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Abstract

Incremental methods can be used to produce implemen-
tationsrapidly and tofacilitate multi-level design optimisa-
tion. This paper describes a declarative framework, based
on the language Ruby, that supports incremental design
and validation of custom computers. The key elements
of the approach include parameterised descriptions, de-
sign transformation and data refinement. Several priority
gueuedesignsareemployedtoillustrate our techniquesand
the computer-based tools; we also present the use of our
framework in producing a priority queue implementation
using Algotronix CAL devices.

1 Introduction

Recent advance in reconfigurabl e logi ¢ technol ogy, par-
ticularly field-programmable gate arrays (FPGAS), has led
to a proliferation of commercial and experimental com-
puting platforms based on these devices [3]. FPGA-based
designsareclearly becoming increasingly popular, because
of advantages such as short turnaround time, user reconfig-
urability and low development costs. Further exploitation
of FPGA-based systems, however, is hampered by the lack
of effectivemethods andtoolsthat allow quick and risk-free
design production and modification, while giving designers
sufficient control when thisis desirable [14].

The purpose of the research reported here is to estab-
lish a design framework that overcomes these drawbacks,
and to exploreits use in various applications. The frame-
work should beincremental —it will allow rapid production
and analysis of prototypes, as well as their further system-
atic refinement and adaptation when required; it should
also be easy to learn and to use. Our approach should be
useful to both novice and experienced designers. Appli-
cation programmers and those without detailed knowledge
of electronicswill mainly use the available primitives, de-
sign templ atesand optimisation proceduresto develop their

designs, guided by a parameterised performance model.
Hardware specialists will have opportunities for creating
new primitives, design templates, performance modelsand
so on for their designs; indeed their creations may provide
abasisfor the less experienced users.

Theabove considerations|ead to several desirable prop-
ertiesfor an incremental design framework. First, it should
facilitate step-by-step development as well as re-using,
adapting and documenting design experience [4]. Second,
to allow designer control and to encourage design re-use
at various levels of abstraction, the framework should be
able to span the entire design hierarchy from architectural
to gate level, and possibly includes device-dependent de-
scriptions. Third, the description of designs and the user
interface of tools should be simple and flexible. Next, de-
sign validation should also be incremental: it is beneficial
to support hierarchical and mixed numerical, symbolic and
bit-level simulation as well as algebraic transformation,
depending on the required level of detail, generality and
confidence in design correctness. Finally, the framework
should be based on a sound formalism; experience suggests
that much delay can be caused by design errors, and many
systemsof interest, like robotic or bio-medical systems, are
safety-critical.

We are exploring variouslanguagesthat take these prop-
erties into account. Therest of this paper describes a par-
ticular approach based on a declarative language; its ad-
vantages include having a concise notation and a smple
reasoning framework and tools. Our presentation offers a
pragmatic way of using declarative techniques in system
design, which we hope will complement the theoretical
expositions[6], [11].

A number of priority queuedesignswill beusedto illus-
trate our approach, because (a) they are relatively smple
and comprehensible, (b) some of the designsincluded here
appear to be novel, (¢) their hardware realisations should
accel erate applications such as event-driven simulators[5],
(d) their development istypical of many high-performance



architectures, and (e) they can be implemented very effi-
ciently in FPGASs, as shown in alater section.

2 Architectural description

Three ways of providing flexible and reusable struc-
tures are parameterised descriptions, design transformation
and datarefinement. A parameterised description produces
specific designs by the instantiation of parameters; design
transformations can be used to generate one parameterised
description from another — usually the two will behave
the same functionally but with different performance; data
refinement relates operations on high-level data (such as
integers) and operationson low-level data (such ashits). In
this section we outline our framework, based on the declar-
ative language Ruby, for parameterising and composing
block diagrams and circuits. We shall focus mainly on il-
lustrating the use of Ruby for incremental design; further
details about the theoretical aspects of Ruby can be found
elsawhere (such as[6] and [11]).

