(n) = a:(2n + 1)

The calculation of an eight-point FFT is illustrated in Figure 3.

fft bigNxv | bigN== (lengthV xv) = napV (bi gX xv) (kVector bi gN
| otherwi se =error "FFT: Mector_has_not the_right_size™

kVector bigN=iterateV bigN(+l) O

bi gX (x0:>L:>Nul 1\V) k | even k = x0 + x1 * bigwW2 0
| odd k =x0- x1* bigw2 0
bi gX xv k = bi gF_even k + bi gF_odd k * bi gwhbi gN (f rom nt eger k)
wher e bi gF_even k = bi gX (evens xv) k
bi gF odd k = bi gX (odds xv) k
bi gN = | engt hV xv

bigWhigNk =cis (-2 * pi * (fromnteger k) / (fronminteger bigN)
evens Nul |V

evens (v1. >Nl V)
evens (vi1:>_:>v)

Nul |V
vl :> NV
vl :> evens v
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Figure 3: Eight-point decimation-in-time FFT algorithm

odds Nul | V
odds (_:>NullV)
odds (_:>v2:>v)

Nul |V
Nul |V
v2 > odds v

4 Computational Model Libraries
4.1 TheModule Synchr onousLi b

411 Overview

The synchronuous library Synchr onousLi b defines process constructors and pro-
cesses for the synchronous computational model. A process constructor is a higher
order function which together with combinatorial function(s) and values as arguments
constructs a process. Thus a process constructor can also be viewed as a process con-
structor.

nodul e Synchr onousLi b(
nodul e Vect or, nodul e Signal, nodul e Absent Ext,
napSyY, zi pWthsy zi pWt h3Sy
Zi pWt h4SY zi pWt hxSY scanl SY,
scanl 2SY, scanl 3SY, scanl dSY, scanl d2SY,
scanl d3SY, del aySY, del aynSY, whenSy,
fill SY, hol dSY, zi pSY, zi p3SY, zi p4SY, unzi pSY,
unzi p3SY, unzi p4SY, zi pxSY, unzi pxSY, nmapxsy,
noor eSY, noor e2SY, noor e3SY, neal ySY, neal y2SY,
neal y3SY, fstSY, sndSY, sourceSY

) where
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inport S gnal
i nport \ect or
i nport Absent Ext

4.1.2 ProcessConstructorsfor Combinatorial Processes

Combinatorial processes do not posess an internal state, so that the output only depends
on input signals.

The module includes the following process constructors for combinatorial pro-
cesses:

napSy :: (a->b) ->Sgnal a->Sgnal b

zi pWt hSY i (a->b->c) ->Sgnal a->Sgnal b->Sgnal ¢

Zi pWt h3sy i (a->b->c->d) ->Sgnal a->Sgna b
->Sgnal c->Sgnal d

Zi pWt h4sy i (a->b->c->d->e) ->Sgnal a->Sgnal b
->Sgnal c->Sgnal d->Sgna e

Zi pWt hxSY ;. (Vector a->h) ->Vector (Signal a) ->Signal b

napxSsyY :: (a->b) ->Vector (Sgnal a) -> Vector (S gnal b)

The process constructor mapSY takes a combinatorial function as argument and
returns a process with one input signal and one output signal. This is shown in the
following, where mapSY (+1) is a process which increments all values of an input
signal.

In a similar way zi pW t hSY, zi pWt h3SY and zi pW t h4SY apply a combinato-
rial function on a number of input signals.

The process constructor zi pW t hxSY works as zi pW t hSY, but works with a vec-
tor of signals as input.

The process constructor mapxSY creates a process network that maps a function
onto all signals in a vector of signals.

4.1.3 ProcessConstructorsfor Sequential Processes

Sequential processes have a local state. Process Constructors that construct such pro-
cesses take not only functions but also values as arguments to express the value of
the local state of the process. The output of sequential processes is deterministic and
depends on the initial state and the input signals.