In Ruby the behaviour of a component is described by
a binary relation, so that a squaring operation can be de-
scribed by z sq z?, where z is the domain and z?2 is the
range of therelation sq. Since frequently we need to repli-
cate or to rearrange the elements in a sequence, there are
relations such as fork and swap, given by z fork (z, z)
and (z, y) swap (y, z). Another exampleis zip,, which
relates a pair of n-sequences to a sequence of n pairs:

({20, 21, 22), (Yo, Y1, Y2)) 21p3 ({20, Yo), (21, Y1), {2, Y2))-

The simplest relation is probably the identity id, such that
x id x; noticethat thevariable z: in thedescription of id can
itself be a sequence or any other data structure. This kind
of parameterisation is common in declarative languages
[2], but it is less common in imperative languages such as
VHDL [1].

Componentswith connectionson all four sidesare mod-
elled by relations that relate pairs to pairs, such that the
domain corresponds to the connections on the west and the
north side, and the range corresponds to those on the south
and the east. A halfadder, for instance, can be specified
by (z,y) hadd (c, s), where c and s are respectively the
carry and the sum outputs (Figure 1).

Composition operators can be used to assemble com-
ponents to form composite designs. First, let us consider
how two adjacent circuits can be put together in series and
in parallel. Two circuits () and R in series is denoted by
@) ; R, acomposite circuit with ¢) and R sharing a hidden
compatible interface s (Figure 2a):

z(Q:R)y & 3Is.(z@Qs) A (sRy),

Yy z
y | |
! * —hadd—fhadd— s
r —hadd— s
}

c

Figurel Hafadder hadd,andfulladder fadd madefrom
halfhadders and an or-gate.

S0 x (sq;sq) z*. The*“;” operator is known as relational
composition, and can easily be shown to be associative.
Parallel composition of two components () and R, denoted
by [}, R], represents the combination with no connection
between () and R (Figure 2b),

(z,9)[Q Bl{u,v) & (zQu) A (yRv),
hence (z, y) [sq, (sq;5q)] (22, y*).
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Figure2 Some binary operatorsin Ruby.

For convenience, we aso have the abbreviations

(R, id],
lid, R).

fst B =
snd B =

Notice that Ruby expressions can be used to indicate rela-
tive placement of components, possibly for the benefit of an



automatic layout system. Moreover many Ruby operators
have useful algebraic properties for optimising designs, as
we shall seelater.

Components with connections on four sides can be
joined together by the beside (Figure 2c) and below (Fig-
ure 2d) operators; beside isgiven by

(a,(b, c)) (Q=R) ((p.q),7)
& 3s.((a,0) Q (p,s)) A ((s,¢) R{g, 1))

The definition of below is similar. A fulladder, given
by (z,(y, 2)) fadd (c, s), can be obtained by connecting
together two halfadders and an or-gate (Figure 1): fadd —
hadd—hadd ; fst or.

Repeated relational and parallel composition n-times
are given by R™ (Figure 3a) and map,, F (Figure 3b),
whilerepeated besideand repeated below arerow,, R (Fig-
ure 3c) and col,, R (Figure 3d). These operators can be de-
fined by recursion [6]. To describe a design with feedback,
we use the operator loop , given by

z(loopR)y < 3Js.(x,s) R (s,y)

(Figure 3e).

a R R|
R

ﬁ@ ﬁ@ ﬁ@ 0. colR
b. map;R

Xy
R-R-[R]
c. rowszR e. loop R

Figure 3 Some Ruby operators that capture common
computation patterns.

L et us now explain how priority queues can be captured
in Ruby. Recall that two operations can be performed on
a priority queue: inserting a data record into a set, and
extracting from a set the record with the smallest key ac-
cordingto somelinear ordering. Oneway of implementing
a priority queue involves an ordered state (so, s1, S2, S3),
such that an insertion with an input @ where s < a < s;

produces the next state (so, a, $1, $2). An extraction op-
eration on the state (s, s1, 52, s3), on the other hand, will
result in the next state (s1, sy, s3, oo} and output s, where
oo denotes the greatest element of the linear ordering.

The architecture (Jst! that we adopt for the state transi-
tion logic described above consists of three blocks Id.Shl,
Select and Insert stacking on top of one another (Fig-
ured),

Qstl = (Insert | Select) | IdShl.

s
|

€ < IdShl T

ul lv

b — Select —q
1z

a — Insert — P
}
y

Figure4 Theblock structure of the state transition logic

Qstl.

1dShl provides two outputs v and v. u isthe same as
the current state s, and v is a left-shifted version of s. In
other words, giventhat s = (s, s1, s, s3), then:

(c,s) IdShl ((u, v), r)
& (c=80) A (u=3)A (v={51,8253T))
D
Note that in our priority queue implementation, r is con-

nected to a constant supply of cos to replace the extracted
elements. A parameterised version of IdShl is

IdShl = snd fork ; swap — (row, shicell)
2
where (d, d) shlcell (e, ¢€).
Next, depending on the selection signal b, either u or
v will be selected by Select to form the input z for the
Insert block, which insertstheinput a into z such that the
output y (the next state) isordered. Select can be realised

asarow of multiplexors mux operating on an interleaved
version of u and v:

Select = snd zip, ;row, mux

while Insert can beimplemented asarow of scellswhich
sorts two elements:

Insert = row,, scell



a b ¢ sO sl1 s2 s3

0 - <<<8, 0>, 100>, <100, 100, 100, 100>>
1 - <<<5, 0>,8 >,<8, 100,100, 100>>
2 - <<7, 0> 5 ><5 8, 100,100>>
3 - <<<6, 0>5 ><5 7, 8, 100>>
4 - <<<100,1>,5 >,<5, 6, 7, 8 >>
5 - <<<100,1>,6 >,<6, 7, 8, 100>>
6 - <<<2, 0> 7 ><7, 8, 100, 100>>
7 - <<<3, 0>,2 ><2, 7, 8, 100>>
8 - <<<100,1>,2 ><2, 3, 7, 8 >>
9 - <<<100,1>,3 >,<3, 7, 8, 100>>
10 - <<<100,1>,7 >,<7, 8, 100,100>>
11 - <<<100,1>,8 >,<8, 100,100, 100>>

yo yl y2 y3

<8, 100, 100, 100> insert b=0, a=8
<5, 8, 100,100> insert b=0, a=7
<5, 7, 8, 100> insert b=0, a=6
<5, 6, 7, 8 > insert : b=0, a=5
<6, 7, 8, 100> extract: b=1, c=5
<7, 8, 100,100> extract: b=1, c=6
<2, 7, 8, 100> insert b=0, a=2
<2, 3, 7, 8 > insert b=0, a=3
<3, 7, 8, 100> extract: b=1, c=2
<7, 8, 100,100> extract: b=1, c=3
<8, 100, 100, 100> extract: b=1, c=7
<100, 100, 100, 100> extract: b=1, c=8

Figure5 Simulating the state transition logic ()stl.

where (z, y) scell (min(z,y), maz(z,y)).

At this stage it is desirable to check that the state tran-
sition logic (Jst! behavesas desired. This can be achieved
in two ways. either by formal development, or by sim-
ulation using the Rebecca design system which is under
development at Imperial College and Oxford University.
An example of formal development can be found in [8],
and the use of simulation will be described next.

3 Support tools

Rebecca is a system for developing digital designs. It
offers various facilities including numerical and symbolic
simulation, layout sketching, design analysis, optimising
transformationsand hardware compilation for designs cap-
tured in a variant of the Ruby language. Here we shall
illustrate how the Rebeccasimulator can be used to explore
the behaviour of designs.

A useful feature of our simulator is the capability of
carrying out numerical, gate-level and symbolic simulation
using the same design description. For instance, if we
supply tothesimulator the boolean signalsFFF, FFT, FTF,
FTT in successive cycles for the fulladder fadd, we get

0 - <F,<F,F>> ~ <F, F>
1- <F<FT> 7 <F T>
2 - <F,<T,F>> ~ <FT>
3 - <k <T,T>> ~ <T,F>

w~ 9

The first column displays the cycle number, and the
symbol separates the domain data from the range data. It
happensin this casethat all theinputs arein the domain. If
we now supply the symbolic inputs a,b and ¢ in asingle
cycle, we get

0 - <a, <b,c>> "~
<(a and b) or
(a xor

((a xor b) and c),
b) xor c¢>

showing that the outputs are indeed what we expect.