The module includes the following process constructors for sequential processes:

del aySY ::a->Sgnal a->Sgnal a

del aynSY :ra->1Int ->Sgnal a->Sgnal a

scanl SY i (a->b->a) ->a->Sgnal b->Sgnal a

scanl 2SY i (a->b->c->a) ->a->Sgnal b->Sgnal ¢
->9gnal a

scanl 3SY i (a->b->c->d->a) ->a->8gna b
->9gnal c->Sgnal d->Sgna a

scanl dSY i (a->b->a) ->a->Sgnal b->Sgnal a

scanl d2SY i (a->b->c->a ->a->Sgnal b->Sgnal c
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->9gnal a

scanl d3sY i (a->b->c->d->a) ->a->Sgna b
->8Sgnal c->Sgnal d->Sgna a

noor eSY ::(a->b->a) ->(a->c) ->a->Sgnal b->Sgna c

noor e2SY i (a->b->c->a ->(a->d) ->a->Sgna b
->Sgnal c->Sgnal d

noor e3SY :(a->b->c->d->a) ->(a->¢€) ->a->Sgnal b
->Sgnal c->Sgnal d->Sgna e

neal ySY ::(a->b->a) ->(a->b->c¢) ->a->Sg¢gnal b
->Sgna ¢

neal y2SY i (a->b->c->a ->(a->b->c->d) ->a
->Sgnal b->Sgnal ¢c->Sgna d

neal y3SY . (a->b->c->d->a ->(a->b->c->d->¢) ->a
->Sgnal b->Sgnal c->Sgnal d->Sgnal e

sour ceSY ;7 (a->a) ->a->9g¢gnal a

filterSY :: (a->Bool) ->Sgnal a->Sgnal (AbstExt a)

The process constructor del aySY delays the signal one event cycle by introduc-
ing an initial value at the beginning of the output signal. The process constructor
del aynSY delays the signal n events by introducing n identical default values.

We define two different basic process constructors to construct sequential pro-
cesses, scanl SY and scanl dSY. Both process constructors take a function ns and
a state mas arguments. Both process constructors use the function ns to calculate the
next state, but calculate the output in a different way. scanl SY behaves like the Haskell
prelude function scanl and has the value of the new state as its output value, while
scanl dSY has the current state value as output. The following example exemplifies
this:

SynchronouslLi b> scanl SY (+) 0 (signal [1,2,3,4])
{1,3,6,10} :: Signal Integer

Synchr onouslLi b> scanl dSY (+) 0 (signal [1,2,3,4])
{0,1,3,6} :: Signal Integer

Process Constructors like scanl 2SY, scanl 2Del aySY are used in the same way for
several input signals.

The process constructors noor eSY and meal y SY are used to model state machines.
These process constructors are based on the process constructor scanl dSY as is natu-
rally for state machines in hardware, that the output operates on the current state and
not on the next state.

These process constructors take a function ns to calculate the next state, a function
o to calculate the output and an value mfor the initial state. In a process based on the
moor eSY process constructor the output function o operates only on the current state of
the process. In contrast the output function of a process based on the meal ySY process
constructor operates on hoth the current state and the input.

The process sour ceSY takes a function f and an initial state sq and generates an
infinite signal starting with the initial state sq as first output followed by the recursive
application of f on the current state which also serve as output values. The process that
has the infinite signal of natural numbers as output is constructed by
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SynchronousLi b> takeS 5 (sourceSY (+1) 0)
{0,1,2,3,4} :: Signal |nteger

The process constructor fi | t er SY takes a predicate p and produces a process, that
discards all values that do not fullfil the predicate p. In this case the outputis L.
4.1.4 Processes