To study the behaviour of the state transition logic
@stl, one can simulate the components IdShl, Select
and Insert separately and then their composition. The
simulator can deal with either the non-parameterised or the
parameterised version of IdShl, given by (1) and (2) re-
spectively; the non-parameterised description is easier to
write and understand, but it needs to be altered when the
gueue size is changed.

To simulate (Jstl, we supply the inputs @ and b and the
current state s (Figure 4), and the simulator will return the
output ¢ and the next state y; the next state of one cycle
is then used as the current state of the next cycle. In the
annotated simulation output in Figure5, oo isapproximated
by 100, and for clarity the input r and the outputs p and ¢
are not included.

To describe the compl ete priority queue design asa state
machine, we need a way of representing latches and se-
quential circuitsingeneral. Thisisachievedin Ruby by re-
lationsthat handle streams, or time sequences, such that the
stream version of sq becomesz sq y < (Vi.(2¢)? = yi).
It can be shown that the algebraic properties of Ruby are
preserved by lifting relations to work on streams. A latch
ismodelled by arelation D whose range stream isonetime
unit behindthedomainstream, z D y < (Vi.2¢—1 = yi).

An n-element priority queue can now be expressed as a
state machine,

Qo =

Note that the correct operation of (J requiresthe feedback
latchesto beinitialised with co. () can also be simulated,

loop (Qstl ; fst (map,, D)).



smecell

— Tt
R
mn | scell
SO0 R

)

Figure6 Structure of smcell.

although thistime only the inputs a and b are required, as
the states s and y are hidden.

The Rebecca system includes an automatic data refine-
ment facility for producing gate-level descriptions. These
descriptions can then be used to generate netlistsin avari-
ety of formats, including Xilinx XNF and Algotronix CFG
formats, for automatic place and route tools. A route to
VHDL is aso available. We can use these tools to pro-
duce an FPGA implementation for () directly from its
word-level description.

However, some designers may choose to produce bit-
level circuitsby hand, especially whenthey aredealing with
repeating unitsin structured designssuch as systolic arrays.
The Rebecca simulator can also be used for checking user-
defined bit-level circuits: therearefunctionsthat transform
word-level data (such as integers) to various bit-level data
(such as two’'s complement representation) and vice versa,
so itis straightforward to compare the hand-devel oped bit-
level design and the word-level specification. These data
transformations are also useful for revealing high-level be-
haviour when an optimised bit-level circuitisbeing adapted
for another purpose.

4 Word-level optimisations

In this section we illustrate the systematic transforma-
tion of (o to increase regularity and to produce systolic
implementations. At present (Jo is expressed as a single
state machine consisting of three blocks and a single bank
of feedback latches. It is desirable to decompose this state
machine into a cascade of simple state machines, for two
reasons. first, if the blocks can be merged to form asingle
repeating structure, then one only needsto optimise arela-
tively small repeating unit by hand or using automatictools;

second, the collection of state machinesmay bepipelinedin
variousways so that the clock speed is largely independent
of the number of processors.

While an experienced designer can probably obtain rea-
sonably optimised designswithout spending too muchtime,
weinclude the three steps — block fusion, state distribution
and pipelining — here as an example of transforming de-
signs and a proof of correctness. The automation of these
stepsisbeing investigated. Readers aiming at an overview
of our method may skip the algebraic details below; the
result of these transformationswill be shown in diagrams.

The first step, block fusion, involves recasting the state
transitionlogic (Jstl intheform of arow of elements. This
can be achieved by expressing IdShl as

row,, feell ; fst zip; !
where (a, a) feell ({(a,b),b) and zip;t ; zip, = id.
Algebraic lawsin Ruby such as
(sndR ; A) (B ; fst Q)
(row,, Q) ] (row,, R) =
can be used to transform @stl:

Qstl =

Al(B ;fst(Q ; R))
row, (QR)

((row,, scell) | (snd zip,, ; row, muz))
1 (row,, feell ; fst zip; 1)
= ((rowy scell) | (row, muz))
1 (row,, feell ; fst (zip7t; zipy))
= ((rowy scell) | (row, muz))
| (rowy, feell)
= row, Qcell
where (Figure 6)
Qcell =

smeell =

smcell | feell,

scell | muz.