The module also contains the following synchronous processes:

whenSY ;1 Signal (AbstExt a) -> Signal (AbstExt b)
-> S gnal (AbstExt a)
fillSY :: a->9gnal (AbstBExt a) -> Signal a
hol dSY :: a->9Sgnal (AbstBExt a) -> Signal a
Zi pSY :: Sgnal a->Sgnal b->Sgnal (ab)
Zi p3sY :: Sgnal a->Sgnal b->Sgnal c->Sgnal (ab,c)
Zi pASYy :: Sgnal a->Sgnal b->Sgnal c->Sgnal d
-> Sgna (ab,c,d)
unzi pSY :: Sgnal (ab) -> (Sgnal aSgnal b)
unzi p3sy :: Sgnal (a b ¢) ->(Sgnal a Sgnal b, Sgnal c)
unzi p4SsY ;2 Sgnal (ab,c,d)
-> (Signal a,Sgnal b,Sgna c,Sgna d
Zi pxSY ;. Vector (Signal a) -> Signal (Vector a)
unzi pxSY ;. Signal (Vector a) -> Vector (Signal a)
fstSY :: Sgnal (ab) ->Sgnal a
sndSY :: Sgnal (ab) ->Sgnal b

The process constructor whenSY creates a process that synchronizes a signal of
timed values with another signal of timed values. The output signal has the value of the
first signal whenever an event has a present value and L when the event has an absent
value.

The process constructor fi | | SY creates a process that fills” a signal with timed
values by replacing absent values with a given value.

The process constructor hol dSY creates a process that “fills” a signal with values
by replacing absent values by the preceding present value. Only in cases, where no
preceding value exists, the absent value is replaced by the supplied value.

The process zi pSY "zips’ two incoming signals into one signal of tuples, while the
process unzi pSY “unzips’ a signal of tuples into two signals. The functions zi p3SY,
zi p4SY, unzi p4SY and unzi p4SY perform the corresponding function for three and
four signals.

The process zi pxSY ’zip’ a signal of vectors into a vector of signals. The process
unzi pxSY ’unzips’ a vector of signals into a signal of vectors.

The processes f st SY and sndSY select the always the first or second value from a
signal of pairs.

415 Implementation of Library Functions

mpSY _ NllS =NIIS
napSY f (x:-xs) =f x :- (mapSY f xs)
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zipWthSy _ NullS  _ =NIIS

zi pWthsy _ _ NIlS =NillS

ZipWthSY f (x:-xs) (y:-ys) =f xy :- (zipWthSY f xs ys)
zZipWth3sy _ NullS _ _ =NIIS

zi pWth3sy _ _ NIs =NIlIS

zi pWth3sy _ _ _ NIlS =NillS

Zi pWth3SY f (x:-xs) (y:-ys) (z:-zs) =f xy z

i- (zi pWth3SY f xs ys zs)

ZipWth4sy _ NullS _ =NIS
Zi pWth4sy _ _ Nlls _ =NllIS
Zi pWth4sy _ _ NIllEs =NIS
Zi pWth4sy _ _ _ NITS =NIlES
Zi pWth4sy f (w-ws) (x:-xs) (y:-ys) (z:-zs)

=f wxyz

Zi pWthxSY f = napSY f . zi pxSY
mapxSY f = mapV (napSy f)

scanl SY _ _ NIlS =NIlS

scanl SY f nem(x:-xs) =f nemx :

1= (zipWth4sSy f ws xs ys zs)

(scanl SY f newnemxs)

wher e newnem= f nemx

scanl 2SY _ Nlls
scanl 2SY NllS

Nl 'S
Nl S

scanl 2SY f nem(;:-xs) (y:-ys) =f nemx y

scanl 3SY _ _ Nlls
scanl 3SY _ _ _ Null'S
scanl 3SY _ _

NlLS

- (scanl 2SY f newnremxs ys)
wher e newrem= f memx y

Null's
Nl 1S
Nl S

scanl 3SY f mem(;:—xs) (;:-ys) (z:-zs)
=f nemx y z :- (scanl 3SY f newremxs ys zs)
wher e newrem= f memx y z

scanldSY _ _ NullS =NIIS
scanl dSY f mem (x:-xs) = nem:-
wher e newnem= f

scanld2SYy _ _ NIIS _
scanl d2SY Nul'l S

scanl d2Sy f rrem(_x:-xs) (y:-ys)