An optimised (Jcell, the repeating unit, can now be pro-
duced by hand or by automatic tools. Note that since the
expression row,, R can be considered as aloop in conven-
tional languages, this process is analogous to loop fusion
carried out by optimising compilers.

The second optimisation step is to decompose the state
machine (Jo. We need the identity

row, () ; fst(map, R) = row, (Q ; fst R),

S0 that

Qo = loop (row, Qcell ; fst (map, D))
= loop (row, (Qcell ; fst D))

The theorem for state machine decomposition,

loop (row, R) = (loop R)",

can now be applied to give (Jo = Qcell0™, where
Qcell0 = loop (Qcell ; fst D) (Figure 7). The cor-
rectness proof of the state machine decomposition theorem
isgivenin[8].

7 Qeello™ = smcell

¢

Figure7 Design (Qcell0. Thedotted box identifies feell,
and the black disk correspondsto alatch.

The final step in optimising our word-level priority
queue design is to pipeline (o by including registers be-
tween adjacent (Jcell0s. Thiscan bedonein several ways,
and two of them will be shown here. Giventhat n = km,
the first way isto pipeline (Jo by theorems similar to

(provided that D ;R = R ;D) to give

Ql = [[DaD]:D]m ;QO

[[D,D],D]™ ; Qcell0*™
([[D:D]aD] , chllok)m
(

Qcelll ; Qcell0b—H™

where

Qcelll
= [[D,D],D] ; QcellO
loop

((fst [D, D] ; smcell) | (feell ; fst (fstD)))

(Figure 8). In other words, )1 is made up of m repeating
units, where mk = n and £ > 2. Each repeating unit
consistsof alinear array of a ()cellland (k — 1) (JcellOs.
An example of ¢J; isshown in Figure 9.

—

— — — —@ —
Qcelll B smecell
— — @ —

Figure8 Design Qcelll.

Notice that the parameter & controls the degree of
pipelining: the most pipelined design is obtained when
k = 2ad m = n/2, while the least pipelined one
corresponds to the casewhen ¥ = nand m = 1. Ta
ble 1 summarises how different values of & affects the
resource/performance trade-off — the estimation of clock
periods assumes that wire delays are included in cell de-
lays. If m isnot afactor of n, then (J; can beimplemented
by having another unit made up of a QJcelll and k' — 1
QcellOs,where0 < k' < kand n = mk + k'.

The second way of pipelining (Jo involves a method
known as slowdown (see [6],[7],[11]). A 2-slow version
of (o, ()4, can be obtained by replacing every latch in
(Jo by two latches in series; as aresult () handles two
independent computationsin successive cycles. ()} can be
fully pipelined to give ()-:

QZ = [[’D)’D]”D]n :Q(l)
= [[P,D],D]" ; (loop (feell ; fst D?))"
Qcell2”
where (Figure 10)
Qcell?2

= [[P,D],D] ; loop (feell ; fst D?)
= loop ((fst [D,D] ; smcell ; fstD)
1 (feell ; fst (fst D))).



— Qcelll |+ Qcell0 | Qcell0 —

re— OO

Qcelll - Qcell0 1 Qcell

Figure9 Aninstanceof ()1 (n = 6, £ = 3, m = 2). The left-hand output provides the extracted result. The upper
left-hand input controls insertion and extraction, and records for insertion should be placed at the lower left-hand input.

Tablel Comparison of n-element priority queue designsfor records of ¢ bitswide. T’ isthe delay of an scell and T',

isthe delay of a muzx (Figure6).

Minimum clock period

Number of latchesinarray ~ Slowdown factor

n(kl+(+1) 1
S
n(3¢+ 1) 2

Design ()1 max(kTs + Ty, 2Ts + 2T,)
(n>k>2)
Design (> Ts+ Tn
— — - —@ —
Qceli2 . - smeell|
B —o

Figure10 Design Qcell2.

The features of (), are summarised in Table 1. While
() has a higher clock speed than the fastest version of
(1 (with k=2), it requires twice as many latches as ();.
Moreover, since (J, is 2-slow, each operation takes two
cyclesto complete—twiceasmany cyclesas (J; would take.
The behaviour and performance of ¢); and (), can also be
validated using the Rebecca system. A design similar to
(> has been outlined in [ 7], but that paper does not include
the details of cell structure or performance comparison.