(scanl dSY f newremxs)
nmem x

NIl S
Nl 1S
nem:- (scanl d2SY f newremxs ys)

wher e newrem= f nmemx y

scanld3SYy _ _  NIIS

=NIlS
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Null'sS
Nl S

scanl d3SY _ Nlls
scanl d3SY _ _  _ _ Nl 'S
scanl d3SY f mem (x:-xs) (y:-ys) (z:-zs)
= nem:- (scanl d3SY f newnemxs ys zs)
wher e newrem= f memx y z

del aySY e es = e:-es

delaynSY e nxs | n<=0
| otherw se

XS
e :- delaynSY e (n-1) xs

noor eSY next Sate output initial
= mapSY output . (scanl dSY nextSate initial)

noor e2SY next State output initial inplinp2 =
mapSY out put (scanl d2SY next S ate initial inplinp2)

noor e3SY next Sate output initia inplinp2inp3 =
nmapSY out put (scanl d3SY next S ate initial inplinp2inp3)

neal ySY next Sate output initia signal =
Zi pWthSY out put (scanl dSY next Sate initial signal) signal

neal y2SY next Sate output initia inplinp2 =
Zi pWt h3SY out put (scanl d2SY nextSate initial inplinp2)
inpl i np2

neal y3SY next Sate output initia inplinp2inp3 =
Zi pWt h4SY out put (scanl d3SY next State initial inplinp2inp3)
i npl inp2inp3

filterSYp Nl IS
filterSY p (x:-xs)

Nl IS
if (px=="True) then
Prst x :- filterSY p xs
el se
Abst ;- filterSY p xs

sourceSY f sO =0
wher e
o] = del aySY s0O s
S =nmapSYf o
whenSY NUllS =NIIS
whenSY _ Null'S =NIIS
whenSY (_:-xs) (Abst:-ys) = Abst :- (whenSY xs ys)
whenSY (x:-xs) (_:-ys) =X ;- (whenSY xs ys)

fill SY a xs = mapSY (repl acePbst a) xs
wher e repl acefbst a Abst
repl aceAbst _ (Prst x)

1 nu
x
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hol dSY a xs = scanl SY hol d a xs
wher e hol d a Abst
hold _ (Prst x)

a
X

Zi pSY (X:-xs) (y:-ys) = (X, y) :- zipSYXs ys
zi pSY _ _ =NIIS

Zi p3SY (x:-x8) (y:-ys) (z:-zs) = (X, Y, z) :- zip3SY XS ys zs
zi p3SY _ _ =NIIS
Zi p4SY (W -ws) (X:-xs) (y:-ys) (z:-zs) = (W X, VY, 2)
1- Zi pASY ws XS ys zs
Zi p4sy _ _ _ _ =NIlS
unzi pSY Nl | S =(Nls NIy
unzi pSY ((X, y):-xys) = (X:-Xs, y:-ys) where (XS, ys) = unzipSY Xxys

unzi p3sSY Nl | S =(Nls Nls Nl
unzi p3SY ((X, y, z):-Xyzs) = (X:-XS, Yy:-ys, z:-zS) where
(xs, ys, zs) = unzip3SY xyzs

unzi p4SY NUl I S =(NullS NllS NUES Nl
unzi p4ASY ((W X,Y,z):-wWyzs) = (W-Ws, X:-XS, Y:-yS, Z:-zS) where
(ws, Xs, ys, zS) = unzi p4SY wkyzs

Nl 'S
Zi pxSY xss
(x :> (mapV headS xss))
i~ (Zi pxSY (xs :> (nmapVtail Sxss)))

Zi pxSY Nul I vV
ZipxSY (NUl 1S :> xss)
Zi pXSY ((x:-X8) :> XsS)

unzi pxSY Nul' I' S
unzi pxSY (NullV ;- vss)
unzi pxSY ((v:>vs) :- vss)

Nl 1V

unzi pxSY vss

(v :- (napSY headV vss))

1> (unzi pxSY (vs :- (mapSY tailVvss)))

fst SY = mapSyY f st

sndSY = napSY snd
4.2 TheModuleDonmi nl nt er f aces
421 Overview

The module Domai nl nt er f aces defines domain interface constructors for the multi-
rate computational model.

nodul e Donai ni nt er f aces(downDl, upDi, par2serxD, ser2parxD,
par 2ser 2D, par2ser 3D, par2ser4D,
ser2par 200, ser2par3D, ser2par4D) where
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inport S gnal
i nport \ect or
i nport SynchronousLi b

4.2.2 Domain Interface Constructors

The domain interface constructors downDl and upDI take a parameter k£ and down-
and up-sample an input signal.

The domain interface constructors par 2ser 2Dl , par 2ser 3Dl and par 2ser 4-
DI implement the domain interface constructor p2sDI(m) for m = 2,3,4. The do-
main interface constructors par 2ser xDI implements the domain interface constructor
p2sDI(m) for a variable m.

The domain interface constructors ser 2par 2Dl , ser 2par 3Dl and ser 2par 4-
DI implement the domain interface constructor s2pDI(m) for m = 2,3,4. The do-
main interface constructors ser 2par xDI implements the domain interface constructor
s2pDI(m) for a variable m.

downDl :: Nima=>a->Sgnal b->Sgna b
upD :: Nima =>a->Sgnal b->Sgnal (AbstExt b)
par2serxD :: Vector (Sgnal a) ->Sgnal a
ser2parxD :: (Numa, OQda) =>a-> Sgnal (AbstExt b)

-> Vector (S gnal (AbstExt b))
->Sgnal a->Sgnal a
->Sgnal a->Sgnal a->Sgnal a
->Sgnal a->Sgnal a->Sgnal a

par2ser2D :: Signal a
par2ser3D :: Signal a
par2ser4D :: Signal a

->Sgnal a
ser2par2D :: Signal a
ser2par3D :: Sgnal a
ser2par4D :: Signal a
-> Signal (AbstExt a, AbstExt a, Abst Ext a, Abst Ext a)

-> Signal (AbstExt a, AbstExt a)
-> Sgnal (AbstExt a, AbstExt a, AbstExt a)

4.2.3 Implementation

downD n xs = downl n 1 xs
where downl n mNullS = NullS
downl 1 1 (x:-xs) =X :- downl 1 1 xs
downl n 1 (x:-xs) =X :- downl n 2 xs
downl n m(x:-xs) =if m==n then
downl n 1 xs
el se
downl n (ml) xs

upD n Nul'l'S
upD n (X:-xs)

Nl 'S
(Prst x) :- ((copyS (n-1) Abst) ++ upD n xs)

par2ser20 xs ys = par2ser2D’ (zi pSY XS ys)
where par2ser2D’ NullS=NIllS
par2ser2D’ ((X,y):-Xys) = Xx:-y:-par2ser2D’ xys
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par2ser30 xs ys zs = par2ser3D’ (zi p3SY Xs ys zS)
where par2ser3D’ NullS= NIlIS
par2ser3D’ ((Xx,Y,z):-Xyzs) = Xx:- y :-z :- par2ser3D’ xyzs

par2ser4D ws xS ys zs = par2ser4D’ (zi pASY ws XS ys zS)
where par2ser4D’ NullS=NIllS
par 2ser4D’ ((W X, Y, Z): -WKyzS)
= W-X -y:-z:- par2ser4D’ wxyzs

ser2par2D = group2SY . del aynSY Abst 2 . mapSY abst Ext
ser2par 30 = group3SY . del aynSY Abst 3 . mapSY abst Ext