The designs presented above are just two examples that
can be obtained from the initial (J)o description; other pos-
sihilities include various forms of transposed [9] and seri-
alised designs [11].

5 Bit-level optimisations

An incremental method should support optimisation
down to the lowest level. There are many situations in
which alittle extra effort on the part of the designer may
yield animplementation better than any automatictoolscan
produce. It isimportant, however, to ensure that the opti-
mised version preservestheintended functional behaviour.

Oneway of optimising the performance of acircuitisto
use hard macros, which are highly-optimised technology-
specificlibrary cells. For instancehard macros, if available,
can be used for the muz, maz and min blocksin smcell
(Figure6). However, thismethod often leadsto wiring con-
gestion between the connected blocks, which is especially
undesirable for FPGAs. A better solution is to develop a
bit-level cell which can be replicated in a column to form
a (Jcell0. Such acell isshown in Figure 11, and can be
described in around 10 lines of Ruby code; another 5 lines
compl ete the description of theentire priority queuedesign.

With the help of the Rebeccasystem, it only took a short
time to compile this bit-level description into hardware
and to validate it against the word-level design — this is
partly due to the concise notation that we adopt, and partly
due to the powerful simulation facilities, such as functions
converting between high-level and low-level data. One
can also use algebraic transformationsto verify that the bit-



|

Figure 11 Bit-level priority queue cell. M is a mulit-
plexer, C' isacomparator, .S is a conditional swapper and
D isalatch.

level designis a faithful implementation of the word-level
description.

The highest performance of adesign can be obtained by
exploiting device-specific features. Although thisis proba-
bly not profitable to do for random logic implementations,
it is often desirable for structured designs in which ineffi-
ciency in arepeating unit will be amplified many times.

Bit-level designsareréatively straightforward toimple-
ment using fine-grained FPGAswith asymmetric architec-
ture, such as Algotronix CAL devices. Figure 12 shows a
compact CA L -based implementation of the bit-level circuit
giveninFigure11. A parameterised description of thisde-
sign has been captured in a device-specific version of Ruby
known as OAL [10]. The CAL implementation took less
than a day to develop, given the bit-level circuit diagram
(Figure 11). Although our CAL devices were acquired 5
years ago, we found that they should still be capable of
implementing a priority queue design with a speed of over
10MHz when fully pipelined.

6 Concluding remarks

The benefits of parameterised descriptions, hierarchica
design and systematic development are well-known (see
[4], [14]). A declarative approach shares these benefits,
while providing an incremental route for design validation
based on numerical and symbolic simulation as well as
algebraic transformations.

Our aim is to exploit the concise notation and the sim-

OR

]
2/

N

Figure 12 CAL implementation of a bit-level priority
gueue cell. The inputs to a gate are connected to its two
sides, while its output emerges from its centre.

ple reasoning framework of declarative languages for fast,
modular and flexible design, possibly in concert with other
languages such as VHDL, C and occam [13]. We have
shown that much of the design hierarchy from architectural
to gate-level descriptions can be expressed in a declar-
ative manner, facilitating multi-level design optimisation
and re-use of design expertise. It is not even necessary to
understand our language in order to use the result of our
derivation: given the performance characteristics of the
available computational elements such as multiplexersand
comparators, a designer or a tool can simply substitute the
appropriatedatain formulaelikethe onesin Table 1 to work
out the smallest circuit of a particular speed, or the fastest
circuit of a particular size. In any case declarative lan-
guages such as Ruby should come into more wide-spread
use, as the associated tools begin to reach maturity, and
as enthusiasm for declarative languages is growing fast in
academic and industrial institutions [15].

The work described in this paper can be extended in
several ways. First, we have shownthat it ispossibleto de-
scribe dynamically reconfiguring computationsusing Ruby
[11], but more experience needs to be gained in this area.
Next, we are developing a better integration of our tools
with other tools for supporting an evolutionary approach
to custom computing. Finally, we are exploring incremen-
tal methods for producing systems with both hardware and
software components [12]; declarative techniques should
become an indispensable part of our framework.
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