ser2par4D = group4SY . del aynSY Abst 4 . nmapSY abst Ext

par 2serxD = par2serxD’ . zi pxSY
where par2serxD’ NullS =NIIS
par 2serxD’ (xv:-xs) = (signal . fromdctor) xv
+ + par2serxD’ xs

ser2parxD n = unzi pxSY . del aySY (copyV n Abst)
. filterAbstD . group n

group2SY NullS= NIl I'S
group2SY (x:-Null9 =Nul'lS
group2SY (x:-y:-xys) = (X, Yy) :- group2SY xys

group3SY NullS=Nul'l S

group3sY (x:-Null9 =NullS

group3sY (x:-y:-Null§ =NIlIS

group3dSY (x:-y:-z:-xyzs) = (X, Yy, X) :- group3SY xyzs

groupdSY Null S= NIl I'S

groupdSY (w-Null9 =NIllS

groupdSY (w-x:-Nullg =NIIS

groupdSY (w-x:-y:-Nullg =NIIlS
groupdSY (W -x:-y:-z:-wkyzs) = (W X, Yy, Z) :- groupdSY wyzs

filterAbstD :: Sgnal (AbstExt a) -> Signal a
filterAbstD NIl IS =NllIS

filterAbstD (Abst:-xs) =filterAbstD xs
filterMostD ((Prst x):-xs) =x :- filterAbstD xs

group n xs = mapSY (output n) (scanl SY (addH enent n) (Nul '/ 0) xs)
where addH enent m(vs, n) x | n<m = (vs < X, ntl)
| n=m= (unitVx 1)
output m(vs, n) | m==n = Prst vs
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| m/=n = Abst
5 Application Libraries

5.1 TheModuleSynchr onousProcessLi b
5.1.1 Overview

The synchronous process library Synchr onousPr ocessLi b defines processes for the
synchronous computational model. It is based on the synchronous library Synchr onousLi b.

nodul e Synchr onousPr ocessLi b
nodul e Synchr onousLi b,
nodul e S gnal,
nodul e Absent Ext,
fifobDel aySY finiteH foDel aySy,
nenor ySY, nergeSyY, groupSY, counter SY
) where

i nport SynchronousLi b
inport S gnal

i nport Absent Ext

i nport Queue

i nport Menory

5.1.2 Processes

The library defines the following processes:

fifoDel aySY :: Sgnal [a] -> Sgnal (AbstExt a)
finiter folel aySYy ;o Int ->Sgnal [a -> S gnal (AbstExt a)
nenor ySY :: Int -> S gnal (Access @) -> Signal (AbstExt a)
ner geSY :: Signal (AbstExt a) -> Signal (AbstExt a)
-> S gnal (AbstExt a)
count er SY ;7 (Ehuma, Gda) =>a->a->Sgnal a

The process f i f oDel aySY implements a synchronous model of a FIFO with infi-
nite size, while the process f i ni t eFi f oDel aySY implements a FIFO with finite size.
Both FIFOs take a list of values at each event cycle and output one value. There is
a delay of one cycle. The process menor ySY implements a synchronous memory. It
uses access functions of the type Read adr and Wite adr val ue. The process
mer geSY merges two input signals into a single signal. The process has an internal
buffer in order to prevent loss of data. The process is deterministic and outputs events
according to their time tag. If there are two valid values at on both signals. The value
of the first signal is output first. The function gr oupSY groups values into a vector of
size n, which takes n cycles. While the grouping takes place the output from this pro-
cess consists of absent values. The process count er implements a counter, that counts
from ni n to max. The process count er S has no input and its output is an infinite
signal.
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5.1.3 Implementation of Processes

fifobDel aySY xs

nooreSY fifoState fifoQutput (queue []) xs

fifoSate :: Queue a -> [a] -> Queue a
fifotate (Q[]) xs (Qxs)
fifoSate g xs fst (popQ (pushListQq xs))

fifoQut put 1. Queue a -> AbstExt a
fifoQutput (Q[]) = Abst
fifoQutput (Q(x:xs)) = Prst x

finiteH foDel aySY n xs
= nooreSY fifoSateFQfifoQutput FQ (finiteQueue n []) xs

fifoStateFQ:: FiniteQeue a -> [a] -> F niteQieue a
fifoStateFQ(FQn []) xs = (FQn xs)
fifoSateFQq xs = fst (popFQ (pushLi stFQq xs))

fifoQutputFQ:: FniteQueue a -> AbstExt a
fifoQutpuFQ(FQn []) = Abst
fifoQutput FQ(FQn (x:xs)) = Prst x

nenor ySY si ze xs
wher e
ns mem (Read Xx)
ns mem(Wite x v)
o nem (Read x)
onmem(Wite x v)

neal ySY ns o (newMemsi ze) xs

nens at e nem (Read x)
nentt ate nem (Wite x v)
nenQut put nem (Read x)
nenQut put mem (Wite x v)

nergeSyY xs ys noor e2SY nergeState nergeQutput [] xs ys

wher e

nergeSate [] Abst Abst =1
nergetate [] Abst (Prst y) =[y]
nergeState [] (Prst x) Abst = [x]
nergeSate [] (Prst x) (Prst y) =[x, V]
nergeState (u:us) Abst Abst = us
nergeState (u:us) Abst (Prst y) =us ++ [y]
nergeSate (u:us) (Prst x) Abst = us ++ [X]

nergeState (u:us) (Prst x) (Prst y) =us ++ [X, V]
ner geQut put [] = Abst
nmergeQutput (u:us) = Prst u

groupSY k = nooreSY f g sO
wher e
sO =NV
fvx]| lenggthVv =0 =unitVx
| lengthVv ==k = unitVx
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| otherw se =v< X

gv | lengthVv =0 =Prst NullV
gv | lengthVv ==k =Prst v
gv | otherwse = Abst
counterSY mn = sourceSY f m
wher e
f x| x>=n =m
| otherw se = succ x

52 TheModuleFI R
A FIR-filter is described by the following equation, which is illustrated in Figure 4:

k
Yn = Z Tn—mhm (4)
m=0

Figure 4: FIR-filter

The state of the FIR-Filter can be seen as a shift register with parallel output. The
first element in the shift register at cycle n is x,, and the last element is ,,_. In the
next cycle a new value z,,; is shifted into the register from the left, all other elements
are shifted one place to the right, and the value z,,_j, is discarded. We model the shift
register with the process shiftreg,. The process is based on the process constructor
scanlSY which which takes the shift function shi f t r Vas first argumentand an initial
vector of size k + 1 with zeroes as initial values.

The output of the shiftregister, a signal of vectors, is transformed with the process
unzipzSY into a vector of signals. Then the process innerProd calculates the inner
product of the coefficient vector h and the output of the shift register. The process is
implemented by the process constructor zip WithSY that takes a parametized function
ipV (h) as arguments.

nmodul e FIR (fir) where
i nport SynchronousLi b

fir h=innerProd h. sipok 0.0
where k = lengthV h

sipo n sO = unzi pxSY . scanl dSY shiftrVinitSate
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¢Sgnal a

shiftreg,
’ Sgnal (\ector a)

\
unziprSY

o ! Vector (Signal a)

zip WithSY
¢ Sgnal a

Figure 5: FIR-filter model

where initSate = copyV n s0O

innerProd h = zi pWt hxSY (i pV h)
whereipVMNIIV NIlIV =0
ipV (h:>hv) (x:>xv) = h*x +ipV hv xv

All kinds of FIR-filters can now be modeled by means of fir. The only argument
needed is the list of coefficients, which is given as a vector of any size. To illustrate
this, an 8-th order band pass filter is modeled as follows.

bp = fir (vector [
0. 06318761339784, 0.08131651217682,
0. 09562326700432, 0. 10478344432968,
0. 10793629404886, 0. 10478344432968
0. 09562326700432, 0.08131651217682,
0. 06318761339784 1)
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